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S p e c t r o p h o t o m e t r ic  D e te rm in a tio n  o f  th e  R a te  o f  D is s o c ia t io n  o f  N itro g e n  T riflu orid e  

b eh in d  S h o c k  W a v e s 1 a

K. O. MacFadden1b and E. Tschuikow-Roux*
D e p a r tm e n t  o f  C h e m is t r y ,  U n iv e r s i t y  o f  C a lg a ry ,  C a lg a ry ,  A lb e r ta  T 2 N  1 N 4 , C a n a d a  ( R e c e iv e d  N o v e m b e r  14, 1 9 7 2 )

T h e  rate o f  d issocia tion  o f  n itrogen  triflu orid e in excess argon has been  d eterm in ed  b y  m easuring the rate 
o f  form a tion  o f  N F 2 in  the tem perature range 1050-1390°K  using a sh ock  tu b e -sp e ctro p h o to m e tr ic  te ch 
n iqu e. In th e range o f  2 .7 -6 .0  atm  tota l pressure the reaction  was fou n d  to  be  first order in b o th  NF3  and 
A r con cen tra tion s . T h e  reaction  m ay b e  represented  b y  NF3  +  M  NF2  +  F +  M  ( I ? m ; & - m )  and for 
sm all conversions, oth er reactions are show n to  be  un im portan t. T h e  tem perature dep en d en ce  o f  the 
b im olecu la r  rate con stants can  b e  d escribed  b y  (M - 1  s e c - 1 ) =  1010-10 ± 0 02 e x p [ - (3 0 .1  ±  2.3 kcal 
m o l- 1)/.R T ] w here it is n oted  that the a p p a r e n t  a ctiva tion  energy is s ign ifican tly  low er than the b on d  d is 
socia tion  energy, D (N F 2- F ) .

Introduction
T h e  species N F 2, N F 3, and  N 2F 4 are proto ty p es  o f  the 

classica l X Y 2 , X Y 3, an d  X 2Y 4 m olecu les . T h e  structure 
determ ination  and  the p h ysica l properties o f  these m o le 
cu les have been  the su b je ct o f  num erous investigations 
and review s .2 -3 In con trast, k in etic  d a ta  on  the therm al 
d ecom p osition  o f  these com p ou n d s  are rela tively  scarce. 
T h e on ly  d ecom p os it ion  studies rep orted  h ith erto  are 
those on  tetra flu oroh ydrazin e4-6 and  th e N F 2 ra d ica l .7-9 
T h e k in etic  param eters for the d ecom p osit ion  o f  N F 3, 
H N F 2, and  C IN F 2 have app arently  n ot been  reported .

In th is com m u n ica tion  we rep ort on  the k in etics  o f  the 
sh ock -in d u ced  th erm al d ecom p osit ion  o f  N F 3 in the pres
ence o f  inert gas at tem peratures in the range 1050- 
1390°K  and to ta l pressures 2 .7 -6 .0  a tm .

Experimental Section
A  deta iled  d escrip tion  o f  the exp erim en ta l apparatus 

has b een  reported  elsew here .6 A n  a lum in um  shock  tube 
(80 m m  i.d .) ,  design ed  for co ld  driver operation , w as used 
to  h eat d ilu te  m ixtu res o f  N F 3 in  argon. In these exp eri
m ents, the driver section  was 305 cm  and the expan sion  
chann el 417 cm  long. H e liu m  as driver gas and  a lu m in um  
diap hragm s were u sed to  ob ta in  th e desired  shock  
strengths. T h e  in cid en t shock  ve lo c ity  was m easu red b y  
three pressure transducers o f  1 -gsec risetim e (K istler, 
M od e l 603A /623F ) loca ted  40, 60, an d  80 cm  from  the

en dplate . T h e  signals from  the transducers were am p lified  
and fed  to  tw o  universal counters (H ew lett-P ack ard , 
M o d e l 5325 A ) w h ich  prov id ed  a d irect readou t o f  the 
transit tim es o f  the shock  w ave.

T h e  reaction  k in etics  were m on itored  b y  fo llow in g  the 
N F 2 rad ica l con cen tra tion  in  absorption  at 260 n m . T h e 
op tica l observation  station , p la ced  p erp en d icu lar to  the 
shock  tu be  axis, w as loca ted  in the v ic in ity  o f  the last 
pressure transducer, 36 cm  from  th e en d p la te . It consisted  
o f  a xen on  arc la m p  (H an ovia , M o d e l 538 C - l ) ,  a pair o f  
quartz lenses to  spatia lly  d efin e the ligh t beam , a light 
ch op p er to  p rod u ce  a reference signal for 100%  absorption , 
fo llow ed  b y  a 0 .3 -m  p lan e grating m on och rom ator 
(M cP h erson , M o d e l 218) and  a h igh -ga in  p h otom u ltip lier  
(E M I-9635  Q B ). T h e  ou tp u t o f  th e p h otom u ltip lier , after 
passing through  a variab le  load  resistor, was d isp la yed  on 
the face  o f  an oscilloscop e  and record ed  p h otog rap h ica lly .

(1) (a) Work supported by the Defence Research Board of Canada, 
under DRB Grant No. 9530-107. (b) Postdoctorate Fellow, 19 71— 
1973.

(2) (a) C. J. Hoffman and R. G. Neville, C h e m . R e v .,  62, 1 (1962); (b) 
A. V. Pankratov, U s p . K h im . ,  32, 336 (1963).

(3) C. B. Colburn, E n d e a v o u r ,  24, 138 (1965).
(4) L. M. Brown and B. de B. Darwent, J . C h e m . P h y s .,  42, 2158 

(1965).
(5) A. P. Modlca and D. F. Hornlg, J . C h e m . P h y s .,  49, 629 (1968).
(6) E. Tschuikow-Roux, K. O. MacFadden, K. H. Jung, and D. A. 

Armstrong, J . P h y s . C h e m .,  77, 734 (1973).
(7) A. P. Modlca and D. F. Hornig, J . C h e m . P h y s .,  43, 2739 (1965).
(8) R. W. Dlesen, J . C h e m . P h y s .,  41,3256 (1964).
(9) R. W. Diesen, J . C h e m . P h y s .,  45, 759 (1966).
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Nitrogen trifluoride of 99.8% purity was obtained from 
the Air Products Co. and used without further purifica
tion. Reaction mixtures of 1 and 2% NF3 in research grade 
argon were prepared in stainless steel tanks and allowed 
to mix prior to use.

The temperature and density conditions behind the 
shock wave were calculated from the Rankine-Hugoniot 
equations, modified to account for the enthalpy of disso
ciation.6 These calculations were made using data from 
the JANAF Tables.10

Absorption Coefficient of IVF2. Above 500°K, the ab
sorption coefficient of the NF2 radical has been shown to 
be slightly temperature dependent.7 In the present study, 
the absorption coefficient was redetermined by shock 
heating a 1% mixture of N2F4 in argon to temperatures 
between 800 and 1400°K. In this temperature range the 
N2F4 is completely dissociated and the NF2 concentration 
can be calculated from the known equilibrium constant,5'6 
since the NF2 should be stable with respect to decompo
sition under conditions of the experiment.7 This was con
firmed by observing that the NF2 concentration reached 
its equilibrium value very rapidly and no further change 
in concentration occurred during the time of these experi
ments (150 nsec). The absorption coefficient was evalu
ated from the Beer-Lambert law in the form

c = In [HI(II -  5eq)]/L[NF2] (I)
where H is the deflection of the oscilloscope trace for 
100% absorption produced by the light chopper; heQ is the 
deflection due to NF2 absorption at equilibrium; and L is 
the optical path length. The NF2 concentration is given 
by [NF2] = 2a'p2i[N2F4]oi, where p2i is the density ratio 
across the shock front, [N2F4]oi is the initial N2F4 concen
tration ahead of the shock, and a' is the fraction of N2F4 
dissociated (a' ^  1). The absorption coefficient was found 
to change very little with temperature, and the average 
value over this temperature range, é = 603 M " 1 cm "1, 
was used for all calculations.

Kinetics. In contrast to the situation in NH3, the first 
N-F bond in NF3 is broken more easily than the second 
and third. The strength of the first N-F bond is 57 kcal 
mol" 1 11 while the average strength of the latter two bonds 
is 71 kcal mol" 1.11'12 The most likely mode of decomposi
tion is therefore via N-F bond scission, and the reaction is 
reversible

ku
NF3 + M ^  NF2 + F + M (1 ,-1 )

* - M

Secondary reactions which must also be considered may
include

NF3 + NF2 — > products (2)

NF3 + F —  NF2 +F .2 (3)

NF2 + M ^  NF + F + M (4) 

2NF2 + M =s=̂  N2F4 + M (5, -5 )  

2NF2 =5=̂ = NF3 + NF (6)

F2 + M 2F + M (7)
The rate parameters for reactions 3-7 are summarized in 
Table I; those for reaction 2 are not known. The feasibility 
of reaction 2 was explored by shock heating a mixture of 
1% NF3  and 0.5% N2 F4  in argon to temperatures between 
950 and 1120°K. In this temperature range virtually all of

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is t r y ,  V d l. 7 7 , N o . 12, 1 9 7 3

TABLE I: Arrhenius Parameters

Reaction A. M ~ ' se c " 1 E. kcal mol 1 Ref'

3 8.8 X 1 0 10 35.6 a
4 6.0 X 1 0 11 52.0 9

- 5 3.6 X 1 0 13 15 .3 6
6 4.3 X 10 6 ~ 0 b

7 2.0 X 1 0 10 35.0 13

a Computed from the reverse reaction (ref 13) and the equilibrium con
stant using data in ref 1 0  6 k& was assumed to be equal to 0 . 1  k 5'  where 
k s ' is the rate constant for NF2 radical recombination in the limit of high 
pressures. The latter was deduced from the reverse dissociation rate con
stant, k - 5 » (ref 6 ) and the equilibrium constant using data in ref 1 0 .

the N2F4 is converted to NF2 while very little of the NF3 
decomposes. The NF2 concentration was observed to 
reach a maximum in less than 50 psec and then remain 
constant over the observation period (1 msec). A 0.5% 
mixture of N2F4 in argon was then heated to the same 
temperatures yielding identical results. Based on this evi
dence it was concluded that reaction 2 is not significant 
under the conditions of the NF3 decomposition experi
ments.

In order to determine the rate parameters for the NF3 
dissociation reaction it was next assumed (to be justified 
later) that over the *emperature-time regime of this study 
reactions 3-7 were negligible in comparison to the NF3 
decomposition rate. Since for reaction 1 the equilibrium 
constant is much less than unity over the entire tempera
ture range, Kc = fein/k-M -C 1, the reverse reaction is for
mally included and the rate of decomposition is given by

-d[N F 3]/dfp = Am[M][NF3] -  A_m[NF2][F][M] (II)
where the concentrations refer to the region behind the in
cident shock and the independent variable refers to parti
cle time. Substituting a for the fraction of NF3 molecules 
dissociated (a = [NF2]/[NF3]o = [NF2]/p2i[NF3]oi), and 
making the identification ip = p2it, where t is the labora
tory time, gives
da/dt = AMp212[M]1(l — a) — &_Mp,21 [M]j[NF3]01a

(HI)
where P21 = pa/pi, is the density ratio across the shock front, 
and [N F 3]oi and [M]i are, respectively, the initial nitro
gen trifluoride and total gas concentrations prior to shock 
compression. Integration of eq III yields

n  +  a t F 1!
In _  a0- i j  -  ap2i2[M]^Mi (a < <f>) (IV)

where a = (1 + 4/5)1/2, b = X c/p2i[NF3]oi, = (a + 
1)5/2, and </> = (a — 1)5/2. When the experimental data 
were plotted as In [(1 + a^_1)/( 1 -  a ^ "1)] vs. t, linear 
plots were obtained for small values of a, and second- 
order rate constants, were evaluated from the slopes 
of such plots for a < 0.1. For larger values of a the plots 
become nonlinear as secondary reactions become impor
tant and eq IV is no longer obeyed. This onset of curva
ture was used as a cut-off point for rate data evaluation. 
The results of this study are listed in Table II13 where Wi 
denotes the shock Mach number, T2 the reaction temper

ing JANAF Thermochemical Tables. N a t.  S ta n d .  R e f. D a ta  S e r . ,  N a t.  
B u r .  S ta n d . ,  No. 37 (1971).

(11) A. Kennedy and C. B. Colburn, J. C h e m . P h y s .,  35, 1892 (1961).
(12) D. A. Armstrong and C. L. Holmes, C o m p .  C h e m . K in . ,  4, 178 

(1972).
(13) R. W. Diesen, J . P h \s .  C h e m .,  72, 108 (1968).



Rate of Dissociation of NF3 behind Shock Waves 1477

Figure 1. Temperature dependence of the second-order rate 
constants, /cm: squares, experiments with 1% NF3 in argon; cir
cles, experiments with 2% NF3 in argon.

TABLE II: Kinetic Data

10- 4kM,
tí 1 <?pr. 1Run W1 t2, °k P21 102[M], M M  1 sec 1

NFa/Ar =  0.01

1 2.90 1080 3.07 .4.65 1 . 1 1
2 3.20 115 9 3 .16 4.95 2.04
3 3.28 118 4 3 .18 3.01 5.50
4 3.60 12 6 3 3.29 3 .10 9.43
5 3.90 1349 3.35 3.06 19.98
6 4.07 1389 3.39 3 .10 21.0 6

NF3/Ar =  0.02

7 2.86 10 57 3 . 1 ¿ 6.93 0.52
8 3 .19 114 7 3.25 3.09 1.7 4
9 3.20 114 8 3.26 3 .1 3 2.56

10 3.22 1 1 5 3 3 .27 3 .1 2 2.22
1 1 3.28 1 1 7 0 3.28 3 .14 4.28
12 3.49 1229 3 .3 3 3 .1 3 5.88
13 3.54 12 3 8 3.34 3.2 1 6 .11
14 3.58 1248 3 .3 7 3.2 1 7.00
15 3.68 1280 3.37 3 .18 6.58
16 3.87 1328 3.43 3.23 1 1 .0 2

ature, and [M] is the total concentration of the shocked
gas.

The temperature dependence of the rate constants is
shown in Figure 1 ,  and the least-squares line gives the Ar-
rhenius equation kM (M- 1 sec- i) = 1Q10.10 ± 0.02
exp[-i(30.1 ±  2.3 kcal mol 1)/RT\ where the error limits
are standard deviations. The reaction order with respect 
to argon concentration was determined from a plot of log 
k\ us. log [M] at constant temperature, where ky is now a 
first-order rate constant obtained by multiplying kM by 
total concentration (ky = feM[M]). For this purpose the 
rate constants in Table II at differing concentrations were 
corrected to the reference temperature of 1146°K using the

Figure 2. The dependence of the first-order rate constants k 1 , 
on the concentration [M] (M\ at 1146°K.

activation energy determined in Figure 1. The slope of the 
data in Figure 2 indicates an approximate first-order de
pendence on argon (slope = 0.93). It may be noted that 
the pressure range in this study was limited by low ab
sorption signals below 2.7 atm and by pressure limitations 
of the shock tube above 6.0 atm commensurate with high 
temperatures.

Discussion
The validity of the assumption that secondary reactions 

are negligible over the temperature-time regime of this 
study was checked by numerical integration of the cou
pled differential rate equations corresponding to reaction 
1 and reactions 3-7, using the Treanor-Runge-Kutta 
(TRK) method. For this calculation rate coefficients listed 
in Table I and the rate constant for reaction 1 determined 
in this study were used. The time dependence of the pre
dicted NF2 concentration was then compared with the ex
perimental results. This comparison is shown as the solid 
line in Figure 3. As can be seen, for short times and hence 
small a the agreement is good which confirms that the 
rate constant determined is that for NF3 decomposition. 
Variation of the rate constants for reactions 3-7 by a fac
tor of 2 had little effect on the calculated “ theoretical” 
line for short times (t < 30 ¿tsec). Larger variations in the 
rate constants do, of course, produce a departure from lin
earity at somewhat shorter times. Perhaps the most un
certain value in Table I is the disproportionation rate con
stant, reaction 6, which was arbitrarily chosen as %o of 
the recombination rate in the limit of high pressures. 
Since disproportionation/recombination ratios are usually 
less than unity, an upper limit for the disproportionation 
rate constant is obtained by setting it equal to the recom
bination rate, &6 = Ksfe-s“ ^  4.3 x 10“ M -1 sec-1, where 
Kf, is the equilibrium constant for reaction 5 and k - 5“ is 
the rate constant for dissociation of N2F4 in the high-pres
sure limit.6 Using this value of &6 the TRK calculations 
showed a departure from linearity of the plot in Figure 3 
at ~20 psec, where the experimental data is linear. This 
further confirms the validity of the assumption that sec
ondary reactions are unimportant in this system for reac
tion times t < 30 /¿sec.

The apparent activation energy of 30 kcal mol-1 is well 
below the N -F bond dissociation energy in NF3. This is 
not an uncommon feature for small molecules;14’15 for ex-

014) J. H. Kiefer, J . C h e m . P h y s .,  57, 1938 (1972).
(15) R. L. Belford and R. A. Strehlow, A n n u .  R e v . P h y s . C h e m .,  20, 247 

(1969).
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Figure 3. Plot of the integrated rate expression, eq IV: circles, 
experimental data from experiment 10; solid line, theoretical 
computation using Treanor-Runge-Kutta method (see text).

ample, this trend has also been observed in the decompo
sition of the triatomic NF27 and the tetratomic C2N2.16 
Although a decrease in activation energy in the second- 
order region is predicted by all theories of unimolecular 
reactions, the energy difference in these cases is larger 
than can be accounted for by these theories.

For example, when the NF3  bimolecular rate constants 
are fitted to the classical collision theory expression in the 
form17

Am = [PZT'l*/(nl2)\](E0IRTyl2 e x p (-E 0/RT)

with a critical energy of Eo ^  57 kcal mol a value of n 
= 24 is obtained for the number of square terms of inter
nal energy effective in dissociation which exceeds the the
oretical maximum value of 15. Alternatively, with n = 15 
the predicted dissociation energy is found to be 46 kcal 
mol-1  which is too low to be attributed to experimental 
error.

In a recent paper by Kiefer,14 similarly low apparent 
activation energies in diatomic molecules were treated 
theoretically. His results indicated that the apparent low 
activation energy can be attributed to the effect of vibra
tional to vibrational energy transfer which causes a serious 
depression in the rate at high temperatures and a slight 
increase in the rate at low temperatures. It was also 
pointed out that such intermolecular relaxation processes 
could account for low apparent activation energies in 
small polyatomic molecules. However, a theoretical treat
ment does not appear feasible at present, since the partic
ipation of the additional vibrational modes greatly com
plicates the problem.

It is, therefore, concluded that the observed apparent 
activation energy bears no direct relation to any theoreti
cal thermochemical quantity but is to be viewed strictly 
as an empirical kinetic parameter, which is useful in de
scribing the dissociation of small molecules.

(16) M. W. Slack, E. S. Fishburne, and A. R. Johnson, J . C h e m . P h y s .,  
54, 1652 (1971).

(17) R. Fowler and E. A. Guggenheim, "Statistical Thermodynamics," 
Cambridge University Press, Cambridge, England, 1956.

F la sh  P h o to ly s is  o f  A r o m a t ic  S u lfu r M o le c u le s 1

F. C. Thyrion2

Davy F a r a d a y  R e s e a r c h  L a b o r a to r y  o f  th e  R o y a l I n s t i tu t io n ,  L o n d o n  W  I X  4  B S , E n g la n d  ( R e c e iv e d  D e c e m b e r  2 2 , 1 9 7 2 )  

P u b lic a t io n  c o s ts  a s s is te d  b y  L o u v a in  U n iv e r s i t y

A transient absorption spectrum with a maximum at 297 nm and a continuous band up to 520 nm has 
been observed after flash photolysis of thiophenol and unsubstituted sulfides in solution and has been 
attributed to the phenylsulfur radical. Substituted sulfides show similar transients with a shift to longer 
wavelengths. Sulfoxides displayed a spectrum with a short wavelength band at 312 nm. Absorption spec
tra of the triplet states of thionaphthene, dibenzothiophene, thioxanthene, and thianthrene have been 
recorded. Kinetic studies of the radicals reactivity and triplet decay are described.

Many attempts to detect organic sulfur radicals have 
been already reported.3 Some of them were based on de
terminations of molecular weight, light absorption, and 
magnetism by the monovalent sulfur radicals after ther
mal or photochemical dissociation of disulfides. The re
sults were not convincing since the analytical methods 
used to detect the expected small amounts of free radicals 
were too inaccurate.

More recently Schmidt and coworkers4 succeeded in 
isolating several arylsulfur radicals by photolysis of aro

matic disulfides or mercaptans in the gaseous state fol
lowed by quenching at 77 K.

Photolysis of diaryl disulfides in solution has shown the 
interaction of two PhS fragments to form thiophenyl-thio-

(1) Presented at the 5th Symposium on Organic Sulfur Chemistry, 
Lund, 1972.

(2) Present address: département de chimie, Université de Louvain, B- 
1348 Louvain-la-Neuve, Belgium.

(3) See M. J. Janssen in “Organosulfur Chemistry," Interscience, New 
York, N.Y., 1967, and references therein.

(4) U. Schmidt, A. Muller, and K. Markau, C h e m . B e r . ,  97, 405 (1964).
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phenol type compounds PhSC6H4SH.* 5 Mercaptans and 
disulfides are well-established dehydrogenating agents. 
They inhibit, for instance, radiation-induced reduction of 
benzophenone by 2-propanol.6 The mechanism would 
imply the existence of a thiyl radical. In the gas phase, an 
absorption band at wavelengths lower than 310 nm was 
attributed to the phenylsulfur radical by several authors.7’8 
All these features indicate the existence of PhS but, in 
contrast to phenoxy radicals, no observations have so far 
been reported of such species stable at room temperature.

We have applied the method of flash spectroscopy to 
further studies of the photochemical dissociations of aro
matic sulfides and mercaptans. The absorption spectrum 
of the phenylsulfur radical may be unequivocally identi
fied by studies of the changes produced in its spectrum by 
substitution of chlorine and amino groups. The results 
have been compared with those obtained in flash photoly
sis of diphenyl disulfide and several sulfoxides. In order to 
verify the stability of the C-S bond in a ring, the tran
sient spectra of several polycyclic molecules were record
ed.

Experimental Section
Experiments were conducted in solutions aerated or 

thoroughly degassed by successive freezing and evacua
tion. To prevent oxidation of oxygen sensitive compounds, 
the solvents used were flushed with pure nitrogen. The 
purity of substances was checked by their absorption, flu
orescence spectra (spectrofluorimeter MPF2A, Perkin- 
Elmer), or melting point. Furthermore, the absorption 
spectrum of each solution was taken before and after 
flashing. When decomposition was too high, a new solu
tion was prepared before each flash. Solutions of various 
pH were prepared with sulfuric acid, potassium mono or 
dihydrogen orthophosphate, sodium hydrogen carbonate, 
and sodium hydroxide. pH values were checked with a po
tentiometer. The flash photolysis- apparatus employed two 
rare gas filled photolysis lamps in series with a flash dura
tion of 4-5 psec and a discharge energy of 1000 J in a 
20-cm path length cell. The spectra were photometered on 
a Joyce-Loeble microdensitometer. Optical density cali
bration was carried out with a density wedge. Kinetics 
were studied using a quartz-iodine lamp and two photoly
sis lamps in series with a flash duration of 5 psec and a 
discharge energy of 220 J.

Results and Discussion
1. Aryl Derivatives. A. Transient Spectra. 1. Thiophe- 

nols. Flash photolysis of outgassed solutions of thiophenol 
in various solvents resulted in the appearance of a tran
sient absorption with a short wavelength maximum near 
297 nm and a continuous band up to 520 nm (Figure la). 
Increasing the pH from 3 M  H2SO4 solutions to pH 10 
slightly increased the optical density without modifying 
the shape of the absorption.

p-Chloro- and p-aminothiophenol displayed a spectrum 
with a more intense long wavelength band (Figure lb,c). 
The solvent effect was rather pronounced in the case of 
the amino compound.

Absorption spectra in aerated solutions were identical 
but generally less intense than those of outgassed solu
tions and the intensities of the spectra reached a maxi
mum during or immediately after the flash.

The half-life was about 200 ¿¿sec.
2. Sulfides. Methyl phenyl sulfide showed nearly the 

same absorption spectrum as thiophenol (Figure 2a). Di-

Figure 1. Transients observed from thiophenol (a), p-chlorothio-
phenol (b), and p-aminothlophenol (c) in C6Hi2 (--------) and
EtOH (------- ).

”300 ‘ TOO ‘ 500
»

Figure 2. Transients observed from methyl phenyl sulfide (a),
diphenyl sulfide (b), and benzyl phenyl sulfide (c) in C6H12 (------- )
and EtOH (--------).

phenyl and benzyl phenyl sulfides (Figure 2b,c) did not 
display the maximum az 297 nm due to absorption of the 
parent compounds. Benzyl phenyl sulfide showed an addi
tional sharp band at 317 nm which disappeared quite rap
idly in outgassed solutions ( — 50 psec) and was absent in 
aerated solutions. From previous work,9 this band can be 
attributed to the benzyl radical.

3. Diphenyl Disulfide. Diphenyl disulfide displayed a 
band at 352 nm, insensitive to pH and hardly visible in 
thiophenol and diphenyl sulfide (Figure 3a).

4. Triphenylsulfonium Chloride. The absorption spec
trum was observed from 340 nm and consisted of a broad 
maximum at 370 nm and a continuous absorption up to 
620 nm (Figure 3b). The decay time was shorter than 50 
p sec.

(5) Scheafsmu, A. F. Bickel, and E. C. Kooyman, T e tra h e d ro n .  10, 76 
(1960).

(6) W. V. Sherman and S. G. Cohen. J. P h y s . C h e m ..  70, 178 (1966).
(7) G. Porter and F. J. Wright, T ra n s . F a r a d a y  S o c . .  51, 1469 (1955).
(8) R. G, W. Norrish and A. P. Zeelenberg, P ro c .  R o y . S o c . ,  S e r. A , 

240, 293 (1967).
(9) G. Porter and M. W. Wlncsor, N a tu r e  ( L o n d o n ) .  18 0 ,18 7  (1957).

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is t r y ,  V o l. 77, N o . 12, 7973
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TABLE I: Second-Order Decay Constants of Transients

Parent molecule Solvent */«• , cm sec 1
k, M-1 sec-2 

(e = 340)
kc =  8 RT/ 

3000v ‘

Diphenyl sulfide CgH 14 8.2 X 106 2.8 X 109 2 X 101°
Benzyl phenyl sulfide C6Hh 1.5 X 107 5.1 X 109 2 X 101°

EtOH-H20 4 X 106 1.4 X 109 5.9 X 109
(1:1)

EtOH 3.4 X 106 1.2 X 109 5.4 X 109
Glycerol 6 X 105

(95%) or
3.5 X 104

Diphenyl sulfoxide EtOH 4.5 X 106
4,4'-Ditolyl sulfoxide EtOH 3 X 106

x
Figure 3. Transients observed from diphenyl disulfide (a) in Figure 5. Decay of transient observed at 450 nm from benzyl
C6H i2 (--------) and EtOH-H20 1:1 (— ) and from triphenylsul- phenyl sulfide in 95% glycerol solution.
fonium chloride (b) in H20.

a

350 400 450 500
X

Figure 4. Transients observed from diphenyl sulfoxide (a) in EtOH,
4,4'-ditolyl sulfoxide (b) in C6H12 (--------) and EtOH (— ), and
dibenzyl sulfoxide (c) in EtOH.

5. Sulfoxides. On photolysis, outgassed solutions of di
phenyl and 4,4,-ditolyl sulfoxides produced slightly differ
ent spectra (Figure 4a,b) while aerated solutions showed a 
very weak absorption. The common absorption maximum 
in polar and nonpolar solvents were localized at 312 and
420 nm. Dibenzyl sulfoxide (Figure 4c) exhibited only one 
band at 317 nm which is assigned to the benzyl radical.

B. Decay Kinetics. We studied the decay of transients 
at room temperature by following the change in light ab
sorption at their 420-450-nm absorption using the photo
electric flash-photolysis apparatus. The decay curves of 
intermediates derived upon flashing sulfides and sulfox
ides gave excellent second-order plots. Some second-order 
rate constants are collected in Table I. Both k  values in 
glycerol solution of benzyl phenyl sulfide were calculated 
assuming a two component decay curve (Figure 5, lower

curve). The initial rate of decay (upper curve) was many 
times faster than the rate of total decay. If the system is 
initially populated with a random distribution of radicals, 
some pairs of radicals will be situated close together and 
will react rapidly. Hence, the measured initial rate con
stant will be high and will decrease with time as such 
pairs are consumed. Ultimately, a steady state will be es
tablished in which the rate of reaction is limited by the 
rate of diffusion of radicals toward one another. In this 
case, we should be able to estimate the extinction coeffi
cient of the radical assuming a diffusion-limited reaction. 
This hypothesis gave the molar extinction coefficient at 
450 nm as 340 in 95% glycerol solution at room tempera
ture. This value allows us to determine the recombination 
rate constants k  assuming that the extinction coefficient 
is the same in all solvents. The diffusion-controlled rate 
constants, k c, calculated using the Debye formula k c = 
8RT/3000t? M -1  sec-1 are also given for comparison. The 
difference between the experimental and the diffusion- 
controlled rates may be attributed to a small activation 
energy of recombination.

C. Assignment of the Transient Spectra. The two most 
probable assignments for the transient spectra in sulfides 
would be to the phenylsulfur radical CeH5S or to a phen- 
ylsulfur radical ion. The observed indépendance of sol
vent, pH, and ionic strength argues against a radical-ion 
assignment. The absorption spectrum is attributed to the 
neutral phenylsulfur radical for the following reasons.

(a) The position of its absorption is similar to the spec
tra of isoelectronic radicals such as benzyl, phenoxyl, and 
anilino. The absorption spectra of these radicals consist of 
two separate systems: a sharp band around 300 nm and 
another transition near 400 nm of varying intensity and 
sharpness for the three types of radicals.

The Journa l o f Physica l Chem istry, Vo/. 77, No. 12, 1973
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£  .2
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Figure 6. Transients absorption spectra: (a) benzothiophene, 
2 X 10~5 M  in EtOH, (b) dibenzothiophene, 5 X 10-6  M in EtOH.

(b) The absorption is common to the photolysis of dif
ferent molecules.

(c) The longer wavelength light absorption of the p- 
aminophenylsulfur radical is attributed to the stabiliza
tion of the radical by an electron-donating group in para
position.4

(d) All the sulfides showed a permanent absorption at X 
<340 nm after flashing. This absorption which was much 
stronger in polar media and in concentrated solutions of 
the parent compounds has been identified with the ab
sorption spectrum of diphenyl disulfide. In the case of 
thiophenol, however, the permanent absorption was more 
intense in cyclohexane. It has been estimated that about 
10% of the original 5 x 10“ 4 M of mercaptan reacted to 
form disulfide.

The assignment of the absorption bands to a phenylsul- 
fur radical is in contradiction with that postulated by 
Gaspari and Granzow10 who observed a transient spec
trum with maximum at ~420 nm identified as arising 
from the RSSR~ radical anion upon photolyzing aqueous 
solutions of thiophenol.

A few more comments are necessary in the case of p- 
aminothiophenol. The half-life was about ten times higher 
in ethanol (~500 /¿sec) than in cyclohexane. The perma
nent absorption was intense in cyclohexane but quite low 
in ethanol. Furthermore, a reversible decrease in optical 
density of the parent compound at 295 nm has been relat
ed to the simultaneous appearance of strong optical densi
ty at 360 nm in ethanol solutions. If the parent compound 
undergoes only decomposition to the thiyl radical under 
flash photolysis, this would give 9000 as the maximum 
value of e at 360 nm.

The assignment of radical spectra in 4,4'-ditolyl and 
diphenyl sulfoxides will be now considered. These spectra 
show a common band at 312 and 420 nm and a shape sim
ilar to that observed in sulfides. We assume, then, that 
the absorbing species is isoelectronic to that observed in 
sulfides. The slight difference observed in radical absorp
tion when irradiating sulfoxides and the oxygen effect as 
well as the absence of the common absorption spectrum in 
the case of dibenzyl sulfoxide led us to conclude that the 
radical species was not the thiophenyl radical but could 
be attributed to the sulfinyl radical C6H5SÔ. Several re
sults from mass spectrometry11 and classical photolysis12 
of sulfoxides suggested the existence of the sulfinyl radical 
which was thought to be rather stable by analogy with the 
isoelectronic nitroxide radical R2NO.

30Ô ' 400 ' 50Ô ' 60Ô
X

Figure 7. Transients absorption spectra of (a) thianthrene, 2 X 
10~6 M , in EtOH, and (b) thioxanthene, 2 X 10~5 M , in EtOH.

II. S-Containing Polycyclic Molecules. Strong absorp
tions were recorded in carefully outgassed solutions of 
thionaphthene, dibenzothiophene, thioxanthene, and 
thianthrene (Figures 6 and 7). From spectrographic exper
iments the lifetimes seemed to be the same at both maxi
ma excepting thioxanthene where the lifetime at 355 nm 
was five-ten times longer. The decay of transients was 
studied with the photoelectric apparatus and followed a 
first-order process with the lifetimes indicated in Table II. 
Thioxanthene, however, showed a second-order decay at 
355 nm. Since this band was always observed in conjunc
tion with the long wavelength band, this absorption could 
be due to a radical species arising from the decomposition 
of the triplet state or of another state which gives rise to 
the triplet state.

The nature of the transient was identified as a triplet 
state by the following spectrographic flash photolysis ex
periment. With a solution containing both sulfur com
pound and anthracene, the transient absorption disap
peared and the triplet-triplet absorption of anthracene 
was observed. From the results of Table II, it can be seen 
that the lifetimes in ethanol solutions decrease with the 
number of sulfur atoms and the number of rings. In the 
last column of Table II are listed the triplet lifetimes 
found by Bonnier and Jardon13’14 who studied the phos
phorescence of biacetyl or benzil sensitized by various 
concentrations of S heterocyclic molecules in cyclohexane. 
There is only a maximum factor of 4 between the two se
ries of values.
TABLE II: Xmas and Mean Lifetimes of Transients in Some 
S Heterocyclic Molecules

Transients

M-1 r, r,°
(in EtOH) Xmax ¿¡sec f i s e c  10 11 12 13 14 15 16

Thionaphthene 1.4 X 10” 5 343,425 108 232
Dibenzothiophene 5 X 10-6  296,384 86 20.3
Thioxanthene 2 X 10“ 5 355,535 58 (535 nm) 40.4
Thianthrene 5 X 1 0 '6 287,475 49 172

a References 13 and 14.

(10) G. Gaspari and A. Granzcw, J. P h y s .  C h e m .,  74, 836 (1970).
(11) C. Nolde, J. Masden, S. 0. Lawesson, and J. H. Bowie, A r k .  K e m i. ,  

3 1,4 8 1 (1969).
(12) D. K. Emerson, Ph D. Thesis, Case Western University, 1968.
(13) J.-M. Bonnier and P. Jardon, J . C h im .  P h y s .,  66, 1506 (1969).
(14) J.-M. Bonnier and A Jardon, J . C h im .  P h y s .,  68, 432 (1971).
(15) F. W. Lampe and R. N. Noyes, J . A m e r .  C h e m . S o c . ,  76, 2140 

(1954).
(16) D. C. Frost, F. G. Herring, A. Katrib, C. A. McDowell, and R. A. N. 

McLean, J. P h y s . C h e m .,  76,1030 (1972).
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Conclusions
Photolysis of sulfides results in a bond scission generally 

confined to the C-S bond, except in the case of thiophenol 
where S-H scission is favored probably due to the solvent 
cage effect.16 The phenylsulfur radical seems more stable 
than the benzyl radical. It has been recognized that the 
sulfur lone pair in thiophenol exhibits a considerable 
amount of tt interaction with the adjacent benzene ring16 
and this interaction should stabilize the thiyl radical. The 
stability of PhS is increased when electron-donating

groups are substituted in the para position. It is rather in
sensitive to oxygen while the sulfinyl radical PhSO is 
more sensitive. Irradiation of S heterocyclic compounds 
produces triplet states with lower lifetimes than those of 
their aromatic analogs. This observation agrees with the 
smaller degree of conjugation and stabilization of the 7r 
systems across the heteroatom junction.
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P u b l ic a t io n  c o s ts  a s s is te d  b y  U . S. A r m y  N a t ic k  L a b o ra to r ie s

The flash photolysis of oxygen-free aqueous solutions of simple aliphatic acids and esters has been stud
ied. Acetic acid, malonic acid, dimethyl malonate, and diethyl malonate have been examined in detail. 
In all these cases, the major photolytic process observed was the rupture of the C-COOH or C-COOR 
bond. The •COOH radical was observed from acetic acid, the -COOH and -C^COOH radicals from 
malonic acid, and the -CH^COOR1 radical from dimethyl and diethyl malonate: RCOOH + hv —1- R- + 
•COOH; RCOOR1 + hv —* R- + -COOR1. The -COOR1 radicals decay very fast, with r < 10 gsec in 
water, to give R-1 and CO2. On ionization of these acids the quantum yield for this photolytic process is 
reduced to zero. For acetic acid the <j) was found to follow exactly the pKH = 4.76 of the ground-state 
molecule, and for malonic acid the <j> follows the first pKa = 2.83 of the ground-state molecule. While 
photodecomposition of the dissociated acids occurs in aqueous solution, no transient absorption could be 
observed. The <p f°r the decomposition of the esters was independent of pH in the examined range 1.5
8.0. The photolysis of diethyl malonate produced strong absorptions with Xmax ~268 nm suggested to be 
the result of a Norrish type II reaction. The intermediates produced from the flash photolysis of the keto 
acids, pyruvic, ethyl pyruvate, and benzoylformic acids are briefly described. No intermediates were ob
served from the photolysis of acetamide and malonamide.

Introduction
In the study of the action of uv light on peptides and 

proteins, the photochemistry of end groups (e.g., the car
boxyl group) may play a significant role in the inactiva
tion of enzymes. This is of particular interest since it was 
recently found2 that CH3COOH and HCOOH in water 
phosphoresce at 77°K and have a triplet energy level (0,0) 
of ~80 kcal. Furthermore, in a study of the direct optical 
excitation of aliphatic amino acids and peptides in aque
ous solution it was found3 that the major intermediates 
observed on flash photolysis were formed from a photo- 
induced decarboxylation reaction

h v

RCH2CONHCH2COOH — *■
RCH2CONHCH2 + C 02H (1)

Very little work appears to have been done on the pho
tochemistry of simple aliphatic acids and esters and their 
corresponding salts in solution.4 None of the primary pro
cesses have been established, the nature of the excited 
state precursors are not known, and indeed the electronic 
transitions which these molecules undergo have not been 
clearly defined. One of the reasons for this lack of infor
mation must be due to the fact that the carboxyl group

(1) (a) Permanent address, Bhabha Atomic Research Center, Trombay, 
Bombay, India, (b) This work is based on a dissertation to be sub
mitted in partial fulfillment of the Ph.D. degree. University of Bom
bay, Bombay, India.

(2) L. W. Johnson, H. J. Maria, and S. P. McGlynn, J. C h e m . P h y s .,  54, 
3823 (1971).

(3) L. J. Mittal, J. P. Mttal, and E. Hayon, P h o to c h e m .  P h o to b io l . ,  sub
mitted for publication.

(4) J. G. Calvert and J. N. Pitts, Jr. in “Photochemistry,” Wiley, New 
York, N. Y„ 1966, p 427.
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absorbs in the far-uv region, a hitherto experimentally dif
ficult region.

The absorption spectra5-8 of aliphatic acids and esters 
(e.g., CH3COOH and CH3COOC2H5) in aqueous solution 
show a maxima at ~204 nm, whereas the sodium salts 
(e.g., CH3COONa) have a slightly lower absorption down 
to ~215 nm, show no maxima at ~204 nm, and continue 
to absorb strongly at shorter wavelengths (Xmax <180 
nm). The weak absorption of RCOOH and RCOOR1 com
pounds from ~250 nm, and increasing with decrease in 
wavelength, is associated with n —*■ tt* singlet-singlet ex
citation involving a nonbonding electron on the carbonyl 
linkage, and the intense absorption at ~205 nm is 
thought to be associated with a ir —*• x* excitation. The 
absorption spectrum of HCOO- has been suggested2'8 to 
b e a n -»r*  electronic transition.

The photochemistry of unsubstituted aliphatic carbox
ylic acids has been explained on the basis of one or more 
of the primary processes 2a-e. None of these reactions 
have been established. In the photolysis of aqueous solu
tions of acetic acid, methane, carbon dioxide, methanol, 
and formic acid have been found9-11 among the perma
nent products.

RCOOH

----- ► R- + C 02H 2(a)

-----> R C 02- + H 2(b)

-----► RCO- + OH 2(c)

-----*- RH + C 0 2 2(d)
h 2o

-----*- ROH + H C02H 2(e)
In this work, the intermediates formed on flash photoly

sis of oxygen-free aqueous solutions of acetic acid, malonic 
acid, malonamide, dimethyl malonate, and diethyl malo- 
nate have been observed. The dependence of the forma
tion of these intermediates upon the acid-base properties 
of the carboxyl group has been investigated. The depen
dence of the concentration of these intermediates upon 
the intensity of the exciting light has also been studied to 
determine whether one or two photons are required for 
their formation. Finally, preliminary results on the flash 
photolysis of some keto acids in aqueous solution are re
ported.

Experimental Section
The flash photolysis set-up used for this investigation 

has been described elsewhere.12 Briefly, the flash has a 
lifetime T1/2 ~  10 gsec and an intensity of 2000 J. The 
light output has been shown to be directly proportional to 
the charging voltage at constant capacitance. The test for 
the monophotonic-biphotonic nature of the intermediates 
observed was done by varying the voltage across the flash 
lamps from ~  17-23 kV. The values of I given below and 
in the figures are proportional to light intensity and refer 
to the (voltage)2 (e.g., I = 290 or T2 = 784, the 103 (or 106) 
V factor was dropped for convenience).

Jacketed quartz optical cells were used, with an optical 
path length of 20 cm. Water was placed in the outer jack
et of the cells. Solutions were prepared using triply dis
tilled water which was further purified by radiolysis and 
photolysis. Degassing of the solutions was done by bub
bling prepurified nitrogen gas through a glass frit in a 
bubbler for ~45 min.

All the chemicals used were the highest grade commer
cially available. Diethyl malonate was redistilled. Chemi

cals were supplied by Eastman Chemicals, Baker and 
Adamson, and Mallinckrodt. Solutions were buffered with 
perchloric acid, phosphates (~1 mM), tetraborate (~1 
mAf), and potassium hydroxide.

Results and Discussion
It should be stated at the outset that the observation of 

the absorption spectra of free radicals and intermediates 
using the technique of flash photolysis does not necessari
ly reveal all the photolytic processes which a molecule 
undergoes. Free radicals with very low extinction coeffi
cients, short lifetimes, or absorption in the far uv or near 
ir may not be detected due to experimental limitations.

Unless stated otherwise, all the systems examined have 
been photolyzed using 1 X 10-2  M  concentration of the 
acids, the same light intensity from the flash lamps, and a 
water filter in the ou-er jacket of the quartz optical cell.

Acetic Acid
The flash photolysis of oxygen-free 1 X 10-2 M  aqueous 

solutions of acetic acid (pKa = 4.76) at pH 1.95 gives rise 
to a transient absorption which increases rapidly below 
300 nm, see Figure 1 . Due to the absorption of the ground- 
state acetic acid and the 20-cm optical path of the cell 
used, it was not possible to record the transient spectrum 
below 255 nm. The spectrum in Figure 1 resembles the 
absorption spectrum of the •C02H radical obtained13 
from the pulse radiolysis studies, with Xmax 235 nm and 
«max 3.0 X 103 M - 1  cm-1. On normalization of the 
•CO2H spectrum upon the spectrum obtained in the flash 
photolysis of acetic acid, a perfect agreement can be ob
served (see Figure 1).

The occurrence of reaction 3 is therefore demonstrated
_ hv

CH3COOH — *- CH3- + -COOH (3)
The carboxyl radical undergoes acid-base reactions and 
has14 a pXa ~  1.4.

•COOH ^  -COa” + H+ (4)
The optical spectra of the -COOH and CO2-  radicals 
have been found13 to be experimentally indistinguishable. 
From the extinction coefficient obtained13 for this radical, 
the bimolecular decay kinetics of the -COOH radical was 
found to be 2k = 2.0 X 10® M - 1  sec- 1  (see Table I), in 
good agreement with the value of 1.5 X 109 M - 1  sec- 1  de
termined13 in the pulse radiolysis work. Based13 on e27o 
1700 M - 1  cm- 1  for -COOH, the concentration of -COOH 
produced per flash under the experimental conditions 
used is 0.74 gM.

On flash photolysis of 1 X 10-2 M  sodium acetate at pH
7.5 an extremely weak absorption was observed. By fol
lowing the change with pH of the absorbance of the radi
cal at 270 nm, a “titration-type” curve was obtained (see 
insert to Figure 1) from which a pK = 4.65 ±  0.1 was de-

(5) H. Ley and B. Arends, Z. Phys. Chem., B4, 234 (1929).
(6) L. J. Saidel, Arch. Biochem. Biophys., 54, 184 (1955).
(7) E. E. Barnes and W. T. Simpson, J. Chem. Phys., 39, 670 (1963).
(8) H. Basch, M. B. Robin, and N. A. Kuebler, J. Chem. Phys., 49, 

5007 (1968).
(9) L. Farkas and O. H. Wansbrough-Jones, Z. Phys. Chem., B18, 124 

(1932).
(10) L. Farkas, Z. Phys. Chem., B23, 89 (1933).
(11) A. D. McLaren and D. Shugar, “Photochemistry of Proteins and 

Nucleic Acids,” Pergamon Press, New York, N. Y., 1964, p 90.
(12) L. Dogliotti and E. Hayon, J. Phys. Chem., 71, 2511 (1967); M. 

Langmuir and E. Hayon, ibid., 71, 3808 (1967).
(13) P. Neta, M. Simic and E. Hayon, J. Phys. Chem., 73, 4207 (1969).
(14) G. V. Buxton anc R. M Sellers, J. Chem. Soc., Faraday Trans. 1, 

69, 555 (1973).
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TABLE I: Absorption Maxima and Decay Kinetics of Radicals Produced in the Photolysis of Aliphatic 
Carboxylic Acids and Esters in Aqueous Solution

System“ pH ^maxi Affi Suggested radical Decay, 2k / ( b e, cm-1 c
Decay, 2k, 

sec-1

Acetic acid 2.2 235 co2h +  co2- 1.2 X 106 (270) 1700d 2.0 X 109
Malonic acid 0.8 315 c h 2co 2h +  c o 2h 2.5 X 10® (310) e

1.0 X 10® (270) e

Dimethyl maionate 8.0 320 c h 2c o 2c h 3 3.6 X 10® (320) 8007 2.9 X 109
2.0 320 c h 2c o 2c h 3 3.8 X 10® (320) 8007 3.0 X 109

Glutaric acid 1.8 235 co 2h +  C02- 1.3 X 10® (270) ^ 7 0 0 d 2.2 X 109

°  10 -2  M  oxygen-free solutions used. 6 Wavelength at which second-order decay kinetics was measured Is given in parentheses. c t  value at wave
length where decay kinetics were measured. d From ref 13. e Mixed radicals, 7 From ref 22.

Figure 1. Transient spectrum observed on flash photolysis of 
0 2-free 1 X 10-2 M  aqueous solutions of acetic acid at pH 1.95 
(O). Symbols (□ ) represent normalized spectrum of the C02_ 
radical obtained from ref 13. Insert shows dependence upon pH 
of the absorbance at 270 nm.

rived. This value is to be compared with the pKa = 4.76 
of acetic acid. It follows from these results that the optical 
excitation of CH3COO does not rupture the C-C bond 
according to

h v

CH3COCr - b -  CH3- + -C02~ (5)
Other photolytic reactions are taking place since methane 
and carbon dioxide are among the products formed910 on 
photolysis of CHsCOONa at pH 8.5. The reduction in the 
yield of reaction 3 can be seen, therefore, to follow the 
change in the concentration of the undissociated acetic 
acid.

The phosphorescence from both acetic acid and acetate 
salts in water at 77°K has been reported,2 with <p9 < 0.01. 
Since the concentration of -COOH is relatively high and 
is apparently formed from the photolysis of CH3 COOH 
but not from the dissociated acid, it seems unlikely that 
triplet excited states are involved. However, in the flash 
photolysis of aliphatic amino acids and peptides it was 
found3 that the formation of some of the radicals formed 
by photodissociation occurred via a biphotonic process, 
indicating the role of the triplet excited state of these 
molecules as the precursor. The dependence of the 
[•COOH-] upon the light intensity from the flash lamps 
was determined and is shown in Figure 2. The OD at 270 
nm vs. I and P  is plotted in a linear (curve a) and a log- 
log (curve b) scale. A slope of 1 was found indicating a 
monophotonic process for reaction 3. The precursor could 
still, however, be either a singlet or a triplet excited state.

The absorption of GH3COO- has been suggested5 9 to 
be an “ electron affinity spectrum.” The electron affinity 
of the CHsCOO- radical is 3.2 eV (76 kcal).15 On flash

FfioA

Figure 2. Dependence upon light intensity of the concentration 
of intermediates produced on flash photolysis of 1 X 10-2 M  
solutions of acetic acid at pH 1.55 (curves a and b, at 270 nm) 
and malonic acid at pH 0.9 (curves c and d, at 320 nm). Linear 
and log-log plots are shown for better representation of the ex
perimental data.

photolysis of 02-free 5 X  10-2 M  sodium acetate at pH
8.0, no transient absorption at 700 nm due to the hydrated 
electron, eaq_ , could be observed, indicating that on opti
cal excitation at X >200 nm the reaction

h v

C H 3C O O -  ^  C H 3C O O - +  eaq~

does not occur. Phctoionization of the dissociated acid in 
the far uv (i.e., below 200 nm) could still take place. 

Reactions 6 and 7 have also been suggested9’10

C H 3C O O H
C H 3CO- +  O H  

C H jC O O -  +  H

(6)

(7)
Under the conditions of the experiments, the OH radicals 
produced would react with acetic acid

OH + CH3COOH — ► CH2COOH + H20  (8)
with k8 = 2.8 X  107 M - 1 sec- 1 (ref 16). The -CHaCOOH 
radical has13 an absorption maximum at 320 nm and e 650 
M - 1 cm-1 . No absorption at 320 nm due to this radical 
could be seen, making the quantum yield of process 6 
close to zero. The CH3COO-H bond is 112 kcal17 while

(15) S. Tsuda and W. H. Hamill, A d v a n .  M a s s  S p e c t r o m . ,  Pergamon 
Press, New York, N. Y., 1965.

(16) M. Anbar and P. Neta, In t.  J . A p p l.  R a d ia t .  Is o to p e s ,  98, 493
(1967).

(17) J. A. Kerr, C h e m . R e v .,  66,496 (1966).
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Figure 3. Transient spectra observed on flash photolysis of 0 2- 
free 1 X  10“2 M  aqueous solutions of malonic acid at pH 0.8
; A) and 9.2 (O). Spectrum of the CH2COOH (------ ) and C02“
; ------) radicals used to synthesize the experimental curve. In
sert shows dependence upon pH of the absorbance at 325 and 
270 nm. Symbols (■ ) represent results obtained from flash pho
tolysis of 0 2-free 1 X 10“2 M  malonamlde at pH 6.0.

the C-C bond in CH3-COOH is 82.2 kcal,18 suggesting 
that process 7 might not be very favorable. However, no 
experiments could be devised to prove or disprove the 
presence of process 7.

Since CH4, C02, CH3OH, and HCOOH have been 
found9-11 as products in the photolysis of both CH3COOH 
and CH3COO , these are probably formed via reactions

C H 3C O O H  ( o r  C H 3C O O _)
C H 4 +  C 0 2 

(9)
C H 3O H  

+  H C O O H

(10)
Unfortunately no information is available on the pH de
pendence of the quantum yields of these products.

Malonic Acid
The absorption spectrum of malonic acid (pKa1 = 2.83, 

pKa2 = 5.69) in water at pH 0.8 was found to have a max
imum at 207 nm, (207 88 M -1 cm-1 and e24o 6.0 M -1 
cm-1. Based on the results presented above for the flash 
photolysis of acetic acid, one would expect a C-C bond 
rupture, leading to the formation of -CH2COOH and 
•COOH radicals

C H , < C00H -CH.TOOH + COOH (11)
COOH

The spectrum produced on flash photolysis of 1 X 10 2 M 
malonic acid at pH 0.8 is shown in Figure 3. This spec
trum is made up of the sum of the absorptions of the 
•CH2C00H and -COOH radicals; indeed the experimen
tal curve was synthesized from equimolar concentrations 
of these two radicals (see Figure 3), based on spectra ob
tained13 independently. From these results, [-CH2- 
COOH] = [-COOH] = 2.3 /iM.

On photolysis of the dianion of malonate at pH 9.2, no 
transient absorption could be seen (Figure 3). The change 
in absorbance with pH was monitored at 325 nm (where

the absorption of the • CH2COOH radical predominates) 
and at 270 nm (due mainly to the absorption of -COOH) 
and the “ titration” curves obtained are shown in Figure 3. 
From these curves pK  values of 2.75 ±  0.1 (at 270 nm) 
and 2.65 ±  0.1 (at 325 nm) can be derived, in close agree
ment with the pX ,1 = 2.83 of malonic acid. It is inter
esting to note that on ionization of the first carboxyl 
group process 11 does not occur, since only one step was 
observed (Figure 3] on monitoring the pH dependence for 
the formation of either - COOH or -CH2COOH radicals.

Support for reaction 11 can be obtained from the nature 
of the final products measured. Succinic, acetic, and oxal
ic acids have been observed9-19 in addition to C02. These 
products are produced from the bimolecular recombina
tion of -CH2COOH and -COOH. Recent20 esr results on 
the direct photolysis of aqueous solutions of malonic acid 
at 20° have confirmed reaction 11 . In general, one of the 
main photolytic reactions of dibasic acids and their anions 
can be expressed as

( C H ,) „ ^ C00H ^  H(CH2)„COOH +  CO., (12) 
COOH

The dependence of the concentration *of the radicals 
produced upon the intensity of the light is shown in Fig
ure 2. In this case, as for acetic acid, the reaction is 
monophotonic. After the addition of 5 mM  Ni(C104)2 (a 
quencher of triplet excited states) under conditions where 
only ~ l - 2% of the light above 210 nm is absorbed by the 
quencher, no change in the OD320 or in the decay kinetics 
of the radical could be seen. This result probably means 
(a) that the quenching rate is relatively low, (b) that the 
triplet excited state precursor is very short lived, or (c) 
that the precursor is a singlet excited state.

On flash photolysis of 1 X  10“ 2 M  malonamide, 
CH2(CONH2)2, at pH 9.2 and at 5.0 no transient absorp
tion could be seen (Figure 3). These results are in keeping 
with the absence of short-lived intermediates from the 
flash photolysis of aqueous solutions of aliphatic amides21 
and of the amide derivatives of amino acids and pep
tides.3

Dimethyl Malonate
The photochemistry of undissociated acids leads, among 

other processes, to the rupture of the C-COOH bond. In 
addition to acetic and malonic acids described above, glu- 
taric acid is photolyzed to produce also the -COOH radi
cals. On ionization of glutaric acid beyond the first pKa, 
no transient absorption can be observed. The photolysis of 
the esters can be expected to be similar to the photolysis 
of the corresponding undissociated acids. Figure 4 shows 
the transient spectrum obtained on flash photolysis of di
methyl malonate at pH 2.0 and 8.0. Identical spectra are 
obtained, indicating the absence of a dependence upon 
the pH of the solution. The spectrum has a maximum at 
320 nm and corresponds to the absorption of the 
•CH2COOCH3 radical.

CH2< COOCH3 -CH.COOCH, + COOCHj (13)
2 COOCH3

This radical has already been observed and identified,22

(18) R. T. Sanderson, "Chemical Bonds and Bond Energy." Academie 
Press, New York, N. Y., 1971, p 203.

(19) I. D. S. Rao, J . U n iv . B o m b a y ,  P a r t  3 , 9, 94 (1940); A. Miolati and 
G. Semerano, A t t i .  In s t.  V e n e to  S c i . ,  P a r t  I I ,  100, 167 (1941).

(20) C. E. Burchill and ° .  W. Jones, C a n . J . C h e m .,  49, 4005 (1971).
(21) M. Nakashima and E. Hayon, J. P h y s . C h e m .,  75, 1910 (1971).
(22) M. Simic and E. Hayon, R a d ia t .  R e s .,  48, 244 (1971).
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Figure 4. Transient spectra observed on flash photolysis of 0 2- 
free 1 X  10^2 M  dimethyl malonate at pH 2.0 (O) and 8.0 (A). 
Insert shows dependence upon pH of the absorbance at 320 
nm.

Xmax 320 nm and 6 3 2 0  800 M “ 1 cm-1. Based on this ex
tinction coefficient, the radical concentration produced 
per flash is 3.1 fiM. This quantum yield is about the same 
as that obtained for malonic acid.

The absence of an absorption due to the -CQOCH3 rad
ical is due to its relatively short lifetime (<10 nsec), prob
ably decomposing unimolecularly to give CO2

■COOCH3 — ► C 0 2 + -CH3 (14)
The absorption spectrum of the methyl radical is expected 
to be below ~220 nm.

The -CH2COOCH3 radical decays bimolecularly to give 
a rate 2k = 3.0 X  10® M -1 sec-1, in fair agreement to the 
reported22 decay kinetics of this radical.

Diethyl Malonate
The photochemistry of aqueous solutions of diethyl 

malonate (DEM) was expected to give results similar to 
those obtained for dimethyl malonate. On flash photolysis 
of DEM solutions at pH 5.3 and 7.9, a transient absorp
tion with Xmax at ~320 nm was observed (Figure 5) due 
probably to the -CH2COOC2H5 radical

CH2C C00CA  -CH2COOC2H5 +  -COOQft
COOC2H5 s(15)

The [-CH2COOC2H5] = 0.78 \iM compared to
[•CH2COOCH3] = 3.1 nM from the photolysis of dimeth
yl malonate. The -COOC2H5 radical is also considered to 
decay rapidly to give CO2 and ^ H s . The fate of the 
ethyl radicals is not known but, due to its relatively low 
rate for H atom abstraction, probably decays bimolecular
ly to give C4H10.

In addition to the •CH2 COOC2 H5  radical, a more in
tense absorption is also observed at pH 5.3 and 7.9, see 
Figure 5, with a maximum at <265 nm. This transient 
absorption decays “ back to baseline” following second- 
order kinetics, with 2fe/e = 2.6 X  102 cm sec-1  at both pH 
values.

At pH 5.3, no absorption due to a permanent product is 
observed. At pH 7.9, a new intense absorption (B) was 
found to “ grow in”, (see Figure 5) slowly with a rate of 7 X  
10 1 s e c 1 and a Xmax ~268 nm. An intermediate A is 
formed following the decay of the primary produced tran
sients which is the precursor of B, but is not observable. 
At pH 7.9 absorption B decays with a k = 1.23 X  10_1 
sec-1  to give another similar absorption C which is stable 
in presence of O2, and whose spectrum was reproduced on 
a spectrophotometer. The spectrum of C increases in ab-

Figure 5. Intermediates observed on flash photolysis of 1 X  
10-2 M  aqueous solutions of diethyl malonate, N2, at pH 5.3 
(O) and 7.9 (O) read at ~10  ¿¿sec after the flash. Long-lived 
intermediate formed at pH 7.9, read at ~0.8  sec (A) after the 
flash and ~ 5  min (□ ) later.

sorption with time (from 1 to 24 hr) and on increase of the 
pH subsequent to flash photolysis. Similarly, on increas
ing the pH of the solution initially flashed at pH 5.3 a 
similar absorption with Xmax ~268 nm grows in, which 
increased further on going from pH 8.3 to 9.2. The spec
trum of the unirradiated solution remains unchanged 
under otherwise similar conditions.

The nature of the intermediates A, B, and C is unknown, 
but it is suggested that a Norrish type II reaction is possi
bly occurring. It is interesting to note that the absorption 
spectrum of ethyl acetoacetate, CH3COCH2COOC2H5, 
gives at pH 6.0 an absorption with Xmax ~260 nm which 
increases strongly at pH 9.2 (a keto-enol tautomerism ac
counts for this change). It is tentatively suggested that in
termediate A is undergoing a similar reaction.

Keto Acids
The photochemistry of keto acids is more complicated 

due to the combined electronic transitions of the carbonyl 
and carboxyl groups. The results obtained from pyruvic 
acid, ethyl pyruvate, and benzoylformic acid are briefly 
described.

On flash photolysis of 02-free 5 mM  aqueous solutions 
of pyruvic acid (pKa = 2.5) at pH 0.8 using a Co-Ni solu
tion filter or a 218-nm cut-off filter, a transient absorption 
increasing strongly from ~350 to 270 nm is observed. No 
absorption could be seen from 350 to 630 nm. This absorp
tion is too strong to be due to the •COOH radical only, 
and is thought to be due in addition to the CH3CO- radi
cal or its hydrated form

h v

CH3COCOOH — * CH3CO- + COOH (16)

The quantum yield of decomposition of pyruvic acid is23 
~0.79, and its yield was found23 to decrease to near zero 
in neutral solutions. The spectrum of the acetyl radical in

(23) S. Noda, K. Fueki, and Z. Kuri, J .  C h e m . P h y s . ,  49, 3287 (1968).
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organ ic g la sses a t  7 7 ° K  h as beer, re p o r te d .23 T h e  a b so r p 
tio n  o b serv ed  in  a q u eo u s  so lu tio n  is q u ite  d iffe re n t a n d  
m a y  b e  d u e  to  its  re a c tio n  w ith  w a te r . T h e  esr sp e c tru m  
o f  C H 3C O  in  ice m a tr ic e s  h a s  b e e r  d e te r m in e d .24

O n  fla s h  p h o to ly s is  o f  5  m M  so d iu m  p y r u v a te  a t  p H  6 .2 ,  
a very  w ea k  b u t  s im ila r  tr a n s ie n t a b so r p tio n  w a s fo u n d . 
O n  m o n ito rin g  th e  d ec rea se  in  th e  a b so rp tio n  a t  2 8 0  n m  
w ith  in crease  in p H , a  “ titr a tio n ”  cu rve  is o b ta in e d  w ith  a  
pK  ~  2 .5 . O n  in c re a sin g  th e  p H  o f  th e  so lu tio n  a b o v e  p H
5 .0 , an  e n h a n c e d  tr a n sie n t a b so rp tio n  w a s o b serv e d . T h e  
n a tu re  o f th is  re a ctio n  is n o t c lear .

T h e  fla sh  p h o to ly sis  o f  0 2 -free  2  m M  so lu tio n s  o f  e th y l  
p y ru v a te  (u sin g  a 2 1 8 -n m  c u t -c f f  filter) a t  p H  3 .9  p ro 
d u ce d  a  v ery  stro n g  tr a n s ie n t a b so r p tio n , s im ila r  to  th a t  
fo rm ed  on  p h o to ly sis  o f  p y ru v ic  a c id . T h e  p h o to ly s is  o f  
e th y l p y ru v a te  in  in ert so lv e n ts 25 g ives ca rb o n  m o n o x id e  
a n d  a c e ta ld e h y d e

hv
C H 3C O C O O C 2H 5 — *■ C O  +  2 C H 3C H O  ( 1 7 )

T h is  re a ctio n  p ro ce ed s via th e  tr ip le t  e x c ite d  s ta te  (Et = 
6 5  k c a l /m o l)  w ith  a q u a n tu m  y ie ld 25 o f  0 .1 7 .

O n  fla sh  p h o to ly sis  o f  2 - 5  x  1 0 - 5  M  0 2 -free  b e n z o y lfo r - 
m ic  a c id  so lu tio n s at p H  0 .8 ,  u sin g  a 2 1 8 -n m  c u t -o f f  filter , 
tra n sie n t a b so rp tio n s w ith  m a x im a  a t  ~ 3 9 5 ,  3 2 0 , a n d  
< 2 8 0  n m  w ere o b se r v e d . N o  a b so rp tio n  fro m  ~ 4 3 0  to  
6 5 0  n m  c o u ld  b e  se en , a n d  d u e  to  th e  a b so r p tio n  o f

C 6H 5 C O C O O H  its e lf  n on e  c o u ld  b e  o b serv e d  b e lo w  ~ 2 8 0  
n m . N o  tr a n sie n ts  w ere o b serv e d  a t  p H  6 .8 . R e a c tio n s  18  
a n d  19  are su g g e ste d  to  occu r

--------*  C 6H 6C O -  +  - C O O H  (1 8 )

C 6H 5C O C O O H  — ^

“— *- C 6H 6C H O  +  C 0 2 ( 1 9 )

C a rb o n  d io x id e  a n d  b e n z a ld e h y d e  h a v e  b e e n  o b serv e d 26 ’27 

as p ro d u c ts . T h e  tr a n sie n t a b so rp tio n  fo u n d  is te n ta tiv e ly  
a ssig n ed  to  th e  C e H s C O - ra d ic a l in  w ater .

Conclusions

T h e  a b o v e  e x p e r im e n ts  on  th e  fla s h  p h o to ly sis  o f  o x y 
g en -free  a q u eo u s so lu tio n s o f  s im p le  a lip h a tic  c a rb o x y lic  
a c id s  a n d  esters h a v e  re v ea led  t h a t  (a ) th e  o n ly  m a jo r  o b 
se rv a b le  p h o to ly tic  p ro cess is th e  ru p tu re  o f  C - C O O H  a n d  
C -C O O R  b o n d s ; (b )  th e  q u a n tu m  y ie ld  o f  th is  p ro cess fo l 

low s th e  p f£a  o f  th e  grou n d  s ta te  o f  th e  c a rb o x y lic  ac id s, 
i.e., th e  p resen ce  o f  u n d isso c ia te d  a c id ; (c ) th e  d ec a r b o x 
y la tio n  rea ctio n s are fo u n d  to  b e  m o n o p h o to n ic .

(24) J. E. Bennett and B. Mile, T ra n s .  F a r a d a y  S o c ., 67, 1587 (1971).
(25) G. S. Hammond, P. A. Leermakers, and N. J. Turro, J .  A m e r .  

C h e m . S o c . , 83, 2395 (1961).
(26) P. A. Leermakers and G F. Vesley, J . A m e r .  C h e m . S o c . , 85, 3776 

(1963).
(27) A. Schonberg, N. Latif, R. Moubasher, and A. Sina, J .  C h e m . S o c .,  

1364 (1951).

P h o t o c h e m i s t r y  o f  4 - N i t r o p y r i d i n e  i n  A c i d  S o l u t i o n s

A. Cu and A. C. Testa*

D e p a r tm e n t  o f  C h e m is t r y ,  S t.  J o h n ’s  U n iv e r s it y ,  J a m a ic a ,  N e w  Y o rk  1 1 4 3 2  ( R e c e iv e d  J a n u a r y  8 , 1 9 7 3 )

T h e  p h o to re d u c tio n  o f  4 -n itr o p y r id in e  to  4 -h y d r o x y la m in o p y rid in e  has b e e n  s tu d ie d  in  a c id ic  so lu tio n s o f  
2 -p ro p a n o l in  th e  ra n ge  0 .1 - 6  M  H C 1 . T h e  q u a n tu m  y ie ld s  sh ow  an  u n u su a l d ep e n d e n c e  on  h yd ro g en  ion  
co n c e n tra tio n  w h ich  is su g g e ste d  to  in v o lv e  th e  fo llow in g  p ro ton  tra n sfe r  in th e  e x c ite d  tr ip le t  s ta te , 
( ' H N C 6H 4N O 2 ) * 3 -  ( N C e H 4N 0 2 H + ) *  3, w ith  o n ly  th e  n itro p y rid im u m  ion  b e in g  p h o to c h e m ic a lly  a c 
tiv e . A  l im it in g  q u a n tu m  y ie ld  o f  0 .6 5  ±  0 .0 5  occu rs in th e  a c id  co n c e n tra tio n  ran ge 0 .5 - 2  M  H C 1, b u t  4> 
d ecreases on  e ith e r  sid e  o f  th is  ra n g e . T h is  l im it in g  va lu e  o f  <f> is p re su m e d  to  b e  th e  tr ip le t  y ie ld  o f  th e  
m o le c u le . D e s p ite  h ig h  p h o to c h e m ic a l y ie ld s  no p h o sp h o resc en c e  is o b serv ed  a t  7 7 ° K  in  a c id ic  so lu tion s  
o f  iso p rop yl a lc o h o l or in  a 1 : 2  e th y le n e  g ly c o l-w a te r  m ix tu r e . Q u a n tu m  y ie ld  d a ta  for d eg a sse d  a n d  air- 
sa tu ra te d  so lu tio n s  in d ic a te  th a t  th e  4 -n itr o p y r id in iu m  tr ip le t  is m o re  sen sitiv e  to  o x y g en  q u e n ch in g  
th a n  th e  n itro b e n z e n e  tr ip le t . R e p e a ts  o f  th e  e x p e r im e n ts  o f  H a s h im o to , et al., in d ic a te  th a t  th e ir  q u a n 

tu m  y ie ld s  are to o  large , an d  p r o b a b ly  d u e  to  th e ir  a n a ly tic a l m e th o d . T h e  p h o to re d u c tio n  in  a c id ic  so lu 
tio n s  p ro ceed s th ro u g h  th e  3n ,7r* s ta te  o f  th e  4 -n itr o p y r id in iu m  ion  a n d  p a ra lle ls  ou r p rev io u s p h o to 
c h e m ic a l s tu d ie s  w ith  n itro b en ze n e .

In trod u ction

T h e  p h o to re d u ctio n  o f n itro b en ze n e  in d eg a sse d  iso p ro 
p y l a lco h ol w ith  3 6 6 -n m  e x c ita tio n  p ro ceed s c le a n ly  to  
p h e n y lh y d ro x y la m in e , w ith  a q u a n tu m  y ie ld  o f  1 .1 4  ±
0 .0 8  X  1 0 _ 2 , w h ich  re su lts  fro m  h yd ro g en  a b stra c tio n  b y  
th e  n ,7r* tr ip le t . 1  T h e  p resen ce  o f  o th er m o le c u le s , su c h  as 
n itro so b e n zen e , a z o x y b e n z e n e , a n d  oth er re la te d  m o le 

cu le s , in p h o to ly s is  e x p e r im e n ts  o f  a r o m a tic  n itro  c o m 
p o u n d s  is d u e  to  d a rk  rea ctio n s a n d  d o e s  n o t rep resen t th e  
p h o to c h e m ic a l b e h a v io r  o f  th e  n itro b en ze n e  m o le c u le . E n 
h a n c e m e n t o f  th e  p h o to re d u c tio n  o f  n itro b en ze n e  a n d  1 - 
n itro n a p h th a le n e  in a c id  so lu tio n s w as d e m o n str a te d  in

(1) R. Hurley and A. C. Testa, J . A m e r .  C h e m . S o c . ,  88, 4330 (1966).
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p re v io u s re p o r ts .2 -3 A s  an  e x te n sio n  o f  our in terest in  th e  
p h o to c h e m ic a l b e h a v io r  o f  a r o m a tic  n itro  c o m p o u n d s  we 
h a v e  in v e stig a te d  th e  p h o to c h e m istry  o f  4 -n itr o p y r id in e  
w ith  th e  a im  o f  s tu d y in g  th e  in flu en c e  o f  th e  n o n b o n d in g  
e lectro n  p a ir  o f  th e  p y r id in e  rin g  on  th e  p h o to re d u c tio n  o f  
an  a r o m a tic  n itro  c o m p o u n d . T h e re  are in  th is  m o le c u le  
tw o  in terestin g  c a ses  to  co n sid er, i.e., (a )  th e  n e u tra l m o l
ecu le  a n d  (b )  th e  n itro p y rid in iu m  io n . T h e  la tte r  case  
sh o u ld  e x h ib it  p h o to c h e m ic a l b e h a v io r  s im ila r  to  th a t  o f  
n itro b e n z e n e , s in ce  th e  n o n b o n d in g  e le ctro n s on  p yrid in e  
are n o t re a d ily  a v a ila b le  for e x c ita tio n  w h en  p ro to n a te d . 
K a n e k o , et al. , 4 a n d  H a ta , et al.,6 d e m o n str a te d  th a t  th e  
p h o to re d u c tio n  o f  4 -n itr o p y r id in e  TV-oxide in  e th a n o l w ith  
3 1 3 -n m  e x c ita tio n  resu lts  in  4 -h y d r o x y la m in o p y rid in e  N- 
o x id e  in q u a n tita tiv e  y ie ld ; h o w ev er, no q u a n tu m  yie ld  
d a ta  w ere p re se n te d . H a s h im o to , et al.,6 h a v e  s tu d ie d  th e  
p h o to re d u c tio n  o f  4 -n itr o p y r id in e  in  2 -p ro p a n o l w ith  an d  
w ith o u t H C 1 a n d  c o n c lu d ed  th a t  in  a c id  so lu tio n s  4 ,4 ' -  
a zo p y rid in e  is fo rm e d , w h ich  is p re su m e d  to  orig in ate  
fro m  4 -h y d r o x y la m in o p y r id in iu m  h y d ro ch lo rid e  w h ich  w as  
d estro y e d  in  w o rk -u p  p ro ced u res. In  1 0 0 %  2 -p r o p a n o l th e  
p h o to c h e m ic a l rea ctio n  is d ifferen t a n d  th e  p ro cess  h as  
n o t y e t  b e e n  e lu c id a te d . R e c e n tly , H a s h im o to , et al.,1 re 
p o rte d  th a t  th e  p h o to re d u c tio n  o f  4 -n itr o p y r id in e  in  h y 
d ro ch loric  a c id -is o p r o p y l a lco h o l so lu tio n s  p ro ce ed s fro m  
its  n ,x *  tr ip le t  to  give  4 -h y d r o x y la m in o p y r id in e . T h e ir  
m e a su red  q u a n tu m  y ie ld s  (<t> =  0 .2 7 -0 .9 4 )  in crea sed  w ith  
a c id  c o n c e n tra tio n  a n d  a tta in e d  a m a x im u m  v a lu e  for  
(H C 1 ) >  3 .6  x  1 0 - 2  M. A n  e n h a n c e m e n t o f  <i> in  a c id  s o 
lu tio n s  w a s o b serv e d  in our p h o to c h e m ic a l s tu d ie s  w ith  
n itro b e n z e n e , b u t  w h a t is su rp risin g  is th a t  th e ir  q u a n tu m  
y ie ld  rea ch es an  u p p e r  l im it , w h ich  lev els  o f f  a t  0 .9 4 . In  
c o n tra st to  th is  b e h a v io r  th e  tr ip le t life tim e  o f  n itro b e n 
zen e  a t  ro o m  te m p e ra tu re  is ~ 1 0 - 9  sec  a n d  its  tr ip le t  
y ie ld  is 0 .6 7 ;8 co n se q u e n tly , th e  u p p e r  v a lu e  o f  0 .9 4  w h ich  
th e y  rep ort m a y  be in  error. F u rth erm o re , th e ir  d e te r m i
n a tio n  o f  q u a n tu m  y ie ld s  w as m a d e  b y  a sp e c tro p h o to -  
m e tr ic  m e th o d , w h ich  is n o t w ell su ite d  for n itro  c o m 
p o u n d s  b e c a u se  o f  a c c o m p a n y in g  d ark  re a c tio n s , w h ich  
m a k e  a q u a n tita tiv e  a n a ly sis  u n c e rta in . O u r  ex p erien ces  
h a v e  co n v in c ed  u s th a t  th e  p o la ro g ra p h ic  m e th o d  for d e 
te rm in in g  th e  p h o to c h e m ic a l d e p le tio n  o f  a r o m a tic  n itro  
c o m p o u n d s  is s ig n ific a n tly  b e tter  th a n  th e  sp e c tro p h o to -  
m e tr ic  m e th o d . 1  W e  h a v e  in v estig a te d  th e  p h o to c h e m istry  
o f  4 -n itr o p y r id in e  in h yd roch lo ric  a c id -is o p r o p y l a lco h o l  
so lu tio n s  a n d  ou r q u a n tu m  y ie ld  re su lts  d iffe r  s ig n ific a n tly  
fro m  th o se  o f  H a s h im o to , e t  al.1 O u r  q u a n tu m  y ie ld  d a ta  
w ere o b ta in e d  for v a c u u m  d eg a sse d  a n d  a ir -sa tu r a te d  s o lu 
tio n s  in  order to  a sse ss  th e  im p o r ta n c e  o f  o x y g en  on  th e  
p h o to c h e m ic a l p ro cess . Q u a n tita tiv e  d e p le tio n  o f  4 -n itr o 
p y r id in e  w as d e te r m in e d  b y  p o la ro g ra p h y .

E xp erim en ta l Section

Materials. 4 -N itr o p y r id in e  w as p rep a red  b y  th e  m e th o d  
o f  O c h ia i , 9 p u rified  b y  v a c u u m  su b lim a tio n , a n d  th e n  re 
cry sta llize d  fro m  p e tro le u m  eth er (m p  4 6 .5 -4 8 ° ) .  T h e  p u 
r ity  o f  th e  sa m p le  w a s ch e ck e d  b y  ga s a n d  th in  la y er  ch ro 
m a to g ra p h y . Q u a n tu m  y ie ld  m e a su r e m e n ts  w ere o b ta in ed  
fro m  fresh ly  p rep a red  so lu tio n s in ord er to  m in im iz e  an y  
d ark  rea ctio n s th a t  m a y  occu r prior to  p h o to ly s is . S p e c -  
trog ra d e  iso p ro p y l a lco h o l fro m  M a th e s o n  C o le m a n  an d  
B e ll  w as u sed  as rece iv ed . G la ss  d istille d  w a ter a n d  re 
a g e n t grad e (B a k e r  C h e m ic a l C o .)  h y d ro ch lo ric  ac id  w ere  
u se d  for a q u eo u s  so lu tio n s .

Equipment. A l l  q u a n tita tiv e  p h o to ly s is  e x p e r im e n ts  
w ere p erfo rm e d  in  1 -c m  sp e c tro p h o to m e tr ic  q u a rtz  ce lls ,

c o n n ec te d  w ith  a g ra d e d  sea l to  P y rex  for c o n n e c tio n  to  a  
v a c u u m  s y s te m . T h e  ce lls  w ere se a le d  o f f  a t  < 1 0 - 4  m m ,  
after  th ree  or m o re  fr e e z e -p u m p -t h a w  c y c le s . T h e  iso la 
tio n  o f  3 1 3 -n m  e x c ita tio n  fro m  an  O s r a m  h ig h -p re ssu re  
m e rc u ry  arc ( H B O  1 0 0 W /2 )  w as a c h ie v e d  w ith  a S c h o tt  
in terferen ce  filter  (6 -n m  h a lf -b a n d w id th )  fr o m  F ish -  
S c h u r m a n  C o r p ., N e w  R o c h e lle , N .  Y .  L ig h t  in te n sit ie s  
w ere d ete r m in e d  w ith  th e  p o ta ss iu m  ferrio x a la te  a c tin o m -  
e te r , 10  a n d  w ere ty p ic a lly  3 .8 8  X  10 15  q u a n t a /s e c . T h e  
d isa p p ea ra n c e  o f  4 -n itr o p y r id in e  w as d e te r m in e d  b y  p o 
la ro g ra p h ic  a n a ly sis  o f  b u ffered  a c e tic  a c id -s o d iu m  a c e 
ta te  so lu tio n s  ( p H  4 .7 )  b efore  a n d  a fter  p h o to ly s is , a n d  
e x p e r im e n ts  w ere d esig n e d  to  k eep  th e  p er c e n t d e p le tio n  
o f  4 -n itr o p y r id in e  a t  <  1 5 % .

L arge  sca le  p h o to ly se s  w ere p erfo rm e d  th r o u g h  a  P y rex  
slee v e  w ith  an  H a n o v ia  4 5 0 -W  m e d iu m -p re ssu r e  m e rc u ry  
im m e r sio n  la m p  (ty p e  6 7 9 A -3 6 )  a n d  se p a ra tio n  w a s m a d e  
on  p rep a ra tiv e  th in  lay er c h r o m a to g ra p h ic  p la te s , u s in g  
e th a n o l as th e  e lu e n t . In  a ty p ic a l large  sc a le  p h o to ly s is
1 .2 2  g  o f  4 -n itr o p y r id in e  w as d isso lv e d  in  7 0 0  m l o f  iso p r o 
p y l a lco h o l, 0 .1  M  in  H C 1, a n d  irra d ia te d  for a p p ro x i
m a te ly  10  hr. T h e  o rig in ally  co lorless so lu tio n  w a s y e llo w  
a t th e  en d  o f  th e  e x p e r im e n t. E v id e n c e  for th e  p resen ce  o f
4 -h y d r o x y la m in o p y rid in e  w as o b ta in e d  b y  reco rd in g  n m r  
sp e c tra  (V a r ia n  A 6 0 A )  in  D M S O -c /6 a n d  ir (B e c k m a n  
I R -8 ) sp ec tra .

Results

T h e  3 1 3 -n m  p h o to c h e m ic a l d isa p p e a ra n c e  o f  1 .0  X  1 0 ~ 4 

M  4 -n itro p y rid in e  in  iso p rop yl a lc o h o l, 0 .1  M  in  H C 1 , 
after  d eg a ssin g , is sh o w n  in  F igu re 1 . T h e  sp ec tra l ch a n g es  
in d ic a te  a grow th  o f  a b so rp tio n  in th e  region  o f  2 8 0  n m  
w ith  an  iso sb estic  p o in t  a t  2 4 4  n m  w h ich  agrees w ith  th e  
re su lts  o f  H a s h im o t c , et al.1 T h e  ir o f  th e  iso la te d  p h o to 
p ro d u c t e x h ib ite d  b a n d s  a t  2 .9  a n d  3 .2  p, ty p ic a l o f  a m in e  
h y d ro ch lo rid es , a n d  a sh arp  b a n d  a t  8 .4  p, w h ich  is  seen  
in  p y r id in iu m  sa lts . T h e  n m r b a n d s  for th e  ring h y d ro g en  
w ere o b served  a t  6 .7 5  (tw o  h y d ro g en s n e a r  a m in e )  a n d
8 .0 8  8 (tw o  h y d ro g en s n ear h e te r o a to m ), w h ile  - O H  an d  
- N H  a p p ea re d  a t  1 1 .2  a n d  1 2 .9  8, r e sp e c tiv e ly . S u b s e 
q u e n t sh a k in g  o f  th e  s a m p le  w ith  D 2O  a ffo rd ed  th e  d is a p 
p ea ra n ce  o f  th e se  tw o  e x c h a n g e a b le  h y d ro g e n s, w h ereas  
th e  rin g  p ro to n s re m a in e d  in ta c t . T h u s  as in  th e  p h o to re 
d u c tio n  o f  n itro b en ze n e  th e  h y d r o x y la m in e  ap p ea rs  as th e  
o n ly  p r im a ry  p ro d u c t, i.e.

(
\  * 3

In  th e  n m r  sp e c tra  th ere  w as a lso  ev id e n c e  for  so m e  4 -  
a m in o p y r id in e , w h ich  e x h ib ite d  a re la tiv e ly  b ro a d  s in g le t  
a t 5 .7 4  8; h ow ever, its  p resen ce  is m o s t  lik e ly  d u e  to  a

(2) R. Hurley and A. C. Testa, J . A m e r .  C h e m . S o c . ,  89, 6917 (1967).
(3) W. Trotter and A. C. Testa, J . P h y s . C h e m .,  74, 645 (1970).
(4) C. Kaneko, S. Yamada, and I. Yokoe, T e t r a h e d r o n  L e t t . ,  4729 

(1966).
(5) N. Hata, E. Okutsu, and I. Tanaka, B u ll.  C h e m . S o c .  J a p . ,  41, 1769

(1968) .
(6) S. Hashimoto, K. Kano, and K. Ueda, T e t r a h e d r o n  L e t t . ,  2733

(1969) .
(7) S. Hashimoto, K. Kano, and K. Ueda, B u l l  C h e m . S o c .  J a p  44 

1102(1971).
(8) R. Hurley and A. C. Testa, J. A m e r .  C h e m . S o c . ,  90,1949 (1968).
(9) E. Ochiai, J . O rg .  C h e m .,  18, 534 (1953).

(10) C. G. Hatchard and C. A. Parker, P ro c .  R o y . S o c . ,  S e r .  A ,  235, 518 
(1956).
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Photochemistry of 4-Nitropyridine in Acid Solutions 1 4 8 9

Figure 1. Uv spectral changes occurring during the 313-nm 
photolysis of degassed 4-nitropyridine (1.0 X 10-4  M) in iso
propyl alcohol containing 0.1 M  HCI. The intensity of light was 
~3.9 X 1015 quanta/sec.

dark  reaction  or a secon d ary  p h otoch em ica l even t. T h is 
b a n d  w as also observed  to  exchange u p on  ad d ition  o f  D 2O.

T h e  quan tu m  y ie ld  for  th e 313-nm  p h otoch em ica l d is 
appearance o f  7.79 X 10-3  M  4 -n itropyrid in e  in isopropyl 
a lcoh ol, after degassing, was stu d ied  in  the a cid  co n ce n 
tration  range 0 .1 -6  M  H C I. T h e  p h oto ly sis  in  100% isop ro 
py l a lcoh ol was n ot in vestigated , s ince H a sh im oto  has in 
d ica ted  th a t the p h otoch em istry  in  the absence  o f  acid  is 
d ifferent from  the p h otored u ction  w h ich  occu rs in  a cid  so 
lu tion s .6-7 T h e  results o f  the presen t in vestigation  are 
sum m arized  in  Figure 2. O f particu lar in terest is th at the 
qu an tu m  y ie ld  increases for d ilu te  a cid , appears to  level 
o f f  to  a m a x im u m  value and  then  decreases again  in m ore 
a c id ic  solutions. T h e  qua n tu m  yie ld s  p lo tted  are the aver
age o f  three or m ore m easurem ents. T h is  ty p e  o f  quan tu m  
y ie ld  dep en d en ce  w ith  a c id  is generally  n ot observed  in 
p h otoch em ica l studies, b u t has been  observed  in  the pH  
d ep en d en ce  o f  the fluorescen ce o f  certa in  h eterocyc lic  
m o lecu les .11 T h u s, it  is an in vitin g  p oss ib ility  to  attribute  
the varia tion  o f  qu an tu m  y ie ld  w ith  (H + ) to  p roton ation  
and ion iza tion  ph en om en a .

T h e  m easured  qu a n tu m  yie ld s  o f  th e present study are 
in all cases s ign ifican tly  low er th an  th e value o f  0.94, 
w h ich  is rep orted  b y  H ash im oto , e t  a l .7 T h e ir  ph oto lyses 
w ere perform ed  u nder a n itrogen  atm osphere, w hereas 
v a cu u m  degassing procedu res [< 1 0 -4  m m ) em p loy ed  in 
th is stu dy  shou ld  m ore e ffectiv e ly  ex clu d e  oxygen . T h ey  
report that th e 316-nm  ph oto lysis  o f  1 X 10 3 M  4 -n itro- 
pyrid in e  in 80%  isoprop yl a lcoh o l-2 0 %  w ater solutions 
con ta in in g  > 0 .0 4  M  H C I has a qua n tu m  y ie ld  o f  0.94. W e 
have rep eated  H a sh im oto ’s exp erim en t, using 0.06 M  
H CI, and have ob ta in ed  a value o f  i ’ deg =  0.023 ±  0.004. 
T h e  disagreem ent betw een  their results and  those o f  this 
investigation  suggest th at their sp ectrop h otom etric  m eth -

{ H C L ) , M.

Figure 2. Disappearance quantum yields for the photoreduction 
of 7.79 X 10“ 3 M  4-nitropyridine in degassed isopropyl alcohol 
with varying concentrations of hydrochloric acid (AeXc 313 nm, 
I a ~  3.9 X 1015 quanta/sec). The darkened circle at 0.1 M  
HCI is the result for the degassed photolysis in 50% isopropyl 
alcohol-water.

od is n o t very  re lia b le . T h e y  u n fo r tu n a te ly  d id  n o t provide  
d e ta ils  c o n cern in g  th e  w a v e len g th s  a t  w h ich  th e  o p tica l  
d e n sitie s  w ere m e a su red  for th e  d e te r m in a tio n  o f  4>. O n  
th e  oth er h a n d , th e  p o la ro g ra m s o f  4 -n itr o p y r id in e  in a c e 
tic  a c id -s o d iu m  a c e ta te  b u ffe r  so lu tio n s e x h ib it  re p ro d u c i
b le , w e ll-d e fin e d  p o la ro g ra p h ic  re d u c tio n  w a v es for the  
n itro  grou p , w h ich  ov erco m e th e  u n c e r ta in ty  o f  d ark  re a c 
tio n s  a n d  se c o n d a ry  p h o to c h e m ic a l e v e n ts  in  sp e c tro p h o 
to m e tr ic  a b so rp tio n  m e a su r e m e n ts . H a s h im o to , et al.,7 
d id  a t te m p t  p o la ro g ra p h ic  a n a ly sis  for th e  e s tim a tio n  o f  
th e  d isa p p ea ra n c e  o f  4 -n itr o p y r id in e , b u t s ta te d  th a t  th e y  
w ere u n a b le  to  o b ta in  “ sa tis fy in g  d a t a ”  b y  th is  m e th o d . It  
sh o u ld  be p o in te d  o u t th a t  th e  p o la ro g ra p h ic  a n a ly sis  o f  
a r o m a tic  n itro  c o m p o u n d s  is w ell d o c u m e n te d  a n d  th a t  
th e  p o la ro g ra p h y  o f  4 -n itr o p y r id in e  h a s  b een  s tu d ie d  b y  
H o lu b e k  a n d  V o lk e 12  a n d  E m e r so n  a n d  R e e s . 13

T h e  q u a n tu m  y ie ld s  for th e  d isa p p ea ra n c e  o f  4 -n itr o p y -  
rid in e  in 0 .1  M  H C I  so lu tio n s , w h ere p ro to n a tio n  o f the  
p y rid in e  ring is n o t c o m p le te , w ere fo u n d  to  sh ow  som e  
d ep e n d e n c e  on  th e  w ater c o n te n t o f  th e  so lu tio n . T h e  d e 
g a ssed  q u a n tu m  y ie ld  in iso p rop yl a lco h ol c o n ta in in g  0 .1  

M  H C I  is 0 .2 7  ±  0 .0 3 , w h ile  for th e  p h o to ly sis  o f  a d e 
g a ssed  5 0 %  iso p ro p y l a lc o h o l-w a te r  so lu tio n  c o n ta in in g  0 .1  
M  H C I $  =  0 .0 7 6  ±  0 .0 0 9 . A  s im ila r  b e h a v io r  w as o b 
serv ed  b y  C o h e n  a n d  S id d iq u i14  for th e  p h o to re d u c tio n  o f  
p -d im e th y la m in o b e n z o p h e n o n e  ( D M A B )  in  a q u eo u s a c id 
ic  iso p rop yl a lc o h o l, i.e., th e  p h o to re d u c tio n  o f  D M A B  d e 
crea ses u p o n  a d d itio n  o f  u p  to  1 0 %  w ater , b u t  th e  e ffect  
lev e ls  o ff  u p o n  fu rth er a d d itio n  o f  w a te r . T h e  d ecrease  in 
$  for p h o to ly sis  o f  5 0 %  iso p rop yl a lc o h o l-w a te r , 0 .1  M  in  
H C I , is sh o w n  in F igu re 2 as th e  d a rk en ed  c ircle . T h e  
p h o to c h e m ic a l d isa p p ea ra n c e  y ie ld  o f  4 -n itr o p y r id in e  in  
p u re  iso p rop yl a lco h o l w as d e te r m in e d  to  b e  0 .0 1 3  ±  
0 .0 0 3 , b u t  sin ce  th e  p rocess is d iffe re n t fro m  th a t  w h ich  
occu rs in a c id  so lu tio n s , no fu rth er m e a su r e m e n ts  were  
m a d e .

T h e  p h o to re d u c tio n  o f  7 .7 9  ±  10  3 M  4 -n itr o p y r id in e  in  
iso p rop yl a lco h o l w ith  v a ry in g  H C I  co n c e n tra tio n  e x h ib 
ite d  low er q u a n tu m  y ie ld s  in a ir -sa tu r a te d  so lu tio n s th a n  
w h en  d eg a sse d . In  T a b le  I are p resen ted  th e  q u a n tu m  
y ie ld s  for a ir -sa tu r a te d  a n d  v a c u u m -d e g a s s e d  so lu tion s

(11) H. Borresen, A c t a  C h e m . S c a n d . .  17, 921 (1963).
(12) J. Holubek and J. Volke, C o lle c t .  C z e c h .  C h e m . C o m m u n . .  25, 

3286 (1960).
(13) T. R. Emerson and C. W. Rees, J . C h e m . S o c . .  1923 (1962).
114) S. G. Cohen and M. M. Siddiqui, J . A m e r .  C h e m . S o c . .  89, 5409 

(1967).
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TABLE I: Quantum Yields for Disappearance of 7.79 X  10 3 M  

4-Nitropyridine in Isopropyl Alcohol with Varying HCI 
Concentration (Xexc 313 nm)

HCI
concn,

M ^cieg 't’air 't’deg/'i’air

0.1 0.27 ±  0.03 0.084 ±  0.02 3.2
0.3 0.31 ±  0.03 0.11 ± 0 .0 1 2.8
0.5 0.70 ±  0.08 0.14 ± 0 .0 2 5.8
1.0 0.56 ±  0.03 0.087 ±  0.02 6.4
2.0 0.59 ±  0.02 0.10 ± 0 .0 1 5.9
3.0 0.16 ± 0 .0 2 0.084 ±  0.01 1.9
4.0 0.082 ±  0.01 0.081 1.0
6.0 0.055 ±  0.007 0.063 ±  0.005 0.9

and the ratio i ’deg/'J’air. It is seen th a t in the range where
th e  ra tio  is th e  largest th e  d o m in a n t sp ec ies p resen t in so 
lu tio n  is th e  4 -n itr o p y r id in iu m  ion fo rm ed  b y  p ro to n a tio n  
in  th e  grou n d  sta te  o f  th e  ring n itro g en . It is n otew orth y  
th a t th e  a ir -sa tu r a te d  q u a n tu m  y ie ld s  are a p p ro x im a te ly  
c o n sta n t an d  re la tiv e ly  in sen sitiv e  to  ac id  c o n c e n tra tio n . 
T h is  b eh a v io r su g g e sts  th a t  th ere  m a y  be tw o  d ifferen t  
p a th s  b y  w h ich  th e  h y d rogen  a b stra c tio n  p ro cess occu rs.

T h e  a p p a ren t c o n sta n c y  o f  'hair as a fu n c tio n  o f H C I  
co n ce n tra tio n  in d ic a te s  th a t  th e  largest v a lu e  o f  'hdeg/'hair 
co in cid es w ith  th e  largest p h o to re d u ctio n  y ie ld  ob served  
in  d eg a sse d  acid  so lu tio n s . T h is  resu lt im p lie s  th a t th e  
tr ip le t s ta te  o f  th e  n itro p y rid in iu m  ion is very  se n sitiv e  to  
o x y g en  q u e n c h in g , sh o w in g  th e  g rea test e ffec t w h en  all 
th e  m o le c u le s  are p ro to n a te d . T h e  ra tio  d ecreases to  u n ity  
in 4 M  H C I  in  iso p rop yl a lco h o l, w h ich  p ro b a b ly  in v olves  
p ro ton  tran sfer to  th e  n itro  grou p . T h e  e n h a n c ed  p h o to re 
d u c tio n  o f n itro b en zen e  in  ac id ic so lu tio n s ( > 3  M  H C I)  o f  
5 0 %  iso p rop yl a lc o h o l-w a te r  is a lso  in se n sitiv e  to  o x y g e n .2

In  v iew  o f  th e  h igh  p h o to c h e m ic a l q u a n tu m  y ie ld s  o b 
served  in th e  ran ge 0 .5 - 2 .0  M  H C I  in iso p rop yl a lc o h o l, we 
have a tte m p te d  p h o sp h o resc en c e  m e a su r e m e n ts , w ith  th e  
a im  o f  d irectly  d e m o n str a tin g  a large tr ip le t  p o p u la tio n . 
W e  w ere u n a b le  to  see a n y  p h o sp h o resc en c e  (rj>p <  10  3) 
fro m  4 -n itr o p y r id in e  d isso lv ed  in a c id ic  so lu tio n s o f  iso 
p ro p y l a lco h ol or in 1 : 2  e th ylen e  g ly c o l-w a te r  u p o n  irra
d ia tio n  w ith  3 1 3  n m  a t 7 7 ° K . T h is  resu lt is su rp risin g  in 
v iew  o f th e  large ox y g en  e ffec t in th e  p h o to ly sis  o f  d e 
g a ssed  a c id  so lu tio n s . O n  th e  oth er h a n d , s in ce  n eith er  
n itro b en ze n e  nor p yrid in e  p h o sp h o resc es , it is very  u n lik ely  
th a t  4 -n itr o p y r id in e  sh o u ld  p h o sp h o resc e .

D is c u s s io n

It is seen  fro m  th e  resu lts  th a t  th e  p h o to re d u c tio n  o f 4 - 
n itrop y rid in e  occu rs in a c id ic  so lu tio n s o f  iso p rop yl a lc o 
hol w ith  th e fo rm a tio n  o f  4 -h y d r o x y la m in o p y rid in e , p ro 
v id e d  th e  ring n itrog en  is p ro to n a te d . T h e  p h o to c h e m ic a l  
b eh av ior is in a g re e m en t w ith  th e  resu lts  o f  H a s h im o to , et 
al. ; 7 how ever, co m p a riso n  o f  th eir q u a n tu m  y ie ld  resu lts  
w ith  th o se  o f  th is  in v estig a tio n  in d ic a te s  an  u n u su a lly  
large d isp a rity . In  try in g  to  a c co u n t for p a rt o f  th e  d is 
c rep a n cy  we h ave  n o ticed  th a t H a s h im o to  an d  K a n o 15  re 
p o rted  a va lu e  o f  0 .0 3  for th e  d isa p p ea ra n c e  o f  n itro b e n 
zen e in iso p ro p y l a lco h o l, w h ich  is a p p ro x im a te ly  three  
t im e s  larger th a n  th e  va lu e  o f  1 .1 4  ±  0 .0 8  X  1 0 ~ 2, w h ich  
w e h av e  d ete r m in e d  b y  tw o  c o m p le te ly  in d e p e n d e n t  
m e th o d s .1  T h e ir  d e te r m in a tio n  o f $  relies on  m ea su rin g  
an  o p tic a l d e n s ity , w h ich  is n ot a d v isa b le  in n itro group  
p h o to c h e m istr y , w here d ark  rea ctio n s m a k e  it d iff ic u lt  to  
k n ow  th e  e x a c t  c o m p o sitio n  a t  an y  t im e . A ls o  th e  fa ct

th a t  th e  tr ip le t  y ie ld s  o f  n itro b en ze n e  a n d  1 -n itr o n a p h th -  
alen e  are k n ow n  to  be  0 .6 7  ±  0 .1 0  a n d  0 .6 3  ±  0 .1 0 , 8 re 
sp e c tiv e ly , su g g e st th a t  th e  u p p e r q u a n tu m  y ie ld  l im it  
th e y  rep ort m a y  b e  larger th a n  th e  tr ip le t  y ie ld  o f  tn e  
m o le c u le , i.e., it is rea so n a b le  to  e x p e c t th a t  th e  tr ip le t  
y ie ld  o f  n itro b en ze n e  and  4 -n itr o p y r id in iu m  ion are s im i 
lar . A lth o u g h  th ere  is n o  s im p le  ju s tif ic a tio n  th a t  th e  tr ip 
let y ie ld  o f  n itro b en ze n e  an d  th e  4 -n itr o p y r id in iu m  ion  
sh o u ld  be c o m p a ra b le , it is n o tew o rth y  th a t  re m o v a l o f  
th e  n o n b o n d in g  e lectro n s on th e  ring n itro g en  b y  p ro to n a 
tio n  d oes lea d  to  a p h o to c h e m ic a l b e h a v io r  s im ila r  to  th a t  
o f n itro b en ze n e . It is in terestin g  to  n ote  th a t  ou r l im it in g  
q u a n tu m  y ie ld  v a lu e  for 4 -n itr o p y r id in e  d isa p p e a ra n c e  in  
a c id ic  iso p rop yl a lco h o l so lu tio n s ( 0 .5 -2 .0  M  H C I )  is 0 .6 5  
±  0 .0 5 , a n d  agrees w ith in  e x p e r im e n ta l error w ith  th e  
tr ip le t  y ie ld  d e te r m in a tio n  o f n itro b e n z e n e .8 T h u s  it is 
re a so n a b le  to  co n clu d e  th a t $ max =  </>t  for 4 -n itr o p y r i
d in e .

T h e  in creasin g  q u a n tu m  y ie ld  for p h o to re d u c tio n  in  th e  
ran ge ( H + ) =  0 .1 - 0 .5  M  is p ro b a b ly  d u e  to  in crea sin g  p ro 
to n a tio n  o f  th e  p y rid in e  n itrog en . I f  we c o n sid er th a t  $  =  
(1 /2)'t)rnax ~  0 .3 2 , w hen ( H + ) =  0 .2  M , co rresp o n d s to  
th e  p resen ce  o f  ~ 5 0 %  p y rid in iu m  ion s in so lu tio n , th e  a p 
p a ren t pK¡¡ for th e  process

I l N ^ N C ,  =*=*= N ^ > — N0 2 +  H +

is e s tim a te d  to  be  0 .7 . T h e  p Ka for th is  p ro cess in aq u eo u s  
so lu tio n s h a s  b een  rep orted  to  be 1 .6 1 16 a n d  1 .4 . 17  S in ce  
th e  m e d iu m  in ou r p h o to c h e m ic a l s tu d ie s  w as p rim a rily  
iso p rop yl a lc o h o l, a co m p a riso n  w ith  th e  lite ra tu re  v a lu e  
is d iffic u lt d u e  to  v a ria tio n  o f s o lv e n t . In  th e  ra n ge  0 .5 - 2 .0  
M  H C I th e  q u a n tu m  yie ld  re m a in s  c o n sta n t s in ce  th e  p y r 
id in e  n itrogen  is to ta lly  p ro to n a te d . W h e n  (H C I )  >  2 M, 
th e  q u a n tu m  y ie ld  a g a in  fa lls  o f f  w h ich  is su g g e ste d  to  be  

■ d u e  to  th e  fo llo w in g  p ro ton  tran sfer  in th e  e x c ite d  tr ip le t  
s ta te , i.e.

) «  , , *3— (n0 n̂°2h+)
T h e  latter  sp ec ies  m a y  be ex p ec te d  to  e x h ib it  low er re a c 
tiv ity , sin ce  n o s ig n ific a n t p h o to re d u c tio n  is o b serv ed  u n 
less th e  n o n b o n d in g  e lectro n  p a ir  on th e ring n itro g en  is 
p ro to n a te d . T o  a d d  su p p o rt to  th is  in terp reta tio n  it is 
n o tew o rth y  th a t th e  en h a n c ed  p h o to c h e m istry  o f  n itre -  
b e n z en e  in 5 0 %  iso p rop yl a lc o h o l-w a te r  for ( H + )  >  3 M 
su g g e ste d  p ro to n a tio n  o f  th e  n itro  grou p  in th e  e x c ited  
s t a t e ;2 c o n seq u en tly , th e  d ecreasin g  4> v a lu es  c o u ld  be due  
to  a p ro ton  tran sfer  from  th e  ring n itrog en  to  th e  n itro  
grou p . A lte r n a tiv e ly , ; t  is a lso  p o ssib le  th a t  th e  d ic a tio n

fo rm s in th e  e x c ited  sta te  an d  is ra p id ly  d e a c tiv a te d . A  
less  lik ely  p o ss ib ility  is th a t  th e  d ecrease  in  $  w h en  ( H + ) 
>  2 M  is d u e  to  en h a n c ed  d ep ro to n a tio n  o f  4 -n itr o p y r id i
n iu m  u p o n  a d d itio n  o f w ater.

In  v iew  o f th e  resu lts  w h ich  in d ic a te  th a t  th e  p h o to re a c -  
tiv e  sp ecies is th e  tr ip le t 4 -n itr o p y r id in iu m  io n , th e  
p h o to c h e m ic a l b e h a v io r  in d eg a sse d  a c id  s o lu t io n s  m a y  be

(15) S. Hashimoto and K. Kano, T etrahed ron  L ett.. 3509 (1970).
(16) J. M. Essery and K. Schofield, J. C h em . S o c .. 2 2 2 5  (1963).
(17) A. Fischer, W. J. Gal oway, and J. Vaughan, J. C h em . S o c . , 3591 

(1964).
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d esc rib ed  b y  re a ctio n s 1 -4  in  w h ich  rea ctio n  3 is th e  

H N ^ ) — N 0 2 — ( h N ^ N 0 2)
0T

NO;

( h n O ^ N 0 2)  X  H n Q ^ -

(
\ *3

H N ^ ) — N02j  +  (CH3)2CEOH

Ĉ~nô
N02̂  +  H+ ( N̂ N 0 2h )

 ̂ via reaction 3 ^

(1 )

(2)

HN( ) ) — N02H +  (CH3),COH (3)

+ H+

(4)

-NHOH radiationless deactivation

source o f p h o to c h e m istry , rea ch in g  an  u p p e r  l im it  w h en

all th e  m o le c u le s  e x ist as 4 -n itr o p y r id in iu m  ion s an d  k2 is 
th e  rate  c o n sta n t for th e  p ro to n  tra n sfer  in th e  excited  
s ta te  w h ich  resu lts  in  so m e  ra p id  ra d ia tio n less  d ec a y . 
R e a c tio n  3 m a y  p ro ceed  via an  e lectro n  tran sfer to  th e  
n itro  grou p  fo llo w ed  b y  p ro to n a tio n ; h ow ever, th e  resu lts  
o b ta in e d  d o  n o t d e fin it iv e ly  an sw er th is  q u e stio n . For 
rea ctio n s 1 -4  $  =  a ^ T^ i ( R O H ) /[ f e i ( R O H )  +  fe2( H + ) ]  
w here a rep resen ts th e  fra c tio n  o f  4 -n itr o p y r id in e  m o le 
cu les  th a t  are p ro to n a te d  a t  th e  ring n itro g en . R e a c tio n  2 
is a ssu m e d  to  m a k e  a n eg lig ib le  c o n tr ib u tio n  c o m p a re d  to  
rea ctio n s 3 a n d  4  in th e  a c id  ran ge 0.5-2.0 M  H C 1. It is 
re a d ily  seen  th a t  w h en  an  u p p e r l im it  to  p h o to re d u c tio n  is 
a c h ie v e d  a  =  1 ,  a n d  $ m a x  =  4>t .

In  co n clu sio n  th e  p h o 'o r e d u c tio n  o f  4 -n itr o p y r id in e  p ro 
ceed s e ffic ie n tly  in d ilu te  a c id  so lu tio n s  o f  iso p rop yl a lc o 
h ol, p ro v id ed  th e  ring n itrog en  is p ro to n a te d . T h e  large  
q u a n tu m  y ie ld s  rep orted  b y  H a s h im o to , et al.,7 are a ttr ib 
u te d  to  u n ce rta in tie s  in th e  c o m p o sitio n  o f p h o to ly z e d  s o 
lu tio n s , arisin g  fro m  d ark  rea ctio n s d u rin g  p h o to ly sis . T h e  
resu lts  p resen ted  su g g e st e n h a n c ed  p h o to c h e m istry  arising  
fro m  p ro to n a tio n  o f th e  p yrid in e  n itro g en  an d  th a t  p roton  
tran sfer to  th e  n itro  grou p  lea d s to  a sp ec ies  w h ich  d ec ays  
ra p id ly  th ro u g h  so m e  u n k n o w n  ra d ia tio n less  p a t h . 18

(18) Note Added in Proof. In a recent publication, G. Wpbbels, e t  al., 
J. A m er . C hem . S o c . , 95, 1281 (1973), bave implicated the chloride 
Ion as an electron donor in the photoreduction of nitrobenzene in 
hydrochloric acid solutions. A similar mechanism may be operative 
in the photoreduction of 4-nitropyridine and is currently under in
vestigation.
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T h e  te m p e ra tu re  d e p e n d e n c e  o f th e  a  a n d  ¡3 flu o rin es sp littin g s  in O O C C F 2C F C O O  (fro m  irra d ia ted  s in 

gle  c ry sta ls  o f  so d iu m  p erflu o ro su ccin a te ) h a s  b e e n  e x a m in e d  u sin g  d e n sity  m a tr ix  te c h n iq u e s . T h e  t e m 
p era tu re  d ep e n d e n c e  o f  th e  a -flu o r in e  h y p erfin e  sp littin g s  arises fro m  a to rsio n a l osc illa to ry  m o tio n  o f th e  a 
flu o rin e  a b o u t  th e  C a- C fl b o n d  w h ich  av erag es th e  tw o  c r y sta llo g r a p h ic a lly  n o n eq u iv a le n t ra d ic a ls  ob served  
a t  7 7 ° K  in to  a  s in g le  ra d ic a l a t  3 0 0 ° K . T h e  te m p e ra tu re  d ep e n d e n c e  o f th e  /¡¡-flu orin e h y p erfin e  ten sors re 

s u lts  fro m  a n o n a d ia b a tic  sp in  e x c h a n g e , r  1 =  9 .9  X  1012  e x p ( - 3 6 8 0  cal/RT) ra d  s e c - 1 , occu rrin g  as a d i 
rect co n seq u en c e  o f  th e  a -flu o r in e  to rsio n a l o sc illa tio n  c o u p le d  w ith  a sh ift in  th e  /¡¡-flu orin e p o sitio n .

In trod u ction

A t  3 0 0 ° K , R o g ers  a n d  W h if fe n 3 rep orted  th a t  th e  esr  
sp ec tru m  o f  irra d ia te d  so d iu m  p erflu o ro su ccin a te  w ith  th e  
m a g n e tic  f ie ld  a lo n g  th e  b ax is  w a s p rim a rily  d u e  to  a s in 
gle  - O O C C F 2C F C O O -  ra d ica l ( P F S ) .  W h e n  th e  cry sta ls  
w ere co o led  b e lo w  1 3 0 °K , K is p e r t  a n d  R o g ers4 h a v e  sh ow n  
th a t  th e  ra d ic a ls , o b serv e d  w ith  b p a ra lle l to  H, o c c u p y  
tw o c r y sta llo g r a p h ic a lly  n o n e q u iv a le n t p o sitio n s  (ra d ic a ls  
I  an d  I I ) . T h is  a p p e a re d  to  b e  7 he re su lt o f  a freezin g  o u t

o f  so m e  m o tio n  w h ich  led  to  th e  o b serv a tio n  o f an  a v er
a g ed  esr sp e c tru m  a t h igh er te m p e ra tu re s .

T h is  te m p e r a tu r e -d e p e n d e n t b e h a v io r  is n o t  a ty p ic a l for  
d p ro to n s in  th e  ra d ic a ls  fo u n d  in  irra d ia ted  sin g le  crys-
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Figure 1. Experimental temperature dependence of the «-fluo
rine hyperflne splittings of the 300°K radical along the b, c, and 
a* crystal axis of ref 3 and 4.

ta ls  o f  a lip h a tic  ca rb o x y lic  a c id s .5 E v e n  th o u g h  th e  /3 -p ro
to n  sp littin g s  v a ry  co n sid era b ly  fro m  ra d ic a l to  ra d ica l, 
th e  te m p e ra tu re  d ep e n d e n c e  o f  th e  3 -p ro to n  sp littin g s  is 
w ell u n d ersto o d  in te rm s o f  restr icted  in tern a l m o tio n  
a b o u t th e  Ca-Cp b o n d  a x is . 6 O n  th e  oth er h a n d , th e  « -p r o 
to n  sp littin g s  in  th e se  ra d ica ls  ch a n ge  litt le  fro m  m a trix  
to  m a tr ix  a n d  sh ow  very  litt le  te m p e ra tu re  d e p e n d e n c e .

T h e  b eh a v io r o f  th e  a -  a n d  /3 -flu orin e h y p erfin e  in te r a c 
tio n  in flu o r in e -su b stitu te d  a lip h a tic  ra d ic a ls  is n o t as  
w ell u n d ersto o d . T h e  te m p e ra tu re  d ep e n d e n c e  o f  th e  
iso tro p ic  a n d  a n iso tro p ic  sp littin g s  h a s  o n ly  b een  d o c u 

m e n te d  for - C F 2C F - 7 a n d  for C F 2C O N H 2 .8 ’ 9

R e c e n tly , th e  te m p e ra tu re  d ep e n d e n c e  o f  th e  esr sp ec - 
' tru m  o f  C F 2C O N H 2 h a s  b e e n  a n a ly z e d .9 T h e  large a n iso t
ro p y  o f  th e  a flu o rin es p e r m itte d  th e  to rsio n a l m o tio n  to  
b e  u n d ersto o d  fro m  th e  te m p e r a tu r e -d e p e n d e n t  ch a n ges  
in  th e  « -f lu o r in e  sp littin g s . N o n a d ia b a tic  e ffec ts  w ere  
clea rly  e v id e n t in  th e  esr sp e c tru m  as a re su lt o f  th e  n o n 
p a ra lle l flu o rin e  p  o rb ita ls  w h ich  c a u sed  th e  c en tra l p eak  
(rri\ =  0 ) to  be sp lit  a t  low  te m p e ra tu re s .

K is p e r t  an d  R o g ers4 w ere ab le  to  a p p r o x im a te  th e  t e m 
p eratu re  d ep e n d e n c e  o f  th e  a flu o rin es in P F S  in th e  tw o  
sites b y  a v era g in g  th e  tw o  h y p erfin e  ten sors (I an d  II) an d  
su gg ested  th a t  th e  a v era g in g  w a s d u e  to  an  o sc illa tio n  
a b o u t the cen tra l C - C  b o n d . T h e y  a c c o u n te d  for th e  o b 
serv ed  lin e  b ro a d e n in g  b y  co rrelatin g  th e  o b served  esr 
lines a t  7 7 ° K  w ith  th o se  o b served  a t  3 0 0 ° K . A  d e ta ile d  e x 
a m in a tio n  o f  th e  lin e  b ro a d e n in g  a n d  a d e te r m in a tio n  o f  
th e m o tio n  resp o n sib le  for th e  a v era g in g  p ro cess w a s n o t  
a tte m p te d .

In  th is  w ork , a m e c h a n ism  is p ro p o sed  to  a c c o u n t for 
th e  te m p e ra tu re  d ep e n d e n c e  o f  th e  « -  a n d  /3 -flu orin es  
sp littin g s  a n d  lin e  w id th  v a ria tio n s in P F S . T h e  b eh av ior  
o f  th e  « -f lu o r in e  sp littin g s  is su g g estiv e  o f  a m o tio n a l e f
fe c t  s im ila r  to  th a t  seen  for th e  a flu o rin es in  C F 2C O N H 2 . 
In  a n a lo g y  to  C F 2C O N H 2 , th e  «  flu o rin e  in  P F S  is a s 
su m e d  to  b e  o sc illa tin g  b etw een  th e  tw o  e q u ilib r iu m  p o si

tio n s o b serv e d  a t  7 7 ° K . F u rth erm o re , a n y  m o tio n  o f  th e  a 
flu orin e  w ill ca u se  a c h a n g e  to  o c cu r in  th e  o v erla p  o f  th e  
/3 -flu orin e p  o rb ita ls  w ith  th e  a -c a r b o n  a n d  « -f lu o r in e  p  
o r b ita ls , re su ltin g  in /3 -flu orin e sp in  e x c h a n g e  e ffe c ts .10a’b 
T h e s e  sp in  ex ch a n g e  e ffec ts  w ill b e  o b serv e d  as line  
b ro a d e n in g  a n d  sh ifts  in th e  esr p ea k s a sso c ia te d  w ith  /3 
sp littin g s . T h is  is to  b e  co n tra ste d  w ith  th e  C F 2C O N H 2 

case w here th e  ce n tra l p ea k s co a le sc ed  w ith  litt le  a p p a r 
e n t lin e  b ro a d e n in g  as a resu lt o f  th e  sp in  e x c h a n g e  o f  th e  
« flu o rin e .

T h e  t im e -d e p e n d e n t  n atu re  o f ex ch a n g e  in th e  p resen ce  
o f  th e  m o tio n  o f  sp in s  ca n  b e  h a n d le d  in  a  n e a r ly  e x a c t  
m a n n er  u sin g  th e  d en sity  m a trix  fo r m u la tio n 10 o f  q u a n 
tu m  m e c h a n ic s . H o w e v e r, th e  size  a n d  c o m p le x ity  o f  th e  
e x a c t so lu tio n  for a fou r sp in  sy s te m  su c h  a s  P F S  sev ere ly  
lim its  th e  u se fu ln e ss  o f  th e  d en sity  m a tr ix  m e th o d s . S e v 
eral a p p ro x im a tio n s  h av e  b e e n  m a d e  to  red u ce  th e  d im e n 
sio n s o f  th e  p ro b le m  for th e  ca se  o f  P F S . T h e  first is to  
a ssu m e  th a t  th e  a v erag in g  o f  th e  a -flu o r in e  h y p e rfin e  
sp littin g s  ca n  b e  d o n e  in  a se m ic la ss ic a l m a n n e r . T h e  s e c 
on d  a p p ro x im a tio n  is th a t  th e  /3 -flu o rin e  sp in  e x c h a n g e  
ca n  b e  s im u la te d  u sin g  d en sity  m a tr ix  e q u a tio n s  w h ich  
in c lu d e  th e  to rs io n a lly  av erag ed  a -flu o r in e  h y p e rfin e  te n 
sors. O th e r  a p p ro x im a tio n s  h av e  b e e n  u se d  to  red u ce  th e  
d im e n sio n s  o f  th e  tra n sitio n  b a sis  se t a n d  th e se  w ill be  
d isc u sse d  in  d e ta il b e lo w .

« -F lu o rin e  T orsional O scilla tion

Type of Motion. T h e  te m p e ra tu re  d e p e n d e n c e  o f  th e  a -  
flu o rin e  h y p erfin e  sp littin g 4 is m o s t  a p p a r e n t w h en  th e  
m a g n e tic  fie ld  is p a ra lle l to  th e  b c ry sta l ax is  (F igu re  1) 
w here th e  a*, b, a n d  c axes are th e  sa m e  as th o se  u sed  in  
re f 3 a n d  4 . T h is  is b e ca u se  th e  d ire ctio n  o f th e  m a x im u m  
c o m p o n e n t o f  th e  a -flu o r in e  h yp erfin e  ten so rs  lies n ear th e  
b ax is  a t  low  te m p e ra tu re s  a n d  a n y  s m a ll  c h a n g e  is m o re  
clea rly  seen  th a n  a lc n g  th e  c or a* ax is  w here th e  sm a lle r  
a h y p erfin e  ten so r c o m p o n e n ts  re su lt in  o v e r la p p e d  lin es  
as th e  te m p e ra tu re  is low ered . T h e  3 0 0 °K  h y p e rfin e  ten sor  
for th e  «  flu o rin e  is n o t a x ia lly  s y m m e tr ic  as w o u ld  b e  e x 
p ec te d  in th e  ca se  o : u n restricted  ro ta tio n  a b o u t  th e  C - C  
b o n d . In  fa c t , su c h  ro ta tio n  w ou ld  h av e  to  in v o lv e  m o tio n  
o f  a large p art o f  th e  ra d ica l w h ich  w o u ld  b e  u n lik e ly  to  
occu r in  a cry sta l la ttic e .

I f  th is  te m p e ra tu re  d ep e n d e n ce  is a m o tio n a l e ffe c t, it  
w ou ld  th e n  be e x p e c te d  to  b e  d u e  to  a to rsio n a l m o tio n . 
T o r sio n a l m o tio n  ca n  be a n a ly z e d  in  a stra ig h tfo rw a rd  
m a n n e r .6 '9 ’ 1 1 ’ 12

Simple ( 1 — 3 cos2 6) Relationship. S in c e  th e  e x p e r i
m e n ta l te m p e ra tu re  d e p e n d e n c e s  o f  th e  a -flu o r in e  h y p e r
fin e  sp littin g s  are so  a p p a ren t a lo n g  th e  b a x is , th ese  
sp littin g s  w ere u sed  to  o b ta in  an  e s tim a tio n  o f  th e  barrier  
h e ig h t b y  c o m p a rin g  th e m  w ith  th o se  c a lc u la te d  u sin g  a 
s im p lifie d  m o d e l. T h e  to rsio n a l m o tio n  w as a p p r o x im a te d  
b y  a se m ic la ss ic a l a v erag in g  o f  th e  a -flu o r in e  p -o r b ita l a n 
iso tro p y 9 in  a m a n n e r  s im ila r  to  th a t  u se d  for /3 p ro to n s . 6

(5) J. R. Morton, C h em . R ev .. 64, 453 (1964).
(6) (a) O. H. Griffith, J. C h em . P hys., 41, 1093 (1964); (b) P. J. Krus- 

ic, P. Meakin, and J. P. Jesson, J. Phys. C h em ., 75, 3438 (1971).
(7) M. Iwasaki and K. Toriyama, J. C h em . P h ys., 46, 2852 (1967).
(8) M. T. Rogers and L. D. Kispert, J. C h em . P h ys.. 46, 3193 (1967).
(9) C. M. Bogan and L. D. Kispert, J. C h em . P h ys., 57, 3109 (1972).

(10) (a) A. Abragam, "The Principles of Nuclear Magnetism,” Clarendor 
Press, Oxford, 1961; ’b) C. S. Johnson, Advan. M agn. R e s o n a n c e ,  
1, 33 (1965); (c) U. Fano in "Lectures on the Many-Body Prob
lem,” Vol. II, E. R. Caianiello, Ed., Academic Fress, New York, N. 
Y„ 1964, pp 217-239.

(11) N. L. Bauld, R. Gordon, and J. Zoeller, Jr., J. A m er . C h em . S o c .,  
89. 3948 (1967).

(12) E. W. Stone and A. H. Makl, J. C h em . P h ys ., 37, 1326 (1962).
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T h e  o b serv e d  h y p e rfin e  s p littin g  th u s  re fle cts  th e  to rsio n 
al av erag in g  o f  th e  d ip o la r  in tera c tio n s  b e tw ee n  th e  a - f l u 
orine p  o rb ita l a n d  th e  p a r tia lly  o c c u p ie d  ca rb o n  p  o rb i
ta l. A lo n g  th e  d ire ctio n  o f  th e  p a r tia lly  o c c u p ie d  ca rb o n  p  
orb ita l (z ) , th is  a v era g in g  h a s  th e  fu n c tio n a l fo rm  <1 - 3  

cos2 8) w here <) in d ic a te s  an  e x p e c ta tio n  v a lu e  a n d  8 is 
th e to rsio n al a n g le . S in c e  th e  v a lu e  o f  th is  fu n c tio n  d e 
p en d s u p o n  th e  v a lu e  o f  th e  p o te n tia l barrier h e ig h t, V 0, 
th is  m o d e l ca n  b e  u se d  to  e s tim a te  Vo.

In  order to  c a lc u la te  ( 1  — 3 cos2 8), it  is n ecessa ry  to  
k n ow  th e  v a lu e  o f  th e  red u ced  m o m e n t  o f  in e rtia , I. S in ce  
th e  cry sta l stru ctu re  o f  P F S  is n o t k n o w n , a n  e x a c t  va lu e  
for I  c a n n o t b e  o b ta in e d . H o w e v e r , th is  is n o t a serious  
p ro b lem  b e c a u se  th e  c a lc u la tio n s  w h ic h  req u ire  I are n o t  
very se n sitiv e  to  large  v a ria tio n s in  I. A n  a p p ro x im a te  
v a lu e  o f  /  w a s o b ta in e d  b y  a ssu m in g  th e  sa m e  b a sic  c ry s 
ta l stru ctu re  as h a s  b e e n  rep o rted  for su c c in ic  a c id .13  T h e  
v a lu e  o f  <1 — 3  co s2 8) w as th e n  c a lc u la te d  for several 
v a lu es  o f  Vo, th e  p o te n tia l b arrier h e ig h t, u s in g  a to rsio n al  
H a m ilto n ia n .6 ’ 1 1 ’ 12  A  s im p le r  m e th o d , g iv in g  s im ila r  re 
su lts , a ssu m e d  a  B o lt z m a n n  p ro b a b ility  th a t  th e  ra d ica l  
w as in  a to rsio n a l s ta te  o f  en ergy  V(8), a t  an  an g le  o f  tw ist
8.«>

T h e  c a lc u la te d  sp littin g s  w ere in  p o o r a g re e m e n t w ith  
th e  e x p e r im e n ta l re su lts  (F igu re  2 ) . S ev era l fa cto rs  c o n 
tr ib u te d  to  th is . T h e  e x p e r im e n ta l d a ta  w ere ta k e n  a lo n g  
th e  b ax is  w h ich  is n ear b u t  n o t a lo n g  e ith er o f  th e  m a x i
m u m  a -flu o r in e  c o m p o n e n ts . F or a  flu o rin e , th e  Az d ire c 
tio n  h a s  b e e n  sh o w n  to  b e  a lo n g  th e  ax is  o f  th e  flu o rin e  p  
o rb ita l co n ta in in g  th e  u n p a ired  sp in  p o p u la tio n  w h ich  is 
g en era lly  p a ra lle l to  th e  ca rb o n  2 p z o r b ita l .14  T h e re  are  
tw o ra d ica ls  w ith  on e a  flu o rin e  in  e a c h  ra d ic a l. F or P F S ,  
th e  b ax is  is so m e  3 0 °  a w a y  fro m  e a ch  o f  th e  a -flu o r in e  Az 
d irectio n s . T h e  fu n c tio n  < 1 - 3  co s2 8) is a  v a lid  d e sc rip 
tio n  o f  th e  a v era g in g  o n ly  in  th e  d irectio n  o f  th e  p  o rb ita l. 
T h e  n o n lin ea r te m p e ra tu re  d ep e n d e n c e  o f  th e  sp littin g s  
alo n g  b (F igu re  1) is p r o b a b ly  an  in d ic a tio n  th a t  b is to o  
fa r  fro m  Az to  u se  o n ly  th e  s im p le  < 1 - 3  co s2 8) fu n c tio n .

Analysis of the Temperature Dependence of the Esr Spectrum

D e sp ite  th is  p oo r a g re e m e n t, th e  v a lu e  o f  Vo d ed u c e d  
fro m  th is  tr e a tm e n t o f  a to rsio n a l o sc illa to r  is a p p ro x i
m a te ly  3 0 0 0  ca l. T h is  is c o n s is te n t w ith  th e  e s tim a te  o f  
th e  u p p e r lim it  o f  5 5 0 0  ca l c a lc u la te d  fro m  th e  line w id th  
va ria tio n  w ith  te m p e r a tu r e .4

A  m o re  c o m p le te  tr e a tm e n t c f  th e  to rsio n a l m o tio n  h a s  
to  in c lu d e  th e  a v era g in g  o f  th e  h y p erfin e  ten sors for b o th  
a flu o rin es (I  a n d  I I ) .

Torsional Oscillation. T h e  u n d ia g o n a lize d  a -flu o r in e  
h yp erfin e  ten sors w ere av erag ed  in  a m a n n e r  s im ila r  to  
th a t  u sed  for C F 2C O N H 2 .9 S o m e  o f th e  resu lts  o f  th is  
“ to rsio n al o sc illa tio n ”  o f  th e  lo w -te m p e ra tu re  ( 7 7 ° K )  a -  
flu o rin e  h yp erfin e  ten so rs  are g iven  in  T a b le  I .15  A s  e x 
p e c te d , th e  s im u la te d  to rsio n a l a v era g in g  d ec re a se d  th e  
an isotrop ic  c o m p o n e n ts  o f  th e  h y p erfin e  in tera c tio n  an d  
le ft  th e  m a g n itu d e  o f  th e  iso tro p ic  c o m p o n e n t u n c h a n g e d . 
E x p e r im e n ta lly , th e  a -flu o r in e  iso tro p ic  sp littin g s  d e 
crease  over th e  te m p e ra tu re  ran ge o f  in te r e s t .4 T h is  d e 
crease  c o u ld  b e  th e  re su lt o f  a s lig h t s tru c tu ra l ch a n ge  or 
o f o r b ita l-fo llo w in g  e ffe c ts .16  In  order to  c o m p a re  th e  
to rsio n a lly  av erag ed  sp littin g s  a n d  th e  e x p e r im e n ta l s p lit 
tin gs a t  3 0 0 °K , a co rrection  for th e  c h a n g e  in iso tro pic
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Figure 2. Calculated and experimentally observed hyperfine 
splittings for the a  fluorine in’ -OOCCF2CFCOO_ vs. tempera
ture. The experimental splittings (O) were measured along the 
b axis. The calculated splittings were obtained using the method 
of ref 6a (------).

TABLE I: Calculated and Observed a-Fluorine Splittings (G) for 
- OOCCF2CFCOO-  Assuming that the a  Fluorine Undergoes a 
Torsional Oscillation0 with V0 = 3000 cal/mol

a *  b  c

Observed 77°K Radical 1 18 189 104
Radical II 84 164 126

Calculated 300°K 
Calculated 300°K

58.3 153.6 57.8

corrected 50.0 148.0 51
Observed 300°K 45 145 56

0 The potential function for the torsional motion was taken to have two 
equally populated minima.

sp littin g s  w as su b tra c te d  fro m  th e  c a lc u la te d  to rsio n a lly  
av erag ed  sp littin g s . T h is  correction  w as c a lc u la te d  b y  
su b tra c tin g  th e  u n d ia g o n a lize d  3 0 0 ° K  te n so r  fro m  th e  a v 
erage o f  th e  u n d ia g o n a lize d  7 7 ° K  te n so rs . T h is  d ifferen ce  
ten sor w a s u se d  to  c a lc u la te  th e  co rrection  for a given  
cry sta l or ie n ta tio n . T h e  corrected  sp littin g s  are a lso  given  
in  T a b le  I.

O b v io u s ly , th is  tr e a tm e n t o f  th e  a  flu o rin es  a lo n e  is n ot  
th e  c o m p le te  e x p la n a tio n  o f  th e  te m p e ra tu re  d ep en d en ce  
o f  th e  esr sp ec tra . T h e re  is a  co n sid era b le  a m o u n t o f  line  
b ro a d e n in g  arou n d  1 3 0 CK  w h ich  se e m s to  be  re la ted  to  th e  
8 f lu o r in e s .4 In  order to  trea t b o th  th e  a  a n d  th e  8 flu o -

(13) J. S. Broadley, D. W. J. Cruickshank, J. D. Morrison, J. W. Robert
son, and H. M. M. Shearer, P roc . R oy. S o c .. S er. A. 251, 441 
(1959).

(14) D. I. Beveridge, P. A. Dobosh, and J. A. Pople, J. C h em . Phys.. 48, 
4802 (1968).

(15) Since there are two magnetically nonequivalent sites corresponding 
to each of the two a  fluorines, there is a slight ambiguity in the as
signment of the phases {tp in Table I of ref 4) of the direction co
sines. It Is assumed that if the a  fluorines are related by a simple 
torsional motion, the motion has a small amplitude because other
wise a large part of the radical would have to undergo a substantial 
motion which would be unreasonable in a crystal lattice. The aver
age amplitude of the motion must also be such that the a-fluorine 
splittings are drastically affected by the motion (see Discussion). 
To account for the expected amplitude of the motion, all phases 
were chosen to be those of the upper signs in Table I of ref 4, ex
cept that of a-fluorine I which was inverted through the center of 
the coordinate system (i . e ., 8 =  61.3°, tp =  —95.6° changed to 8 
=  119.7°, tp =  84.4°).

(16) R. W. Fessenden, J. Phys. C h em ., 7 1 ,74 (1967).
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rines in  th e  tw o  site s , th e  to rsio n a lly  a v era g ed  a -flu o r in e  
h yp erfin e  ten sors w ere in c lu d e d  in a d e n sity  m a tr ix  tr e a t
m e n t  o f  th e  /3 -flu o rin e  sp in  ex ch a n g e .

D ensity  M a t r ix  T rea tm e n t o f Spin E xchange

T h e  gen eral th eory  for u sin g  th e  d e n sity  m a tr ix  fo r m a l
ism  for m a g n e tic  reso n a n ce  h a s  b e e n  d e v e lo p e d .10 H ere  it 
w ill o n ly  b e  n ecessa ry  to  d iscu ss  th e  p a r tic u la r  fo rm  o f  th e  
tr e a tm e n t w h ich  is b e s t  su ited  to  th is  p ro b le m .

F o r  m a g n e tic  re so n a n ce  c a lc u la tio n s , th e  g en era l m e th 
od  o f  so lu tio n  o f  th e  d e n sity  m a tr ix  e q u a tio n s  in v o lv e s  a 
tr a n sfo r m a tio n  fro m  an  e ig e n sta te  sp a ce  (H ilb e r t  sp a ce )  
in to  L io u v ille  sp a c e . T h u s , as  th e  n u m b e r  o f  sp in s  in 
crea ses, it  b e c o m e s  in crea sin g ly  im p o r ta n t to  fin d  m e th 
od s o f  re d u c in g  th e  d im e n sio n  o f  th e  L io u v ille  sp a c e  re p 
re se n ta tio n . T h e  u se  o f  a co n tra c ted  L io u v ille  sp a c e , a 
tra n sitio n  s p a c e , 17  ca n  so m e tim e s  red u ce  th e  d im e n sio n s  
o f  th e  m a tr ic e s  in v o lv e d  to  th e  n u m b e r  o f sp ec tra l lin es .

A  L io u v ille  sp a c e  b a sis  se t  ca n  b e  c o n str u c te d  fro m  th e  
e ig e n sta te  b a sis  se t for P F S , a fou r sp in  sy s te m  w ith  three  
(I = % )  sp in s  a n d  one (S  =  % )  sp in . T h e  s im p le  p ro d u c t  
b a sis  se t is u sed  for th e  e ig en sta te  sp a c e . T h e re  w ill be  24 
e ig e n sta te s  (i . e a i a 2« 3«e h  <xioi2^30teu oti02<X3Otei, e tc .) .  I f  
th is  e ig e n sta te  b a sis  se t w ere to  b e  tr a n sfo r m e d  in to  L io u 
ville  sp a ce  w ith o u t a n y  a p p ro x im a tio n s , it  w o u ld  b e c o m e  
n ecessary  to  in v ert (or d ia g o n a lize ) a c o m p le x  256 X  256 
m a trix . O b v io u s ly , t im e  a n d  sto ra ge  fa c to rs  w o u ld  lim it  
th e fe a s ib ility  o f  s im u la tin g  sp ec tra  in  su c h  a m a n n e r .

T h e  first a p p ro x im a tio n  w h ich  ca n  b e  m a d e  to  red u ce  
th e  d im e n sio n s  o f  th e  p ro b lem  is to  ignore th e  te rm s in  
th e  esr H a m ilto n ia n  w h ich  in v o lv e  Sx or S y .18 T h is  a p 
p ro x im a tio n  e ffec tiv e ly  rem o v es a ll L io u v ille  b a s is  s ta te s  
in  w h ich  th e  b a sis  e ig e n sta te s  h av e  th e  sa m e  e lectro n  sp in  
q u a n tu m  n u m b e r , ms.

T h e  seco n d  a p p ro x im a tio n  is to  re ta in  o n ly  th o se  L io u 
v ille  b a ses  in  w h ich  th e  tw o  b a sis  e ig e n sta te s  d iffer  b y  no  
m ore th a n  one in d iv id u a l n u clea r sp in . T h is  red u ces th e  
d im e n sio n  o f  th e  L io u v ille  sp a ce  to  8  b a se s  w h ich  c o n n ec t  
sta te s  d ifferin g  on ly  in  ms a n d  24  b a se s  w h ich  c o n n ec t  
s ta te s  d ifferin g  in  on e  in d iv id u a l n u clea r sp in  a n d  ms.

T h e  tra n sitio n  b a ses  w h ich  are e lim in a te d  b y  th is  “ c o n 
tr a c tio n ”  are e ith er n m r  a c tiv e  or are fo rb id d e n  tr a n s i
tio n s w ith  m i >  1 . T h e s e  tra n sitio n s w o u ld  h a v e  been  
e lim in a te d  e ffe c tiv e ly  b y  th e  o v e cto r  (e q  17 , r e f  1 7 ) . 
T h e s e  a p p ro x im a tio n s  h ave  red u ced  th e  size  o f  th e  L o  m a 
trix  fro m  a 256 X 256 m a trix  to  a 32 x 32 m a tr ix  w h ich  is 
a m o re  re a so n a b le  d im e n sio n .

T o  rep resen t in tra m o le c u la r  ex c h a n g e  w ith  a tra n sitio n  
b a sis  se t, th e  c o n c e p t o f  an  e x ch a n g e  o f  s ites  is in tro 
d u c e d . E x c h a n g e  s ites  h av e  b e e n  u sed  e x te n s iv e ly  in som e  
n m r an d  esr so lu tio n  s tu d ie s .1 7 ’ 19  R a d ic a l I  is d esig n a ted  
as site  I a n d  ra d ica l II is d esig n a ted  as s ite  II. T h is  is n o t  
to  b e  co n fu sed  w ith  th e  tw o  m a g n e tic a lly  n o n e q u iv a le n t  
sites o c cu p ie d  b y  e a ch  ra d ica l. E x c h a n g e  s ites  are u se d  to  
d esig n a te  d iffe re n t or ie n ta tio n s o f  a sp in  w ith in  a ra d ic a l. 
E a c h  o rie n ta tio n  o f  th e  sp in  or e x ch a n g e  site  h a s  d ifferen t  
sp littin g s , g v a lu es , e tc . T h e  in tro d u c tio n  o f  n s ite s  in 
creases th e  d im e n sio n  o f  th e  L o  m a tr ix  b y  a fa cto r  o f  n.

U s in g  th e  g en era l e q u a tio n s  for in tra m o le c u la r  exch a n ge  
b e tw ee n  m a g n e tic  en v iro n m e n ts  d erived  b y  A le x a n d e r ,20 

th e  ex ch a n g e  te rm  ca n  b e  w ritte n ; h ow ever, th is  eq u a tio n  
w as d eriv ed  for th e  gen eral ca se  w here a ll o f  th e  n u cle i are  
in v o lv e d  in  m u tu a l ex c h a n g e . F or P F S  a co rrelation  d i
ag ra m  ca n  b e  d ra w n  (re f 4 , F igu re  4 ) w h ich  in d ic a te s  th a t  
o n ly  th e  f i flu o rin es are e x c h a n g in g  a n d  th a t  th e  a  f lu o 
rines are n o t a ffe c te d  b y  th e  ex ch a n g e .

T h e  ex ch a n g e  m a tr ix  ca n  th e n  b e  w ritte n  for o n ly  /3 -flu 
orine e x c h a n g e . T h e  H a m ilto n ia n  for th e  e ig e n sta te  b a sis  
se t ca n  b e  w ritte n 10  (u s in g  th e  to rs io n a lly  a v era g ed  h y p e r 
fin e  ten sors d eriv ed  in  th e  p revio u s se c tio n s) a n d  s u b s e 
q u e n tly  tr a n sfo r m e d  in to  th e  L io u v ille  sp a c e  fo r m u la tio n  
u sin g  eq  3 o f  r e f  1 7 . R e la x a tio n  ca n  b e  a s s u m e d 1 7  to  arise  
fro m  a sin g le  tra n sv erse  re la x a tio n  t im e , T 2 .

T h e  fo rm  o f  th e  64 X 64 m a trix  (2 s ite s , 32 d im e n sio n a l  
L o for e a c h ) to  b e  d ia g o n a liz e d  is su c h  for P F S  th a t  A L L 
M A T 21 is o fte n  q u ite  u n sta b le  a n d  it  is n o t a lw a y s  p o ss i
b le  to  fin d  th e  e ig e n v e cto rs . A n  a ltern a tiv e  w a y  o f  so lv in g  
for th e  e le m e n ts  o f  p is to  in v ert th e  Mo m a tr ix  d ire c tly  as  
in  eq  18 , re f  1 7 . T h e  on ly  d ra w b a ck  in  th is  a p p ro a c h  is 
th a t  th e  in v ersion  is very  t im e  c o n su m in g . S ev era l lim ite d  
c a lc u la tio n s  w ere p erfo rm e d  to  sh ow  th a t  th is  m e th o d  o f  
s im u la tin g  ex ch a n g e  e ffec ts  d oes rep ro d u ce  th e  e x p e r i
m e n ta lly  o b serv e d  lin e  w id th s a n d  th e  s h ifts  in  th e  p ea k  
p o sitio n s .

T o  c ir c u m v e n t th is  c o m p u ta t io n a l p r o b le m , th e  ch o ice  
o f  th e  b a sis  se t w a s re e x a m in e d . A  g en era l p ro d u c t b a sis  
se t w a s  ch o sen  as is cu sto m a ry  in  all d e n s ity  m a tr ix  c a lc u 
la tio n s  a n d  a  ch o ice  o f  a q u a n tiz a tio n  ax is  w a s p o ssib le  
w ith  th e  sin g le  re str ictio n  th a t  th e  h y p erfin e  a n d  g ten sors  
m u s t b e  referen ced  to  th e  sa m e  ax is .

Energy Representation in Hilbert Space. I f  th e  e ig e n 
vecto rs  w h ich  d ia g o n a liz e d  th e  H a m ilto n ia n  (w ritte n  in  
te rm s o f  th e  to rs io n a lly  a v erag ed  h y p erfin e  te n so rs) are  
ch o sen  as th e  b a s is  vectors th en  th e  L o 1 7  m a tr ix  w ill be  
d ia g o n a l. L o  ca n  th e n  b e  red u ced  to  tw o  8 X 8  d ia g o n a l  
su b b lo c k s  w here e a c h  o f  th e  e le m e n ts  o f  L o is a sso c ia te d  
w ith  a tra n sitio n  w h ich  gives rise to  a  lin e  in  th e  first- 
order esr sp e c tru m .

T h e  a d d itio n  o f  ex ch a n g e  b e tw ee n  th e  s ites  c a u ses  s e 
vere c o m p lic a tio n s  if  th e  b a sis  se t is n o t a  s im p le  p ro d u c t  
b a sis . W h e n  th e  H a m ilto n ia n  is d ia g o n a liz e d , th e  e ig e n 
vecto rs  are fo u n d  to  b e  c o m p lic a te d  fu n c tio n s  o f  th e  s im 
p le  p ro d u c t fu n c tio n s . W h e n  th e  e x c h a n g e  is fo rm u la te d  
in  th e  e ig en v ecto r b a sis  se t  a n d  th e n  p u t  in to  L io u v ille  
sp a c e , th e  ex ch a n g e  m a tr ix  c a n n o t b e  re d u ce d  to  tw o  8 X  
8  su b b lo c k s  as w as th e  H a m ilto n ia n . H o w e v e r , a n  a p p r o x 
im a tio n  ca n  b e  m a d e  for th e  e x c h a n g e  m a tr ix . I f  th e  
q u a n tiz a tio n  axis o f  th e  p ro d u c t b a sis  se t is th e  sta tic  
m a g n e tic  fie ld , it  is o n ly  se co n d -o rd e r  co rrection s w h ich  
co u p le  th e  p ro d u c t b a ses  in  th e  e ig e n fu n c tio n s . A lth o u g h  
th is  co u p lin g  c a n n o t be  ign ored  for th e  H a m ilto n ia n , in  
so m e  cases it  c a n  be ign ored  for th e  e x c h a n g e  m a tr ix . I g 
n orin g  th is  co u p lin g  a m o u n ts  to  sa y in g  th a t  th e  p ro d u c t  
b a sis  se t a n d  th e  e igen vectors ex ch a n g e  in th e  sa m e  m a n 
ner.

T h e  te s t  o f  th e  v a lid ity  o f  th is  a p p ro x im a tio n  is th e  
c o m p a riso n  w ith  th e  m o re  c o m p le te  c a lc u la tio n  w ith  th e  
64 X  64 m a tric e s . T h e  v a lid ity  o f  th is  a p p ro x im a tio n  is 
e x p ec te d  to  be a fu n c tio n  o f  th e  m a g n itu d e  o f  th e  h y p e r 
fin e  sp littin g s  for e a c h  o rien ta tio n  o f  th e  c r y sta l. I t  w as  
te s te d  for th e  b a n d  c cry sta l ax es for P F S  sin ce  a lo n g  
th ese  axes th e  m o s* ac cu ra te  e x p e r im e n ta l d a ta  w ere  
a v a ila b le .

Results of the Density Matrix Calculations. T h e  c a lc u 
la ted  a- a n d  /3 -flu orin e sp littin g s  w ere in go od  a g re e m en t

(17) G. Binsch, J. A m er . Crtem . S o c ., 91, 1304 (1969).
(18) R. G. Hayes, D. J. Steible, W. M. Tolies, and J. W. Hunt, J. C hem . 

P hys.. 53,4466 (1970|.
(19) J. Heinzer , M ol. Phys. 22,167(1971).
(20) S. Alexander, J. C h em . P hys.. 37, 967, 974 (1962): 38, 1787 

(1963); 40, 2741 (1964).
(21) D. A. Kleier and G. Binsch, Program No. 165, Quantum Chemistry 

Program Exchange, Indiana University, 1970.
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Figure 3. Calculated esr line heights (O) and widths (A) vs. 
temperature for - OOCCF2CFCOO-  using the 32 dimensional 
transition basis set compared tc the experimental heights 
(------) and widths (-----).

T ( t f  T(K°)
Figure 4. Calculated (O) and experimental esr line heights
(------) and widths ( - — ) vs. temperature for
~OOCCF2CFCOO~ along b parallel to H  and c parallel to H  
using the eight dimension basis set.

w ith  th o se  o b served  e x p e r im e n ta lly . R e a so n a b le  a g ree 
m e n t w as a lso  fo u n d  fo r  th e  te m p e ra tu re  v a r ia tio n  o f  th e  
u p fie ld  lin e  h e ig h ts  a n d  w id th s a lo n g  th e  b a n d  c a x es  a n d  
a co m p a riso n  is g iv en  in  F ig u res  3 a n d  4 .

T h e  m o re  c o m p le te  (6 4  X  6 4 ) c a lc u la tio n s  w ere d o n e  for  
th e  sp e c tru m  a lo n g  th e  b ax is  fro m  a b o u t  6 0  to  45  G  u p 
fie ld  fro m  th e  c en ter  o f  th e  sp e c tru m  a n d  a lo n g  th e  c ax is  
fro m  a b o u t 9 8  to  117  G . T h e  resu lts  are sh o w n  in  F igu re  3 . 
T h e  errors in v o lv e d  in  a ssig n in g  a p e a k  h e ig h t or w id th  
fro m  a m in im u m  n u m b e r  o f p o in ts  are ra th e r la rg e . T h e  
p o in ts  here w ere c a lc u la te d  every  0 .5 - 0 .7  G  w ith  a line  
w id th  in  th e  a b se n c e  o f  e x c h a n g e  o f  1 .1  G . A lth o u g h  an  
a c cu ra te  va lu e  for a c a lc u la te d  lin e  w id th  is d iff ic u lt  to  
e x tra p o la te  fro m  su c h  a sp e c tru m , c o m p a riso n  o f  a series  
o f  sp e c tra  ca n  sh o w  th e  d e fin ite  q u a lita t iv e  tr e n d s . A ls o  
th e  c o m p a riso n  w ith  th e  s im p le r  c a lc u la tio n  (1 6  x  16) in 
d ic a te s  th e  v a lid ity  o f  th e  s im p le  a p p ro x im a te  c a lc u la tio n  
e sp e c ia lly  w h en  th e  sh ifts  in p e a k  p o sitio n s  are c o m p a re d .

T h e  m o re  c o m p le te  c a lc u la tio n  in d ic a te s  th a t  th e  e x 
c h a n g e  rate  r  1 sh o u ld  be of th e  fo rm  r - 1  =  1 0 13 

e x p ( - 3 5 0 0 /RT) s e c - 1 . T h is  is d e fin ite ly  an  ord er o f  m a g n i
tu d e  c a lc u la tio n  b e c a u se  o f  th e  l im ite d  n u m b e r  o f  c a lc u la 
tio n s . T h e  s im p le r  c a lc u la tio n  c o u ld  b e  d o n e  for m a n y  v a l 
u es o f t - 1  a n d  a m o re  a c cu ra te  te m p e ra tu re  d ep e n d e n c e  
c a n  be c o n stru c te d . T h e  re su lts  o f  so m e  o f th e  c a lc u la tio n s  
are g iven  in  F igu re  4  for o r ie n ta tio n s  a lo n g  th e  b a n d  c a x es . 
T h e  s im p le r  c a lc u la tio n  in d ic a te s  th a t  th e  v a lu e  o f  t _ 1  

w h ich  f its  th e  e x p e r im e n ta l d a ta  is r  1 =  9 .9  x  10 12  e x p  
( - 3 6 8 0  c a l/RT) s e c - 1 . S ta n d a rd  d e v ia tio n s  h a v e  n o t b e e n  
c a lc u la te d  b e c a u se  o f  th e  d iff ic u lty  in  d e te r m in in g  a  p ea k

Figure 5. Newman projections along the C„-C,j bond showing the 
two configurations of the PFS radicals I and II which exist 
below 130°K. Rapid excnange between confirmation I and II 
lead to the room temperature configuration reported in ref 3. As 
a point of reference, the a *, b, and c axes are drawn relative to 
the a-fluorine pz orbital.

h e ig h t or w id th  fro m  d ig it iz e d  sp ec tra  a n d  th e  large errors 
in  th e  e x p e r im e n ta l n u m b e r s .22

T h e  re su lts  o f  th e  s im p le r  (1 6  X  16) c a lc u la tio n s  agree  
q u ite  w ell w ith  th o se  o f  th e  m o re  c o m p le te  (6 4  X  64) c a l
c u la tio n . T h is  in d ic a te s  th a t  th e  s im p le r  c a lc u la tio n  can  
b e  u se d  to  s im u la te  th e  sp e c tru m  w ith  a lit t le  loss o f  a c 
cu ra c y  a n d  rigor b u t  w ith  grea t sa v in g  in c a lc u la tio n  tim e  
a n d  c o m p le x ity .

Discussion

F ro m  th e  p rev io u s e x a m in a tio n  o f  th e  te m p e r a tu r e -d e 
p e n d e n t h y p erfin e  sp littin g s  o f  P F S , 4 it w as su gg ested  
th a t  th e  a v erag in g  p ro cess c o u ld  re su lt fro m  a c o u n te r 
clock w ise  ro ta tio n  o f  th e  d ire ctio n  n o rm a l to  th e  p la n e  o f  
th e  ra d ic a l b y  7 0 °  w h ile  th e  C F 2 (/3) grou p  m o v e d  ab ou t  
3 0 °  c lo c k w ise . A lte r n a tiv e  m o tio n s  w ere a lso  su g g e ste d  in 
c lu d in g  th e  p o ss ib ility  th a t  th e  a  flu o rin e  m ig h t  exch a n ge  
b e tw ee n  tw o  p o sitio n s 1 2 0 ° a p a rt, fo llo w ed  b y  so m e  a d 
ju s tm e n ts  in  stru ctu re . It n ow  a p p ea rs  fro m  th e  p resen t  
c a lc u la tio n  th a t  th e  c o u n terc lo ck w ise  a -flu o r in e  ro ta tio n  
a n d  th e  clock w ise  ro ta tio n  o f  on e  j3 flu o rin e  is a rea son ab le  
d esc rip tio n  o f th e  m o tio n .

E x p e r im e n ta lly , th e  d irectio n s p a r a lle l to  th e  largest a -  
flu o rin e  h y p erfin e  sp litt in g  in e a c h  o f  th e  tw o  P F S  r a d i
ca ls  w ere se p a ra te d  b y  a to rsio n a l an g le  o f  1 1 4 ° . A n  a p 
p ro x im a te  d ih e d ra l an g le  ca n  be c a lc u la te d  fro m  th e  a v er
age or e x p e c ta tio n  v a lu e  o f co s2 8 o b ta in e d  fro m  th e  s im u 
la tio n  o f th e  a -flu o r in e  to rsio n a l o sc illa tio n s . T o  gain  a 
s im p le  p ictu re  o f  th e  m o tio n  it is u se fu l to  a ssu m e  th a t  
arccos ((c o s 2 0)1 /2 ) =  6. T h is  is , o f  co u rse , a  very  rou gh  a p 
p ro x im a tio n  b u t  it  ca n  b e  u se d  to  ga in  so m e  p h y sic a l in 
s ig h t in to  th e  e x te n t o f  th e  m o tio n . F or P F S  a t  3 0 0 ° K , 8 = 
2 8 ° . I f  th is  is th e  a v erag e  d is p la c e m e n t fro m  an  e q u ilib r i
u m  p o sitio n , th is  n u m b e r  m u s t  b e  m u lt ip lie d  b y  fou r to  
get a q u a lita tiv e  id ea  o f th e  m a x im u m  e x te n t o f  th e  m o 
tio n . F or P F S , th e  a  flu o rin es a p p e a r  to  b e  o sc illa tin g  
th ro u g h  an  an g le  o f  a b o u t 1 1 2 ° in  re a so n a b le  a g re e m en t  
w ith  th e  e x p e r im e n t.

In sp e c tio n  o f  th e  to rsio n a l o sc illa to r  c a lc u la tio n  u sin g  
th e  correct ro ta tio n  c f  ten sors sh ow s th a t  th e  a v erag in g  
p ro cess is a p p ro x im a te ly  as g iv en  in  F igu re  5 . T h e  p rin c i
p a l d irectio n  o f  th e  largest a -flu o r in e  sp litt in g  (z) (an d  
th u s  th e  flu o rin e  p -o r b ita l d ire c tio n ) for ra d ic a l II lies in a

(22) At temperatures above approximately 220°K, part or all of the 
spectrum could not be calculated because of the number of degen
eracies in the eigenvalues generated by ALLMAT.21 Because of this 
restriction on the temperature range of the calculations, the param
eters used in the expression for r -1 have to be considered as giv
ing only qualitatively correct results at higher temperatures.
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p la n e  a b o v e  th e  a*b p la n e  (d =  5 6 ° , <p =  6 3 ° , w h ere  6 an d  
 ̂ are th e  sp h erica l d ire ctio n s d e fin e d  in  F ig u re  5 ) .  W h e n  

ra d ic a l II u n d erg o es  to rsio n a l o sc illa tio n , th e  p  o rb ita l ro 
ta te s  to  a  d ire ctio n  b e lo w  th e  a*b p la n e  c o rresp o n d in g  to  a  
d ire ctio n  p a r a lle l to  th e  a -flu o r in e  p rin c ip a l ax is  (z )  o f  r a d i
c a l I (6 =  1 1 9 .7 ° , tp =  8 4 .4 ° ) .  R a p id  o sc illa tio n  g iv es  rise to  
a n  a -flu o r in e  p rin c ip a l d ire ctio n  w h ic h  lies n ear th e  a*b 
p la n e  a t  ro o m  te m p e ra tu re . T h is  m o tio n  co rresp o n d s to  an  
o sc illa tio n  o f  th e  C - F a grou p  o f  a p p ro x im a te ly  6 6 °  w h ic h  is  
th e  c o m p le m e n t o f  1 1 4 ° , th e  d ih e d ra l an g le  b e tw ee n  th e  p o s i
tiv e  lo b e s  o f  th e  flu o rin e  p  o r b ita l. D u r in g  th e  a -flu o r in e  
to rsio n a l c lo c k w ise  m o tio n , th e  8 -C F 2 grou p  ro ta te s  in  a  
c o u n terc lo ck w ise  m o tio n  b y  a b o u t 3 0 °  as d e d u c e d  b y  th e  
e x p e r im e n ta l d ire ctio n  co sin es  o f  /3 -flu o rin e  h yp erfin e  
s p littin g s . A t  th e  e x tr e m e  e n d s o f  th is  m o tio n  e x is t  tw o  
c o n fo rm a tio n s  in  w h ich  th e  o v erla p  o f  one /3 -flu o rin e  2 p TX- 
o r b ita l w ith  th e  a -flu o r in e  a n d  ca rb o n  2pxz o rb ita ls  is 
n ear a m a x im u m , w h ile  th e  o v erla p  w ith  th e  se c o n d  /3 -flu 
orin e 2 p xx- o r b ita l is n ea r a m in im u m .

In  order to  d e te r m in e  th e  p o ssib le  e le ctro n  d istr ib u tio n  
fo r  P F S , a n  I N D O  m o le c u la r  o rb ita l c a lc u la tio n 23 w as  
ca rried  o u t u sin g  s ta n d a rd  b o n d  len g th s  a n d  a n g les  for th e  
c a rb o x y l grou p s a n d  sta n d a rd  b o n d  len g th s  for th e  Cg-Fg, 
C „ - F „ ,  a n d  Ca-Cg b o n d s  a c c o rd in g  to  p ro ced u res  rep orted  
p r e v io u s ly .23 T h e  re m a in in g  a n g les  w ere v a rie d  u n til a  
m in im u m  in  th e  en ergy  w as o b ta in e d .

In sp e c tio n  o f  th e  c a lc u la te d  ( I N D O )  o p tim iz e d  g e o m e 
try  o f  P F S  sh ow ed  th a t  tw o  ra d ic a l c o n fo rm a tio n s  w ith  
th e  sa m e  m in im u m  en ergy  w ere p o ssib le . In  th e  first  c o n 
fo rm a tio n  (see  F igu re  5 , ra d ic a l I I ) , th e  Fg2 (flu o r in e  w ith  
th e  s m a lle s t  s p lit t in g ), C g, Ca, F „ , a n d  th e  c a rb o x y l grou p  
o f  a to m s  a tta c h e d  to  th e  a  flu o rin e  w ere fo u n d  to  lie  in  th e  
XY  p la n e  w here th e  X  ax is  w a s d e fin e d  to  b e  p a ra lle l to  
th e  a -c a r b o n -c a r b o x y l  ca rb o n  b o n d . T h e  c a rb o x y l group  
a tta c h e d  to  th e  /3 ca rb o n  a n d  th e  /3i flu o rin e  w ere fo u n d  to  
lie  n e a r ly  in th e  XZ  p la n e . A  se c o n d  c o n fo rm a tio n  (ra d ic a l  
I , F igu re  5 ) w as o b ta in e d  fro m  th e  first c o n fo rm a tio n  b y  a 
co u n terc lo ck w ise  ro ta tio n  o f  1 20 ° a b o u t  th e  Ca-Cg b o n d  
a n d  a c lock w ise  ro ta tio n  a b o u t  th e  C g -c a r b o x y l c a rb o n . 
E s s e n tia lly , on ly  th e  role o f  th e  0 flu o rin es  w as in ter 
c h a n g e d  b e tw ee n  th e  tw o  c o n fo rm a tio n s . T h e s e  c o n fo rm a 
tio n s agreed  w ith  th o se  c o n fo rm a tio n s  d e d u c e d  fro m  esr  
m e a s u r e m e n ts .4

T h e  la rg est u n p a ired  sp in  d e n sity  (ra d ic a l II) w as fo u n d  
as e x p e c te d  in  th e  C „  pz (0 .7 3 3 )  a n d  F „  pz o r b ita l (0 .0 7 3 )  
w h ile  th e  u n p a ired  sp in  d e n sity  in  th e  s o r b ita ls  o f  th e  a 
ca rb o n , /Si f lu o rin e , a n d  0 2  flu o rin e  c o n ta in e d  (0 .0 0 1 ) ,  
(0 .0 0 4 ) , a n d  (0 .0 0 0 1 )  u n p a ired  e le ctro n s, r e sp e c tiv e ly . T h e  
fa c t  th a t  th e  182-flu o r in e  a to m  lies n e a r ly  in  th e  n od a l  
p la n e  o f  th e  C „ - F „  pz o rb ita ls  re su lts  in  a v ery  s m a ll  u n 
p a ired  d e n s ity  in  th e  /32-flu orin e  p  o r b ita ls  (ra d ic a l I I ) , in  
fa c t , th e  sp in  d e n sity  px(Fg2) =  0 .0 0 3 ; py(Fg2) =  - 0 .0 0 1 5 ;  
Pz(Fg2) =  — 0 .0 0 1 8 . O n  th e  o th er  h a n d , a  s ig n ific a n t u n 
p a ired  sp in  d e n sity  resid es in  th e  p  o rb ita ls  on  th e  S i -f lu o 
rine a to m  (p y (F ^ i)  =  0 .0 0 0 2 ; pz(Fg1) = 0 .0 3 6 0 ; p * (F fli )  =  
0 .0 1 5 0 ) . S in c e  th e  XYZ  ax es are n o t p a r a lle l or p e r p e n d ic 
u la r  to  th e  CgFg b o n d s , th e se  d e n sitie s  d o  n o t co rresp on d  
to  th e  sp in  d en sitie s  a ssig n ed  to  th e  n o r m a l p  o rb ita ls  
p la c e d  o rth o g o n a l to  th e  CgFg b o n d . H o w e v e r , th e  a b o v e  
sp in  d en sitie s  su g g e st co n sid era b le  p -o r b ita l u n p a ired  sp in  
d e n s ity  in  th e  XZ  p la n e . T h is  e ffe c t  ag rees w ith  w h a t is 
d e p ic te d  in F igu re  5 as d ire c t o v erla p  o f  th e  Z a n d  X' o r 
b ita ls , su g g e stin g  th a t  a m ix tu r e  o f  tt- tt a n d  p -ir  ov erlap  
e x ists  b e tw ee n  th e  /3 a n d  a  flu o rin e  a n d  a c a rb o n . E x p e r i
m e n ta lly  th e  d ire c tio n  o f  th e  la rg est /3 i-f lu o rin e  sp littin g  
ten so r w ith  re sp ec t to  th e  d ire c tio n s  o f  th e  la rg e st a - f lu o 

rine a n d  a -c a r b o n  sp litt in g  te n so r  in d ic a te d  c o n sid era b le  
p —7r o v er la p . T h e  c a lc u la te d  /3 -iso tro p ic  flu o rin e  s p littin g s  
o f  4  a n d  1 7 9 .5  G , a lth o u g h  ag ree in g  w ith  th e  e x p e r im e n 
ta lly  o b serv ed  large a n d  s m a ll  s p littin g s , fa ile d  to  agree in  
m a g n itu d e .4

C a lc u la tio n s  su c h  as th o se  d on e  b y  Iw a sa k i24 a lso  in d i
c a te  th a t  th e  o v erla p  o f  th e  a -c a r b o n  a n d  a -flu o r in e  p 2 o r 
b ita ls  w ith  th e  p  o r b ita l o f  th e  /Si flu o rin e  is a m a x im u m  
w h ile  th e  /3 2 -flu o r in e  p  o rb ita l is in  a n o d a l p la n e  o f  th e  p 2 

o r b ita ls  o f  th e  a flu o rin e  a n d  th e  a -c a r b o n . W h e n  th e  a  
flu o rin e  o sc illa te s  b e tw e e n  its  c o n fo rm a tio n  in  ra d ic a l I 
a n d  its  c o n fo rm a tio n  in  ra d ic a l II th e  o v erla p  w ith  e a c h  
o f  th e  (8 flu o rin e s  ch a n g e s  fro m  a  m a x im u m  to  a  m in i 
m u m . E v e n  so , th e  origin  o f  /S -flu orine c o u p lin g  c o n 
s ta n ts  is  so m e w h a t in  d o u b t . Iw a sa k i24 d id  a  c a r e 
fu l c a lc u la tio n  o f  th e  e x p e c te d  h y p e rfin e  c o u p lin g  
c o n sta n ts  for 0 flu o rin e s  as a  fu n c tio n  o f  th e  /3 -flu o rin e  p  
o r b ita l o r ie n ta tio n  w ith  re sp ec t to  th e  c a rb o n  p 2 o rb ita l  
c o n ta in in g  th e  u n p a ir e d  sp in . H e  c o n c lu d e d  th a t  m o s t  o f  
th e  in tera ctio n  arose b e c a u se  o f  th e  d ire ct o v e r la p  o f  th e  
flu o rin e  p  o r b ita ls  c o n ta in in g  th e  lon e  p a ir  a n d  th e  ca rb o n  
p z o r b ita l. H o w e v e r , th e  e x p e r im e n ta lly  o b se r v e d  /3 -flu o 
rine co u p lin g s  a t  7 7 ° K  for P F S  fa ll o u tsid e  o f  h is c a lc u la t 
e d  ra n ge  o f  p o ss ib le  h y p erfin e  c o u p lin g s  for  /S flu o rin e s . 
Iw a sa k i’s c a lc u la tio n  d id  n o t in c lu d e  th e  e ffe c ts  o f  ro ta 
tio n a l a v era g in g  or a n y  o v erla p  w ith  th e  a -flu o r in e  p  o r b i
ta l  w h ic h  m a y  b e  th e  ca u ses  o f  th is  d ifferen ce .

A  s im ila r  re str icted  to rsio n a l m o tio n  w a s  p re v io u sly  re 
p o rte d  to  o c cu r a b o u t  th e  C a- C g b o n d  for H O O C -  
C H 2C H C O O H  tr a p p e d  in a  m ix e d  c ry sta l o f  u r e a -fu m a r ic  
a c id .25 T h e  p o te n tia l fu n c tio n  for th e  to rs io n a l m o tio n  w as  
a lso  sh o w n  to  h a v e  tw o  e q u a lly  p o p u la te d  m in im a . A n a ly 
sis  o f  th e  lin e  sh a p e s b y  u se  o f  th e  B lo c h  e q u a tio n s  in d i
c a te d  th a t  th e  p o te n tia l b arrier w a s a p p r o x im a te ly  2  k c a l /  
m o l. T h e  so m e w h a t h ig h er b arrier (3 .7  k c a l /m o l )  fo u n d  
fo r  P F S  c o u ld  b e  a re su lt  o f  th e  d ifferen ce  b e tw e e n  th e  rr 
b o n d in g  p re sen t in  P F S  a n d  th e  h y p e rc o n ju g a tio n  p re se n t  
in  th e  H O O C C H 2C H C O O H  ra d ic a l. A  h o st  la tt ic e  d e p e n 
d en c e  c o u ld  a lso  h a v e  a n  im p o r ta n t in flu en c e .

In  c o n c lu sio n , th e  P F S  ra d ic a l ex ists  in  tw o  c o n fo r m a 
tio n s  a t  7 7 ° K  d u e  to  th e  tw o  p o ssib le  w a y s  in  w h ic h  stro n g  
o v erla p  b e tw e e n  th e  a -flu o r in e  a n d  ca rb o n  2pxz o r b ita ls  
a n d  on e  8 -flu o r in e  2pXX' o rb ita l c a n  o c cu r . U p o n  ra isin g  
th e  te m p e ra tu re , th e  P F S  ra d ic a l u n d erg o es  a  to rsio n a l  
o sc illa tio n  o f  th e  a  flu o rin e  c o u p le d  to  a  m o tio n  o f  s m a ll  
a m p litu d e  in v o lv in g  th e  0 f lu o rin e s . T h e  to rs io n a l o s c il la 
tio n  o f  th e  a  flu o rin e  a s  d ete r m in e d  fro m  th e  te m p e ra tu re  
d e p e n d e n t a -flu o r in e  h y p e rfin e  s p littin g s  is re sp o n sib le  for  
th e  sp in  ex ch a n g e  e ffe c ts  as seen  b y  th e  lin e  w id th  v a r ia 
tio n s  in  th e  8 -flu orin e  lin e s . T h e  a m o u n t  o f  to rsio n  is su ch  
th a t  in  on e  o r ie n ta tio n  th e  8 1  flu o rin e  h a s  a  large h y p e r 
fin e  s p littin g  a n d  th e  8 2  flu o rin e  h a s  a  s m a ll  s p littin g . A s  
th e  a  flu o rin e  ro ta te s , th is  is rev ersed  a n d  th e  0 flu o rin es  
a p p ea r  to  b e  av erag ed  a t  3 0 0 °K .
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l n d i u m - 1 1 5  N u c l e a r  M a g n e t i c  R e s o n a n c e  S t u d y  o f  I n d i u m  

C o m p l e x e s  i n  S o l v e n t  E x t r a c t i o n  S y s t e m

Hiroki Haraguchi,* Keiichiro Fuwa,

D ep a r tm en t o f  Agricu ltural C h em istry , F a cu lty  o f  A gricu ltu re , The U niversity  o f  T okyo , Yayoi, B u n k yo-k u , T okyo 113, Japan  

and Shizuo Fujiwara

D ep a r tm en t o f  C h em istry , F a cu lty  o f  S c i e n c e ,  The U niversity  o f  T okyo , H on go , B u n k yo-k u , T okyo  113, Japan  
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I n d iu m -1 1 5  n u c le a r  m a g n e tic  reso n a n ce  sp e c tra  o f  in d iu m -h a lo g e n  c o m p le x e s  h a v e  b e e n  o b serv ed  in s o 
lu tio n . C h e m ic a l  sh ifts  o f  in d iu m -1 1 5  v a ry  w ith  th e  k in d s o f  co o rd in a tio n  a to m s  in  th e  ord er o f  I n C l4~ <  
In B r 4 -  <  I n ( H 20 ) 6 3+  <  I n l4~ fro m  lo w  to  h ig h  m a g n e tic  fie ld . T h e  in d iu m -1 1 5  lin e  w id th s  are m a in ly  
d e te r m in e d  b y  q u a d r u p o le  re la x a tio n , w h ich  re flects  th e  s y m m e tr y  c f  c o m p le x e s . T h e  lin e  w id th s  are 
u se d  a lo n g  w ith  th e  c h e m ic a l sh ifts  to  e lu c id a te  th e  c h e m ic a l e q u ilib r ia  a n d  th e  c h e m ic a l ex ch a n g e  o f  in 
d iu m -h a lo g e n  c o m p le x e s  in  H C 1 , H B r , a n d  H I  a q u eo u s  so lu tio n s . W h e n  in d iu m  is e x tr a c te d  w ith  v a rio u s  
orga n ic  so lv e n ts  fro m  H C 1 , H B r , a n d  H I  so lu tio n s , th e  sp ec ies in  th e  org a n ic  so lv e n ts  are te tra h ed ra l  
c o m p le x e s , e x a m in e d  fro m  th e ir  d a ta  o f  th e  lin e  w id th s an d  th e  c h e m ic a l sh ifts  o f  in d iu m -1 1 5  n u clea r  
m a g n e tic  re so n a n c e . In  a d d itio n , th e  e x iste n c e  o f  th e  ion  p a ir  su c h  as H  r •••InX4 ( X  =  C l , B r , a n d  I) 
in  th e  orga n ic  so lv e n ts  h a s  b e e n  d e te r m in e d  b y  p ro to n  a n d  in d iu m -1 1 5  n u c le a r  m a g n e tic  re so n a n ce .

In trod u ction

C a n n o n  a n d  R ic h a rd s  sh o w e d  th a t  in d iu m -1 1 5  n u clea r  
m a g n e tic  reso n a n ce  (n m r ) is a  v ery  u se fu l te c h n iq u e  for  
th e  d e te r m in a tio n  o f  th e  sp ec ies an d  th e ir  stru ctu re s  in  
s o lu t io n .1  T h e y  in v e stig a te d  th e  sp ec ies  in  v a rio u s h y d r o 
gen  a c id s  in  d e ta il, a n d  fo u n d  th a t  in d iu m  io n  in  H N O 3  

a n d  H C 1 0 4 a q u eo u s  so lu tio n s  e x ists  as th e  h e x a a q u o in -  
d iu m  io n , I n (H 20 ) 63 + , w h ic h  h a s  o c ta h e d ra l s y m m e tr y . 
115In  n m r  h a s n o t , h ow ever, b e e n  in v e stig a te d  in  so lu tio n  
sin ce  th e ir  s tu d y . T h is  m a y  b e  d u e  to  th e  fa c t  th a t  118In  
n m r g ives re la tiv e ly  b ro a d  lin e  w id th s  e v e n  for th e  sp ec ies  
w ith  a h ig h  s y m m e tr y , as  in d iu m -1 1 5  n u c le u s  h a s  a large  
q u a d ru p o le  m o m e n t .

A c c o rd in g  to  s o lv e n t e x tr a c tio n  stu d ie s , in d iu m  ca n  b e  
ex tra c te d  as in d iu m -h a lo g e n  c o m p le x e s  w ith  v a rio u s o r
g a n ic  so lv e n ts  fro m  H C 1 , H B r , a n d  H I  a q u eo u s  so lu t io n s .2“8 

M o re o v e r , it  h a s  b e e n  su g g e ste d  b y  R a m a n  sp ec tro sc o p y  
th a t th e  sp ec ies  e x tr a c te d  w ith  e th y l e th e r  fro m  H C 1 , 
H B r , a n d  H I  a q u e o u s  so lu tio n s  are te tr a c h lo r o -, te tr a -  
b r o m o -, a n d  te tr a io d o in d iu m  c o m p le x e s  w ith  te tra h e d ra l  
s y m m e tr y , r e s p e c tiv e ly .9“1 1  H e n c e  115In  n m r se e m s  to  b e  
u sefu l for th e  in v e stig a tio n  o f  th e se  s o lv e n t e x tr a c tio n  s y s 

te m s .
In  th e  p re sen t w ork , lin e  w id th s  a n d  c h e m ic a l sh ifts  o f  

118In  n m r are m e a su r e d  for in d iu m -h a lo g e n  c o m p le x e s  in  
so lu tio n . T h e s e  d a ta  are u se d  to  d isc u ss  th e  c h e m ic a l  
e q u ilib r ia  a n d  th e  c h e m ic a l e x c h a n g e s  in  a c id ic  aq u eo u s  
so lu tio n s , a n d  a lo n g  w ith  th o se  d a ta  o b ta in e d  b y  p ro ton  
n m r to  id e n tify  th e  e x tr a c te d  sp ec ies  a n d  th e ir  stru ctu res  
in  org a n ic  so lv e n ts .

E xp erim en ta l Section

l n 20 3 ( 9 9 .9 % )  a n d  I n ( N 0 3 )3 -JcH20  w ere o b ta in e d  fro m  
M its u w a  C h e m ic a l In d . C o . W h e n  I n ( N 0 3 )3 -x H 20  w as  
u sed , th e  c o n c e n tr a tio n  o f  in d iu m  w a s d e te r m in e d  b y  
E D T A  (e th y le n e d ia m in e te tr a a c e tic  a c id ) t itr a tio n . O r g a n 
ic so lv en ts  o f  re a g e n t g rad e  w ere u se d  for  s o lv e n t e x tr a c 
tio n  w ith o u t fu rth er  p u rific a tio n . S a m p le s  o f  in d iu m -

h a lo g en  c o m p le x e s  in  orga n ic  so lv e n ts  w ere o b ta in e d  b y  
e x tra c tin g  th o se  c o m p le x e s  w ith  org a n ic  so lv e n ts  fro m  th e  
sa m e  v o lu m e  o f  H C 1 , H B r , a n d  H I  a q u eo u s  so lu tio n s o f  
in d iu m , re sp e c tiv e ly , th e  c o n c e n tra tio n s  o f  w h ich  are  
sh ow n  in  T a b le  I.

S p e c tra  o f  115In  n m r  w ere o b serv e d  a t  1 3 .5 5 7  M H z  
u sin g  a b r id g e -ty p e  sp e c tro m e te r , w h ich  w a s d esc rib e d  
p re v io u sly , 12  a n d  th e  p e a k -to -p e a k  lin e  w id th s w ere m e a 
su red  u sin g  3 5 -H z  m o d u la tio n  fre q u e n c y , th e  a m p litu d e  o f  
w h ich  w as se t to  b e  s m a ll  c o m p a re d  to  th e  o b serv e d  line  
w id th s . T h e  sw eep  fie ld  w a s  c a lib ra te d  u sin g  a s id e -b a n d  
te c h n iq u e . S a m p le  tu b e s  o f  9  m m  o .d . w ere u sed  th r o u g h 
o u t th e  p re se n t e x p e r im e n t. F or th e  m e a s u r e m e n t o f  
c h e m ic a l sh ifts , in d iu m -b r o m in e  c o m p le x  e x tr a c te d  w ith  
m e th y l iso b u ty l k eto n e  ( M I B K )  fro m  5 .5  N  H B r  so lu tio n  
w a s u sed  as th e  e x te r n a l s ta n d a r d . T h e  M I B K  so lu tio n  
w as e n c lo se d  in  a  s m a ll  c a p illa ry  a n d  in se rted  in to  a s a m 
p le  tu b e . A l l  m e a su r e m e n ts  w ere ca rried  o u t  a t  2 5 ° .

P ro to n  m a g n e tic  re so n a n ce  w as o b serv e d  o n  a J E O L C O  
4 H -1 0 0  1 0 0 -M H z  n m r  sp e c tro m e te r . In  th is  ca se , te tra - 
m e th y ls ila n e  ( T M S )  w as u se d  as th e  in tern a l s ta n d a rd  for  
th e  m e a s u r e m e n t o f  c h e m ic a l sh ifts .

Results and Discussion

I n d iu m -1 1 5  lin e  w id th s  a n d  c h e m ic a l sh ifts  o f  in d iu m  
c o m p le x e s  o b serv e d  b y  118In  n m r  are lis te d  in  T a b le  I . A s
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TABLE I: 115ln Nmr Line Widths and Chemical Shifts of Indium Complexes

Complex
Indium concn, 

M Acid concn Solvent“ Line width, Hz
Chemical6 shift, 

ppm

InCU' 1.5 Concentrated HCl MIBK 745 -239
EE 1,255 -239
/PE 675 -241
nBA 2,030 d

CH d d

EAA 2070 -236
In f H s O e - x C b 3- * 1.5 Concentrated HCl Water Broad d

(8 ,1 0 0 )c
lnBr4~ 1 . 0 Concentrated HBr MIBK 490 ~ 0

EE 540 ~ 0

/PE 690 ~ 0

nBA 750 ~ 0

CH d d

EAA d d

lnBr4~ 0.5 5.5 N  HBr MIBK 540 0 (ref)
EE 660 ~ 0

/PE 470 ~ 0

nBA 850 ~ 0

CH d d

EAA 1,040 ~ 0

ln(H20 )63+ 0 . 6 1 N  HN03 Water 1,470 + 180
In O -h O e -x B r *3- * 1 . 0 Concentrated HBr Water Broad d

(11,300)c
ln l4' 0.5 Concentrated HI Water 850 +620
ln(H20 )6- *U 3' * 0.5 4.8 N  HI Water 4,800 + 650
I n 14“ 0 . 2 2.0 N  HI MIBK 380 + 650

EE 405 + 650
/PE 535 + 650
nBA 1,980 + 670
CH 480 + 655
EAA 445 + 650

° M IBK =  methyl isobutyl ketone, EE =  ethyl ether, (PE =  isopropyl ether, nBA =  n-butyl acetate, CH =  cyclohexanone, EAA =  ethyl acetoacetate. 
b The chemical shifts are defined as follows; ô =  [(Hc — Hr)/Hr]106 (ppm), where H r is the magnetic resonance field for lnBr4_ in MIBK, which was ex
tracted from 5.5 N HBr solution, and Hc is the resonance field for the complexes for which 5 is given. Estimated accuracy, ± 5  ppm. c Reference 1. 
d Not detected because of line broadening, or samples not obtained because of the dissolution of the organic solvent into acidic aqueous solution.

sh ow n  in  T a b lé  I , th e  h e x a c o o rd in a te d  c o m p le x  o f  
I n ( H 2 0 ) 6 3+ a n d  th e  te tra c o o rd in a te d  on es o f  I n C l4 “ , 
In B r 4 , a n d  In l4 ca n  b e  d istin g u ish e d  fro m  e a c h  oth er  
b y  th e ir  c h e m ic a l s h ifts .13 T h e  order o f  th e  c h e m ic a l  
sh ifts  is I n C l4~ <  In B r 4 <  I n ( H 2 0 ) 6 3+ <  I n l4 fro m  low  
to  h ig h  m a g n e tic  fie ld . T h is  order is th e  sa m e  as th o se  o f  
a lu m in u m  a n d  g a lliu m  c o m p le x e s  o b serv e d  b y  27A1 a n d  
71G a  n m r , re sp ec tiv e ly , a lth o u g h  th e  c h e m ic a l sh ifts  o f  in - 
d iu m -1 1 5  are la rg e r .15-16 T h is  ca n  b e  a ttr ib u te d  to  th e  
fa c t  th a t  th e  c h e m ic a l sh ift o f  in d iu m -1 1 5  is m a in ly  d e te r 
m in e d  b y  th e  p a r a m a g n e tic  sh ie ld in g  e ffe c t  o f  th e  5 p  e le c 
tron .

I f  th e  lin e  w id th  o f  th e  in d iu m  c o m p le x  is m a in ly  d eter 
m in e d  b y  q u a d ru p o le  re la x a tio n , it m a y  b e  q u a lita tiv e ly  
e x p ressed  as

Av =  (e2Q ?  /  A )2r c +  A  v' ( 1 )

w here Ad is th e  o b serv e d  lin e  w id th s in h e rtz , e2Qq/h th e  
q u a d ru p o le  c o u p lin g  c o n sta n t in h e rtz , r c th e  ro ta tio n a l  
co rrelation  t im e  in  se c o n d s , a n d  Ad' th e  in h o m o g e n e ity  o f  
th e  m a g n e tic  fie ld  in h e rtz . T h e  in h o m o g e n e ity  is a b o u t  
2 5 0  H z  a t  th e  m a g n e tic  fie ld  u se d , w h ich  is c o n ta in ed  in  
th e  lin e  w id th s sh o w n  in  T a b le  I. A c c o rd in g  to  th e  
D e b y e ’s rig id  sp h ere  m o d e l, r c is e x p ressed  as

r c =  4nr3rj/3kT ( 2 )

w h ere r is a m o le c u la r  ra d iu s , 77 th e  v isc o s ity  o f  th e  s a m 
p le  so lu tio n , k B o lt z m a n n ’s c o n sta n t, an d  T th e  a b so lu te  
te m p e ra tu re . I f  th e  m o le c u la r  ra d iu s  o f  I n ( H 2 0 )63 + , w h ich  
is k n o w n  as an  o c ta h ed ra l c o m p le x , 1  is ta k e n  as 3 A, th e  
q u a d ru p o le  c o u p lin g  c o n sta n t in  1  A  HNO3 so lu tio n  is 
c a lc u la te d  as 45  M H z  fro m  eq  1 -2 ,  w here ?/ is a ssu m e d  to  
b e  2 cP .

A s  sh ow n  in T a b le  I, a lm o s t  all th e  lin e  w id th s  o f  
I n C l4_ , In B r 4 , a n d  I n l4 in v a rio u s orga n ic  so lv e n ts  u sed  
are sm a lle r  th a n  th a t  o f  I n ( H 2 0 )63+  w ith  o c ta h e d ra l s y m 
m e tr y . In  e th y l e th e r , th e  te tr a c o o r d in a te d  c o m p le x e s  give  
line  w id th s o f  1 2 5 5 , 5 4 0 , a n d  4 0 5  H z , r e sp e c tiv e ly . T h e s e  
re su lts  su g g e st th a t  I n C l4_ , In B r 4~ ,  a n d  I n l4 -  are te tr a h e 
d ra l. T h is  co in cid es  w ith  th e  co n c lu sio n  o b ta in e d  b y  
R a m a n  sp e c tro sc o p y .9 11

Complexes in HCl, HBr, and HI Aqueous Solutions. 
T h e  lin e  w id th s o f  in d iu m -1 1 5  in th e  c o n c e n tr a te d  H C l

(13) Dimeric species such as ln2X6 may not be present In the organic 
solvents, because such species exist only In the case of anhydrous 
metal halides dissolved In anhydrous organic solvents. In addition, 
when anhydrous indium iodide was dissolved in ethyl ether, no sig
nal could be observed. This suggests that a dominant species n 
this solution is an acduct compound such as (C2H5)20-1n13 rather 
than dimeric species In2l6. Similar adduct compounds have been 
known for indium bromide14 and aluminum halides.15

(14) I. A. Sheka, Zh. O b sh ch . K h im . ,  26, 26 (1956); C h e m . A b str ., 49, 
11748e (1956).

(15) H. Haraguchi and S. -ujiwara, J. P hys. C h e m .,  73, 3467 (1969).
(16) J. W. Akitt, N. N. Greenwood, and A. Storr, J. C h e m . S o c . , 4410 

(1965).
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an d  H B r  aq u eo u s so lu tio n s co u ld  n o t b e  o b serv ed  b eca u se  
o f  th e  very  b ro a d  lin e  w id th . T h is  su g g ests  th a t  th e  c o m 
p lex es w ith  low  s y m m e tr y  are d o m in a n t  in  th ese  so lu 
tio n s. T h e y  m a y  b e  m ix e d  c o m p le x e s  as sh ow n  b y  In -  
( h k O J e -x C l* 3“ * or I n ^ O ^ - i B r * 3 - * . 17

O n  th e  other h a n d , in d iu m  in H I  aq u eo u s so lu tio n  gives  
an  o b serv a b le  s ig n a l. A s  sh o w n  in  T a b le  I, th e  lin e  w id th  
an d  th e  c h e m ic a l sh ift o f  in d iu m  in co n c e n tra te d  H I  so lu 
tio n  are 8 5 0  H z  a n d  + 6 2 0  p p m , re sp ec tiv e ly , w h ich  are a l 
m o st s im ila r  to  th o se  o f  I n l4 -  in e th y l e th er. T h is  fa c t  in 
d ica te s  th e  ex isten c e  o f  I n l4 - o f  te tra h e d ra l s y m m e tr y  in  
th is  so lu tio n . T h e  s m a ll  d ifferen ce  o f  th e  c h e m ic a l sh ift o f  
In i* -  in th is  so lu tio n  fro m  th a t  ir. e th y l eth er m a y  b e  d u e  
to  th e  s o lv e n t e ffe c t. W h e n  th e  co n ce n tra tio n  o f  H I  is 4 .8  
N, th e  lin e  w id th  o f  in d iu m  b e c o m e s  very  b ro a d , a n d  its  
ch e m ic a l s h ift  ch a n g e s  to  th e  h ig h er m a g n e tic  fie ld . T h e  
b ro a d en in g  o f  th e  lin e  w id th  in  th e  ca se  o f  4 .8  N  H I  so lu 
tion  is a sc rib ed  to  th e  fo rm a tio n  o f th e  m ix e d  c o m p le x  
su ch  as I n ( H 20 ) 6 _ A 3 - ^ w ith  low  s y m m e tr y . C a n n o n  a n d  
R ich a rd s rep orted  - 1 8 0  a n d  + 3 0 0  p p m  as th e  c h e m ic a l  
sh ifts  for I n l H a O l e ^ C l * 3 - *  an d  I n ^ O l g ^ B r * 3 " * ,  re 
sp ec tiv e ly , a n d  - 4 4 0  a n d  - 1 8 0  p p m  for I n C l4 -  a n d  
In B r4-  in e th y l e th er, re sp ec tiv e ly , u sin g  I n ( H 20 ) 63+ as  
th e  e x tern a l s ta n d a r d .1  A c c o rd in g  to  th e ir  resu lts  for th e  
m ix e d  ch lorin e  an d  b ro m in e  c o m p le x e s , th e  c h e m ic a l sh ift  
for th e  m ix e d  io d in e  c o m p le x  ca n  a lso  be  e x p la in e d  b y  th e  
fo rm a tio n  o f  th e  m ix e d  c o m p le x . M o re o v e r , th e  fa c t  th a t  
th e  line w id th  o f  in d iu m  b e c o m e s  b roa d er as th e  c o n c e n 
tra tio n  o f  H I  d ec rea ses  in d ic a te s  ‘ he e x isten c es  o f  th e  fo l 
low in g  c h e m ic a l e q u ilib r ia  a n d  fa s t  c h e m ic a l e x ch a n g e  in  
so lu tio n , sh ow n  b y  eq  3 an d  4 , re sp e c tiv e ly .18

I n ( H 20 ) mIa3- "  +  I "  = t I n ( H 20 ) m_ 1I „ +13" <'>+1) +  H 20  (3 )
(m +  n =  6  o r  4 , m = 6 - 3 , n = 0 - 3 )

I n ( H 20 ) pI , 3-«  +  * I n ( H 2O V l / - ?

* I n ( H 20 ) x Iy3- J' +  I n ( H 20 ) x,Iy.3- 1'' ( 4 )

(' P +  q, p' +  q ', x +  y, a n d  x' +  y '  =  6  o r  4  \ 
p ,  p ' ,  x, a n d  1

> x '  =  6  -  3 , q, q', y, a n d  y ' = 0 - 4 /

T h e  s im ila r  c h e m ic a l e q u ilib ria  a n d  c h e m ic a l ex ch a n g e s  
m a y  ex ist in th e  ca se  o f  in d iu m  in H C 1 or H B r  so lu tio n , 
a lth o u g h  th e  fo rm a tio n  o f  te tra h e d ra l c o m p le x  occu rs to  
on ly  a sligh t e x te n t.

Indium-Halogen Complexes in Organic Solvents. T h e  
d a ta  o f  115In  n m r lin e  w id th s a n d  c h e m ic a l sh ifts  o f  in 
d iu m -h a lo g e n  c o m p le x e s  in  v a rio u s orga n ic  so lv e n ts  are  
s u m m a riz e d  in T a b le  I , w here th e  co n ce n tra tio n s o f  H C 1 , 
H B r , an d  H I , a n d  th o se  o f  in d iu m  in  a c id ic  a q u eo u s so lu 
tio n s are a lso  d esc rib e d . In  th e  ca se  o f  th e  in d iu m -b r o 
m in e  c o m p le x , th e  d ep e n d e n c e s  o f  th e  line  w id th s a n d  th e  
c h e m ic a l sh ifts  on  th e  co n ce n tra tio n s o f  b o th  in d iu m  a n d  
H B r  w ere e x a m in e d , a n d  th e se  re su lts  are also  sh ow n  in  
T a b le  I. A s  ca n  b e  seen  fro m  th ese  resu lts , th e  lin e  w id th s  
a n d  th e  c h e m ic a l s h ifts  d o  n ot stro n g ly  d ep e n d  on  th e  
c o n cen tra tio n s o f  in d iu m  a n d  H B r , a lth o u g h  th e  line  
w id th s are s lig h tly  d iffe re n t in  tw o  ca ses . T h e re fo re , su ch  
c o n cen tra tio n  d ep e n d e n c e s  o f  tn e  lin e  w id th s a n d  th e  
ch e m ic a l sh ifts  w ere n o t e x a m in e d  in th e  ca ses o f  in d iu m -  
chlorine a n d  -io d in e  c o m p le x e s .

A s  p revio u sly  m e n tio n e d , In C l4 - , In B r 4- , a n d  I n l4 -  are  
d istin g u ish e d  fro m  e a c h  oth er b y  th e  d ifferen ces in th eir  
c h e m ic a l sh ifts . In  su ch  a ca se , e a ch  c o m p le x  sh ow s the  
s im ila r  c h e m ic a l s h ift  in th e  d iffe re n t orga n ic  so lv en ts  
w ith in  th e  e x p e r im e n ta l error o f  ± 5  p p m . In  a d d itio n , a l 
m o st all th e  c o m p le x e s  in th e  orga n ic  so lv e n ts  give line

Figure 1. Proton nmr spectra of H+"-(nX4-  In MIBK at 100 
MHz: (a) H+---lnCI4-  (In = 1.5 M  in concentrated HCI); (b) 
H+-"lnBr4-  (In = 1.0 M  in concentrated HBr); (c)
H+ ••• lnl4" (In = 0.2 /Win 2.0 N  HI).

widths of the same order as or smaller than that of 
In(H20)63+. These results indicate that all these com
plexes are essentially tetrahedral in all the organic solvents 
investigated in this work.

W h e n  th e  resu lts  sh ow n  in T a b le  I are e x a m in e d  in  
m o re d e ta il, th e  line  w id th s o f  in d iu m -h a lo g e n  c o m p le x e s  
g en era lly  b e c o m e  narrow er in  th e  order I n C l4 -  >  In B r4 -  
>  I n l4 - . T h e s e  resu lts  su g g e st t h a t  an o th er fa c to r  b esid es  
a m o le c u la r  ra d iu s sh o u ld  b e  co n sid ered  for th e  d e te r m i
n a tio n  o f th eir line  w id th s , a lth o u g h  th e  m o le c u la r  rad iu s  
is a lso  im p o r ta n t as ca n  b e  sh ow n  fro m  eq 1 -2 .  S u c h  a

(17) Cannon and Richards reported 8100 and 11,300 Hz as the line 
widths of these mixed complexes, respectively.1

(18) Cannon and Richards ca culated the exchange rates in the following 
reactions, assuming the fast exchange due to the fact that 115ln 
nmr line widths are linearly dependent on the concentration of X -  
or ln3+ added.1

In(H20  ) 63+ +  *In(H20 ) 5X 2+

In(H20 ) 5X 2+ +  *In(H20 ) 63 +

k2 =  8.5 X 103 M~l sec"1 for X =  Cl
= 8.6 x 103 M~l sec“ 1 for X = Br
= 2.2 X 103 At-1 sec“ 1 for X = I at 25°,

where [In] =  0.405 M and [X]/[ln] <  1, and

In(H20 )6_,Clj3"x+ ‘ Cl’  In(H20 )6_,*Cb3-x + Cl"
k2' = 3.74 x 104 AT1 s e c '1 at 25°

where [Cl- ] =  2 M and [m]/[CI] <  1.
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TABLE II: Chemical Shifts of Proton Magnetic Resonance of H+ •••lnX4~ in Organic Solvents“

Solvent1’
HCl concn, M 

(1.5 M )c
HiBr concn, M 

(1.0 M )c
HBr concn, M 

(0.5 M )c
5.5 N HBr 
(1.0 M )c

5.5 N HBr 
(0.5 M )c

2 N HI 
(0.2 M )c

M IB K 8.16 8.13 8.12 6.62 6.74 5.95
EE 8.10 7.88 d d 6.58 6.10
/'PE 8.63 8.38 d d 7.59 6.75
n BA 7.98 8.06 d d 7.04 6.63
CH 8.02 7.73 d d 6.28 5.51
EA A 7.61 7.27 d d 6.23 5.34

“ All data are expressed in ppm from TMS. 6 Abbreviation of the solvents is the same as that shown in Table I. c Concentration of indium in acidic 
aqueous solution. d Not investigated.

fa cto r  m a y  be th e  e lectric  fie ld  g ra d ien t p ro d u c ed  b y  th e  
p ro ton  in th e organ ic so lv en ts . W h e n  in d iu m -h a lo g e n  
co m p le x e s  are e x tra c te d  in to  th e  organ ic so lv en ts , p ro ton s  
are a lso  tran sferred  in  order to  m a in ta in  th e  e lectric  
charge n e u tr a lity  co n d itio n . T h erefo re , th e  a b o v e  resu lts  

m a y  b e  asc rib ed  to  th e  fo rm a tio n  o f an  ion p a ir  b etw een  
p ro ton  a n d  in d iu m -h a lo g e n  c o m p le x  su ch  as  
H + - - - I n X 4_ . A s  for th e  p resen t e x p e r im e n ta l sy s te m , 
th e  ex isten ce  o f  p ro to n s in th e  organ ic so lv en ts  w a s e x a m 
ined b y  p ro to n  m a g n e tic  reso n a n ce . T h e  sp ec tra  o f  p ro ton  
m a g n e tic  reso n an ce  in th e  case  o f  M I B K  so lu tio n s  are 
sh ow n  in F igu re l a - c .  A s  ca n  be seen  fro m  th e  sp ec tra , 
th e  ex isten c e  o f  a p ro to n  in M I B K  is c lea rly  reco gn ized  as  
for th e  resp ec tiv e  s o lv e n t e x tra c tio n  sy ste m . T h e  resu lts  o f  
p ro ton  m a g n e tic  reso n an ce  are su m m a r iz e d  in  T a b le  II. I f  
th e ion p air  su g g ested  ab o v e  is fo rm e d  in th e  orga n ic  s o l
v e n t, th e  te tra h e d ra l s y m m e tr y  a b o u t th e  in d iu m  n u cleu s  
m a y  be b rok en  d ow n  d u e  to  th e  e lectric  ch arge  o f p ro to n . 
S in ce  th e  e lectric  fie ld  g ra d ien t is p ro p o rtio n a l to  r~5, 
w here r is th e  d ista n c e  fro m  th e  p ro to n  to  th e  in d iu m  n u 
cleu s, th e  fie ld  g ra d ie n t is larger th e  s m a lle r  th e  size  o f  
th e  c o m p le x . T h e re fo re , th e  11!iIn  n m r  lin e  w id th  is e x 
p e c te d  to  d ecrease  in  th e  order I n C U -  >  In B r 4 -  >  I n l4 ~ .  
T h is  re la tio n  is g en era lly  rea lized  in  th e  re su lts  sh ow n  in  
T a b le  I. T h e  e ffec t o f  p ro ton s on  th e  115In  n m r  lin e  w id th  
is su p p o rted  b y  th e  fa c t  th a t  th e  sa m e  in d iu m -h a lo g e n  
c o m p le x  g ives co n sid era b ly  d ifferen t lin e  w id th s  in d iffe r
en t organ ic so lv en ts . F or e x a m p le , 115In  n m r line w id th s

o f  in d iu m -io d in e  co m p le x e s  in th e  orga n ic  so lv e n ts  in 
crease in th e  order M I B K  <  E E  <  E A A  <  C H  <  iP E  <  
rcBA. T h is  resu lt in d ica te s  th a t  th e  d is ta n c e s  b e tw ee n  
p ro ton  a n d  in d iu m  n u cleu s in  H +  •••Inl4~ are d iffe re n t  
in  th o se  so lv e n ts . V /h ile  it  m a y  b e  c o n sid ered  th a t  su ch  
d ista n c e s  are m a in ly  a ffec te d  b y  th e  d ie le c tr ic  c o n sta n ts  
o f  th e  so lv en ts , th e  co rrelation  b etw een  115In  n m r  line  
w id th  an d  th e  d ie le ctric  c o n sta n t co u ld  n ot be reco gn ized  
in  th e  p resen t re su lts . T h is  m a y  b e  d u e  to  th e  e ffe c ts  o f  
th e  ac id s  a n d  w ater d isso lv e d  in to  th e  orga n ic  so lv e n ts . 
T h o s e  e ffec ts  o f  th e  ac id s ca n  b e  seen  fro m  th e  resu lt, as  
is sh ow n  in T a b le  II, th a t th e  c h e m ic a l sh ifts  o f  p ro ton  
n m r d e p e n d  on th e  co n cen tratio n  o f  H B r  ra th er th a n  th a t  
o f  in d iu m  in th e  ca se  o f  th e  H B r -M I B K  sy s te m .

In  ord er for ion  p a ir in g  b etw een  H +  an d  I n X 4 ~ to  b e  th e  
m a jo r  fa c to r  in  th e  q u a d ru p o le  re la x a tio n , a s  p ro p o sed  
a b o v e , it  is req u ired  th a t  in tra - a n d  in te r m o le c u la r  p ro to n  
ex c h a n g e  su ch  as

X  X — H X  X
\  / \  /

In In

/  X * /  X *
X  X * x x * -

or

* H + I n X 4~ +  H + I n X 4~ H + I n X 4~ +

sh o u ld  b e  re la tiv e ly  slow . O th erw ise  e x c h a n g e  e ffe c ts  m a y  
c o n tr ib u te  to  th e  o b serv ed  line w id th .
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T h e  c h e m ic a l sh ifts  a n d  c o u p lin g  c o n sta n ts  for th e  a lip h a tic  p ro to n s o f  th e  p h e n y la la n in e  a n ion  in m ix e d  
a q u eo u s so lv en ts  h av e  b een  o b ta in e d  as a fu n c tio n  o f  te m p e ra tu re  a n d  so lv e n t c o m p o sitio n . In  gen era l, 
th e  v ic in a l c o u p lin g  c o n sta n ts  d iverge  as th e  m o le  fra c tio n  o f th e  n o n a q u e o u s c o m p o n e n t in creases. T h e  
effec t in creases in  th e  series urea <  e th y le n e  g ly c o l, a c e ta m id e  <  m e th a n o l <  d im e th y l su lfo x id e  <  a c e 

to n e , u rea  c a u sin g  even  a m ild  co n verg en ce  w ith  in crea sin g  c o n c e n tra tio n . F or th o se  s o lv e n t m ix tu res  for 
w h ich  th e  v ic in a l c o u p lin g  c o n sta n ts  d iv erg e , th e  d iverg en ce  o f  th e  co u p lin g  c o n sta n ts  w ith  tem p e ra tu re  
is re d u c e d . W ith  a q u eo u s u rea  as so lv e n t, on  th e  oth er h a n d , th e  resu lts  are a lm o s t  id e n tic a l w ith  pure  
w ater. T h e s e  v a ria tio n s  are in terp reted  in te rm s o f th e  c o n fo rm a tio n a l s ta b ility  o f  th e  sta gg ered  r e ta in 
ers, th e  less fa v o ra b le  ro ta m ers  b e c o m in g  less sta b le  as th e  p ro p o rtio n  o f  th e  n o n a q u e o u s c o m p o n e n t in 
crea ses. T h e  ro ta m er s ta b ilitie s  a p p ea r  to  b e  g en era lly  re la ted  to  so lu b ility  a n d  d ie le ctric  p ro p erties o f  
th e  m ix e d  a q u eo u s so lv en ts , b u t  no co rrelation  ca n  b e  fo u n d  b e tw ee n  v a ria tio n s in th e  co u p lin g  c o n sta n ts  
an d  th e  “ w a te r -lik e ”  c h a ra cte r  o f  th e se  s o lv e n ts .

In  a series o f  in v e stig a tio n s ,4 th e  n m r  sp ec tra  o f  th e  a ro 
m a tic  a m in o  ac id s h av e  b e e n  o b ta in e d  in a q u eo u s so lu tio n  
as a fu n c tio n  o f  te m p e ra tu re  a n d  a m in o  a c id  c o n c e n tr a 

tio n . T h e  resu lts  h av e  b e e n  in terp reted  in  te rm s  o f  v a r ia 
tio n s o f  th e  re lative  en ergies o f  th e  c la ssica l sta g g ered  ro 
ta m e rs . I t  ap p ea rs  th a t  th e  ro ta m e r  en ergies are in 

flu en ced  b y  te m p e ra tu re  a n d  c o n c e n tr a tio n -d e p e n d e n t s o 
lu te -s o lu te  an d  s o lu t e -s o lv e n t  in tera c tio n s . T h e  n a tu re  o f  
th ese  in tera ctio n s is as y e t  u n c le a r  b u t , u n d o u b te d ly , th e  
stru ctu re  o f  w a ter p la y s  an  im p o r ta n t ro le . In  order to  
vary sy s te m a tic a lly  th e  p ro p erties o f  th e  w a ter sy s te m , we  
have e m p lo y e d  as so lv e n ts , m ix tu res  o f  a v a r ie ty  o f  o rg a n 
ic rea g en ts  w ith  w a ter a t d ifferen t co n c e n tra tio n s . T h e  e f 
fects  o f  th ese  m ix e d  a q u eo u s so lv en ts  on  th e  ro ta tio n a l  
iso m erism  o f  th e  p h e n y la la n in e  an ion  fo rm  th e  b a sis  o f  
th e  p resen t c o m m u n ic a tio n .

E xp erim en ta l Section

T h e  n m r sp ec tra  w ere reco rd ed  on  a V a r ia n  A sso c ia te s  
D A -6 0  IL  sp e c tr o m e te r , 5 e q u ip p e d  w ith  a v a ria b le  t e m 
peratu re  p ro b e  a n d  o p e ra te d  a t 6 0  M H z  in th e  in tern a l-  
lock , fre q u e n c y -sw e e p  m o d e . T h e  freq u en cy  sw eep  w as  
c a lib ra te d  in th e  v ic in ity  o f  e a c h  reso n a n ce  p ea k  b y  
co u n tin g  th e  d ifferen ce  b e tw ee n  th e  fix e d  a n d  sw ep t o sc il
la tors. L in e  p o sitio n s w ere c a lc u la te d  as th e  av erag es o f  a t  
lea st fou r reco rd in g s ta k e n  w ith  a ltern a te  u p fie ld  an d  
d o w n fie id  sw eep s. P recisio n  o f  th e m e a su r e m e n ts  w as b e t 
te r  th a n  0 .1  H z . T h e  te m p e ra tu re  in th e  p ro b e  w as m e a 
su red  d ire c tly  u sin g  a th e r m isto r  th e r m o m e te r  p la c e d  in 
side a n  e m p ty  n m r  sa m p le  tu b e  a t  th e  lo c a tio n  o f th e  
tr a n sm itte r -re c e iv e r  co ils . T h e  p ro b e  a s s e m b ly  w as fitte d  
w ith  a sta n d a rd  p ressu re c a p  th ro u g h  w h ich  th e  lea d s  
fro m  th e  th e rm isto r  w ere led  to  a re sista n ce  b rid ge  for  
m e a su r e m e n t. T h e  te m p e ra tu re  c o u ld  b e  m e a su r e d  to  
w ith in  0 .5 °  a n d  re m a in e d  sta b le  *o ± 1 ° d u rin g  th e  course  
o f  th e  n m r m e a su r e m e n ts .

T h e  a m in o  a c id s  a n d  th e  so lv e n ts  w ere o b ta in e d  c o m 
m erc ia lly  a n d  w ere o f th e  h ig h est p u rity  o b ta in a b le . A c e t 

a m id e  a n d  urea w ere re cry sta llized  fro m  m e th a n o l so lu 
tio n ; e th y le n e  g ly col w as tw ice  re d is tille d ; th e  oth er c o m 

p o u n d s w ere u se d  w ith o u t fu rth er p u rific a tio n . T h e  s a m 
p les w ere p rep a red  w ith  th e  m o le  fra c tio n  o f  p h e n y la la 

n in e  k e p t c o n sta n t a t  1 /5 5 .5  (co rre sp o n d in g  to  1 m o l o f  
p h e n y la la n in e  p er liter o f  s o lv e n t for p u re  w ater) w h ile  th e  
c o m p o sitio n  o f th e  so lv e n t w as v a rie d . S o lv e n t  c o m p o si
tio n s are rep orted  in  te rm s o f m o le  fra c tio n  o f  th e  organ ic  
re a g e n t w ith  regard to  th e  so lv e n t . S u ffic ie n t  N a O H  w as  
in c lu d e d  in  th e  m ix tu re  to  en su re  th a t  th e  p h en y la la n in e  
w as in th e  a n io n ic  s ta te . fe r f -B u ty l  a lco h o l ( 2 %  v /v )  w as  
a d d ed  as an  in tern a l s ta n d a rd .

T h e  so lu b ilitie s  w ere d e te r m in e d  g ra v im e tr ic a lly  b y  th e  
dry w eig h t m e th o d  d esc rib e d  p re v io u sly 6 w ith  th e  fo l 
low in g  m o d ific a tio n s  an d  e x c e p tio n s . A d d it io n a l w ater  
w as a d d e d  to  th e  so lu tio n s o f  a la n in e  a n d  p h e n y la la n in e  
in d im e th y l su lfo x id e -w a te r  a n d  th e  sa m p le s  w ere dried  
b y  ly o p h iliz a tio n  b efo re  ov en  d ry in g  a t  1 1 0 ° . F or a la n in e  
in  a c e ta m id e -w a te r  sy s te m s , w ater w a s first re m o v e d  b y  
ro ta ry  e v a p o ra tio n  a t  5 0 ° , th e  a c e ta m id e  w as se p a ra te d  b y  
e x tra c tio n  w ith  ch lo roform , a n d  th e  a la n in e  resid u e  w as  
fin a lly  d ried  a t  1 1 0 ° . R u n s  carried  o u t w ith  know n  
a m o u n ts  o f  a la n in e  sh o w ed  th a t  th e  m e th o d  w as q u a n tita 

tiv e . T h e  co n c e n tra tio n  o f p h e n y la la n in e  in a c e t a m id e -  
w ater so lu tio n s w as d e te r m in e d  sp e c tr o p h o to m e tr ic a lly . 6 

A s  a fu rth er ch eck  on  th e  d ry  w eig h t m e th o d , th e  so lu b ili
ties o f  a la n in e  a n d  p h e n y la la n in e  in p u re  w a ter w ere d e 
te rm in e d ; resu lts  w ere in e x c e lle n t a g re e m en t w ith  th ose  
rep orted  p re v io u s ly .6
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Results and Discussion

S p e c tra l a n a ly sis  a n d  th e  c a lc u la tio n  o f  c h e m ic a l sh ifts  
a n d  c o u p lin g  c o n sta n ts  w ere p erfo rm e d  as d isc u sse d  p re 
v io u s ly .4 T h e  resu lts  are p resen ted  in  T a b le  I.

Framework for the Interpretation of the Variations in 
the Vicinal Coupling Constants. I t  h as b e c o m e  w ell e s ta b 

lish e d  th a t  th e  ro ta tio n a l iso m e rism  o f a m in o  a c id s  is a d e 
q u a te ly  rep resen ted  in  th e  c la ss ic a l m a n n e r , th a t  is , b y  an  
e q u ilib r iu m  m ix tu r e  o f  th e  th ree  sta gg ered  ro ta m ers  o b 

ta in e d  b y  in tern a l ro ta tio n  a b o u t th e  a c a rb o n -/?  carb on  
b o n d . T h e  sta g g ered  ro ta m ers  are illu str a te d  in  F igu re 1 
for a s u b s t itu te d  a la n in e . S in ce  th e  in te r n a l ro ta tio n  is 
su ffic ie n tly  ra p id , th e  o b served  co u p lin g  c o n sta n ts  are  
w eig h te d  av erag es over th o se  co rresp o n d in g  to  th e  in d iv id 
u a l ro ta m e r s . T h e  v ic in a l co u p lin g  c o n sta n ts  are a ssu m e d  
to  o b e y  th e  fo rm  o f  th e  K a r p lu s  e q u a tio n ;7 th a t  is , th e  
c o u p lin g  c o n sta n ts  o f  p ro to n s g a u ch e  or tra n s to  on e  a n 

oth er are a ssu m e d  to  h av e  th e  sa m e  v a lu e  reg ard less o f  
th e  p a rtic u la r  c o n fo rm a tio n . T h e  av erag ed  v ic in a l c o u 

p lin g  c o n sta n ts , J 12  a n d  J 1 3 , are th e n  s im p ly  g iv en  b y

Jn =  (a + c)Jg + bJt
J 13 =  (a  +  b)Jg +  cJt

w here a, b, a n d  c are th e  n o r m a liz e d  p o p u la tio n s  o f  ro 
ta m e rs  A , B , a n d  C , re sp ec tiv e ly , a n d  Js a n d  J\ are th e  
co u p lin g  c o n sta n ts  o f  p ro to n s g a u ch e  or tra n s to  one a n 

oth er. T h e  p o p u la tio n s  are go vern ed  b y  th e  u su a l  
B o ltz m a n n  d is tr ib u tio n ; th a t  is

a : b : c =  e ~F̂ RT : e ~F»/RT : e ~FdRT ( 2 )

w here Fi is th e  a p p ro p ria te  ro ta m er free en ergy .

T h e  ro ta tio n a l iso m e rism  o f  th e  a r o m a tic  a m in o  acid s  
co u ld  n o t b e  e x p la in e d  s im p ly  in th is  fa sh io n . T h e  v ic in a l  
co u p lin g  c o n sta n ts  d iv erg ed  w ith  in crea sin g  te m p e ra tu re  
in  d ire c t o p p o sitio n  to  th e  e x p ec te d  tren d  to w a rd  e q u a li
za tio n  o f  th e  ro ta m er p o p u la tio n s  th ro u g h  th e  B o ltz m a n n  
fa cto r . T h e  ca u se  o f  th e  a n o m a lo u s  v a ria tio n s w a s in ter 
p re te d 8 as  arisin g  fro m  ch a n g es in  th e  ro ta m e r  energies  
th e m se lv e s  w ith  te m p e ra tu re ; th e  tw o  less fa v o ra b le  ro 
ta m e rs , A  a n d  B , b e c a m e  less sta b le  as th e  te m p e ra tu re  
in crea sed . C o n c e n tra tio n  e ffec ts  w ere a lso  in  ev id e n ce . 
A p p a r e n tly , th e  ro ta m e r  en ergies w ere b e in g  in flu e n c e d  b y  
te m p e ra tu re  a n d  c o n c e n tr a tio n -d e p e n d e n t s o lu te -s o lu te  
a n d  s o lu te -s o lv e n t  in tera ctio n s .

Vicinal Coupling Constants as a Function of Composi
tion and Temperature. T h e  v a ria tio n s in  th e  v ic in a l co u 
p lin g  c o n sta n ts  fo r  th e  p h e n y la la n in e  a n ion  as a fu n c tio n  
o f  th e  c o m p o sitio n  o f  th e  m ix e d  a q u eo u s so lv e n ts  are i l 
lu stra te d  in  F igu re  2 .9 T h e  v a lu es  sh o w n  rep resen t th e  
d a ta  at 28° for a ll so lv e n t sy s te m s  e x c e p t e th y le n e  g ly co l. 
T h e  v isc o sity  o f  e th y le n e  g ly co l a t ro o m  te m p e ra tu re  
ca u ses su ffic ien t d eterio ra tio n  o f  sp ec tra l re so lu tio n  th a t  
higher te m p e ra tu re s  w ere req u ired  for a c c u ra te  m e a su r e 
m e n ts . T h e  d a ta  for pure w a ter w ere in terp o la te d  fro m  
th e  d a ta  in  re f 4a  a t  28°. T h e  v a lu es  for a c e ta m id e  a n d  
e th y le n e  g ly co l a c tu a lly  d iffe r  s lig h tly  ev en  th o u g h  th e y  
are sh o w n  as su p erim p o sa b le  in  F igu re  2 for c la r ity  o f  p re 
se n ta tio n .

In  gen era l, th e  co u p lin g  c o n sta n ts  d iverge  w ith  in c re a s
in g  fra c tio n  o f th e  n o n a q u e o u s c o m p o n e n t. T h e  e ffec t is 
la rg e st for a c eto n e  a n d  ra n ges d o w n  th ro u g h  th e  series d i 
m e th y l su lfo x id e , m e th a n o l, a c e ta m id e , e th y le n e  g ly col, 
a n d  u rea . T h e  resu lts  for u rea  e x h ib it  e v e n  a  s lig h t c o n 
v ergen ce  w ith  in crea sin g  u rea  co n c e n tra tio n .

H13) R H12)

A B C

Figure 1. Newmann projections of the staggered rotamers of an 
R-substituted alanine (dipolar Ion).

Figure 2. Variations of the phenylalanine anion vicinal coupling 
constants with solvent composition.

Figure 3. Temperature variations of the phenylalanine anion vic
inal coupling constants in various solvent mixtures: • ,  water; 
(A) □, 0.25 mol fraction methanol; O, 0.4 mol fraction metha
nol; (B) A, 0.25 mol fraction urea; □, 0.25 mol fraction acet
amide; O, 0.25 mol fraction ethylene glycol.

T h e  te m p e ra tu re  v a ria tio n s o f  th e  c o u p lin g  c o n sta n ts  
ap p ro p ria te  to  so m e  o f  th ese  sy s te m s  are sh o w n  in  F igure

3 . In c lu d e d  for co m p a riso n  are th e  c o rresp o n d in g  d a ta  for  
th e  p h e n y la la n in e  a n ion  in  a q u eo u s so lu tio n . T h e  re su lts  
for th e  a lc o h o l-w a te r  sy s te m  for tw o  c o n c e n tr a tio n s  are  
d isp la y e d  in  F igu re  3 A , th e  ou ter cu rves re p re se n tin g  th e  
m ore co n ce n tra te d  a lco h o l s y s te m . B o th  cu rves e x h ib it

(7) M. Karplus, J. C h em  P h ys., 30, 11 (1959).
(8) Cf. ref 4 for details of the experimental results and for the argumen

tation leading to the interpretations outlined here.
(9) The lines shown are hand drawn and Intended simply to distinguish 

trends.
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TABLE I: Chemical Shifts0 and Coupling Constants6 for the Phenylalanine Anion6

Nonaqueous
component Concnd Tempe Jyf A iq, A vß

Methanol-iPt 0.25 28 -13.50 4.92 8.20 134.80 110.72 92.07
50 -13.54 4.92 8.32 135.15 111,87 91.49
70 -13.61 4.92 8.34 135.31 112.49 91.26
90 -13.71 4.94 8.39 135.40 113.00 90.78

0.4 28 -13.52 4.82 8.38 134.72 112.11 91.54
50 -13.57 4.77 8.44 135.12 113.02 91.15
70 -13.49 4.72 8.49 135.32 113.71 90.84
90 -13.64 4.83 8.45 135.37 114.15 90.76

Urea 0.1 28 -13.43 5.46 7.53 134.67 105.73 93.29
0.25 28 -13.47 5.46 7.60 136.19 106.67 94.22

48 -13.50 5.45 7.75 136.30 107.94 93.41
70 -13.60 5.42 7.87 136.81 109.23 93.41
85 -13.70 5.36 7.92 136.83 109.60 92.61

Acetamide 0.25 28 -13.39 5.14 8.04 133.63 112.37 94.35
51 -13.47 5.03 8.24 133.60 112.47 92.93
70 -13.58 4.89 8.26 133.19 112.68 92.17
90 -13.63 4.88 8.34 133.14 113.21 91.65

Dimethyl-d6 sulfoxide 0.25 28 -13.67 4.61 8.34 129.61 110.86 89.11
49 -13.52 4.69 8.45 129.66 111.37 88.64
89 -13.62 4.71 8.59 129.73 112.12 88.00

Acetone 0.25 28 -13.45 4.55 8.86 134.85 113.54 89.08
0.40 28 -13.46 4.25 9.18 134.69 115.30 87.39

Ethylene glycol 0.25 52 -13.58 5.25 8.07 135.66 110.38 92.86
0.40 52 -13.58 4.99 8.26 138.30 110.99 92.47

a In Hz at 60-MHz downfield from feri-butyl alcohol (methyl resonance). 6 In Hz. c The concentration of the phenylalanine anion was kept constant at 
1 mol p e r  55.5 mol of solvent mixture. a The concentration of the nonaqueous component in mole fraction units. e In °C. t  The smaller of the two vicinal 
coupling constants is associated with the 0  proton resonance at lower field.

less d iverg en ce  w ith  in crea sin g  T em peratu re  th a n  th a t  
sh ow n  for th e  w a ter so lu tio n .

S o m e  o f  th e  o th er sy s te m s  are illu stra te d  in  F igu re  3 B . 
T h e  cu rves for a c e ta m id e  a n d  d im e th y l su lfo x id e  are s im i

lar to  th o se  for th e  m e th y l a lc o h o l s y s te m  w ith  so m e  v a r i
a tio n s. T h e  sm a lle r  c o u p lin g  c o n sta n t for th e  a c e t a m id e -  
w ater sy s te m , for e x a m p le , d ec rea ses  s lig h tly  m o re  ra p id ly  
w ith  in creasin g  te m p e ra tu re  th a n  th a t  for p u re  w a te r . O n  
th e oth er h a n d , th e  sm a lle r  c o u p lin g  c o n sta n t for th e  d i 
m e th y l su lfo x id e  sy s te m  a c tu a lly  in creases w ith  in creasin g  
te m p e ra tu re . T h e  u rea  sy s te m , for w h ich  th ere  is litt le  
va ria tio n  in th e  c o u p lin g  c o n sta n ts  w ith  urea c o n c e n tr a 

tio n , y ie ld s  resu lts  r e m a rk a b ly  close  to  th o se  for pure  

w ater.
Q u a lita t iv e ly , th e  o v era ll re su lts  m a y  b e  su m m a r iz e d  as 

fo llo w s: th e  larger th e  co n c e n tra tio n  d iv e rg en t e ffe c t o f  
th e  n o n a q u e o u s  c o m p o n e n t on  th e  a v era g ed  co u p lin g  c o n 
sta n ts , th e  m o re  th e  a n o m a lo u s  te m p e ra tu re  d ep e n d e n c e  
ap p ro p ria te  to  th e  a q u eo u s so lu tio n s  is a tte n u a te d . I f  th e  
n o n a q u e o u s c o m p o n e n t h as litt le  e ffec t on  th e  co u p lin g  
c o n sta n ts , th e  te m p e ra tu re  d ep e n d e n c e  is n o t a p p re c ia b ly  
altered .

T h e  v a ria tio n s in th e  c o u p lin g  c o n sta n ts  w ith  so lv en t  
co m p o sitio n  e x h ib ite d  here m u s t  f in d  th e ir  origin  in v a r ia 

tio n s in  th e  ro ta m er p o p u la tio n s . E v e n  th o u g h  it is c o n 
c e iv a b le  th a t  th e  p r o to n -p r o to n  v ic in a l c o u p lin g  c o n sta n ts  
in  th e  sta g g ered  ro ta m ers  are th e m se lv e s  a ffe c te d  b y  
ch a n ges in  th e  so lv e n t , th e  ev id e n c e  a g a in st  su c h  a d e p e n 
d en ce  on  so lv e n t m e d iu m  is b y  n o w  very  secu re , th e  b e st  
evid en ce  c o m in g  fro m  th e  in v a ria n c e  o f  th e  c o u p lin g  co n 

s ta n ts  in c o n fo rm a tio n a lly  rigid  m o le c u le s .10 F u rth erm o re , 
cla ss ic a l e le c tro sta tic  th eo ry  h a s  b e e n  very  su cc essfu lly  
a p p lie d  to  ro ta tio n a l iso m e r ism 1 1  b y  tr e a tin g  th e  v a ria 
tio n s in  p ro to n rp ro to n  v ic in a l c o u p lin g  c o n sta n ts  as aris

ing so le ly  fro m  m e d iu m  e ffec ts  on  th e  ro ta m e r  en ergies.
C h a n g e s  in th e  ro ta m er p o p u la tio n s  a n d  in  th e  re lative  

ro ta m e r  energies ca n  b e  re la ted  to  ch a n g e s in  th e  co u p lin g  
c o n sta n ts  b y  m e a n s  o f  eq  1 an d  2 . N u m e r ic a l  v a lu es  are  
a ssign ed  to  Js a n d  J t, a n d  th e  p o p u la tio n s  a n d  energies  
c a lc u la te d  fro m  th e  e x p e r im e n ta lly  o b serv e d  co u p lin g  
c o n s ta n ts .12 A c c o rd in g  to  th is  in te rp re ta tio n , C  is th e  
m o s t  fa v o ra b le  ro ta m e r  for th e  p h e n y la la n in e  a n io n  w ith  a 
p o p u la tio n  at ro o m  te m p e ra tu re  in  p u re  w a ter o f  a b o u t  
0 .5 . A s  th e  co u p lin g  c o n sta n ts  d iverg e  w ith  so lv e n t c o m 
p o sit io n , th e  less fa v o ra b le  ro ta m ers , A  a n d  B , b e c a m e  
even  less fa v o ra b le  a n d  ro ta m er C  in creases in  p o p u la tio n .

T h e  te m p e ra tu re  d ep e n d e n c e  for th e  m ix e d  so lv e n t s y s 
te m s  is co n siste n t w ith  th is  in te rp re ta tio n . T h o s e  n o n a 
q u eo u s so lv en ts  th a t  ca u se  a d iverg en ce  o f  th e  co u p lin g  
c o n sta n ts  b rin g  a b o u t ar_ in crease  in  th e  re la tiv e  energies  
o f th e  u n fa v o ra b le  A  a n d  B  ro ta m ers . In  th ese  m ix e d  s o l
v e n ts  a t  ro o m  te m p e ra tu re , th e  ro ta m er en ergies are a l 
rea d y  in crea sed , a n y  fu rth er in crease  w ith  te m p e ra tu re  is 
co rresp on d in g ly  re d u ce d , a n d  th e  d iverg en ce  o f th e  co u -

(10) A. M. Ihrig and S. L. Smith, J. A m er . C h em . S o c . t 94, 34 (1972);
S. L. Smith and R. H. Cox, J. Phys. C h em ., 72, 198 (1968); S, L. 
Smith and A. M. Ihrig, J. C h em . P hys., 46, 1181 (1967).

(11) R. J. Abraham and R. H. Kemp, J. C h em . S o c . B, 1240 (1971). 
This paper is the eleventh in the series. The series can be generat
ed by referring in turn to each preceding issue.
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p lin g  c o n sta n ts  w ith  in creasin g  te m p e ra tu re  is th e reb y  
d im in ish e d .

T h e  a c tu a l v a lu e s  c a lc u la te d  for th e  p o p u la tio n s  a n d  
th e  re la tiv e  ro ta m er en ergies are o f  course c o n tin g e n t on  
th e  v a lu e s  ch o sen  for Jg a n d  Jt an d  on  th e  a ssu m p tio n  
th a t  a sin g le  -JK is a d e q u a te  to  d esc rib e  th e  s y s te m . N e v e r 

th e le ss , in terp reta tio n s d ev e lo p e d  here w ill b e  b a se d  on  
ch a n g es in th ese  p a ra m e te rs  a n d  th e  re la tio n sh ip  o f  th ese  
ch a n g es to  th e  p h y s ic a l sy s te m s . T h e re fo re , ev en  th o u g h  
th e  re la tiv e  ro ta m er en ergies m a y  n ot b e  v ery  a c cu ra te ly  
k n o w n , v a ria tio n s in th e  ro ta m er en ergies ca n  b e  ca re fu lly  
a ssessed .

Variations in the Vicinal Coupling Constants and Prop
erties of the Mixed Aqueous Solvents. T h e  ch a n g es in  th e  
v ic in a l co u p lin g  c o n sta n ts  as th e y  re late  to  v a ria tio n s in  
th e  ro ta m e r  en ergies ca n  b e  c o n v e n ie n tly  d isc u sse d  in  
te rm s o f  th e  q u a n tity , AJ = J 1 3  -  J 12 , th e  d ifferen ce  in  
th e  tw o  co u p lin g  c o n sta n ts . A  J m e a su res  th e  d iverg en ce  o f  
th e  c o u p lin g  c o n sta n ts  a n d  a c cord in g  to  eq  1  ca n  b e  e x 
p ressed  as a lin ear fu n c tio n  o f  (c -  b), th e  d ifferen ce  in  
th e  p o p u la tio n s  o f  th e  C  a n d  B  ro ta m ers . T h e re fo re , it  
ta k e s  in to  a c c o u n t v a ria tio n s in tw o  o f  th e  p o p u la tio n s  
a n d  p ro v id es  a m o re  gen eral d esc rip tio n  o f  th e  sy s te m  
th a n  c o u ld  b e  o b ta in e d  b y  e ith er o f  th e  c o u p lin g  c o n sta n ts  
in d iv id u a lly .

T h e  v a ria tio n s in th e  ro ta m er en ergies o b serv e d  here are 
a p p a ren tly  th e resu lt o f  v a ria tio n s  in (th e  as y e t  im p re 
cise ly  d efin e d ) s o lu te -s o lv e n t  in tera c tio n s . S u c h  in te r a c 
tio n s are lik ew ise  re sp o n sib le  for m a n y  o f  th e  b u lk  p ro p er
ties o f  th ese  m ix e d  so lv e n t sy s te m s . In  th is  se c tio n , three  
o f th e se  p ro p erties w ill b e  d isc u sse d  in re la tio n  to  v a r ia 

tio n s in  A  J. T h e s e  p ro p erties are th e  s o lu b ility  o f  p h e n y l
a la n in e  in  th e  m ix e d  so lv en ts , th e ir  d ie le c tr ic  c o n sta n ts , 
an d  th e  free en ergy o f  tra n sfer  o f  th e  p h e n y l grou p  from  
w ater in to  th e  m ix e d  so lv e n ts . T h e  first a n d  la s t  p ro p e r
ties  are in t im a te ly  c o n n ec te d  w ith  th e  e ffec ts  o f  s o lu t e -  
so lv e n t in tera c tio n s ; th e  d ie le ctric  c o n sta n t is a general 
m e a su re  o f  th e  p olar n atu re  o f th e  s o lv e n t , in d ic a tiv e  o f  
th e  k in d s o f so lv en t in tera ctio n s p o ssib le .

A  n u m b e r  o f th e  a p p ro p ria te  d a ta , e sp e c ia lly  th e  d ie le c 
tric c o n sta n ts , are re a d ily  a v a ila b le  in th e  lite ra tu re . D a ta  
on  so lu b ilit ie s  are m o re  lim ite d  a n d  it w as n ecessa ry  to  
m e a su re  th e m  d ire c tly  for th e  a c e t o n e -, a c e t a m id e - , a n d  
d im e th y l su lfo x id e -w a te r  sy s te m s . T h e s e  re su lts  an d  th e  
p e r tin e n t litera tu re  in fo rm a tio n  are co lle c te d  in  T a b le  
II 13-20 D e ta ils  o f  th e  m e a su r e m e n ts  ca n  be fo u n d  in th e  E x 
p e r im e n ta l S e c tio n .

T h e  so lu b ility  o f  p h e n y la la n in e  in th e  m ix e d  so lv en ts  o f  
c o m p o sitio n  0 .2 5  m o l fra c tio n  in th e  n o n a q u e o u s  c o m p o 
n en t is p lo tte d  in F igu re  4 A  vs. th e  p h e n y la la n in e  an ion  
A  J ap p ro p ria te  to  th e  sa m e  so lv e n ts . T h e  v a lu es  o f  A  J are  
ta k e n  fro m  T a b le  I a t  2 8 ° for a ll so lv e n t sy s te m s  e x ce p t  
e th y le n e  g ly c o l-w a te r  for w h ich  th e  te m p e ra tu re  is 5 2 ° .  
T h e  v a lu e  for p u re  w a te r  w a s in terp o la te d  fro m  th e  d a ta  
in  re f 4a  for 2 5 ° .

A s  illu stra te d  b y  F igu re  4 A , th e  in crea sin g  d iverg en c e  o f  
th e  co u p lin g  c o n sta n ts  ro u g h ly  co rrelates w ith  d ec rea sin g  
p h e n y la la n in e  s o lu b ility . T h e  p o in t for w a ter fa lls  w ell 
b elow , w h ile  th e  p o in t for a c eto n e  rises a b o v e  th e  tren d  
e sta b lish e d  b y  th e  o th er p o in ts . N e v e rth e le ss , d e sp ite  th e  
in e x a c tn e ss  o f  th e  re la tio n sh ip , th e se  resu lts  su g g e st th a t  
the s o lu te -s o lv e n t  in tera c tio n s resp o n sib le  for th e  in crease  
in  so lu b ility  o f  th e  p h e n y la la n in e  m o le c u le  are re la ted  to  
th e  s o lu t e -s o lv e n t  in tera c tio n s th a t  e n h a n c e  th e  s ta b ility  
o f  th e  A  a n d  B  r o ta m e r s .21

TABLE II: Amino Acid Solubilities and Dielectric Constants for 
the Mixed Aqueous Solvents

Solubility*
-------------------------------------  Dielectric

Solvent0 Alanine Phenylalanine constant0

Water 0.03267 0.003027 78.5-1

Ethylene glycol (—552)d 0.00320* 61.9*
Urea ( — 740)e 0.00857* 100.47
Methyl alcohol 0.0116f 0.00232* 60.9*
Acetone 0.00423 0.00193 47.0*
Acetamide 0.00709 0.00412 71.3*
Dimethyl sulfoxide 0.00163 0.00092 73.6m

“ Composition of the mixed solvents Is 0.25 mol fraction In the non
aqueous component. b In mole fraction units at 25°. Entries without a 
reference are experimental results (see text). c At 25° unless stated other
wise. d Free energy of transfer of the phenyl group interpolated directly 
from the data in ref 13 ( n cal/mol). e Free energy of transfer of the phenyl 
group extrapolated directly to 10.0 M  from the data in ref 6 (in cal/mol). 
1 Reference 13. *  Reference 14. h Reference 15. ‘ Reference 16. 1 Ref
erence 17. * Reference 18. 1 Reference 19. m Reference 20.

D ie le c tr ic  c o n sta n t vs. AJ is illu s tr a te d  in  F ig u re  4 B . A  
gen eral b u t  in e x a c t co rrelation  is fo u n d  b e tw e e n  d e c re a s 
ing A  J a n d  in crea sin g  d ie lectric  c o n sta n t . I t  a p p ea rs  th a t  
th e  m o re  p o la r  th e  so lv e n t m ix tu r e , th e  m o re  are e n 
h a n c ed  th e  A  a n d  B  ro ta m er s ta b ilitie s . T h is  in te rp re ta 
tio n  is co n siste n t w ith  th e  o b serv e d  te m p e ra tu re  a n d  c o n 

ce n tra tio n  d ep e n d e n c e  o f  th e  ro ta m e r  en ergies o f  th e  p h e 
n y la la n in e  a n io n  in  p u re  w a te r .4* T h e r e , a lso , in cre a se s  in  
th e d ie le ctric  c o n sta n t o f  th e  so lu tio n  b ro u g h t a b o u t  an  
in crease  in  th e  s ta b ility  o f  th e  A  a n d  B  ro ta m e r s . T h e  la ck  
o f  a m o re  p recise  co rrelation  here p rec lu d es a m o re  q u a n 
tita t iv e  d e v e lo p m e n t a t  th is  t im e .

F in a lly , A  J is c o m p a re d  to  th e  free en ergies o f  tra n sfer  
o f  th e  p h en y l grou p  in  F igu re 4 C . T h e  v a lu e s  are c a lc u la t 
ed  fro m  th e  fo llow in g 6 1 3

<5gtr(Phenyl group) «  R t \ ln^ -PA,w -  (3)
L A pa,s A a,s J

w here Nij is th e  co n c e n tra tio n  in  m o le  fra c tio n  u n its  o f  
su b sta n c e  i in  a sa tu ra te d  so lu tio n  in s o lv e n t j a n d  w here  
P A , A , W ,  an d  S  refer to  p h e n y la la n in e , a la n in e , w ater, 
a n d  m ix e d  so lv en t, re sp ec tiv e ly . A c t iv ity  c o e ffic ie n t co r
rectio n s h av e  b e e n  ign ored  in  ou r c a lc u la tio n s  b e c a u se  th e  
d ifferen ces b e tw ee n  e s tim a te s  for p h e n y la la n in e  a n d  a la -

(12) Jg and Jt are assigned values of 2.60 and 13.56 Hz, respectively. 
Cf. K. G. R. Pachler, S p ec tro ch im . A c ta , 20, 581 (1964). Repre
sentative values obtained for the relative rotamer energies can be 
found In ref 4. The limits of validity of this Interpretation are dis- 
.cussed later.

(13) Y. Nozakl and C. Tanford, J. Biol. C h em ., 240, 3568 (1965).
(14) Linearly interpolated from the data In ref 13.
(15) Value obtained by extrapolation to 10.0 M from the data in ref 6.
(16) T. E. Needham, A. N. Paruta, and R. J. Gerraughty, J. Pharm . S ci., 

60, 258 (1971). Input for the equations in M/l obtained from den
sity data given In “Handbook of Chemistry and Physics,” 47th ed, 
Chemical Rubber Publishing Company, Cleveland, Ohio, 1966.

(17) J. Wyman, J. A m er . C hem . S o c ., 55, 4116 (1933). Figure for urea- 
water system obtained by linear Interpolation.

(18) G. Akerloff, J. A m er . C h em . Soc., 54, 4125 (1932). Values ob
tained by linear Interpolation.

(19) J. Wyman, C hem . R ev ., 19, 213 (1936). Result calculated assum
ing a linear decrement for a 9.1 M solution.

(20) Y. Doucet, F. Calrres-Perrault, and M. T. Durand, C. ft A ca d . S ci., 
260, 1878 (1965); at 27°.

(21) It should be pointed out that the precision of the relationship ob
tained depends on the units chosen for the solubility. Had the solu
bility been expressed In moles/llter of solvent or grams/100 grams 
of solvent, the correlation would have been somewhat improved. 
However, since there Is as yet no well-founded theoretical justifica
tion for preferring one system of units over the other, the figure in 
Its present form suffices to show the general trend.
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Figure 4. Comparisons of AJ  with properties of the mixed aque
ous solvents of composition 0.25 mol fraction: ▲, urea; • ,  
water; O, ethylene glycol; □ , acetamide; A, methanol; X, di
methyl sulfoxide; ■, acetone. (A) AJ vs. the solubility of phe
nylalanine in the mixed solvents. (B) A J  vs. the dielectric con
stants of the mixed solvents. (C) A J  vs. the free energy of 
transfer of the phenyl group from water into the mixed solvents.

n in e  in  u rea 6 a n d  e th y le n e  g ly c o l13  so lu tio n s  are s u ffi 

c ie n tly  s m a ll  ( 3 - 3 0  c a l) .
T h e  re su lts  illu s tr a te d  in  F igu re  4 C  sh o w  n o  reg u la rity  

w h a te v e r . I t  w a s a n tic ip a te d  th a t  th e  free en erg y  o f  tr a n s 

fer o f  th e  p h e n y l g ro u p , w h ic h  ca n  b e  c o n sid ered  a m e a 

sure o f  th e  “ w a te r -lik e ”  n a tu re  o f  th e  m ix e d  s o lv e n t s y s 
te m s , w o u ld  sh ow  a  n e g a tiv e  co rrela tio n  w ith  A  J. T h e  e x 
p ec te d  in terp reta tio n  w o u ld  h av e  b e e n  th a t  th e  e n h a n c ed  
s ta b ility  o f  the A  a n d  B  ro ta m ers  (d e c rea sin g  A J )  w o u ld  
b e  a sso c ia te d  w ith  w a te r -lik e  s o lu t e -s o lv e n t  in tera ctio n s  
co n n ec te d  w ith  w a ter s tru ctu re . T h e  re su lts  o b ta in e d

h ere, h ow ever, su g g e st th a t  th e  in tera c tio n s  in flu en c in g  
th e  ro ta m e r s  are n o t s im p ly  re la ted  to  h y d r o p h o b ic  in ter
a c tio n s .

Conclusion

T h e  n o n a q u e o u s so lv e n ts  a p p ea r  to  d isru p t or d im in ish  
th e  s o lu te -s o lv e n t  in tera c tio n s fa v o rin g  th e  A  an d  B  ro 
ta m e rs  o f  th e  p h e n y la la n in e  a n io n  in a q u eo u s  so lu tio n  at  
low  te m p e ra tu re , th e  in te n s ity  o f  th e  e ffe c t  v a ry in g  w ith  
th e  p a r tic u la r  s o lv e n t e m p lo y e d . T h e s e  re su lts  are c lose ly  
re la te d  to  th o se  o b serv ed  w ith  stu d ie s  o f  th e  co n ce n tra tio n  
d ep e n d e n c e  o f th e  n m r  sp e c tru m  o f th e  p h e n y la la n in e  
a n io n  in  p u re  w a te r , 46 th e  a d d itio n  o f  n o n a q u e o u s  c o m p o 
n e n t h a v in g  a  s im ila r  e ffe c t  as a n  in crease  in th e  c o n c e n tr a 

tio n  o f  th e  a n io n  in p u re  w ater . B o th  d ecrease  th e  ra tio  o f  
th e  n u m b e r  o f  w a ter m o le c u le s  a v a ila b le  per p h e n y la la n in e  
a n io n  m o le c u le . T h e  d eg ree  o f  th e  e n h a n c e m e n t o f  th e  A  
a n d  B  ro ta m e r  s ta b ilitie s  u n d o u b te d ly  is in t im a te ly  c o n 
n e c te d  w ith  th e  so lv a tio n  o f  th e  ro ta m e r s  w h ich  in tu rn  d e 
p e n d s  on  th is  ra tio . T h e  n o n a q u e o u s  so lv e n ts  p resen t the  
a d d itio n a l c a p a b ility  o f  th e m s e lv e s  p a r tic ip a tin g  in  th e  so l
v a tio n  p r e s u m a b ly  as a  fu n c tio n  o f  w h eth er th e y  are m ore  
or less w a te r -lik e . I t  h a d  b een  a n tic ip a te d  th a t  th e  n m r  re
su lts  w o u ld  h a v e  d isp la y e d  reg u la rities  w ith  th e  p roperties  
o f  th e  a q u eo u s so lu tio n s w h ich  c o u ld  b e  u sed  as a b a sis  for 
d e v e lo p in g  th e se  c o n c e p ts . H o w e v e r , th e  la c k  o f  a precise  
re la tio n sh ip  w ith  b o th  th e  d ie le c tr ic  a n d  s o lu b ility  p ro p e r

ties  a n d  th e  la c k  o f  a n y  clear re la tio n sh ip  w ith  th e  free  
en ergies o f  tran sfer  in d ic a te  th a t  th e  so lv a tio n  m u s t  be  
re p resen ted  in a h ig h ly  c o m p le x  fa sh io n . I t  is p ro b a b le  
th a t  m a jo r  a d v a n c e s  in  th e  th e o r e tic a l u n d ersta n d in g  o f  
s o lu te -s o lv e n t  in tera c tio n s in  a q u eo u s  m e d ia  w ill b e  re 
q u ired  in  order to  e x p la in  a d e q u a te ly  th e se  p h e n o m e n a .. 
H o p e fu lly , th e  ro ta tio n a l iso m e r ism  o f  a m in o  a c id s  w ill 
p ro v id e  a  c o n v e n ie n t fra m ew o rk  a g a in st w h ich  to  te st  
su ch  d e v e lo p m e n ts .
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T h e  v ib ra tio n a l sp ec tra  o f  th e  c o m p o u n d  N .P .P .P -te tr a m e th y lp h o s p h in e  im id e  a n d  its  (V -m e t h y l -d 3 a n a 
log  h av e  b e e n  fo u n d  to  be  c o n siste n t on ly  w ith  a Cs s tru ctu re  th e  v ib ra tio n a l potential function o f  w h ich  
e x h ib its  large d e v ia tio n s  fro m  lo ca l C3v s y m m e tr y  a t  b o th  p h o sp h o ru s a n d  n itro g en . A ll  48  v ib ra tio n a l  
fu n d a m e n ta ls  e x p e c te d  u n d er  Cs m o le c u la r  p o in t s y m m e tr y  h ave  b een  a ssign ed  b a se d  on  grou p  fre q u e n 
cies, iso to p ic  fre q u e n c y  sh ifts , a n d  R a m a n  d e p o la riz a tio n  m e a su r e m e n ts . T h e  P : N  to rsio n a l m o d e s  h av e  
b een  a ssign ed  a t  1 1 2  an d  1 0 0  c m - 1  in  th e  lig h t a n d  h e a v y  m o le c u le s , re sp ec tiv e ly , a n d  th r e e fo ld  barriers  
o f 2 .0 6  a n d  2 .4 2  k c a l /m o l ,  re sp e c tiv e ly , h av e  b e e n  c a lc u la te d  fro m  th ese  a ss ig n m e n ts . T h e  u n u s u a lly  low  
barrier to  ro ta tio n  arou n d  th e  fo r m a lly  d o u b le  P : N  b o n d  c o n firm s th e  resu lts  o f  lo w -te m p e r a tu r e  p m r  
s tu d ie s  o f  p h o sp h in e  im id e s  w h ich  in d ic a te  t h a t  th e  barrier to  in tern al ro ta tio n  in  th e se  m o le c u le s  is 
below v a lu es  rep orted  for P N  b o n d  in tern a l ro ta tio n  in  a m in o p h o sp h in e s . T h e  in frared  sp e c tru m  o f  
( C H 3 )3P N C H 3 liq u id  a t  ro o m  te m p e ra tu re  ( 4 0 0 0 -3 0 0  c m " 1) an d  so lid  a t  - 1 7 5 °  ( 4 0 0 0 -2 0 0  c m - 1 ) a n d  th e  
R a m a n  sp e c tra  o f  th e  lig h t an d  A f-m e t h y l-d 3 l iq u id s  are p resen ted  a n d  th e se  sh ow  n o  e v id e n c e  o f th e  e x 
isten ce  o f  d im e rs  in e ith er th e  so lid  or liq u id  sta te s .

In trod u ction

T h e re  h a s  b e e n  co n sid era b le  recen t in terest in co n fo r
m a tio n  a t  grou p  V  a to m s  an d  in th e  re la tiv e  im p o rta n c e  
o f  e lectro n ic  a n d  steric  fa cto rs  as d e te r m in a n ts  o f  s tru c 
tu r e . 1-8  M o le c u le s  o f  th e  ty p e  X 3P N Y  p ro v id e  a u n iq u e  
o p p o r tu n ity  for assessin g  th e  c o n tr ib u tio n s  o f  th e se  fa ctors  
to  th e  barrier to  ro ta tio n  a b o u t a fo rm a l P N  d o u b le  b o n d  
a t  p e n ta v a le n t  p h o sp h o ru s . In  a d d itio n , th e  stru ctu re  an d  
b o n d in g  in  p h o sp h in e  im id e s  are o f  in terest b e c a u se  th ese  
m o le c u le s  are th e  m o n o m e ric  a n a lo g s  o f  th e  c y c lic  p h o s-  
p h a z e n e s , ( P N X 2 ) re, a b o u t  w h ich  m u c h  h as b e e n  w ritten  
o f  la t e .9 D e s p ite  th e se  in trig u in g  fea tu res  th ere  h a s  been  
litt le  in  th e  w ay  o f d e ta ile d  stru ctu ra l in v e stig a tio n  o f  
p h o sp h in e  im id e s , h en ce  th e  p re sen t w ork. T h e  te tr a -  
m e th y l c o m p o u n d s  w ere ch o sen  for s tu d y  here ra th er th a n  
th e  h a lid e s  sin ce  X 3P N Y  c o m p o u n d s  w ith  e le ctro n eg a tiv e  
s u b stitu e n ts  on  p h o sp h o ru s are k n ow n  to  be  d im e r ic .9

E xp erim en ta l Section

N, P, P, P -T  e tra m e th v lp h o sp h in e  im id e  w as p rep ared  
fro m  tr im e th y lp h o sp h in e 10  a n d  m e th y l a z id e . T h e  la tte r  
w as sy n th e size d  b y  a d d in g  d im e th y l su lfa te  to  3 0 %  a q u e 
ou s so d iu m  a zid e  a n d  p u rified  b y  v a c u u m  fra c tio n a tio n  
th ro u g h  tra p s a t  - 4 6 ,  - 9 5 ,  a n d  - 1 9 0 ° .  A  p o rtio n  o f  th e  
m id d le  fractio n  (8 2 %  m e th y l a z id e , 1 8 %  d ie th y l eth er as  
d e te r m in e d  b y  p m r ) su ffic ien t to  p ro v id e  1 0 0 %  m o le  e x 
cess o f  m e th y l a z id e  w as tran sferred  in vacuo to  a fla sk  
c o n ta in in g  tr im e th y lp h o sp h in e  (0 .5 0  g) in d ie th y l eth er (5  
m l) . T h e  so lu tio n  w as re flu xed  on  a co ld  fin g er ( - 8 0 ° )  for
1 .5  hr a n d  p u rified  b y  su cc essiv e  fra c tio n a tio n s  th ro u g h  
tr a p s  a t  —3 5 , —8 0 , a n d  - 1 9 0 ° .  A fte r  tw o  fra c tio n a tio n s  o f  
its  c o n te n ts  th e  - 3 5 c trap  c o n ta in ed  p u re  N,P,P,P-te -  
tr a m e th y lp h o s p h in e  im id e  in 7 0 %  y ie ld  (0 .4 8  g ).

Anal. C a lc d  for C 4H 1 2 N P : C , 4 5 .7 ; H , 1 1 .4 ; P , 2 9 .5 % .  
F o u n d : C , 4 5 .5 ; H , 1 1 .6 ; P , 3 0 .2 % .

( C H 3 )3P N C D 3 w as p rep a red  fro m  m e th y l a z id e -d 3 an d

tr im e th y lp h o sp h in e  b y  th e  sa m e  p ro ced u re . M e t h y l  a z id e -  
d 3 w as p re p a re d  fro m  c o m m e rc ia lly  a v a ila b le  d im e th y l -d 6 

su lfa te , in  5 2 %  y ie ld , b y  rea ctio n  w ith  so d iu m  a zid e  in  
H 2O  so lu tio n . T h e  p ro d u c t w as ju d g e d , b y  p m r , to  c o n ta in  
less  th a n  1 %  ( C H 3 ) 3P N C H D 2 a n d  n o  oth er d e te c ta b le  i m 
p u rities .

In frared  sp ec tra  w ere record ed  on  a B e c k m a n  I R - 1 2  

d o u b le -b e a m  g ra tin g  sp e c tro p h o to m e te r  w h ich  w as p u rg ed  
w ith  a c o n tin u o u s  str e a m  o f d ry  n itrog en  gas a n d  c a lib r a t
ed  in  th e  u su a l m a n n e r . 1 1  S o lid  ( C H 3 ) 3P N C H 3 w a s e x a m 
in ed  u sin g  a m o d ifie d  W a g n e r -H o r n ig  co ld  c e ll12  in w h ich  
th e  v a p o rs  w ere p e r m itte d  to  slo w ly  d istil o n to  a C s l  s u b 
stra te  in go od  th e r m a l c o n ta c t w ith  a d ew a r f la sk  o f  b o il 
in g  n itro g en . T h e  so lid  sa m p le s  w ere r e p e a te d ly  a n n ea le d  
to  —5 0 ° u n til n o  fu rth er ch a n ge  in th e  sp e c tru m  w as o b 
serv ed . S ev era l d ep o sitio n s  ga ve  id e n tic a l sp e c tra  a n d  no  
e v id en ce  o f  d e c o m p o sit io n  co u ld  be fo u n d . T h e  ir s p e c 
tr u m  o f so lid  ( C H 3 ) 3P N C H 3 is sh ow n  in F igu re  1 . T h e  
sp e c tru m  o f  liq u id  ( C H 3 ) 3P N C H 3 w as reco rd ed  for th e  
sa m p le  c o n ta in ed  in a 0 .1 -m m  K B r  liq u id  cell a n d  is 
sh o w n  in F igu re  2 . T h e  freq u en cies o f  sh a rp  b a n d s  are e x -

(1) J. R. Durig, J. W. Thompson, and J. D. Witt, Inorg. C h em ., 11, 
2477 (1972).

(2) J. R. Durig and J. M. Casper, J. C h em . P hys., 55, 198 (1971).
(3) J. R. Durig and J. S. DiYorio, Inorg. C h em ., 8, 2796 (1969).
(4) M. P. Simonnin, C. Charrier, and R. Burgada, O rg. M agn. R e s o 

n a n ce , 4, 113 (1972).
(5) A. H. Cowley, M. J. S. Dewar, W. R. Jackson, and W. B. Jennings, 

J. A m er . C h em . S o c .. 92, 5206 (1970).
(6) D. Imberyand H. Friebolin, Z . N atu rforsch . B , 23, 759 (1968).
(7) H. Goldwhite and D. G. Rowsell, C h em . C om m u n ., 713 (1969).
(8) A Rauk, L. C. Allen, and K. Mlslow, A n g ew . C h em ., Int. Ed. Engl., 

9,400(1970).
(9) D. E. C. Corbridge, Top. P h osp h oru s  C h em .. 3, 57 (1966).

(10) F. G. Mann and A. F. Wells, J. C h em . S o c ., 702 (1938).
(11) (a) IUPAC, "Tables of Wavenumbers for the Calibration of Infrared 

Spectrometers," Butterworths, Washington, C. C., 1961: (b) R. T. 
Hall and J. M. Dowling, J. C h em . P h ys.. 47, 2454 (1967); 52, 1161 
(1970).

(12) E. L. Wagner and D. F. Hornig, J. C h em . P h ys., 18, 296 (1950).
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Figure 1. Infrared spectrum of polycrystalline (CH3)3PNCH3 at -175°.

Figure 2. Infrared spectrum of liquid (CH3)3PNCH3, 0.1-mm path.

1 I i 1 1 I I I I 1 I I I 1 I 1 I I 1 ..I 1 1 I ■ I I . I I I 1 t L
3 0 0 0  2 0 0 0  l O O O

W A V E N U M B E R  C M

Figure 3. Raman spectrum of liquid (CH3)3PNCH3 (488-nm ex
citation).

Figure 4. Raman spectrum of liquid (CH3)3PNCD3 (488-nm ex
citation).

p e c te d  to  be  a c c u ra te  to  ± 0 . 5  c m ^ 1  b e lo w  2 0 0 0  c m - 1  a n d  
±  1 c m _  1  b e tw ee n  4 0 0 0  a n d  2 0 0 0  c m ' 1 .

T h e  R a m a n  sp ec tra  o f th e  liq u id  c o m p o u n d s , d eg assed  
an d  se a le d  u n d er v a c u u m  in gla ss c a p illa r ie s , w ere e x cited  
u sin g  50  m W  o f  4 8 8 -n m  ra d ia tio n  fro m  a S p e c tr a  P h y sic s  
1 6 4 -0 3  A r +  laser a n d  w ere reco rd ed  on  a B e c k m a n  M o d e l  
7 0 0  la s e r -R a m a n  sp e c tro m e te r  w h ic h  w as c a lib ra te d  
a g a in st  a to m ic  e m iss io n  lin e s . T h e  s a m p le  tu b e s  w ere illu 
m in a te d  a n d  v iew ed  n o r m a l to  th e ir  lo n g  ax es a n d  d e p o 
la riza tio n  ratios w ere o b ta in e d  b y  ro ta tin g  a p iece  o f  Po
laroid  in  th e  sc a tte red  b e a m  w h ich  s u b se q u e n tly  p a sse d  
th ro u g h  a p o la r iz a tio n  sc r a m b le r  b efore  e n te rin g  th e

m o n o c h r o m a to r . T h e  R a m a n  sp ec tra  o f  ( C H 3 )3P N C H 3 

an d  ( C H 3 )3P N C D 3 are sh o w n  in  F igu res 3 a n d  4 , re sp ec 
t iv e ly . R a m a n  freq u en cies  are e x p e c te d  to  be a c cu ra te  to  
± 2  c m - 1 . T h e  m e a su red  freq u en cies  o f  b o th  m o le c u le s  are 
g iv e n  in  T a b le  I.

T h e  im id e  re a cts  w ith  C D C 1 3 a t  ro o m  te m p e ra tu re  b u t  
rea ctio n  w ith  v in y l ch lo rid e  is slow  e n o u g h  to  p e r m it its  
u se  as a lo w -te m p e ra tu re  n m r s o lv e n t . A t  a m b ie n t  te m 
p eratu re  th e  p m r  sp e c tru m  o f th e  im id e  co n sists  o f  tw o  
d o u b le ts  a t  5 =  1 .5 7  p p m , d o w n fie ld  fro m  in tern al T M S  
( C / i s - P ;  2J h c p  =  1 2 .8  H z ) , a n d  8 = 2 .7 8  p p m  ( C t f 3- N : P ;  
3J HCn p  =  2 3 .6  H z ) . L o w -te m p e ra tu re  p m r  sp ec tra  w ere

The Journal of Physical Chemistry, Voi. 71, No. 12, 1973
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TABLE i: Vibrational Spectra of Phosphine Imides

(CH3)3PNCH3 (CH3)3PNCD3

Ir (liquid)
r (solid, 
-175°) Raman (liquid) Raman (liquid)

Assignaientjra /0 V 1 V / Pc V / p

2985 P1.P2.P3»
2980 m,sh 2972 m 2977 10 0.67 2977 9 0.75 V28.¡>29.

2961 V30
2930 sh 2935 m V31
2908 m 2900 s 2904 40 0.00 2907 40 0.00 ¡>4, V5.V32
2860 w,brd 2855 w 2864 0.2,sh P va +  ¡>9
2825 m 2805 s 2807 1,sh dp 2804 1 Va
2776 s 2759 m 2767 6 0.00 P7

2575 w 2̂ 13
2565 P38 P33
2510 w 3̂8 +  3̂4

2191 2 sp P6
2166 1 dp P31
2143 1 P Pô P33
2114 1 sp 2̂ 33

2030 w 2̂0 +  ï'i 5
2023 19 0.00 Vl

1933 w V22 + 1̂3
1465 w,sh 1459 m 1456 1 dp Va,V33

1440 V9
1428
1424 m
1415 1410 7 0.70 1414 7 0.71 v io ,v -n ,v i2<

1425 m 1404 v 34,t'35:>'36
1363 w t'21 +  V22

1314 m 1312
1293 m 1295 w,sh 1290 0.1,brd 1284 0.1, P13.P14

1288 s brd
1239 vs, brd 1201 vs,brd 1239 5 0.00 1220 5 0.10 P151196 m,sh 1179 m 1191 0.1,brd,sh
1117 m 1111 s 1116 0.2,brd dp P16

1093 5 0.23 P8*P9
1062 5 0.75 V33

980 s 978 vs,brd 980 2 sp 960 1 P P17
939 s 946 w,sh 945 1 dp 933 1 P t'18.t'39

935 s
892 1 P 1̂6

883
868 m 877 m t'19^40.^41871

860 vw Ü42 +  ¡>45
835 0.1

829 m 845 s 818 7 0.12 786 4 0.22
832 s

V2S +  V22
803 w 2V23,
777 w

V22 + 4̂5753 m 759 s 743 5 0.75 745 5 0.75 4̂2.
753 w,sh 2̂3 +  1*43715 m 720 s 706 7 0.75 709 7 0.75

644 w 649 vw 634 50 0.00 635 50 0.00
399 m,sh 401 m 394 4 0.46 382 5 0.54
348 m,sh 358 s 343 5 0.75 340 6 0.75 Pi.3

301 4 0.67 300 5 0.75 P24249 vw.sh 256 9 0.75 254 11 0.75 P25.P44
178 3 0.50 165 3 0.53 P26
112 0.2,sh ~100 sh ^45

a v — frequency in cm ' .  0 I — relative intensity: s — strong, m — medium, w =  weak, vw =  very wea<, sh =  shoulder, brd =  broad. c p =  approxi
mate depolarization ratio: sp =  strongly polarized, p =  polarized, dp =  depolarized.
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record ed  w ith  a V a r ia n  A -6 0  sp e c tro m e te r  e q u ip p e d  w ith  
a v a ria b le  te m p e ra tu re  p ro b e .

Assignm ent

A  large P N C  an gle  in  ( C H 3 ) 3P N C H 3, a p p ro a c h in g  b u t  
n ot q u ite  e q u a llin g  1 8 0 ° , w o u ld  re su lt* in  n ea r d eg en e ra cy  
o f  th e  c o m p o n e n ts  o f  p erp en d ic u la r  m o d e s  w ith  d ip ole  
ch a n g e s ly in g  in a n d  o u t o f  th e  m o le c u la r  s y m m e tr y  
p la n e . In  th is  ca se  a n a ly sis  o f  th e  v ib ra tio n a l sp ec tru m  
u n d er C 3t) m o le c u la r  p o in t  s y m m e tr y  w o u ld  be a p p ro p ri
ate  a ssu m in g  a th re e fo ld  s y m m e tr ic  C 3P N  fra m ew o rk . A  
m a x im u m  o f  28  d iffe re n t ir a n d  R a m a n  fre q u e n cie s  w ou ld  
th e n  be e x p e c te d  w ith  as m a n y  as 11 p o la r iz ed  R a m a n  
lin es . S m a lle r  P N C  a n g les  w ou ld  te n d  to  re m o v e  th e  
d eg en era cy  o f  th e  c o m p o n e n ts  o f  th e  p erp en d ic u la r  
m o d e s . Cs p o in t s y m m e tr y  w o u ld  be m o re  a p p ro p ria te  in  
th is  case  a n d  a m a x im u m  o f  4 8  u n iq u e  ir a n d  R a m a n  
freq u en cies c o u ld  b e  o b serv e d  o f  w h ich  as m a n y  as 27  
co u ld  co rresp on d  to  p o la r ized  R a m a n  lin es .

T h e  sk ele ta l m o d e s  are e x p e c te d  to  b e  p a r tic u la rly  se n 
sitive  to  co n fo rm a tio n a l ch a n g e s . U n d e r  C 3l, p o in t s y m m e 
try  o n ly  six  (2 a i , 4e) fu n d a m e n ta l freq u en cies  o f
( C H 3 ) 3P N C H 3 (ex c lu siv e  o f  th e  m e th y l to rsio n s) are e x 

p ec te d  b e lo w  8 0 0  c m - 1  w h erea s fou r p o la r iz ed  a n d  five  
d ep o la rize d  R a m a n  lin es h av e  b een  o b serv e d  in th is  fre 
q u e n c y  range (cf. F igu re  3 a n d  T a b le  I ) . T h e  sp ec tra  o f  
b o th  ( C H 3 ) 3P N C H 3 an d  ( C H 3 )3P N C D 3 h a v e , th erefore, 
b e e n  a ssign ed  on  th e  b a sis  o f  a m o le c u la r  stru ctu re  w ith  
o n ly  a p la n e  o f  s y m m e tr y  in w h ich  th e  v ib ra tio n a l p o te n 
t ia l en ergy a t  b o th  p h o sp h o ru s a n d  n itro g en  sh ow s c o n sid 
era b le  d ep a rtu re  fro m  lo c a l, C 3u s y m m e tr y .

Methyl Group Modes. T h e  in tern a l m o tio n s  o f  th e  (P )  
m e th y l an d  ( N )  m e th y l grou p s m a y  b e  a ssign ed  b y  a n a lo 
gy  w ith  c o rresp o n d in g  m o d e s  in tr im e th y lp h o sp h in e  an d  
m e th y la m in e . T h e  (P )  m e th y l C H  s tretc h in g  m o d e s are 
e x p ec te d  to  b e  m e c h a n ic a lly  iso la te d  b y  th e re la tiv e ly  
m a ssiv e  p h o sp h o ru s a to m  a n d  to  e x h ib it  a h igh  d egree o f  
d eg en era cy . T h e s e  m o d e s  are a ssig n ed  to  th e  stron g  
R a m a n  lin es a t  2 9 7 7  a n d  2 9 0 4  c m - 1  w h ich  are in sen sitiv e  
to  ( N ) C  d e u te r a tio n . P a rk  a n d  H e n d r a 13  a ssig n  th e  corre
sp o n d in g  ( P ) C H  stretc h e s  in ( C H 3) 3P  to  stro n g  R a m a n  
lines a t  2 9 6 9 , 2 9 5 4 , a n d  2 8 9 4  c m - 1  a n d  G o u b e a u  a n d  
B u rg er14  a ssig n  c o rresp o n d in g  m o d e s  in  ( C H 3)3P O  a t 298 0  
a n d  2 9 1 0  c m - 1 .

T h e  loca l C 3„ s y m m e tr y  o f  th e  ( N ) C H 3 grou p  in  
( C H 3 ) 3P N C H 3 sh o u ld  b e  p ertu rb ed  to  a s ig n ific a n t e x te n t  
b y  th e  m o le c u la r  fra m e  as h a s  b e e n  o b serv e d  for C H 3N H 2 . 
D u rig , et al.,15 assign  th e  ( N ) C H  s tretc h in g  freq u en cies  in  
C H 3N H 2 a t  2 9 4 6 , 2 8 8 5 , 2 8 0 7  c m - 1  a n d  th e  co rresp on d in g  
m o d e s  in C D 3N H 2 a t  2 2 6 6 , 2 1 9 8 , an d  206 7  c m - 1 . B y  a n a l
ogy th e  c o rresp o n d in g  m o d e s  in th e  p h o sp h in e  im id e s  are 
a ssign ed  a t  2 9 3 0 , 2 8 0 7 , a n d  2 7 6 7  c m - 1  in  th e  lig h t c o m 
p o u n d  a n d  2 1 6 6 , 2 1 9 1 , a n d  2 0 2 3  c m - 1  in  th e  ( N ) C D 3 m o l 
ecu le . T h e  ( N ) C H  a n d  ( N ) C D  stretch in g  a ss ig n m e n ts  in  
th e  p h o sp h in e  im id e s  sh o u ld  b e  co n sid ered  te n ta tiv e  since  
F e rm i reso n an ce  o f  th e se  fu n d a m e n ta ls  w ith  o v erto n es o f  
th e  ( N )  m e th y l d e fo r m a tio n s  m a y  s ig n ific a n tly  p ertu rb  
th e  u p p er s ta te  en ergies.

T h e  m e d iu m  in te n s ity  fea tu re  a t  141 0  c m - 1  an d  th e  
w eak  fea tu re  a t 1 2 9 0  c m “ 1  in  th e  R a m a n  sp e c tru m  o f  
( C H 3 ) 3P N C H 3 h av e  b e e n  a ssign ed  to  th e  ( P ) C H 3 d e fo r 
m a tio n s  in go od  a g re e m en t w ith  th e  a ss ig n m e n ts  o f  s im i
lar fea tu res  a t  1421  a n d  1293  c m - 1  in  th e  R a m a n  s p e c 
tru m  o f ( C H 3 )3P .13  T h e s e  R a m a n  lin es are in sen sitiv e  to  
( N ) C  d eu tera tio n  a p p ea rin g  e sse n tia lly  u n sh ifte d  in  
( C H 3) 3P N C D 3 a t 1 4 1 4  a n d  1284  c m - 1 , re sp e c tiv e ly . A n

a d d itio n a l ( P ) C H 3 d e fo r m a tio n  fre q u e n c y  w as o b served  a t  
131 4  c m “ 1  in th e  in frared  sp e c tru m  o f  liq u id  
( C H 3 )3P N C H 3 a n d  th is  b a n d  is a ssig n ed  b y  a n a lo g y  w ith  
th e  a ss ig n m e n t o f  th e  1 3 1 2 -1 3 2 5 -c m - 1  d o u b le t  in  th e  in 
frared  sp e c tru m  o f g a seo u s ( C H 3 ) 3P . 13  In  th e  Cs m o le cu le , 
( C H 3 )2P 0 C 1 , ( P ) C H 3 d e fo r m a tio n s  h a v e  b een  a ssign ed  to  
ir b a n d s  a t  1 41 2 , 1 41 0 , 1 30 3 , an d  129 2  c m “ 1 1 6  an d  in  
( C H 3)3P O  th e  freq u en cies  o f  th ese  m o d e s  h av e  b een  p u t  
a t 143 0  a n d  1324  c m - 1 1 4  p ro v id in g  a d d itio n a l su p p o rt o f  
th e  p resen t a ss ig n m e n t.

O f  th e  m o d e s  as y e t  u n a ssig n e d  o n ly  th e  ( N ) C H 3 d efor
m a tio n s  are e x p e c te d  in  th e  ra n ge  1 4 0 0 -1 5 0 0  c m - 1 . In  
C H 3N H 2 th ese  m o d e s  are a ssign ed  to  R a m a n  lin e s  a t  1464  
a n d  1429  c m “ 1 w h ich  sh ift to  106 0  a n d  113 5  c m “ 1, re sp ec 
tiv e ly , in C D 3N H 2 .15  B y  a n a lo g y , th e  R a m a n  lin e  a t  1456  
c m - 1  a n d  th e  in frared  c o u n terp a rt a t  146 5  c m - 1  in  th e  
sp e c tru m  o f  liq u id  ( C H 3 )3P N C H 3 are a ssig n ed  as ( N ) C H 3 

d e fo r m a tio n s . T h e  sh a rp  lin e  a t  1093  c m “ 1 a n d  th e  n e ig h 
b o rin g  b ro a d  fea tu re  a t  106 2  c m - 1  in  th e  R a m a n  sp ec tru m  
o f ( C H 3 )3P N C D 3 m u st  b e  d u e  to  th e  ( N ) C D 3 d e fo r m a 
tio n s  in  good  a g re e m en t w ith  th e  ( N ) C  d eu te r a tio n  sh ifts  
o b serv e d  for th ese  m o d e s  in  m e th y la m in e .

O n ly  th e  a ' ( N ) C H 3 ro ck in g  m o d e s  h av e  b een  ob served  
d ire c tly  for C H 3N H 2 (1 1 3 0  c m “ 1) a n d  C D 3N H 2 (913  
c m " 1) . D e lle p ia n e  a n d  Z e r b i17  h av e  re c e n tly  rev iew ed  th e  
a ss ig n m e n ts  for th ese  c o m p o u n d s  an d  a lth o u g h  th e y  agree  
w ith  p revio u s w orkers in p u ttin g  th e  a" ( N ) C H 3 rock in g  
fre q u e n cy  a t  1195  c m - 1  in  C H 3N H 2 th e y  c a lc u la te  th e  
freq u en cy  o f  th is  m o d e  in C D 3N H 2 as 8 2 9  c m - 1 . O n ly  a 
w ea k  b roa d  fea tu re  is o b served  in  th e  ran ge o f th e  ( N ) C H 3 

ro ck in g  fre q u e n cy  in  th e  R a m a n  sp e c tru m  o f  
( C H 3) 3P N C H 3 b u t  th e  in frared  sp e c tru m  o f  th e  liq u id  e x 
h ib its  m o d e ra te ly  in ten se  fea tu res  a t  119 6  an d  111 7  c m “ 1 . 
N e w  fea tu res  a p p ea r in th e  R a m a n  sp e c tru m  of  
( C H 3 )3P N C D 3 a t  8 9 2  (p o la rize d ) a n d  8 3 5  c m - 1 . T h e  a s 
s ig n m e n t o f  th ese  fea tu res  to  th e  a ' an d  a" ( N )  m e th y l  
rock in g m o d e s , re sp ec tiv e ly , is in  e x c e lle n t a g re e m en t  
w ith  th e  co rresp on d in g  a ss ig n m e n ts  for C H 3N H 2 an d  
C D 3N H 2 p ro p o sed  b y  D e lle p ia n e  a n d  Z e r b i.

T h e  on ly  m e th y l in tern al m o tio n s  re m a in in g  u n a ssig n ed  
are th e  ( P ) C H 3 ro ck in g  m o d e s . In  ( C H 3)3P  th e se  m o d e s  
h av e  b een  a ssig n ed  to  w ea k  R a m a n  lin es a t  9 7 3  a n d  9 48  
c m “ 1 1 3  a n d  in  ( C H 3 )2P 0 C 1  m o d e ra te ly  stron g  infrared  
b a n d s  a t  9 3 0 , 9 0 6 , a n d  8 6 5  c m - 1  h a v e  b e e n  a ttr ib u te d  to  
P ( C H 3) rock in g m o tio n s . 16 In  ( C H 3 )3P N C H 3 there are  
th ree  m o d e ra te ly  in ten se  in frared  b a n d s  in th e  fre q u e n cy  
range o f th e  P ( C H 3) ro ck in g  m o d e s  a t 9 3 9 , 8 6 8 , a n d  829  
c m “ 1 . C o rre sp o n d in g  R a m a n  lin es are o b serv e d  for tw o o f  
th ese  b a n d s  a t  9 4 5  a n d  8 1 8  c m “ 1 . In  th e  R a m a n  sp ec tru m  
o f  ( C H 3 ) 3P N C D 3 th ese  lin es a p p ea r a t  9 3 3  an d  7 8 6  c m “ 1 . 
T h e s e  freq u en cies are to o  h igh  to  b e  a ttr ib u te d  to  sk eleta l 
d e fo rm a tio n s  or P C 3 s tre tc h in g  m o tio n s  a n d  to o  low  to  be  
d u e  to  P : N  or C N  s tretc h in g  m o d e s  a n d  ca n  o n ly  b e  a s 
s ig n ed  to  ( P ) C H 3 ro ck in g  v ib ra tio n s .

Skeletal Stretching Motions. ( C H 3) 3P N C H 3 is ex p ec te d  
to  e x h ib it fou r ch a ra cte ristic  sk e le ta l s tre tc h in g  fre q u e n 
c ies . T h e  ran ge for j/p : n in  c o m p o u n d s  c o n ta in in g  th e  
grou p  R 3P = N  (R  =  a lk y l) h a s  b e e n  g iven  b y  W ie d e g r a b e  
a n d  B o c k  as 1 1 4 0 -1 3 7 5  c m “ 1 . 18 In  a d d itio n , R o e sk y  a n d

(13) P. J. D. Park and P. J. Hendra, S p ec tro ch im . A c ta , Part A. 24, 
2081 (1968).

(14) J. Goubeau and W. Burger, Z. A n org . C h em .. 304, 147 (1960).
(15) J. R. Durig, S. F. Bush, and F. G. Bagiin, J. C h em . Phys., 49, 2106 

(1968).
(16) J. R. Durig, D. W. Wertz, B. R. Mitchell, F. Block, and J. M. 

Greene, J. Phys. C h em .. 71,3815 (1967).
(17) G. Dellepiane and G. Zerbi, J. C h em . P hys.. 48. 3573 (1968).
(18) W. Wiedegrabe and H. Bock, C h em . B er.. 101, 1414 (1968).
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G r im m  h av e  sh ow n  v p ; n  to  in crease w ith  e le c tro n e g a tiv 
ity  o f  th e  s u b st itu e n ts  on  p h o sp h o r u s .19  T h u s ,  
( C H 3 )3P N C H 3 sh o u ld  e x h ib it  a b ro a d  in ten se  ir b a n d  
ch a ra cte ristic  o f  th e  P : N  b o n d  in  th e  n e ig h b o rh o o d  o f  
120 0  c m - 1 . S u c h  a fea tu re  is in d eed  o b serv e d  a t  1239  
c m ^ 1 . A  m o d e ra te ly  in ten se  c o m p le te ly  p o la r ized  co u n te r 
p a rt is o b serv e d  a t  th e  sa m e  fre q u e n c y  in th e  R a m a n  
sp e c tru m  o f  ( C H 3 ) 3P N C H 3 a n d  a t  122 0  c m " 1 in  th e  
R a m a n  sp e c tru m  o f  ( C H 3 )3P N C D 3.

T h e  CN str e tc h in g  fre q u e n cy  in  CH3 NH 2  h a s b een  a s 
s ig n ed  a t 1 0 4 0  c m - 1 .15  T h e  o n ly  fre q u e n c y  in th is  region  
o f  th e  v ib ra tio n a l sp e c tru m  o f  (CH3 )3 PNCH3  as y e t  u n 
a ssig n ed  is th e  stro n g  fea tu re  ob served  a t  9 8 0  c m - 1  in  th e  
ir sp e c tru m  o f  th e  liq u id  w ith  a stro n g ly  p o la r iz ed  co u n 
te rp a rt a p p ea rin g  w ea k ly  in  th e  R a m a n  sp e c tru m  a t th e  
sa m e  fre q u e n c y . A  p o la rized  lin e  at 9 6 0  c m " 1 in  th e  
R a m a n  sp e c tru m  o f (CH3 )3 PNCD3  is in  re a so n a b le  ag ree
m e n t  w ith  th e  e x p ec te d  d eu tera tio n  sh ift  ( - 3 9  c m - 1 ) c a l
c u la te d  fro m  th e  ra tio  o f  th e  re d u ce d  m a sse s  for th e  
N-CH 3  a n d  N-CD 3  u n its .

T h e  P C 3 m o d e s  are th e  on ly  sk e le ta l stre tc h e s  as y e t  
u n a ssig n e d  a n d  th e se  are w ell ch a ra cte rize d  as fa llin g  in  
th e  ran ge 6 2 0 -7 8 0  c m - 1 .20 T h e  s y m m e tr ic  P C 3 c o m p o n e n t  
ty p ic a lly  g ives rise to  a very in ten se  s tro n g ly  p olarized  
R a m a n  lin e  n ear 6 5 0  c m  1 w ith  a v a n ish in g ly  w ea k  in 
frared  co u n te rp a rt w h ereas th e  a n tis y m m e tr ic  c o m p o n e n t  
gives rise to  m o d e ra te ly  stro n g  fea tu res  in  b o th  th e  in 
frared  a n d  R a m a n  sp e c tra  a t  h igh er fre q u e n c ie s .1 3 ' 16  In  
th e  p h o sp h in e  im id e s  th e  sy m m e tr ic  P C 3 s tre tc h in g  m o 
tio n  ca n  o n ly  b e  a ssig n ed  to  th e  stro n g  R a m a n  lin es a t  6 34  
an d  6 3 5  c m " 1  in  th e  lig h t a n d  ( N ) C  d eu tera ted  m o le cu le s , 
re sp ec tiv e ly . T h e  o n ly  u n a ssig n ed  fre q u e n cie s  re m a in in g  
in  th e  ran ge o f  th e  P C 3 s tre tch in g  m o d e s  are th e  m o d e r 
a te ly  in ten se , d ep o la rize d  lin es a t  7 4 3  a n d  7 0 6  c m " 1  in th e  
R a m a n  sp e c tru m  o f  ( C H 3 )3P N C H 3 w ith  m e d iu m  infrared  
co u n te rp a rts  a t  7 5 3  an d  7 1 5  c m - 1 . In  th e  R a m a n  s p e c 
tr u m  o f  ( C H 3 ) 3P N C D 3 th ese  lin es a p p ea r v ir tu a lly  u n 
sh ifte d  a t  745  a n d  7 0 9  c m " 1, re sp ec tiv e ly . T h e s e  fre q u e n 
cies m a y  be c o n fid e n tly  a ssign ed  to  th e  a "  a n d  a' c o m p o 
n e n ts  o f  th e  a s y m m e tr ic  P C 3 s tre tc h e s  w h ich  h ave  
b e e n  sp lit  b y  th e  p resen ce  o f  th e  im id e  m o ie ty . S c h m id -  
b a u r a n d  J o n a s h av e  rep orted  th e  in fra red  sp e c tru m  o f  
( C H 3)3P N H  a n d  h av e  o b served  m o d e ra te ly  in ten se  in 
frared  fea tu res  a t  7 2 2  a n d  745  c m - 1 .21  T h e s e  b a n d s  m u st  
co rresp on d  to  th e  a ' a n d  a" a n t isy m m e tr ic  P C 3 stretch es  
in  th a t  m o le c u le  p ro v id in g  a d d itio n a l su p p o rt for th e  
p resen t a ss ig n m e n t.

Skeletal Deformations. T h e  (P ) a n d  ( N )  m e th y l torsion s  
are k n ow n  to  give  rise to  e x tr e m e ly  w eak  fea tu res  in b o th  
ir a n d  R a m a n  sp e c tra 22 a n d  th ese  m o d e s  h av e  n o t been  
o b served  in  th e  p re sen t w ork. In v e stig a tio n  o f  th e  corre
sp o n d in g  to rsio n a l m o tio n s  in  a m in e s  a n d  p h o sp h in e s 23 

h as sh ow n  th a t  th e se  m o d e s  h a v e  w ell-c h a ra c te rize d  
freq u en cies a n d  th is  is th e  b a sis  for th e  te n ta tiv e  a ss ig n 
m e n ts  o f  T a b le  II. T h e  re m a in in g  sk e le ta l d e fo rm a tio n s  
fa ll in to  th ree  g rou p s: C P N  (2 ) , P C 3 (3 ) ,  P N C  (2 ) . O f  
th e se , th e  th ree  P C 3 m o d e s  are b e st  ch a ra cte rize d , g iv in g  
rise to  m o d e ra te ly  in ten se  fea tu res  in  th e  R a m a n  sp e c 
tr u m  o f  ( C H 3)3P  a t  3 05  (p o la rize d ) a n d  263  c m " 1 .13  In  th e  
sp e c tru m  o f  ( C H 3 ) 3P O , b a n d s  a t 311  a n d  265  c m " 1  24 are 
u n d o u b te d ly  d u e  to  th e  a i  a n d  e P C 3 d e fo r m a tio n  v ib ra 
t io n s . In  th e  less s y m m e tr ic  m o le c u le , ( C H 3 ) 2P 0 C 1 , th e  
c o rresp o n d in g  m o tio n s h av e  b een  a ssig n ed  to  th e  tw o  
m o d e r a te ly  in ten se  R a m a n  lin es a t  2 3 4  (d e p o la r iz e d ) an d  
2 9 7  c m - 1  (p o la r iz e d ) . 16  T h u s , th e  s y m m e tr ic  an d  
a n tis y m m e tr ic  P C 3 d e fo r m a tio n  m o d e s  in ( C H 3 )3P N C H 3

m a y  b e  c o n fid e n tly  a ssign ed  to  th e  R a m a n  lin es a t  301  
(p o la rize d ) a n d  2 56  c m - 1  (d e p o la r iz e d ), re sp e c tiv e ly . T h e  
co rresp on d in g  a ss ig n m e n ts  in  th e  R a m a n  sp e c tr u m  o f  
( C H 3 ) 3P N C D 3 are 3 0 0  a n d  254  c m - 1 .

T h e  tw o re m a in in g  grou p s o f  sk e le ta l d e fo r m a tio n s  are  
b o th  d o u b ly  d eg en erate  u n d er C 3t, m o le c u la r  p o in t  s y m 
m e tr y  a n d  m a y  b e  d esig n a ted  C P N  a n d  P N C  d e fo r m a 
tio n s . T h e  o u t o f  p la n e  c o m p o n e n t o f  th e  la tte r  corre 
sp o n d s  to  tw istin g  a b o u t  th e  P : N  b o n d  a n d  is, th erefore , 
d e p e n d e n t on  th e  v a ria tio n  o f  P : N  b o n d  en ergy  w ith  
C P N C  d ih e d ra l a n g le . T w o  grou p s o f  fre q u e n cie s  re m a in  
u n a ssig n e d  in  th e  R a m a n  sp e c tru m  o f  ( C H 3 ) 3P N C H 3 : 392  
(p o la r iz e d )-3 4 3  (d e p o la r iz ed ) a n d  178  ( p o la r iz e d )-1 1 2  
c m " 1. E x te n s iv e  lo w -te m p e ra tu re  p m r  stu d ie s  o f  p h o s 
p h in e  im id e s  (see  fo llo w in g  p a ra g ra p h ) are in c o m p a tib le  
w ith  th e  a ss ig n m e n t o f  th e  P N C  d e fo r m a tio n s  to  th e  h ig h 
er freq u en cies sin ce  an  u p p e r l im it  o f  8  k c a l /m o l  for A G *  
o f  P : N  in tern a l ro ta tio n  h a s  b een  se t for th ese  m o le c u le s . 
F or c o m p a riso n , th e  C :C  to rsio n  h a s  b e e n  a ssig n e d  a t  4 4 0  
c m - 1  in  2 -m e t h y l -2 -b u te n e 25 a n d  in  th is  m o le c u le  th e  
barrier m u s t  b e  an  order o f  m a g n itu d e  g reater th a n  8 

k c a l /m o l  d u e  to  th e  s ta b iliz a tio n  o f  th e  p la n a r  c o n fo r m a 
tio n  b y  p T- p ,  o v er la p . T h u s  it is u n lik e ly  th a t  th e  fre q u e n 
c y  o f  th e  co rresp o n d in g  m o d e  in ( C H 3 )3P N C H 3 w o u ld  be  
o f c o m p a ra b le  m a g n itu d e . T h e  a ' a n d  a ”  P N C  d e fo r m a 
tio n s  in ( C H 3 ) 3P N C H 3 h a v e , th erefore , b e e n  a ssig n e d  to  
th e  R a m a n  lin es a t 178  (p o la rize d ) a n d  112  c m - 1 , re sp ec 
t iv e ly . T h e  iso to p ic  fre q u e n cy  sh ift  fa c to rs  for th e  lo w -fre 
q u e n c y  R a m a n  lin es (1 7 8  c m - 1  =  1 .0 8 ; 112  c m " 1  =  1 .1 )  
are in go od  a g re e m en t w ith  th e  p re sen t a ss ig n m e n t. (T h e  
sq u a re  root o f  th e  m a ss  ra tio s o f  th e  C H 3 a n d  C D 3 grou p s  
is 1 :1 . )  T h e  s h ift  fa cto rs  for th e  3 9 4 - (1 .0 3 )  a n d  3 4 3 -c m - 1  

(1 .0 1 )  R a m a n  lin es o f  ( C H 3 ) 3P N C H 3 are m u c h  low er th a n  
th e  v a lu es  e x p ec te d  for th e  P N C  d e fo r m a tio n s  a n d  th ese  
freq u en cies  h a v e  b een  a ssign ed  to  th e  a' a n d  a "  C P N  d e 
fo rm a tio n s , re sp e c tiv e ly . F or c o m p a riso n , th e  d eg en e ra te  
C P O  b e n d in g  in ( C H 3)3P O  h as b e e n  o b serv e d  a t  369  
c m - 1 2 4  a n d  th e  co rresp o n d in g  m o tio n s  ( te r f -b u ty l  ro ck s)  
in  ( C H 3)3C C N  an d  ( C H 3)3C C C H  h a v e  b e e n  a ssig n e d  a t  
5 2 7  a n d  5 4 2  c m “ 1 , 23 re sp ec tiv ely .

L ow -T em p era tu re  P m r Studies

A t  te m p e ra tu re s  d ow n  to  - 1 0 0 ° ,  th e  lo w est te m p e ra tu re  
stu d ie d , there is n o  m a jo r  ch a n ge  in th e  p m r  sp e c tru m  o f  
( C H 3 ) 3P N C H 3 ap a rt fro m  a s lig h t b ro a d e n in g  o f  th e  p ea k s  
a t th e  lo w est te m p e ra tu re s  s tu d ie d . I f  ro ta tio n  a b o u t  th e  
P : N  b o n d  w ere s lo w  on  th e  n m r  t im e  sca le  a t  low  t e m 
p era tu res , th e  m e th y l grou p s on  p h o sp h o ru s  w o u ld  b e 
c o m e  d ia stereo to p ic  sin ce  th e  P : N - C  sk e le to n  is n o n lin 
ear, a n d  an  in crease in c o m p le x ity  o f  th e  C H 3- P  sig n al  
w ou ld  be e x p e c te d .

T h e re  are tw o  p o ssib le  e x p la n a tio n s  for th e  fa ilu re  to  
ob serve  th is  p h e n o m e n o n . F irst , it m ig h t  b e  th a t , a l 
th o u g h  th e  m e th y l grou ps are d ia stereo to p ic , th e  c h e m ic a l  
sh ift  d ifferen ce  is so sm a ll ( < 0 . 5  H z )  th a t  it b e c o m e s

(19) H. W. Roesky and L. F. Grimm, A n g ew . C h em ., Int. Ed. Engl., 9, 
244 (1970).

(20) D. E. C. Corbridge, Top. P h osp h oru s C h em ., 6, 237 (1969).
(21) H. Schmidbaur and G. Jonas, C h em . B er., 101, 1271 (1968).
(22) J. R. Dung, J. Bragin, S. M. Craven, C. M. Player, Jr., and Y. S. Li 

in “Developments in Applied Spectroscopy,” Vol. 9, A. L. Perkins 
and E. L. Grove, Ed., Plenum Press, New York, N. Y., 1971, pp 
23-72.

(23) J. R. Durig, S. M. Craven, and J. Bragin, J. C h em . P h ys.. 53, 38 
(1970).

(24) S. T. King and R. A. Nyquist, S p ec tro ch im . A c ta , Part A, 26, 1481 
(1970).

(25) J. R. Durig, C. W. Hawley, and J. Bragin, J. C h em . P h ys., 57, 1425 
(1972).
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Vibrational Spectra of Phosphine I mides 1 5 1 1

TABLE II: Summary of Fundamental Frequencies“ for Phosphine Imides

Description
Assignment

c3, s C /
(CH3)3PNCH3 

v, cm- 1
(CH3)3PNCD3 

V, cm~ ’

ai~-— a' 1 ,2 ,3
(P)CH stretch a 2 " - ¿ a "

e ( 2 ? ^
28,29,30 2977 2977

(N)CH stretch e y ------ a ” 31 2930“ 2 16 6
(P)CH stretch 31 V 73' 4,5

e a " 32 2904 2907
V 6 2807 2 1 9 1

(N)CH stretch a--------- a' 7 2767 2023

a " 33
(N)CH deformation "(0

V<D

8
1456 1062

(N)CH deformation a,--------a' 9 1 4 2 5 “ 1093

(P)CH deformation 1 0 , 1 1 , 1 2 1 4 1 0 1 4 1 4
a 2 - ~ ^ ?  rr
e ( 2 r >a

34,35,36

e ^ — - a "  
a-\ — ^ a

37
1 3 , 1 4

1 3 1 4 “
1290 1284

PN stretch a i------- a' 15 123 9 12 2 0

(N)CH3 rock 

CN stretch

(P)CH3 rock

PC3 stretch

CPN deformation 

PC3 deformation

PNC deformation

(P)CH3 torsion

(N)CH3 torsion 

(P)CH3 torsion

ai - 

e «= 
ai-

ai-

a2 - 

a2 ■

-a
-a'

a11
a'

-a'
.a "
- a '
-a'

-a'
-a "

■ a' 
a'
a"

.a'
-a'

. a '
~a'

-a'

-a'

38

16

1 7

39
18

40,41
19
20

42 
21

22

23
43

24
25
44

26
45

46
27

47

48

1 1 9 1

1 1 1 6

980

945

8 6 8 “

818

743
706
634

394
343

301
256

178
1 1 2

(250)e

(225)e

(2 0 0 )*

835

892

960

933

786

745
709
635

382
340

300
254

165
- 1 0 0

° Frequencies obtained from the Raman spectrum of the liquid unless otherwise noted. 0 Local symmetry of (CH3)3P and CH 3(N) moieties. c Molecular 
point symmetry. Mode numbering follows standard convention. a Ir of liquid. e Unobserved; estimated from data of ref 23.

u n o b se r v a b le . In  r e b u tta l to  th is , it m a y  be p o in te d  ou t  
th a t  s im ila r  n eg a tiv e  resu lts  h av e  b e e n  o b ta in e d 26 for a 
w ide va rie ty  o f  o th er P : N  c o m p o u n d s  o f  ty p e s  
( R O ) 3P :N R ' ,  R ( R O ) 2P :N R \  ( R 2N ) 3P : N R ' ,  an d  
R ( R '2 N ) 2P : N R "  a n d  th ese  resu lts  su g g e st th a t  th e  lack  
o f  p o sitiv e  o b serv a tio n s  is a g en u in e  p ro p e rty  o f  th e  P :N  
b o n d , rath er th a n  th e  sp e c ific  grou p s a tta c h e d  to  it.

T h e  secon d  e x p la n a tio n  is th a t  th e  b arrier to  ro ta tio n  
arou n d  th e P : N  b o n d  in th e  im id e  is low . I f  — 100° is

ta k e n  as th e  u p p er l im it  for th e  c o a le scen ce  te m p e ra tu re  
for th is  c o m p o u n d , th e n  it  ca n  b e  c a lc u la te d 27 th a t  AG* 
for th e  ro ta tio n a l p ro cess is less  th a n  8  k c a l /m o l .  T h u s  it  
ap p ea rs  th a t  th e  ro ta tio n a l b arrier a b o u t th is  fo rm a l p h o s 
p h o r u s -n itr o g e n  “ m u lt ip le ”  b o n d  is low er th a n  th a t  o b 
serv ed  arou n d  so m e  p n o sp h o r u s -n itro g e n  “ s in g le ”  b o n d s.

(26) H. Goldwhite and P. Gysegem, unpublished observation.
(27) J. E. Anderson and J. M. Lehn, T etrah ed ron , 24, 123 (1968).

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is t r y ,  V o l. 17 , N o . 12 , 1 9 7 3
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B a rr ie r  to P : N  Torsion

T h e  th re efo ld  barrier to  P : N  to rsio n  in p h o sp h in e  im -  
id es  w as c a lc u la te d  fro m  th e  a ss ig n m e n ts  o f  T a b le  II b y  
tra n sferrin g  g e o m etric a l p a r a m e te rs  fro m  ( C H 3 )3P , 28 

C H 3N H 2 , 29 a n d  ( N P ( C H 3 )2 )3 .9 F or a P N C  a n g le  o f  1 2 0 ° 
th e  re d u ce d  m o m e n ts  o f  in ertia  re su lt in  th e  F v a lu es  o f  
2 .1 1  a n d  1 .4 0  c m  1  for ( C H 3 ) 3P N C H 3 a n d  ( C H 3 ) 3P N C D 3, 
re sp ec tiv e ly . T h e  co rresp o n d in g  th re efo ld  b arriers to  P : N  
b o n d  ro ta tio n  c a lc u la te d  fro m  th ese  v a lu e s  b y  u sin g  T a 
b le s  o f  M a th ie u  F u n c tio n  e ig e n v a lu e s30 are 2 .0 6  a n d  2 .4 2  
k c a l /m o l ,  re sp ec tiv e ly .

T h e r e  are tw o  p rin c ip a l sou rces o f  error in th is  c a lc u la 
tio n : th e  a ssu m e d  g e o m e try  a n d  th e  ce n te r  fre q u e n cie s  o f  
th e  b a n d s  a ssig n ed  to  th e  P : N  to rsio n a l m o d e s . V a r ia tio n  
o f  th e  P N C  an g le  ch a n g es th e  re d u ce d  m o m e n t  o f  in ertia  
re su ltin g  in  a  c h a n g e  in  th e  th re efo ld  p erio d ic  barrier to  
P : N  to rsio n  o f  a p p ro x im a te ly  0 .0 7  k c a l /d e g r e e  for e a ch  
m o le c u le . S in c e  th e  fea tu res  a ssig n e d  to  P : N  to rsio n s are  
sh o u ld ers  on  th e  R a y le ig h  lin e  in th e  R a m a n  sp ec tra  o f  
b o th  p h o sp h in e  im id e s  th ere  m a y  b e  as m u c h  as 1 0 -1 5  
c m - 1  error in  th e  lin e  c en ter  fre q u e n cie s  g iv en  in T a b le  II. 
T h is  c o u ld  in tro d u ce  errors o f  as m u c h  as ± 0 . 6 - 0 . 7  k ca l in  
V 3 ( P :N )  over a n d  a b o v e  th e  error d u e  to  g e o m etric a l p a 
ra m e te rs .

V ib ra tio n a l m ix in g  in v o lv in g  th e  P :N  to rsio n s is u n 
lik ely  sin ce  th e  n e x t lo w est fre q u e n c y  d e p o la riz e d  lin e  is 
o b serv e d  a t m o re  th a n  d o u b le  th e  to rs io n a l fre q u e n c y  in  
th e  R a m a n  sp ec tra  o f b o th  ( C H 3 ) 3P N C H 3 an d  
( C H 3 )3P N C D 3 an d  th e se  a" fre q u e n cie s  sh o w  n o  s ig n ifi
c a n t  ( N ) C H 3 d eu te r a tio n  sh ift .

Discussion

B o th  v ib ra tio n a l a n d  p m r stu d ie s  su p p o rt an  u n u su a lly  
low  d ih e d ra l a n g u la r  d ep e n d e n ce  for th e  P :N  b o n d  e n er
gy  in  ( C H 3 )3P N C H 3 y e t  th e  v ib ra tio n a l a ss ig n m e n t for  
Pp : n  (1 2 3 9  c m - 1 ) in  th is  m o le c u le  is far h igh er th a n  th e  
ran ge g iven  for th e  stretch in g  o f  a fo r m a lly  s in g le  P N  
b o n d  ( 6 5 0 -8 5 0  c m ' 1 ) .20 T h e s e  o b serv a tio n s  are c o n siste n t  
w ith  th e  th e o re tica l re su lts  o f  D e w a r, et al, for th e  cy c lic  
p h o sp h a z e n e s , ( P N C ^ l n , 31 in  w h ich  it  w a s  p o in te d  ou t  
th a t  it is a lw a y s p o ssib le  to  se le c t tw o  h y b rid  d o rb ita ls  
th e  o r ie n ta tio n  o f  w h ich  m a tc h e s  th a t  o f  a d ja c e n t n itrogen  
p  o rb ita ls  th e r e b y  p e r m itt in g  d T- p T o v er la p  w ith  litt le  a n 
gu la r  d e p e n d e n c e . M o re  recen tly  C o w le y , et al.,5 h ave  
su g g e ste d  th a t  th e  fin ite  to rsio n al barriers ob served  
a ro u n d  th e  fo r m a lly  sin g le  P N  b o n d  in a m in o  p h o sp h in e s  
m a y  be a ttr ib u te d  to  p ^ -d ^  in tera ctio n  if  p a r tic ip a tio n  o f  
dXz a n d  d y2  o rb ita ls  in  th e  az b o n d s  o f  th e se  m o le c u le s  re 
su lts  in u n e q u a l a v a ila b ility  o f  th ese  d  o r b ita ls  fo r  p a r tic i
p a tio n  in  pjr-djr o v er la p . M ix in g  o f  a  a n d  ir o r b ita ls  m a y  
be s y m m e tr y  a llo w e d  in m o le c u le s  c a p a b le  o f  p ^ -d *  in ter 

For example, AG* for rotation about the PN bond in
C6H5P(C1)N(CH3)2 is 10.8 kcal/mol.4

a c tio n  w h erea s su ch  m ix in g  is s y m m e tr y  fo r b id d e n  for 
pT-pT s y s te m s . H o w e v e r , th e  fa ilu re  to  o b serv e  d ia ste r e o -  
to p ic  P ( C H 3) grou p s in a sy m m e tr ic  im id e s 26 w o u ld  se em  
to  argue a g a in st  a d ec isiv e  role for s y m m e t r y  e ffe c ts  in  d e 
te rm in in g  barriers to  P : N  b o n d  r o ta tio n . F u rth e r  w ork is 
in  p rogress to  a t te m p t  to  c la rify  th is  p o in t .

Ir32 a n d  n m r 33 sp e c tra  o f  C13P N C H 3 h a v e  b e e n  in te r 
p reted  in te r m s  o f  a c y c lic  d im e r  in w h ich  so m e  d e lo c a li
za tio n  o f  e le ctro n s in  ring o rb ita ls  m a y  o c cu r . In  su p p o rt  
o f  th is  in terp reta tio n  th e  in frared  w orkers c ite  as ev id e n c e  
th e  low  in te n s ity  o f  th e  ir a c tiv e  N C  s tretc h in g  m o d e  a t  
th e  q u a rtern a ry  n itrog en  o f  th e  p o la r  s tru c tu re . T h e  N C  
s tretc h in g  m o d e  in ( C H 3 ) 3P N C H 3 is c o m p a ra b le  in  in te n 
s ity  to  th e  v ery  stro n g  P : N  stretc h  a n d  su c h  an  in terp re 
ta tio n  is n o t p o ssib le  h ere. In  a d d itio n , cy c lic  d im e riz a tio n  
o f  an  X 3P N Y  m o le c u le  w ou ld  crea te  a fo u r -m e m b e r e d  
ring w ith  six  d egrees o f  sk e le ta l v ib ra tio n a l fr e e d o m . T w o  
o f  th ese  d im e r  sk e le ta l m o d e s  w o u ld  re su lt fro m  in - a n d  
o u t -o f-p h a s e  co u p lin g  o f  th e  P : N  s tr e tc h in g  m o tio n s . I f  
th e  d im e r  w ere c e n tr o sy m m e tr ic  th e  ir a n d  R a m a n  b a n d s  
co rresp on d in g  to  th e se  m o tio n s  w o u ld  be s in g le ts  a p 
p ea rin g  a t  d ifferen t freq u en cies in th e  tw o  sp e c tra . A  n o n - 
c e n tr o sy m m e tr ic  d im e r  m ig h t  e x h ib it  d o u b le ts  o f  u n e q u a l  
in ten sity  in  e a c h  s p e c tr u m . F or liq u id  ( C H 3 ) 3P N C H 3 th e  
P : N  s tretc h in g  fre q u e n cy  gives rise to  a s tro n g  ir s in g le t  
a n d  a m o d e ra te ly  in ten se  stro n g ly  p o la r iz e d  R a m a n  s in 
g le t a t  e x a c tly  th e  sa m e  fre q u e n c y . T h u s , th e  e x iste n c e  o f  
c y c lic  ( C H 3 )3P N C H 3 d im e rs  w ou ld  requ ire  c o m p le te  d e 
c o u p lin g  o f  th e  ring b o n d  stretc h in g  m o tio n s , a n  e x tr e m e 
ly  u n lik e ly  p o ss ib ility . F u rth erm o re , o f  th e  fou r a d d itio n a l  
ring m o d e s  w h ich  w ou ld  b e  crea ted  b y  c y c lic  d im e riz a tio n  
th ree  are d e fo r m a tio n s  a n d  are e x p e c te d  b e lo w  4 0 0  c m 1 . 
N o  u n a ssig n e d  ir or R a m a n  fea tu res  h av e  b e e n  o b serv ed  in  
th is  region  o f  th e  sp e c tru m  o f  e ith er m o le c u le  a n d  w h ereas  
so m e  o f  th e  m o d e s  in  q u e stio n  m ig h t  h av e  e sc a p e d  d e te c 
tio n  b y  b e in g  w ea k  or o b scu re d  th is  is u n lik e ly  to  b e  th e  
ca se  for all th re e . F in a lly , s im u lta n e o u s  s y m m e tr ic  
s tretc h in g  o f  all fou r ring b o n d s  (rin g  b r e a th in g ) sh o u ld  
give  rise to  an  e x tr e m e ly  in ten se , s tro n g ly  p o la r ized  
R a m a n  lin e  in  th e  ran ge 6 5 0 -1 3 7 5  c m - 1 . N o  su c h  lin e  is 
o b serv e d  for e ith er m o le c u le .
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W h e n  tin  v a p o r  is co c o n d e n se d  at 2 0 ° K  w ith  k ry p to n  or n itro g en  m a tr ic e s  c o n ta in in g  a  few  m o le  p er  ce n t  
o f  o x y g e n , th e  m o le c u la r  sp ec ies  S n 0 2 a n d  S n 20 2  {Dzh) are fo u n d  to  b e  m a jo r  re a c tio n  p ro d u c ts . S m a ll  
a m o u n ts  o f  O3, S n O , S113O3, a n d  oth er tin  ox id e  sp ec ies are a lso  p ro d u c e d , a n d  it  is fo u n d  th a t  th e  
c h e m ic a l re a ctio n s ta k in g  p la c e  are v e ry  d e p e n d e n t  on  m a tr ix  d e p o sitio n  ra te s  a n d , to  a lesser e x te n t, 
u p o n  th e  n a tu re  o f  th e  m a tr ix  g a s . A  n o r m a l c o o rd in a te  a n a ly sis  b a s e d  u p o n  a large  n u m b e r  o f t in  a n d  
o x y g en  iso to p e  fre q u e n cie s  in d ic a te s  th a t  S n 0 2 is lin ear (Dc°h) w ith  a  p rin c ip a l S n - 0  s tr e tc h in g  c o n sta n t  
o f  5 .3 6  m d y n /A  in  k ry p to n  m a tr ic e s . T h e  u se  o f  u n sc r a m b le d  1 6 0 2- 18 0 2 iso to p e  m ix tu r e s  in d ic a te s  th a t  
th e  S n 0 2 is fo rm e d  b y  th e  d irect in sertio n  o f  a t in  a to m  in to  an  o x y g en  m o le c u le , a n d  t h a t  th e  m a jo r  
rou te  to  S n 20 2 a p p ea rs  to  b e  th e  s u b se q u e n t  re a c tio n  o f  S n 0 2 w ith  a  se c o n d  t in  a to m . M a tr ix  iso la tio n  
m a y  th u s  b e  u se d  to  s tu d y  th e  m e c h a n is m s  o f  m e ta l  a to m -o x y g e n  re a ctio n s .

In troduction

M a tr ix  iso la tio n  is n o w  w ell e s ta b lis h e d  as a te c h n iq u e  
for s tu d y in g  h ig h -te m p e r a tu re  c h e m ic a l s p e c ie s , 23 a n d  in  
p a rtic u la r  th e  ir sp e c tra  o f  m a tr ix  iso la te d  S n O , S n 20 2 , 
S113O3, a n d  S n 4 0 4  h a v e  re c e n tly  b e e n  o b ta in e d .26 T h e se  
m o le c u le s  are k n o w n  to  b e  p re sen t in  th e  v a p o r  ab o v e  
h e a te d  tin  o x id e , 3 a n d  it  is in terestin g  to  e x a m in e  w h eth er  
th e  sa m e  sp ec ies  are e q u a lly  im p o r ta n t  in  th e  o x id a tio n  o f  
tin  v a p o r.

A lth o u g h  m e ta l v a p o r -o x y g e n  re a c tio n s  m a y  b e  s tu d ie d  
b y  fa s t -flo w  te c h n iq u e s  in th e  ga s p h a s e , 4-6 it  is u su a lly  
on ly  p o ssib le  to  reco ver th e  th e r m o d y n a m ic a lly  s ta b le  e n d  
p ro d u c ts  in  th e se  e x p e r im e n ts , a n d  in fo r m a tio n  c o n 
cern in g th e  sto ic h io m e try  o f  a n y  re a c tio n  in te r m e d ia te  is 
g en era lly  in ferred  fro m  k in e tic  d a - a . B y  ca rryin g  o u t th e  
m e ta l v a p o r -o x y g e n  re a c tio n  u n d er m a tr ix  iso la tio n  c o n d i
tio n s, in  w h ich  th e  p ro d u c ts  o f  a re a c tio n  are ra p id ly  
q u e n c h e d  a t  low  te m p e ra tu re s , it sh o u ld  b e  p o ss ib le  to  
ch a ra cterize  m a n y  re a c tio n  in te r m e d ia te s  sp e c tro sc o p ic a l
ly . T h u s  A n d r e w s, in  a  series o f  p a p e r s 7-10  on  a lk a li m e ta l  
a to m -o x y g e n  re a c tio n s  in m a tr ic e s , h a s  c o n fir m e d  th a t  
m o le c u la r  N a 0 2 is fo rm e d  in  th e  N a  a t o m - 0 2 re a c tio n  b y  
o b servin g  b o th  th e  ir9 a n d  R a m a n 10  sp ec tra  o f  th is  
sp ecies.

In  a n  earlier c o m m u n ic a t io n , 1 1  w e p re sen te d  ev id e n c e  
w h ich  su g g e ste d  th a t  th e  lin e a r m o le c u le  S n 0 2 is a n  im 
p o r ta n t p ro d u c t o f  th e  t in  a t o m - 0 2 m a tr ix  re a c tio n . T h is  
p a p er  d esc rib es  in  d e ta il ou r c h a ra c te riza tio n  o f  m o le c u la r  
S n 0 2 , a n d  a lso  sh o w s h o w  th e  u se  o f  180  e n r ic h m e n t ca n  
p ro vid e  in fo r m a tio n  a b o u t  th e  m e c h a n is m  o f  th e  o x id a 
tio n .

E xp erim en ta l Section

T h e  K n u d s e n  fu rn a ce  a n d  lo w -te m p e ra tu re  cry o tip  u sed  
for ou r m a tr ix  iso la tio n  s tu d ie s  h a v e  b e e n  d esc rib e d  p r e 
v io u s ly .12  In  th ese  e x p e r im e n ts , t in  m e ta l  ( 9 9 .9 9 9 % )  w as  
h e a te d  to  ~  1 3 5 0 °K  in  ta n ta lu m  or a lu m in a  sa m p le  h o ld 
ers a n d  th e  v a p o r d ep o site d  on  a co o le d  C s l  w in d o w  w ith  
an  e x ce ss  o f  k ry p to n  or n itrog en  c o n ta in in g  b e tw e e n  1  a n d  
2 0  m o l %  o f  o x y g en .

R e sea rc h  grad e 1 6 0 2, K r , a n d  N 2 ga ses w ere o b ta in e d  
fro m  th e  B r itish  O x y g e n  C o . a n d  180  e n ric h ed  o x y g en  ga s

( 8 4 %  18 0 2, 1 6 %  1 6 0 1 8 0 )  w a s su p p lie d  b y  M ile s  L a b o r a to 
ries In c . In  all 180  e n r ic h m e n t e x p e r im e n ts , th is  ga s w as  
in it ia lly  m ix e d  w ith  a n  a p p r o x im a te ly  e q u im o la r  a m o u n t  
o f  1 6 0 2 . T h is  m ix tu r e  c o u ld  th e n  b e  d ilu te d  w ith  m a trix  
gas ( K r  or N 2) a n d  u se d  d ire c tly , or a lte r n a tiv e ly  c o u ld  b e  

irra d ia te d  w ith  lig h t fro m  a  h ig h -p re ssu re  x e n o n  la m p  b e 
fore  d ilu tio n . T h e  p u rp o se  o f  th is  w a s to  p ro d u c e  tw o  d if 
feren t ty p e s  o f  o x y g en  s a m p le : an  “ u n s c r a m b le d  m ix tu r e ”  
w h ich  b e fo re  d ilu tio n  c o n ta in e d  a p p r o x im a te ly  e q u im o la r  
a m o u n ts  o f  16 0 2 a n d  18 0 2 a n d  o n ly  a s m a ll  p ro p o rtion  o f  
th e  m ix e d  m o le c u le  1 6 0 18 0  ( ~ 8 % ) ,  a n d  a “ s c r a m b le d  m ix 
tu r e ”  w h ich  as a resu l-  o f  irra d ia tio n  c o n ta in e d  5 0 %  
16 0 1 8 0 .

A  few  e x p e r im e n ts  w ere a t te m p te d  u sin g  p u re  1 6 0 2 as  a 
m a trix  g a s , b u t  th e se  w ere u n su c c e ss fu l, a n d  th e  resu lts  
d esc rib e d  w ere a ll o b ta in e d  u s in g  d ilu tio n  fa c to rs  ( K r  or 
N 2 :to ta l  0 2) o f  b e tw e e n  5  a n d  1 0 0 . A s  m ig h t  b e  e x p e c te d , 
re la tiv e ly  lo n g  d e p o sitio n  tim e s  w ere req u ired  w h en  th e  
p ro p o rtio n  o f  0 2 in  th e  m a tr ix  ga s w a s low  a n d , a lth o u g h  
th e  1 %  0 2 e x p e r im e n ts  e v e n tu a lly  y ie ld e d  sa tis fa c to ry  1 6 0  

sp e c tra  u n d er  m o d e ra te  re so lu tio n , it  w a s  n o t p o ssib le  to  
b u ild  u p  su ffic ie n t in te n s ity  a t  th is  d ilu tio n  to  carry  o u t  
h ig h -re so lu tio n  180  a n d  S n  iso to p e  stu d ie s . T h e  m a jo r ity  
o f  e x p e r im e n ts  w ere carried  o u t u sin g  m a tr ix  ga ses  co n 
ta in in g  h ig h er p ro p o rtio n s o f  0 2 ( ty p ic a lly  1 0 % )  w here it 
w as fo u n d  th a t  re la tiv e ly  in ten se  p ea k s  c o u ld  b e  p ro d u c ed  
w ith o u t a  s ig n ific a n t lo ss  in  o v era ll tr a n sm iss io n .

* (1) Present address, Research School of Chemistry, Australian National 
University, P.O. Canberra, A. C. T., 2600, Australia.

(2) (a) W. Weltner, Jr., A d van . High T em p. C h em ., 2, 85 (1969); (b) J. 
S. Ogden and M. J. Ricks, J. C h em . P h ys., 53, 896 (1970).

(3) R. Colin, J. Drowart, and G. Verhaegen, Trans. F araday S o c . , 61, 
1364 (1965).

(4) P. R. Ryason and E. A. Smith, J. P h ys. C h em ., 75, 2259 (1971).
(5) M. J. McEwan and L. F. Phillips, Trans. F a rad ay S o c . , 62, 1717 

(1966).
(6) R. Carabetta and W. E. Kaskan, J. P hys. C h em ., 72, 2483 (1968).
(7) D. A. Hatzenbuhler and L. Andrews, J. C h em . P h ys., 56, 3398 

(1972).
(8) L. Andrews, J. C h em . P h ys ., 54, 4935 (1971).
(9) L. Andrews, J. Phys. C h em ., 73, 3922 (1969).

(10) R. R. Smarzewski and L. Andrews, J. C h em . P hys., 57, 1327 
(1972).

(11) J. S. Anderson, A. Bos, and J. S. Ogden, C h em . C om m u n ., 1381 
(1971).

(12) J. S. Anderson and J. S. Ogden, J. C h em . P h ys., 51, 4189 (1969).

The Journal cf Physical Chemistry, Vol. 77, No. 12, 1973



1 5 1 4 A. Bos and J. S. Ogden

G a s  sa m p le s  w ere m a d e  u p  u sin g  a T o e p le r  p u m p , a n d  
flo w  ra te s  w ere v a rie d  b e tw ee n  2 a n d  15  m m o l /h r .  T h e  
o p tim u m  s p r a y -o n  ra te  w a s fo u n d  to  b e  ~ 1 0  m m o l /h r ,  
a n d  m o d e ra te ly  in ten se  p ea k s  w ere p ro d u c ed  a fter  ~ l - 2 - 
h r d e p o s itio n . I t  m a y  b e  s ig n ific a n t th a t  a t  f lo w  rates  
b e lo w  ~ 5  m m o l /h r ,  n ew  p ea k s  grew  e x tr e m e ly  slo w ly  
ev en  th o u g h  th e  t in  v a p o r d e p o sitio n  ra te  re m a in e d  u n a l
te re d . T h e  m a tr ix  ra tio  in  th e se  e x p e r im e n ts  w a s e s t im a t 
e d  b y  c o m b in in g  th e  m e a su r e d  w eig h t lo ss  o f  th e  tin  ( ty p 
ic a lly  ~ 0 . 1  g p er e x p e r im e n t) w ith  th e  k n o w n  C la u sin g  
a n d  g e o m e tric  fa c to rs  for  th e  sy s te m , a n d  a t  th e  o p t im u m  
ga s flo w  ra te  w a s  ~ 5 0 0 :1 .  T h e  co oled  C s l  w in d o w  cou ld  
b e  m a in ta in e d  a t  a n y  fix e d  te m p e ra tu re  b e tw e e n  15  a n d  
2 5 ° K  d u rin g  d e p o s itio n . C o n tro lle d  d iffu s io n  rea ctio n s  
w ere ca rried  o u t u p  to  ~ 5 5 ° K ,  a n d  a h ig h -p re ssu re  m e r 
cu ry  la m p  w as u se d  in  th e  p h o to ly s is  s tu d ie s . Ir sp ec tra  
w ere reco rd ed  a t  2 0 ° K  u sin g  a P e r k in -E lm e r  2 25  sp e c tro 
p h o to m e te r , a n d  th e  fu ll ran ge  o f  th is  in s tr u m e n t ( 5 0 0 0 -  
20 0  c m - 1 ) w a s  a v a ila b le  th ro u g h  e ffic ie n t d ry  air p u rg in g .

Results

E x p e r im e n ts  w ere carried  o u t in  b o th  k ry p to n  a n d  n i 
trog en  m a tr ic e s . H o w e v e r , sp ec tra l re so lu tio n  w a s  b e tter  
in  k ry p to n , a n d  th e  freq u en cies  q u o te d  in  th e  te x t  refer to  
k ry p to n  m a tr ix  e x p e r im e n ts  u n le ss  o th erw ise  s ta te d . N o  
s ig n ific a n t d ifferen ces w ere o b serv e d  b e tw e e n  th e  sp ec tra  
o f  sa m p le s  d e p o site d  a t  1 5 °K  a n d  th o se  d e p o site d  a t  2 5 ° K .

A  ty p ic a l ir sp e c tru m  o b ta in e d  a fter  c o c o n d e n sin g  tin  
v a p o r  w ith  a large ex cess  o f  k ry p to n  c o n ta in in g  ~ 1 5 %  
16C>2 is sh o w n  in  F igu re  1 . T w o  p r o m in e n t b a n d s  are o b 
serv ed  a t  8 6 3 .1  a n d  6 1 1 .7  c m ” 1, a n d  se v e ra l w ea k er fe a 
tu res are a lso  p re se n t a t  1 0 3 4 .6 , 8 1 2 .0 , 8 0 4 .3 , 7 6 3 , 7 4 4 .9 , 
6 1 5 .1 , 5 7 7 .7 , 5 5 7 .7 , 5 2 4 .4 , a n d  5 0 1 .9  c m - 1 . S m a ll  a m o u n ts  
o f  m a tr ix  iso la te d  H 2O , C O , a n d  C O 2 w ere g e n e ra lly  p re s
e n t, a n d  th e  fea tu re  la b e le d  X  a t  8 8 0  c m - 1  is d u e  to  an  
im p u r ity  in  th e  c e s iu m  io d id e  w in d o w  m a te r ia l. In  n itro 
gen m a tr ic e s , th e  tw o  m o s t  p r o m in e n t b a n d s  a p p ea re d  a t
8 7 7 .8  a n d  6 1 2 .4  c m - 1 , a n d  w ea k er fe a tu r e s  w ere a lso  
n o ted  a t  7 4 6 .5 , 5 2 3 , a n d  5 0 6 .9  c m - 1 . A p a r t  fro m  sm a ll  
ch a n g es in  fre q u e n c y , th e  o n ly  s ig n ific a n t d ifferen ce  b e 
tw een  th e  n itrog en  ar.d  k ry p to n  re su lts  w a s th a t  in  n itro 
gen  m a tr ic e s , fea tu res  c o rresp o n d in g  to  th e  b a n d s  a t
1 0 3 4 .6 , 8 1 2 .0 , a n d  8 0 4 .3  c m “ 1  w ere n o t o b serv e d . T h e se  
th ree  b a n d s , w h ic h  are p ro m in e n t in  F ig u re  1 , b e c a m e  re l
a tiv e ly  less  in ten se  in  k ry p to n  m a tr ic e s  c o n ta in in g  sm a lle r  
a m o u n ts  o f  o x y g en , a n d  th e  1 0 3 4 .6 -c m ” 1 b a n d  w as n o t o b 
serv ed  in  m a tric es  co n ta in in g  less th a n  ~ 8 %  O 2 . D e c r e a s 
ing th e  o x y g en  co n c e n tra tio n  a lso  p ro d u c ed  oth er s ig n ifi

c a n t ch a n g e s in  re la tiv e  b a n d  in ten sities  a n d , in  p a r tic u 
lar , th e  6 1 1 .7 -  a n d  5 2 4 .4 -c m ” 1 b a n d s  w ere fo u n d  to  b e  less  
in ten se  in co m p a riso n  w ith  th e  8 6 3 .1 -c m ” 1 b a n d .

P h o to ly s is  a n d  d iffu sio n  e x p e r im e n ts  w ere g en era lly  
carried  o u t in an  a t te m p t  to  d eterm in e  th e  n u m b e r  o f  d if 
feren t c h e m ic a l sp ec ies  p resen t. A fte r  irra d ia tio n  w ith  u n 
filtered  u v  lig h t for ~ 1 5  m in , th e  b a n d s  a t  7 4 4 .9  a n d  5 0 1 .9  
c m ” 1  d ec rea sed  in  in te n s ity  b y  ty p ic a lly  5 0 % , w h ile  th e
5 7 7 .7 -  c m - 1  b a n d  in creased  in  in te n s ity . T h e  re m a in in g  
fea tu res  in  th e  sp e c tru m  sh o w e d  litt le  or n o  c h a n g e . D i f 
fu sio n  e x p e r im e n ts  carried  o u t u p  to  ~ 4 0 ° K  re su lte d  in a 
m o d e s t  d ec re a se  in  in te n s ity  ( ~ 3 0 % )  o f  th e  8 6 3 .1 - ,  8 0 4 .3 - ,
6 1 1 .7 -  , a n d  5 2 4 .4 -c m - 1  b a n d s  a n d  th e  c o m p le te  d is a p 
p ea ra n c e  o f  th e  o th er  b a n d s  in  th e  sp e c tru m . T w o  broa d  
fe a tu r e s  c e n tered  a t  6 4 0  a n d  5 6 0  c m - 1  rem a in e d  a t  ~ 5 5 ° K .

T h u s  as a re su lt o f  v a ry in g  e x p e r im e n ta l c o n d itio n s , a t  
le a s t  fiv e  d iffe re n t c h e m ic a l sp ec ies  c h a ra cte rised  b y  ir

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is t r y ,  V o l. 77, N o . 12, 1 9 7 3

Figure 1. Ir spectrum obtained after cocondensing tin vapor with 
krypton containing 15% oxygen at 20°K.

TABLE I: Ir Bands Observed after Cocondensing Tin Vapor with 
Nitrogen or Krypton Matrices Containing Oxygen

Frequency, cm- 1 “

N2- 160 2

n 2- 16o 2,
160180,

180 2 K r-160 2

K r -160 2,
160 180,

180 2 Assignment

877.8 877.8 863.1 863.1 S u+ 16O120Sn16O
861.4 847.2 v +  16O 120S n 18O

838.3 824.7 S u+ 18O120Sn18O
6 12 .4 612.4 6 1 1 . 7 611 .7 * B 2 U Sn21602

598.2 597.8® B 2 Sn2160 180
581.9 581.3® B2u Sn21802

523 523 524.4 524.4 B3 U Sri21602
508.3 A1 Sn2160 180
498.5 B3u Sn21802

812.0 812.0 Sn160
804.3 804.3 Sn160  (?)

7 7 1 .4 Sn180
764.5 Sn180  (?)

746.5 746.5 744.9 744.9 Sn*160 2x =  2?
728 727 Snx160 180
706 705 Snx180 2

506.9 506.9 5 01.9 501.9 Snx160 2
489 Snx 160 180
479 Snx180 2

763 763 Sn3180 3
-0 3 4 .6 160 3

6 1 5 . 1 6 15 . 1 Snx160  x  =  2 ?
587.4 Snx 180

57 7 .7 Not assigned
557 .7 Not assigned

0 Absolute frequency accuracy ±0.3 cm- ' for Sn 0 2 and SnO in bcth 
matrices, ±1.0 cm-1 for all other peaks. ® These three peaks had 
shoulders at 609.7, 596.1, and 579.5 cm” 1, respectively.

a b so rp tio n s  a t  1 0 3 4 .6 , 8 6 3 .1 , 8 1 2 .0 , 7 4 4 .9 , a n d  6 1 1 .7  c m - 1  

are o b serv e d . F u rth er e x a m in a tio n  o f  a large  n u m b e r  of 
sp e c tra  sh o w s th a t  th e  5 2 4 .4 -  a n d  6 1 1 .7 -c m “ 1 b a n d s  are  
a lw a y s p resen t in  a p p r o x im a te ly  th e  sa m e  re la tiv e  in te n s i
ty , a n d  th e se  tw o  b a n d s  are th erefore  a ssig n e d  to  th e  sa m e  
c h e m ic a l sp ec ies . T h e  5 0 1 .9 -c n i” 1 b a n d  w a s s im ila r ly  a s 
so c ia te d  w ith  th e  7 4 4 .9 -c m - 1  b a n d  o v er a  w id e  ran ge  o f  
e x p e r im e n ta l co n d itio n s .

O x y g e n -1 8  iso to p e  e n ric h m e n t e x p e r im e n ts  w ere carried  
o u t u sin g  9 0 %  K r - 1 0 %  to ta l O 2 m ix tu r e s , a n d  it  w a s  on ly  
p o ssib le  to  o b ta in  16 0 - 18 0  iso to p e  p a tte r n s  fo r  th e  m o re
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TABLE II: Observed Frequencies (cm 1) and Isotope Assignments for Matrix Isolated Sn02a

Tin isotopes

Oxygen isotopes 116 117“ 118 119“ 120 122 124

2 U+ 160Sn160 Kr matrix 866.1 865.1 864.6 863.6 863.1 861.5 860.1
N2 matrix 881.0 880.4 879.5 879.0 877.8 876.4 874.8

2+ 160Sn180 Kr matrix 850.2 849.2 848.7 847.6 847.2 845.6 844.3
N2 matrix 864.4 863.0 861.4 860.0 858.4

2 U+ 180Sn180 Kr matrix 828.0 827.0 826.3 825.2 824.7 823.1 821.6
N2 matrix 841.6 840.1 838.3 835.2

“ Absolute frequency accuracy ±0.3 cm '. Relative frequency accuracy ±0.1 c m "1 for all frequencies except those involving tin isotopes 117 and 
119, for which the relative frequency accuracy is ±0.2 cm-1 . 6 These bands appeared as incompletely resolved shoulders.

Figure 2. Ir spectra of tin vapor cocondensed with krypton con
taining 10% total oxygen: (a) using scrambled oxygen 90% Kr, 
2.2% 160 2, 5.3% 160 180, 2.5% 180 2; (b) using unscrambled 
oxygen 90% Kr, 4.5% 160 2, 0.8% 160 180, 4.7% 180 2. Note the 
reduced intensity in b of the central peak of the Sn02 and Sn20 2 
triplets.

p ro m in e n t a b so r p tio n s . A  ty p ic a l  sp e c tru m  o b ta in e d  after  
co co n d e n sin g  tin  v a p o r  w ith  k ry p to n  c o n ta in in g  1 0 %  
sc r a m b le d  o x y g en  (2 .2 %  1 6 C>2 , 5 .3 %  16 0 18 0 ,  2 .5 %  1 8 0 2 ) is 
sh ow n  in  F igu re  2 a . A  very  p ro m in e n t tr ip le t  is o b serv e d  
a t 8 6 3 .1 , 8 4 7 .2 , a n d  8 2 4 .7  c m " 1, a n d  it  is e v id e n t  th a t  
each  o f  th e  b a n d s  a t  7 4 4 .9 , 6 1 1 .7 , 5 2 4 .4 , a n d  5 0 1 .9  c m - 1  

a lso  a p p ea rs  as th e  h ig h e st fre q u e n c y  c o m p o n e n t o f  a  tr ip 
le t  s tr u c tu re . In  c o n tr a st , th e  p e a k s  a t  8 1 2 .0 , 8 0 4 .3 , a n d
6 1 5 .1  c m " 1  h a v e  o n ly  a  sin g le  e x tr a  b a n d  a sso c ia te d  w ith  
th e m . F igu re  2 b  sh o w s th e  sp e c tru m  o b ta in e d  u sin g  a  co r 
re sp o n d in g  u n s c r a m b le d  k r y p to n -o x y g e n  m ix tu r e  (9 0 %  
K r , 4 .5 %  1 6 0 2 , 4 .7 %  18 0 2, 0 .8 %  1 3 0 18 0 ) .  A ll  th e  p e a k s  o b 
served  in  F igu re 2 a  are p re sen t, b u t  th e  ce n tra l c o m p o 
n e n ts  o f  th e  five  tr ip le ts  are c o n sid e r a b ly  re d u c e d  in  in 
te n sity . In  p a rtic u la r , th e  c e n tra l b a n d  o f  th e  8 6 3 .1 -c m - 1  
tr ip le t  is now  o n ly  ~ 8%  o f  th e  to ta l in te n s ity  in  th e  
g rou p , w h ereas fo r  th e  6 1 1 .7 - c m " 1 tr ip le t , it  is ~ 2 0 % .  In  
th e  e x p e r im e n ts  in v o lv in g  sc r a m b le d  o x y g en , th e se  cen tra l 
b a n d s  a c c o u n t for ~ 5 0 %  o f  th e  to ta l in te n s ity .

T a b le s  I  a n d  II  lis t  th e  fre q u e n cie s  o f  a ll th e  b a n d s  o b 
served  in  k ry p to n  a n d  n itro g en  m a tr ic e s .

In  a d d itio n  to  th e se  16 0 - 180  iso to p e  p a tte r n s , a ll p ea k s  
w ere e x a m in e d  u n d e r  o p t im u m  re so lu tio n  c o n d itio n s  
( ~ 0 . 1  c m " 1 ) in  a n  a t te m p t  to  o b serv e  fin e  stru ctu re  d u e  
to  th e  n a tu ra l a b u n d a n c e  o f  t in  iso to p e s . U n d e r  th e se  c o n 
d itio n s , th e  p ea k s a t  8 1 2 .0  a n d  7 7 1 .4  c m " 1  ( T a b le  I) gave  
p a r tia lly  reso lv ed  tr ip le ts  a t  8 1 2 .0 , 8 1 2 .6 , a n d  8 1 3 .3  c m " 1, 
a n d  a t  7 7 1 .4 , 7 7 2 .0 , a n d  7 7 2 .7  c m " 1  r e sp e c tiv e ly , w hile  
th e  p ea k s  a t  8 6 3 .1 , 8 4 7 .2 , a n d  8 2 4 .7  c m " 1  w ere each  
sh ow n  to  c o n sist o f  sev en  c o m p o n e n ts . F igu re  3 show s  
th ese  th ree  m u ltip le ts  u n d er h ig h  re so lu tio n , a n d  th e  five  
c o m p o n e n ts  co rresp on d in g  to  S n  =  1 16 , 1 18 , 1 20 , 1 22 , a n d  
124  are v isib le  on  e a c h  b a n d . U n d e r  o p t im u m  reso lu tio n , 
tw o  a d d itio n a l p a r tia lly  reso lv ed  sh o u ld e rs  a p p e a r  on  e i
th er s id e  o f  th e  S n  =  118  c o m p o n e n t. T h e s e  are a ssign ed  
to  th e  S n  =  117  a n d  S n  =  1 1 9  c o m p o n e n ts , a n d  th e  
freq u en cies  o f  a ll th e se  b a n d s  are lis te d  in  T a b le  I I . In  n i 
trog en  m a tr ic e s , th e  b a sic  tr ip le t  ap p ea rs  a t  8 7 7 .8 , 8 6 1 .4 , 
a n d  8 3 8 .3  c m - 1  a n d , a lth o u g h  re so lu tio n  w as n o t as good , 
so m e  fin e  stru ctu re  w as v is ib le , a n d  th e se  p e a k s  are in 
c lu d e d  in T a b le  II. N o  tin  iso to p e  fin e  stru ctu re  w a s o b 
serv ed  on  th e  re m a in in g  b a n d s  lis te d  in T a b le  I.

S pectral In te rp re ta tio n

P re v io u s ir s tu d ie s21* on  m o le c u la r  tin  o x id es  tr a p p e d  in  
p u re  argon  m a tric es  h a v e  e s ta b lis h e d  th a t  d ia to m ic  S n 160  
a b so rb s  a t  811  c m - 1 , a n d  th a t  S n 21 6 C>2 h a s  tw o  stron g  
b a n d s  a t  6 1 1 .3  a n d  5 2 2 .2  c m - 1 . A  w ea k er fea tu re  a t  762  
c m - 1  w as a ssign ed  to  S n 3C>3 . S u b s e q u e n t  e x p er im e n ts  
h av e  sh o w n 13  th a t  th e se  sp ec ies  h a v e  c o rresp o n d in g  a b 
sorp tio n s a t  8 1 1 .4  c m - 1  ( S n O ) , 6 1 1 .1  a n d  5 2 3 .9  c m " 1 

(S n 2C>2 ) , a n d  7 6 3 .2  c m " 1  ( S n 3C>3 ) in  p u re  k ry p to n  m a tr i
ces. T h e  b a n d s  o b serv e d  in  th is  w ork  a t  8 1 2 .0 , 6 1 1 .7 ,
5 2 4 .4 , a n d  763  c m " 1  ( T a b le  I) are th u s  r e a d ily  a ssign ed  to  
th e se  m o le c u le s  on  th e  b a sis  o f  fre q u e n c y  p o s it io n , a n d  in  
th e  ca se  o f  S n O  a n d  S n 20 2 , th is  a ss ig n m e n t is c o m p le te ly  
c o n firm e d  b y  th e  a d d itio n a l b a n d s  o b serv e d  in  1 8 0  en ric h 
m e n t  e x p er im e n ts .

T h e  w ea k  fea tu re  a t  1 0 3 4 .6  c m “ 1  is a ss ig n e d  to  16 0 3 . In  
th e ir  p a p e r  d esc rib in g  th e  re a c tio n  o f  c a lc iu m  a to m s  w ith  
o x y g en  in  k ry p to n  m a tric e s , B rew er a n d  W a n g 14  ob serve  a 
p ro m in e n t b a n d  d u e  to  m a tr ix  iso la te d  1 6 0 3  a t  1 0 3 5  c m - 1 . 
O u r a ss ig n m e n t is m a d e  p a r tly  o n  th e  b a s is  o f  th is  w ork, 
a n d  a lso  as a re su lt o f  iso to p ic  s u b s t itu t io n  p a tte r n s  o b 
ta in e d  in  th is  region  in  o th er m e ta l  a t o m -o x y g e n  m a trix  

re a c tio n s .15

F o u r b a n d s  th u s  re m a in  fo r  w h ich  iso to p e  d a ta  are 
a v a ila b le , a n d  th e se  occu r a t 8 6 3 .1 , 7 4 4 .9 , 6 1 5 .1 , a n d  5 0 1 .9

(13) A. Bos, unpublished observations.
(14) L. Brewer and J. L. F. Wang, J. C h em . P h ys., 56, 759 (1972).
(15) A. Bos, J. S. Ogdenl and L. Orgee, to be published.
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Figure 3. (a) Ir spectrum of Sn02 in krypton-10% scrambled oxy
gen under high resolution, (b) Ir spectrum of Sn0 2  calculated on 
the basis of known isotopic abundances and using Fr = 5.36 
mdyn/A and Frr = -0.18 mdyn/A.

cirm 1 (T a b le  I ) .  N o n e  o f  th e se  b a n d s  w as o b serv e d  in  th e  
p revio u s tin  o x id e  m a tr ix  iso la tio n  w ork, b u t  ev id e n c e  w as  
recen tly  p re sen te d 1 1  su g g estin g  th a t  th e  8 6 3 .1 -c m _ 1  b a n d  
is th e  2 U+ v ib ra tio n  o f  th e  lin ear SnC >2 m o le c u le . T h is  a s 

s ig n m e n t m a y  n ow  b e  d isc u sse d  in d e ta il.
SnO'z- T h e  re la tiv e  in ten sities  o f  th e  th ree  b a n d s  at  

8 6 3 .1 , 8 4 7 .2 , a n d  8 2 4 .7  c m - 1  are —■ 1 :2 : 1  w h en  iso to p i- 
c a lly  sc r a m b le d  o x y g en  m ix tu res  are u se d , a n d  th is  in d i
c a te s  th a t  th e  sp ec ies  resp on sib le  c o n ta in s  tw o  e q u iv a len t  
a to m s  o f o x y g en . U n d e r  h ig h  reso lu tio n , e a ch  b a n d  is 
fo u n d  to  co n sist o f  sev en  c o m p o n e n ts , th e  in ten sities  o f  
w h ich  re fle ct th e  iso to p ic  a b u n d a n c e s  e x p e c te d  for a m o l
ecu le  c o n ta in in g  on e  a to m  o f  tin . T h is  sp ec ies  is th u s  
id en tified  as m o le c u la r  S n 0 2, a n d , w ith  tw o  e q u iv a le n t  
ox y g en  a to m s , m u s t  h a v e  e ith er C 2l, or D-*h s y m m e tr y .

F or a lin e a r stru ctu re , th e  sy m m e tr ic  s tre tc h in g  v ib ra 
tio n  ( 2 g + ) is n o t ir a c tiv e , a n d  th e  8 6 3 .1 -c m _ 1  b a n d  
w o u ld  therefore b e  a ssig n ed  as th e  a n tis y m m e tr ic  stretch  
( 2 U+ )  o f  S n 16 0 2 . T h e  b e n d in g  m o d e  in  th is  m o le c u le  is 
a lso  ir a c tiv e , b u t  it  is e x p ec te d  to  be c o n sid era b ly  low er  
in  fre q u e n c y , a n d  m a y  lie  b e lo w  th e  l im it  o f  our sp e c tr o m 
eter (2 0 0  c m - 1 ) . F or C2v s y m m e tr y , th e  s y m m e tr ic  stretch  
is n ow  ir ac tiv e  ( A i ) ,  b u t  is e x p ec te d  to  b e  less in ten se  
th a n  th e  a n tisy m m e tr ic  s tr e tc h  ( B 2), a n d  th e  b e n d in g  
m o d e  w ill ag ain  lie  a t  m u c h  low er fre q u e n cie s . T h e  o b 
served  b a n d  is th erefore  a ssig n ed  to  th e  a n tisy m m e tr ic  
S n - 0  stre tch in g  m o d e  for e ith er s y m m e tr y .

I f  on e  a ssu m e s  th a t  m o le c u la r  v ib ra tio n s  are c o m p le te ly  
h a rm o n ic , th e n  th e  a n tis y m m e tr ic  s tre tc h in g  fre q u e n cy  o)3 

for e ith er o f  th ese  sy m m e tr ie s  is re la te d 16  to  th e  m o le c u la r  
g e o m etry  o f  a g en era l X Y 2 sp ec ies  b y

47i 2m 32 =  ( Ft -  Ftt)(/jy  +  2/ux s i n 2 a)
w here p is th e  recip roca l m a ss , a n d  2 a  is th e  angle  
z Y X Y .  Fr an d  Frr are th e  p rin c ip a l an d  in tera ctio n  X - Y  
s tr e tc h in g  c o n sta n ts , re sp ec tiv e ly . T h is  e q u a tio n  in d ica te s  
th a t  i f  o)3 is k n ow n  for tw o  d ifferen t iso to p ic  m o le c u le s  
X Y 2 a n d  X Y 2, th e  an g le  a m a y  b e  c a lc u la te d  fro m  th e

fre q u e n cy  ra tio  R3 a n d  th e  k n ow n  a to m ic  m a sse s  via 
R3 =  w 3 /w 3 =

(/UY +  2fix s in 2 a ) 1/2/(yUy +  2 / i x  s i n 2 a)112
In  gen era l, h ow ever, co v a lu es  are n o t d ire c tly  o b ta in a b le  
fro m  m a trix  iso la tio n  s tu d ie s , a n d  e x p e r im e n ts  y ie ld  a b 
so rp tio n  freq u en cies  v w h ich  d iffer  s lig h tly  fro m  w as  a re 

su lt o f  m a tr ix  p e rtu rb a tio n s  a n d  th e  n e g le c t  o f  a n h a rm o n -  
ic ity . In  th is  e v e n t, th e  ob served  fre q u e n cy  ra tio  R 3 ' =  
V3/V3 is o fte n  ta k e n 17  to  b e  su ffic ie n tly  c lose  to  R3 to  a llow  
a  re a so n a b le  e s tim a te  o f  a to  b e  m a d e . T h e  errors in tro 
d u c e d  b y  n e g le c tin g  a n h a rm o n ic ity  h a v e  b e e n  s u m m a 
rized  b y  O v e r e n d ,1'  a n d  in  p a rtic u la r , A lla v e n a , et a i . . 18 

h a v e  sh ow n  th a t  i f  a n h a rm o n ic ity  c o n sta n ts  are p o sit iv e , 
th e  u se  o f  R3 ra th er th a n  R3 w ill g ive  a  v a lu e  o f  sin a 
w h ich  is lower th a n  th e  tru e v a lu e  w h en  iso to p ic  s u b s t itu 
tio n  ta k e s  p la ce  a t th e  central a to m  o n ly  (i.e., u s in g  th e  
p a ir  o f  m o le c u le s  X Y 2 an d  X Y 2) , w h erea s s u b s t itu t io n  a t  
th e  te rm in a l a to m s ( X Y 2 a n d  X Y 2) g ives a  v a lu e  w h ich  is 
to o  h ig h . F or a lin e a r X Y 2 m o le c u le , iso to p ic  s u b st itu t io n  
a t X  sh o u ld  th erefore  y ie ld  a v a lu e  o f  2a w h ich  is less  
th a n  1 8 0 ° , a n d  it is p ro b a b le  th a t  iso to p ic  s u b s t itu t io n  a t  
Y  w ill give  an  im a g in a ry  v a lu e  o f  a c o rresp o n d in g  to  sin  a 
> 1 .0 .

In  T a b le  III w e co m p a re  th e  o b serv ed  fre q u e n c y  ra tio s  
R3 o f  se le cted  p airs o f  SnC >2 m o le c u le s  w ith  th e  corre
sp o n d in g  ra tio s R3 c a lc u la te d  first for a lin e a r m o d e l an d  
seco n d  for a  C 2u stru ctu re  w ith  2 a  =  1 5 0 ° . I t  ca n  b e  seen  
th a t  for p airs o f  m o le c u le s  su ch  as 1 1 6 S n 1 6 0 2 - 12 4 S n 16 0 2, 
w h ich  in v o lv e  ch a n g e s  in th e  tin  iso to p e  m a s s , th e  o b 
serv ed  ra tio s in d ic a te  an  a lm o s t  lin ear s tru c tu re , w h ereas  
a p a ir  o f  m o le c u le s  su c h  as 120S n 1 6 O 2- 120S n 18 O 2 y ie ld s  a 
v a lu e  o f  R3 w h ich  is s ig n ific a n tly  less th a n  th e  th e o re tic a l  
m in im u m  a t 2a  =  1 8 0 ° , a n d  in fa c t  g iv es  a v a lu e  o f  sin a  
=  1 .0 2 . B o th  S n  a n d  0  iso to p e  su b st itu t io n  th erefore  
stro n g ly  su g g e st th a t  S n 0 2 is a lin ea r Da h m o le c u le  iso - 
stru c tu ra l w ith  C O 2 .

T h e  freq u en cies o f  th e p a r tia lly  su b s t itu te d  sp ec ies  
S n 1 6 0 180  m a y  b e  u sed  in  c o n ju n c tio n  w ith  th o se  o f  
S n 1 6 0 2 or S n 18 0 2  to  o b ta in  v a lu e s 19  for b o th  FT a n d  F rr- 
S lig h tly  d iffe re n t v a lu es  are o b ta in e d  for k ry p to n  a n d  n i 
trog en  m a tric es  as a resu lt o f  th e  s m a ll  fre q u e n c y  d iffe r 
en ces, b u t  in  b o th  ca ses , FT is close  to  th e  str e tc h in g  c o n 
s ta n t in d ia to m ic  S n O  (T a b le  IV )  a n d  c o n sid e r a b ly  h igh er  
th a n  th e  stretc h in g  c o n sta n ts  p re v io u sly  o b serv e d  for  
S n - 0  b o n d s . In  a d d itio n  to  b e in g  iso stru c tu ra l w ith  C 0 2 , 
m o le c u la r  S n 0 2  th erefore  ap p ea rs  to  sh ow  a s ig n ific a n t  
a m o u n t o f  m u ltip le  b o n d in g , a n d  th is  is re fle cted  in  th e  
b o n d  len g th  e s tim a te s  w h ich  are a v a ila b le  th ro u g h  th e  
H e rsc h b a c h  an d  L a u rie  re la tio n sh ip 20

r =  2 .3 6  -  0 .7 6  lo g  F r

T h is  e q u a tio n  is m o d e ra te ly  su c c essfu l in  e s tim a tin g  a 
b o n d  len g th  o f  1 .7 9  A  for d ia to m ic  S n O  fro m  a  k ry p to n  
m a trix  fre q u e n cy  o f  8 1 2 .0  c m - 1  (m ic ro w a v e  s tu d ie s  in  th e  
gas p h a se  give rgn-o  =  1 .8 3 2 5  A ) ,  a n d  th e  c o rresp o n d in g

(16) G. Herzberg, “Molecular Spectra and Molecular Structure,” Vol. II, 
Van Nostrand, New York, N. Y., 1959.

(17) J. Overend, Annu. R ev. Phys. C h em ., 21, 265 (1970).
(18) M. Allavena, R. Rysnlk, D. White, V. Calder, and D. E. Mann, J. 

C h em . P hys.. 50, 3393 (1969).
(19) J. L. Griggs, Jr., K. N. Rao, L. H. Jones, and R. M. Potter, J. M o ’. 

S p e c t r o s c ., 18, 212 (1965).
(20) D. R. Herschbach and V. W. Laurie, J. C h em . P hys.. 35, 453 

(1961).
(21) F. J. Lovas and D. P. Lide, Jr., Advan. High T em p. C h em ., 3, 177 

(1971).
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TABLE III: Observed and Calculated Frequency Ratios for Isotopic SnO  ̂Species

N2 matrices Kr matrices Calculated ratio (Rs)

Species Obsd frequency Obsd ratio Obsd frequency Obsd ratio“ sin a b

O05II•e8Q C2o (a =  75°)

16O120Sn16O
18O120Sn18O

877.8
838.3 1.0471 863.1

824.7 1.04655 1.020 1.0470 1.0477
160 116Sn160
160 124Sn160

881.0
874.8 1.0071 866.1

860.1 1.0070 0.999 1.0071 1.0067

180 116Sn180
180 124Sn180

841.6
835.2 1.0077 828.0

821.6 1.0078 1.001 1.0077 1.0073

a Error limits ±0.0001.6 Error limits ±0.003.

TABLE IV: Comparison of Molecular Parameters Found in Tin Oxides
Molecular Sn02

N2 matrix Kr matrix Diatomic SnO Sn20 2 Solid S n 0 2

Principal force constant, mdyn/A 5.57 5.36 5.62° 2.59s
Interaction force constant, mdyn/A —0.16 — 0.18
Bond length, ri3n_o, A 1.79c 1.81° 1.83d 2.05s 2.05e

a Calculated from the gas-phase frequency.23 b Reference 2. c Estimated from Herschbach-Laurle relationship.20 d Reference 21. e Shortest Sn -0  
distance.22

e stim a te  for S 11O 2 is 1 .8 1  A . T a b le  I V 2 1 ’22 su m m a r iz e s  
v a rio u s m o le c u la r  p a r a m e te rs  o b ta in e d  for t in  o x id es .

U s in g  th e  c a lc u la te d  v a lu es  o f  Fr a n d  F rr, it  is p ossib le  
to  p re d ic t th e  fre q u e n cie s  o f  th e  s y m m e tr ic  S n - 0  s tr e tc h 
in g  v ib ra tio n s u sin g  s ta n d a rd  e q u a tio n s . 23 T h e s e  fre q u e n 
cies are lis te d  in T a b le  V  to g e th e r  w ith  th e  o b serv e d  a n d  
c a lc u la te d  a n tis y m m e tr ic  fre q u e n c ie s , a n d  F igu re  3 show s  
th a t  th e  a g re e m e n t b e tw ee n  th e  o b serv e d  a n d  c a lc u la te d  
S n O p  sp e c tru m  is v ery  sa tis fa c to ry . A  ca re fu l se a rch  w as  
m a d e  u n d er  o p t im u m  co n d itio n s for th e  lo w -fre q u e n c y  iru 
b e n d in g  m o d e , b u t  n o  a b so rp tio n  w as o b serv e d  w h en  th e  
V3 b a n d  in S n 16 0 2  h a d  an  o p tic a l d e n sity  o f  ~ 0 . 5 .

The 744.9- and 501.9-cm.-1 Bands. T h e  tw o  b a n d s  a t
7 4 4 .9  a n d  5 0 1 .9  c m - 1  w ere in it ia lly  p re sen t in a ll sp ec tra , 
b u t ra p id ly  d ec rea sed  in  in te n s ity  on  p h o to ly s is . U n d e r  
h igh  reso lu tio n , th e  b a n d s  w ere ~ 2  c m - 1  w id e , a n d  it  w as  
n ot p o ssib le  to  reso lv e  a n y  tin  iso to p e  fin e  stru c tu re . E x 
p e r im e n ts  w ith  18 0  e n ric h ed  o x y g en  p ro d u c ed  tr ip le t  p a t 
tern s c h a ra cteristic  o f  a  m o le c u le  c o n ta in in g  tw o  e q u iv a 
len t o x y g en  a to m s  (for sc r a m b le d  m ix tu r e s ) , a n d  in  view  
o f th e  id e n tic a l b e h a v io r  o f  th e se  b a n d s  over a w id e  ran ge  
o f e x p e r im e n ta l c o n d itio n s , th e y  are a ssig n ed  to  a sin gle  
sp ec ies S n i 0 2 . T h e  tr ip le t  p a tte r n s  p ro d u c ed  fro m  u n s c r a m 
b le d  o x y g en  iso to p e  m ix tu r e s  w ere very  s im ila r  to  th o se  
o b served  for S n 0 2 . I t  is n o t p o ssib le  to  d eterm in e  x from  
th ese  e x p e r im e n ts , b u t  th e  la c k  o f a n y  tin  iso to p e  fine  
stru ctu re , p a r tic u la r ly  on  th e  h ig h er b a n d , in d ic a te s  th a t  
x > 2. B o th  b a n d s  lie  w ith in  th e  e x p e c te d  fre q u e n cy  range  
for S n - 0  s tre tc h in g  v ib ra tio n s  ( ~ 9 0 0 -4 0 0  c m - 1 ), a n d  one  
m o d e l w h ich  is c o n s is te n t w ith  th e  fre q u e n c y  d a ta  a n d  
w ith  th e  p ro p o sed  m e c h a n is m  o f  fo rm a tio n  (see  b e lo w ) is 

th e  Civ stru ctu re

/ °
S n - S n f

in w h ich  it is a ssu m e d  th a t  x = 2 . T h is  m o le c u le  w ou ld  
h ave  tw o  ir ac tiv e  S n - 0  stre tch in g  v ib ra tio n s  ( A i  +  B 2) 
an d  a lth o u g h  th e  re m a in in g  v ib ra tio n s  are a ll ir a c tiv e , 
th ey  w ou ld  be e x p e c te d  to  lie  b e lo w  th is  region  o f  th e  
sp ec tru m .

Remaining Features. T h e  fou r re m a in in g  b a n d s  at
8 0 4 .3 , 6 1 5 .1 , 5 7 7 .7 , a n d  5 5 7 .7  c m - 1  are w eaker th a n  th e  
p rin c ip a l a b so rp tio n s (F igu re  1 ), b u t  th e y  w ere o b served  
in  n ea rly  a ll sp e c tra . T h e  8 0 4 .3 -c m  1 b a n d  w o u ld  a p p ea r  
to  lie  in  th e  S n = 0  s tretc h in g  reg io n , a n d  m a y  e v e n  be  
d u e to  m o le c u la r  S n O  tr a p p e d  in a d iffe re n t m a tr ix  e n v i
ro n m e n t. Isoto p e  e n ric h m e n t su g g ests  th a t  o n ly  on e  a to m  
o f  o x y g en  is p resen t in  th e  sp ec ies , a n d  th e  1 8 0  co u n te r 
p a rt o f  th is  b a n d  is sh ow n  a t  7 6 4 .5  c m ' 1 in  F igu re  2 . T h e  
freq u en cy  sh ift 8 0 4 .3  —► 7 6 4 .5  c m ' 1  is c o n s is te n t w ith  m o 
lec u la r  S n O , b u t  it is e v id e n t in F igu re  2b  th a t  th e  low er  
c o m p o n e n t is m o re  in ten se  th a n  w o u ld  b e  e x p e c te d  on  th e  
b a sis  o f  th e  k n o w n  p ro p o rtio n  o f  180  p re sen t. A lth o u g h  
th is  a n o m a ly  is p ro b a b ly  d u e  to  o v erla p  w ith  th e  S n 30 3  

a b so rp tio n  a t  763  c m ' 1, th e  a ss ig n m e n t o f  th is  fea tu re  as  
a m a tr ix  e ffec t th erefore  re m a in s  te n ta tiv e .

T h e  6 1 5 .1 - c m '1 a b so r p tio n  a lso  p ro d u c es  a sin g le  new  
b a n d  a t 5 8 7 .4  c m - 1  on  180  e n r ic h m e n t. T h is  b a n d  a lso  
lies in  th e  S n - 0  s tre tc h in g  reg ion , a n d  a lth o u g h  n o  sp e c if
ic a ss ig n m e n t is m a d e , a cy c lic  stru ctu re  su c h  as

Sn

1 >
p n

w o u ld  be a p o ssib le  m o d e l for th is  sp ec ies . N o  a t te m p t is 
m a d e  to  assign  th e  tw o  fea tu res  a t  5 7 7 .7  a n d  5 5 7 .7  c m ' 1 . 
T h is  region  o f  th e  sp e c tru m  sh ow ed  severa l very  w ea k  fe a 

tu res on  180  e n r ic h m e n t (F igu re  2 ) b u t  it w as n o t p o ssib le  
to  correlate  th e m  w ith  th e  p a r e n t 1 6 0  a b so rp tio n s .

R eaction M echanism s

T h e  c o n d itio n s u n d er w h ich  m e ta l  a to m s  re a c t w ith  
o x y g en  in  m a tr ix  iso la tio n  stu d ie s  are in  so m e  w a y s s im i
lar to  th o se  in  c la ss ic a l g a s -p h a se  fa s t -flo w  te c h n iq u e s . In  
b o th  ty p e s  o f  e x p e r im e n t, th e  p a r tia l p ressu res o f  th e  
re a c tin g  sp ec ies are low , a n d  th e  p resen ce  o f  th e  m a trix  
gas a d e q u a te ly  fu lfills  th e  role o f  th e  in ert “ th ird  b o d y ”

(22) W. H. Baur, A c ta  C rysta llogr., 9, 515 (1956).
(23) G. Herzberg, "Molecular Spectra and Molecular Structure,” Vol. I, 

Van Nostrand, Princeton, N. J., 1959.
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n ecessa ry  in  m a n y  g a s -p h a se  stu d ie s . T h e  m a in  d ifferen ce  
is  t h a t  in  th e  m a tr ix  iso la tio n  e x p e r im e n t, on e is q u e n c h 
in g  a c h e m ic a l re a c tio n  very  ra p id ly  in th e  h o p e  o f  iso la t
in g  a re a c tio n  in te r m e d ia te , a n d  as te m p e ra tu re  is a n  im 
p o r ta n t  fa c to r  in  d e te r m in in g  b o th  th e  ra tes  a n d  p ro d u c ts  
o f  c h e m ic a l re a ctio n s , one m ig h t  a n tic ip a te  so m e  d iffe r 
en ces b e tw e e n  g a s -p h a se  rea ctio n s a n d  p a r a lle l m a tr ix  iso 
la tio n  s tu d ie s . H o w e v e r , th e  e x p e r im e n ts  so  fa r  carried  
o u t on  so d iu m  or p o ta ss iu m  a to m - 0 2  re a ctio n s in  th e  
p resen ce  o f  a th ird  b o d y  M  in d ic a te  th a t

N a  +  0 2 +  M  — -  N a 0 2 +  M

occu rs b o th  in  th e  ga s p h a se 5 -6 a n d  u n d er  m a tr ix  iso la tio n  
c o n d itio n s .9 -10  T in  v a p o r  is p re d o m in a n tly  m o n a to m ic ,24 

a n d  a lth o u g h  th e re  is n o  k in e tic  d a ta  p u b lish e d  on  th e  tin  
a t o m - 0 2  re a ctio n , R y a so n  a n d  S m ith  h av e  s tu d ie d  th e  
g a s -p h a se  o x id a tio n  o f lea d  v a p o r ,4 a n d  it  is in terestin g  to  
c o m p a re  th e ir  c o n c lu sio n s w ith  th e  re su lts  o b ta in e d  here.

In  th e ir  p a p er , R y a s o n  a n d  S m ith  sh o w  th a t  th e  k in e t

ics  o f  th e  P b  a to m - 0 2  g a s -p h a se  re a ctio n  are co n siste n t  
w ith  th e  fo rm a tio n  a n d  d e c a y  o f  m o le c u la r  P b 0 2  a c c o rd 
ing to

P b  +  0 2 +  M  —  P b 0 2 +  M  (1)

P b 0 2 +  P b  — -  2 P b O  ( 2 )

a n d  p o in t o u t th a t  th e  rea ctio n

P b  +  0 2 +  M  — *■ P b O  +  0  +  M  ( 3 )

is th e r m o d y n a m ic a lly  u n fa v o ra b le . In  th is  tin  a to m  w ork, 
th e  m o s t  s ig n ific a n t re su lt o f  th e  18 0  e n r ic h m e n t e x p e r i
m e n ts  is th e  o b serv a tio n  th a t  o n ly  s m a ll  a m o u n ts  o f  
S n 1 6 0 180  a n d  S n 21 6 0 1 8 0  are p ro d u c ed  fro m  u n sc r a m b le d  
ox y g en  m ix tu r e s . T h e  s im p le st  in te rp reta tio n  o f  th is  is 
th a t  tin  a to m s  re a ct w ith  m o le c u la r  o x y g en  b y  a n  in ser
tio n  m e c h a n ism  in  w h ic h  th e  0 - 0  b o n d  is re ta in e d  in  th e  
tra n sitio n  sta te

S n  +  0 2 S n 0 2 (D „ * )  (4 )

M o le c u la r  S n 0 2 m a y  th e n  fu rth er re a c t w ith  tin  a to m s  to  
fo rm  th e  c y c lic  m o le c u le  S n 2 0 2

0

I A
S n  +  S n  — *- S n  S n  (5 )

I V
o

a n d  in  th is  w ay , th e  ox y g en  iso top e  p a tte r n s  in  S n 0 2 a n d  
S n 20 2  w o u ld  re fle ct th e  a b u n d a n c e s  p re sen t in  th e  origin al 
m ix tu r e . T h is  p ro p o sed  sc h e m e  d iffers fro m  th e  lea d  
a t o m - 0 2 re a ctio n  in  th e  fin a l s ta g e , w h ere w e p ro p o se  an  
a d d itio n  m e c h a n isfn , a n d  R y a so n  a n d  S m ith  im p ly  an  a b 
stra c tio n  m e c h a n is m . H o w e v e r , th is  is p r o b a b ly  n o t a real 
d isa g re em en t, sin ce  R y a so n  a n d  S m ith  are n o t  p rim a rily  
co n cern ed  w ith  th e  n a tu re  o f  v a p o r p h a se  P b O . T h is  h a s  
b een  sh o w n  to  co n sist o f  severa l25 m o le c u la r  sp ec ies  
( P b O )i_ 6 , a n d  k in e tic  s tu d ie s  b a se d  on  th e  ra te  o f  rea ctio n  
o f  th e  m e ta l  a to m s  w o u ld  b e  u n a b le  to  d is tin g u ish  b e 
tw een  rea ctio n s 2 a n d  5 .

T h e  rea ctio n s o f  t in  a n d  le a d  a to m s  w ith  m o le c u la r  o x y 
gen  p re se n t a n  in terestin g  c o n tra st w ith  th e  g a s -p h a se  
s tu d ie s 26 on  th e  a to m ic  c a r b o n -0 2 re a ctio n , in  w h ich  on ly  
C O  +  0  is ob serv e d , a n d  th e re  is n o  ev id e n c e  for a n  in ser
tio n  m e c h a n is m  to  p ro d u c e  C O 2 .

A n  a ltern a tiv e  ro u te  to  S n 0 2  or S n 2 0 2  is p ro v id ed  b y

TABLE V: Comparison of Observed and Calculated Frequencies 
(cm-1 ) for Molecular Sn02

N2 matrices Kr matrices

Species Obsd Calcd“ Obsd Calca6

2 U+ 160 124Sn160 874.8 874.8 860.1 860.3
2 U+ 16O 120S n 16O 877.8 877.7 863.1 863.3
2 U+ 160 116Sn160 881.0 880.9 866.1 866.4
2+ 160 124Sn180 858.4 858.4 844.3 844.2
2+ 16O120Sn18O 861.4 861.4 847.2 847.2
2 +  160 116S n 180 864.4 864.6 850.2 850.3
2 U+ 180 124Sn180 835.2 835.2 821.6 821.5
2 U+ 18O120Sn18O 838.3 838.4 824.7 824.5
2 U+ 180 116Sn180 841.6 841.7 828.0 827.8
2 g+ 16OSn160 757.3 743.1
2+ 160Sn180 732.3 718.S
2 g+ 180Sn180 714.0 700.5

0 Values calculated for a linear model using F r = 5.568 mdyn/A, F r r
-0.164 mdyn/A. 6 Fr =  5.363 mdyn/A, Frr =  -0.181 mdyn/A. The 
X g+ vibrations are independent of the tin isotope mass.

th e  re a c tio n  sch em e

S n  +  0 2 +  M  — *■ S n O  +  0  +  M  ( 6 )  

S n O  +  O  — *• S n 0 2 ( 7 )

2 S n O  — *- S n 20 2 ( 8 )

a n d  th is  seq u en ce  m u s t  be  co n sid ered  in  a n y  d isc u ssio n  o f  
th e  m e c h a n is m , as re a ctio n  6  is th e r m o d y n a m ic a lly  fa v o r 

a b le  for t in  a to m s  ( D s no  >  Oc>2) , 27 a n d  th e  m a jo r ity  o f  
sp ec tra  sh ow ed  s m a ll  a m o u n ts  o f  m o le c u la r  S n O . H o w 
ever, i f  th is  w ere an  im p o r ta n t ro u te  to  th e  sp ec ies  S n 0 2 

or S n 2 0 2 , one w o u ld  e x p e c t to  o b serv e  co n sid era b le  
a m o u n ts  o f  S n 1 6 0 180  a n d  S n 21 6 0 18 0  in  th e  e x p e r im e n ts  
w ith  u n sc r a m b le d  16 0 2 - 1 8 0 2  m ix tu r e s , as  th e se  re a c tio n s  
p ro vid e  an  o p p o r tu n ity  for c o m p le te  iso to p e  sc r a m b lin g . 
In  p ra c tic e , ou r e x p e r im e n ts  in d ic a te  th a t  a lth o u g h  th ere  
is n o  e v id en ce  fo r  (7 ) , th e  p ro p o rtio n  o f  S n 21 6 0 180  o b 
served  in u n sc r a m b le d  ox y g en  e x p e r im e n ts  is ~ 2 0 %  a n d  
th u s s ig n ific a n tly  h ig h er th a n  th e  8 %  w h ic h  w o u ld  b e  e x 
p e c te d  so le ly  on  th e  b a s is  o f  (5 ) .  R e a c tio n  8  d oes th erefore  
a p p ea r to  ta k e  p la c e  to  a s m a ll  e x te n t, a n d  a  lim ite d  
a m o u n t o f  fu rth er p o ly m e r iz a tio n

S n O  +  S n 20 2 — *- S n 30 3

w o u ld  a c c o u n t fo r  th e  tra c es  o f  S n 3 ()3  ob serv e d .
In  a d d itio n  to  p ro d u c in g  S n O , re a c tio n  6  is a lso  a  sou rce  

o f  o x y g en  a to m s , a n d  it  is s ig n ific a n t th a t  in  k ry p to n  m a 
tr ices c o n ta in in g  > 1 0 %  0 2 , s m a ll  a m o u n ts  o f  ozo n e  w ere  
ob serv e d . B rew er a n d  W a n g  o b serv e d  m o le c u la r  C a O  a n d  
ozo n e as p rin c ip a l re a ctio n  p ro d u c ts  in  th e ir  s tu d y 14  o f  th e  
c a lc iu m  a t o m - 0 2 m a tr ix  re a c tio n , a n d  su g g e ste d  th a t  it 
p ro ce ed e d  via

C a  +  2 0 2 — -  C a O  +  0 3

F ro m  ou r e x p e r im e n ts , it  is n o t  p o ssib le  to  d e c id e  w h eth er  
S n O  a n d  O3 are p ro d u c ed  b y  th e  a n a lo g o u s  th re e  b o d y  
rea ctio n

S n  +  2 0 2 —  S n O  +  0 3 ( 9 )

(24) R. E. Honig, J. C h em . P h ys., 21,573 (1953).
(25) J. Drowart, R. CoTn, and G. Exsteen, Trans. F a ra d a y  S o c . , 61, 

1376 (1965); D. M. Chizhikov, E. K. Kazenas, and Y. V. Tsvetkov, 
Izv. A k a d .N a u k . SSSR  M etal., 5, 57 (1969).

(26) R. F. Peterson, Jr., and R. Wolfgang, Advan. High T em p. C h em . 4, 
43(1971).

(27) J. Drowart and P. Goldfinger, A n g ew . C h em ., Int. Ed. Engl., 6, 581 
(1967).
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or by reaction 6 followed by
0 + 0 2 —  0 3 (10)

but it is significant that ozone was only observed under 
conditions where two oxygen molecules have a high proba
bility of being trapped on adjacent sites in the matrix. 
The situation in nitrogen matrices, however, is rather dif
ferent. Both ozone and molecular SnO were noticeably 
absent from the spectra even at N2:C>2 ratios of 5:1, and 
this implies that reaction 6 does not take place to a signif
icant extent in nitrogen matrices. The reason for this is 
not clear, but it is known from gas-phase studies that the 
nature of the third body M can significantly affect the 
rates of chemical reactions.28

We therefore propose that tin atoms can undergo two 
basic types of chemical reaction when cocondensed at low 
temperatures with matrices containing oxygen, and that 
the relative importance of these depends upon the nature 
of the matrix gas. The first reaction is a simple insertion 
and results in the formation of molecular SnC>2 according 
to (4), and this may then further react to produce Sn2C>2
(5). In krypton matrices, an abstraction reaction becomes 
significant and results in the formation of SnO and O3 
(reactions 6, 9, and 10). A limited amount of molecular 
diffusion also takes place to produce traces of higher poly
mers.

These reactions therefore account for the formation of 
five of the species listed in Table I, but a number of addi
tional bands are also observed. It has been suggested that 
these might be assigned to species such as 

/ O  Sn
Sn— Sn. or | .0

0 Sri

and although these molecules cculd be formed by the 
reaction of tin atoms with SnC>2 or SnO, they might alter
natively be formed by reactions involving molecular Sn2. 
The proportion of Sn2 in tin vapor is low,24 but it is possi
ble that as a result of diffusion during quenching, signifi
cant concentrations may be produced in the matrix and 
may undergo reaction with oxygen. In particular, the two 
bands at 744.9 and 501.9 cm-1 have been assigned to a 
C21; isomer of Sn202, and both these bands produce triplet 
patterns similar to SnC>2 on 180 enrichment. This species 
could be formed by the insertion of Sn2 into an oxygen

molecule in a similar way to the formation of Sn02

0 0
Sn2 +  | — ► Sn— Sn

0 ^ 0
and this mechanism would allow retention of the 0 -0  
bond in the transition state as suggested by the unscram
bled 180 results.

All the above reaction schemes proposed for tin vapor- 
02 would be expected to be thermodynamically favorable 
on the basis of available bond energy data.27

Conclusion
These experiments show that when tin vapor is cocon

densed at low temperatures with matrices containing oxy
gen, the major reaction products are molecular Sn02 and 
Sn202 (£>2/1). Small amounts of SnO and O 3  are some
times observed together with a number of other tin oxide 
species which could not be completely characterized. A 
normal coordinate analysis based upon the large number 
of available isotope frequencies indicates that Sn02 is lin
ear (Dto.ft). This molecule therefore appears to be iso- 
structural with CO2, and the value of the principal Sn-0 
force constant suggests that there is considerable multiple 
bonding present.

As well as providing additional vibration frequencies, 
180 enrichment experiments suggest that the primary 
reaction Sn + O2 —1- SnC>2 proceeds through a transition 
state in which the 0 -0  bond is retained, and that the 
majority of the Sn202 produced comes from the secondary 
reaction Sn + Sn02 —* Sn202- These mechanisms differ 
significantly from the reactions of atomic carbon with 
oxygen, but are consistent with parallel gas-phase kinetic 
studies on the lead atom-02 reaction, and it is possible 
that matrix isolation could become an important tech
nique in studying the mechanisms of a large number of 
metal atom-oxygen reactions.
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The additivity equation previously proposed for calculating the diamagnetic susceptibilities of hydrocar- 
bons has been extended to the calculation of second moments and of diamagnetic susceptibilities of mol
ecules containing atoms of the second and third rows of the periodic table and the higher halogens. An 
analysis in terms of CNDO/2D wave functions of the different orbital contributions to second moments is 
presented. It is shown that the success of methods of representing second moments as a sum of atomic 
contributions is dependent on a cancelling out of opposing factors rather than on a lack of charge polar
ization on molecule formation.

Introduction
Recent developments in the area of experimental micro- 

wave spectroscopy have made available experimental 
values of molecular quadrupole moments, diamagnetic 
and paramagnetic susceptibilities, and the individual 
components of the second moments of the electronic 
charge distributions.23 The analysis of these experimental 
results by Blickensderfer, et al.,2b led to the development 
of empirical rules for the out-of-plane second moments, 
(c2)e for planar molecules containing first row atoms and 
hydrogens. These empirical findings were rationalized3 in 
terms of CNDO/2 molecular orbital calculations, which 
showed that (c2)e could be written as a sum of the second 
moments of the atomic orbitals on each atom multiplied 
by the corresponding orbital populations

<C2>e = L Z I X A<^A|CA2|0,A> (1)
A  v

where PWA is the bond order between atomic orbitals 
(AO) 4),,, and 4>v on atom A, (0flA|cA2|</>yA) is a one-center 
second moment integral calculated with the coordinate 
origin of the second moment operator Ca2 placed on atom 
A.

Further analysis3 of the way this expression changed 
with the nature of the atom A showed that, for the first 
row of the periodic table, there were two opposing effects.

was, as expected, found to be strongly dependent on 
the electronegativity of atom A; i.e., as the electronegativ
ity increased so did Opposing this effect, however,
were the concomitant changes in the Slater shielding ex
ponents. These increased as the electronegativity in
creased resulting in a contraction of the AO’s and a small
er value for the integral <<A,a|c2|cA,a>. The net result, after 
correcting for the hybridization terms (p ^ v), was a con
stant contribution of 1 X 10 16 cm2/atom to (c2). indepen
dent of the nature of the atom. This is exactly the value 
found empirically by Blickensderfer, et al.2b

In a subsequent study4 it was shown that for hydrocar
bons the second moments along all three principal inertial 
axes (a, b, and c) could be written in terms of a contribu
tion depending only on the geometry of the molecule plus 
a contribution from each atom. This latter term was as
sumed to be independent of the molecular environment, 
i.e., local atomic anisotropic effects were neglected. In the 
present work we extend this model to include the second

moments and diamagnetic susceptibilities of molecules 
containing atoms other than carbon and hydrogen, includ
ing atoms of the second row of the periodic table. We also 
discuss the relationship between our model and the re
sults of semiempirical MO theory,3-5'6 and also its rela
tionship to a recently reported empirical method for cal
culating dipole and quadrupole moments.7

Methods of Calculation
The second moments of the electronic charge distribu

tion are defined as
( a 2) e =  ( 0 | 2 a i 2|0) a  =  a , b , o r c  (2)

where (0| |0) indicates the average value over the ground- 
state single-determinantal wave function, the summation 
is extended over all the electrons in a molecule and a2 de
notes the second moment operator along one of the three 
principal inertial axes, a, b, and c. The corresponding ex
pressions along the cartesian coordinate axes of a mole
cule, (u2)e, v = x, y, or z, can be expanded over contribu
tions from integrals over AO’s.

<v\ =  Z Z ^ / « M 0/>  +  2Z Z ^ A<0 / k l 0,A> +A V (I < V

2 Z Z Z Z / V AB< 0 /M k B> (3)A < B fi < u
where <A,A is a Slater type atomic orbital (STO) on center 
A and PWA and P,VAB are one and two center elements, 
respectively, of the first-order density matrix.

The first two terms in eq 3 represent the sum of atomic 
contributions to the molecular second moments involving 
AO’s on one atomic center, while the third term is a sum 
of the bonding and nonbonding contributions in which the 
AO’s are on two atomic centers. It can be shown that the

(1 ) Department of Chemistry, University of Tennessee.
(2) (a) W. H. Flygare and R. C. Benson, Mol. P h ys ., 20, 225 (1971), 

and references cited therein; (b) R. P. Blickensderfer, Y. H. S. 
Wang, and W. H. Flygare, J. C h em . P h ys ., 51, 3196 (1971).

(3) J. E. Bloor and Z. B. Maksic, Mol. P h ys., 22, 351 (1971).
(4) Z. B. Maksic and J. E. Bloor, C h em . Phys. L ett., 13, 571 (1972).
(5) J. E. Bloor and Z. B. Maksic, J. C h em . P h ys ., in press.
(6) (a) R. Rein, G. R. Pack, and J. R. Rabinowitz, J. M ag. R e s o n a n c e ,  

6, 360 (1972); (b) J. R. Rabinowitz and R. Rein, int. J. Q uantum  
C h em ., 6, 669 (1972).

(7) T. D. Gierke, H. L. Tigelaar, and W. H. Flygare, J. A m er . C h em  
S o c ., 94, 331 (1972).

The Journa l o f Physica l C hem istry, Vol. 77, No. 12, 1973



Additivity Equation for Electronic Charge Distribution 1521

third term is generally small anc may be dropped from 
further consideration (vide infra). Equation 3 can be sim
plified by transforming the coordinate system in which 
the integrals are evaluated, from a molecular coordinate 
system, u,, to individual coordinate systems, uA 1 centered 
on each atom. The two are related by

V A  =  +  ” a ’

where Va is one of the coordinates o f  atom A. If we then 
make the assumptions that (i) the Is AO’s on different 
atoms are orthogonal, (ii) that the Is inner core electrons 
are unpolarizable on molecule formation and can be treat
ed as point charges, and (iii) that the third term of eq 3 
can be neglected, then eq 3 reduces to

( v \  =  Y L P ^ V  A2 +  £ ? „ / < < * /  +
Afi n

a( A a\vaW )  (4)

The one center integrals occurring in eq 4 are easily calcu
lated for the first row atoms in terms of STO’s using eq
5-8.

« a = <lsAl(uA1)2llsA) = a02/ClsA (5)

P a  = (2sa I(ua1)2!2sa) = 10 a02/ ( i2sA)2 (6)
In these equations ao is the Bohr radius, and ua1 repre
sents x, y, and z coordinates of the electron, relative to 
nucleus A, noting that the directions of x, y, and z were 
fixed by the molecular coordinate system. This coordinate 
system is usually chosen, purely for calculational conve
nience, to coincide with the principal axes system of the 
second moment, which also, for many of the molecules 
studied here, coincides with the principal inertial axis sys
tem. is the shielding exponent for the STO, fa. If we 
now assume that £2.s = then the integrals for 2p,; and 
2pn, STO’s (where w,v = x, y, and 2 and w yz v) may be 
written as

2pDA!(uA1)2l2p„A) = 3<2p/l(uA,)2l2p/>  =
ao/5/?A (v ?  w) (7)

The only other integrals required are the one-center 
atomic dipole integrals aA where aA is defined by

aA =  (2sA|(i>A1)|2p[.A) = 5 l̂ 3ao/3^2sA (8)
we may then use these equations to write an approximate 
equation for the second moment

(V2)e ^  Z i / W A2 +  2« a +  [ P 2s2sA +
A

1 .8 P p,2p,a +  0 . 6 ( P 2pa,2p„ A +  P 2p„ l2p, / ) ] / ? A +

4V a 'ZI/P 2s2Pl,A<2sA|c?A1|2pt.A>} (9)
u =  xy-z

In eq 9 PA is the total charge density on atom A, including 
a contribution of 2 from the Is electrons whereas terms 
such as P2s2sA represent the charge density in a particular 
AO specified by the subscript. The values of the different 
terms in eq 9 calculated using CNDO/2D wave functions 
are given for three molecules containing C, H, F, and O in 
Tables I and II. In Table I we also compare the second 
moments calculated using eq 3 and 9 with the results cal
culated using an extension of the additivity relationship 
we previously reported for calculating the second mo
ments of hydrocarbons.4 This new additivity relationship, 
which is valid for molecules containing hydrogen and any 
atom from the first row of the periodic table, is

(v2)c -  J^(ZAV .\2 +  K AnA) (10)
A

where ZA is the atomic number of atom A, nA is the num
ber of atoms, and KA is a constant depending on the na
ture of atom A. For atoms of the first row we used KA = 
1.0 X  10-16 cm2 and for hydrogen we used K h = 0.2 X  
10~16 cm2. (In our earlier work4 we used 0.95 and 0.19 for 
carbon and hydrogen.) The values calculated using eq 10

TABLE I: Comparison between Difference Methods of 
Calculating Electronic Second Moments of Difluoromethane, 
1,1-Difluoroethylene, and Carbonyl Fluoride

(X2)e
<Y2>e( 10- 
<Z2)e

_16 cm2)

Full One center Additivity
Molecule CNDO/2D0 CNDO/2D0 equation0 Expt“

HV
7.93 8.64 9 . 0 9.0 ±  0.7
4.53 4.53 5 .0 5.0

H" F 23.06 26.09 25.2 25.8 ±  0.7

Hx  / F
31.96 32.31 32.2 31.7 ±  0.6
27.23 28.28 27.1 27.1 ±  0.6

H F 4.09 4.07 4.4 4.5
25.6 26.54 25.1 26.1 ±  0.5/  r 

o = c ^ 24.36 25.04 24.3 24.8 ±  0.5
F 3.24 3.26 4.0 4.0

a Equation 3 used with all many centered integrals included as de
scribed In ref 3. '’Equation 9 was used. c Equation 10 was used. 4 Unless 
stated otherwise experimental data is from ref 2.

TABLE II: Breakdown of Contributions to the Electronic Second 
Moment using CNDO/2D Wave Functions

S AZ AX A2 Z \ P AX a2“ Orbital contributions for

Molecule
S aZa W
S aZaZ a2

2 a Pa Ya 2
2 aPa Za 2 H

individual atoms0 

C(1) C (2) F O

ffv  F 5.61 5.43 0.19 0.98 0.79
1.64 1.59 0.19 0.98 0.77

H' X F 21.79 22.38 0.19 0.93 0.73

HX  s F
27.78 27.60 0.17 0.93 1.08 0.75

> = < 22.69 23.10 0.17 0.87 1.10 0.73
HX  F 0.00 0.00 0.17 0.96 1.17 0.77

F 21.13 21.74 0.84 0.75 0.81
/*

0 = C ^ 20.26 20.85 0.81 0.73 0.92
F 0.0 0.0 0.85 0.77 0.83

a pA is the sum of the electron densities of all valence AO 's on atom A 
plus a contribution of 2 for the 1s electrons. 6 The one center orbital con
tributions are the second and third terms in eq 9.

TABLE III: Hybridization Contributions to the Second 
Moments Calculated using CNDO/2D Wave Functions“

Atom \
 / 0 / 
\ HW F

f / ! %

Uh 
(x<

\ /Ï0

c, 0.094 (X) 0.041 (X) 0.034 (X)
C 2 0.401 (Y ) 1.107 (X)
F 0.069 (X) 0.175 (X) 0.178 (X)

0
0.457 (Z) 0.676 (Y) 0.473 (Y ) 

1.107 (X)

a Only nonzero contributions of the valence electrons are given. The 
principal axis is given in parentheses after the value. The 1s shell con
tributions for Ci, F, and O are 0.017, 0.007, and 0.009 X 1 0 ~ '6 cm2, 
respectively.
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TABLE IV: Calculated and Experimental Molecular Second Moments and Diamagnetic Susceptibilities

Electronic moment, (10- 1 6 cm2) Diamagnetic Susceptibility, (10—6 cm3 mol_ 1 j
<a2)e Xud

Nuclear moment, (b2)e
Molecule 2 Z AaA2 Caled Expt Caled Expt°

N = N 4.22 6.2 6.6 17 .0 17 .8
2.0 2.1 34.8 36.9

0 = 0 5.83 7.8 8.2 17.0 19.5
2.0 2.3 4 1 .6 44.5

F - F 9.05 1 1 . 1 10 .7 6 17 .0 1 7 .7a
2.0 1 .5 55.6 5 1 .8

N = N = 0 20.08 23.1 24.1 25.5 25.5
3.0 3.0 1 1 0 . 7 1 1 5 . 0O¡1OIIo

2 1 .5 3 24.5 25.5 25.5 24.6
3.0 2.9 1 1 6 .7 120 .5

F - C = c - H 28.34 3 1 .5 3 1 .0 27.2 29.7
3.2 3.5 14 7.2 146.4

c h 3- c = n 30.77 34.4 34.7 ±  0.4 44.1 44.2 ±  0.5
1.64 5.2 5.2 ±  0.3 168.0 169.4 ±  1 . 1

H - C = N 10.49 12 .8 13 .09 18 .7 20. I e

2.2 2.44 63.6 59.9

0 In this table and Tables V -X  experimental data are taken from the compilation of ref 2 unless otherwise stated. 6 CNDO/2D calculations from ref 3
c Ab in i t io  calculation by R. Bonaccorsi, C. Petrongolo, E. Scrocco, and J. Tamasl, J . C h e m . P h y s ., 48, 1500 (1968).

TABLE V: Molecular Second Moments and Diamagnetic Susceptibilities of Cyclic and Noncyclic Planar Molecules

Electronic moments, (10-16  cm2) Diamagnetic susceptibilities, (10“6 cm3 mol- 1 )
<a2)e Xad

Nuclear moments (b2)e Xftd
2ZaaA2 <C2>e Xcd

Molecule 2Zbda2 Caled Expt Caled Expt

30.20 36.0 36.2 ±  0.7 Xaad = 18 7.5 189.5

c ° 32.62 38.4 37.8 ±  0.7 Xbbd =  1 7 7 .3 18 2.5
5.8 6.8 ±  0.7 Xccd = 3 15 .6 3 13 .9

34.25 40.3 39.1 ±  0.6 193.9 19 5 .7  ±  1 . 1

C n~ h
33.69 39.7 38.6 ±  0.6 196.4 197.6  ±  1 .3

6.0 7.4 ±  0.6 339.4 329.8 ±  0.2

50.56 57.6 57 .1  ±  0.8 270.2 2 7 1 .9

® N 49.66 56.7 56.2 ±  0.8 274.0 275.7
7.0 7.9 ±  0.8 484.9 480.6

< 0 ^ '

10 1 .0 6 109.1 1 1 1 . 8  ±  0.7 295.7 293.3  ±  1 .7
53.70 6 1 .7 60.8 ±  0.7 496.8 509.7 ±  3.6

8.0 8.4 ±  0.7 724.6 732.4 ±  5.0

.F 2 1 . 1 3 25.1 26.1 ±  0.5 120 .1 12 2 .1

o II o / 
\ 

1 20.26 24.3 24.8 ±  0.5 123 .4 12 7 .8
4.0 4.0 209.6 2 16 .2

H\  / F 27.78 32.2 3 1 . 7  ±  0.6 13 3 .6 13 3 .8
c = c  /  \ 22.69 27 .1 2 7 .1  ±  0.6 15 5 .3 15 3 .5H F 4.4 4.5 2 5 1 .6 249.2

F\  / F
41 .6 5 46.1 46.7 ±  0.7 96.7 95.6
14.0 3 18.4 18 .1  ±  0.7 2 14 .2 2 1 7 . 3H H 4.4 4.5 273.6 274.9

/ F 20.94 24.1 24.4 ±  2.0 43.7 38.0 ±  4.7

0 = C 'nh
3.88 7.1 6.4 ±  2.0 1 1 5 .8 1 1 4 .6  ±  5.8

3.2 2.6 ±  2.0 13 2 .4 13 0.6  ±  5.9

H\  / F
26.26 29.9 29.5 ±  1.6 56.0 52.6 ±  4.2

> “ < 6.01 9.6 8.8 ±  1.6 14 2.1 14 0 .5  ±  4.5
3.6 3.6 ±  1.6 167.6 16 2.5  ±  4.5

Hx  / F 62.40 67.6 68.3 ±  4.8 146.4 14 5 .7  ±  10 .6
/ c = c x 24.05 29.3 29.1 ±  4.8 308.8 3 1 2 . 1  ±  10F F 5.2 5.3  ±  4.8 4 1 1 . 1 4 1 3 . 1  ±  10
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TABLE VI: Calculated and Experimental Molecular Second Moments and Diamagnetic Susceptibilities for 
Nonplanar Noncyclic Molecules

Molecule

Nuclear moments
2 Z A2aA2

2 Z AfcA
2 Z ac a2

Electronic moments, I1C
<a2>e
( b 2 )e
( c 2 )e

Calcd

l~ ’6 cm2) 

Expt

Diamagnetic susceptibilities, ( 1 0—6 cm3 mol 
Xad
A
Xcd

Calcd Expt

> V F
H * '  X'F

2 1 .7 9 25.2 25.8 ±  0.7 5 9 . 4 59.2
£.6 1
1.64

9.0
5.0

9.0 ±  0.7 
5.0

12 8 .1
14 5 .1

13 0 .7
14 7 .7

H, T

/ C %

28.79 32.8 33.2 ±  1.9 80.2 80.0 ±  4.7
7.65 1 1 . 7 1 1 . 6 ±  1.9 169 .7 1 7 1 . 6  ±  5.3

H H 3 .1 6 7.2 7.2 ±  1.9 188.8 190.3  ±  5.3

h x  >

H H H

30 .C3 
23.30

34.8
28.1

34.8
28.6

±  5.2  
±  5.2

160.4
188.8

1 6 1 .5  ±  12.8  
187.9  ±  12.8

4.66 9.7 9.5 ±  5.2 266.8 268.9 ±  12.9

H\H---C—F 1 .6 4.2 4.0“ 35.6 33.9“

i f f
10 .6 1 3 .2 13 .2 73.8 73.0

\
V - - -C —H
r

2 1 . - 25.3 26.3“ 214 .6 2 2 3 . 1 “
3.3 7.5 6.9 13 9 .1 140.8

cf 4
20.9 25.9 26.6“ 109.9 1 1 2 . 8 “

A

30.31 34.5 33.9 77.2 78.5
6.63 10.8 1 1 . 0 17 7 .7 1 7 5 .7

H3C CH3 3.20 7.4 7.5 19 2 .2 190.6

H\
H™N 1.3 4 2.9 2.6 ±  0.4 24.6 22.0 ±  1.4

v f 0.31 1.9 1.9 ±  0.4 20.4 19 .3  ±  1.4

H H 3 .3 3 6.5 6.74" 12 0 .1 12 1 .0 3 "
h * A - / ~ h 

/  \H H
3 .3 3 6.5 1 2 1 . 0 3 120 .1 6.74

18 .6 1
3

21 .8 2 1 .7 9 55.2 5 7 .1 8

H,CX 3 3 .5 2 3 7 .7 37.5 74.2 73.3  ±  1 .3
/ C—C\H H 7.58 1 1 . 8 1 1 . 2 ±  0.5 184.1 184.8 ±  1.6

1 .5 4 5.7 6.1 ±  0.5 209.9 206.6 ±  1 .7

H 28.9 32.7 32.3 ±  0.5 61.9 64.1 ±  1 .4
CH,—cv 5.5 9.3 9.6 ±  0.4 1 6 1 .2 160.4 ±  1.8

0 1 .5 5.3 5.6 ±  0.5 17 8 .2 1 7 7 .4  ±  1.8

CH3-COOH 40 4 45.2 45.6 ±  1 .5 C 106.9 108.0 ±  2.4C
0
Il /HHC. JÖ

14.0 18.8 19.0 ± 1 . 5 218 .9 2 2 1 . 2  ±  3.8
1 .6 6.4 6.5 ±  1 .5 2 7 1 .5 274.3  ±  4.5

x
40.3 45.1 46.0 1 1 6 .7 1 1 4 . 5  ±  6.2

H' Ti 16.3 2 1 .2 20.7 2 18 .5 2 2 1 .7  ±  7.3
1 .6 6.9 6.3 280.8 282.9 ±  8.3

° A b  initio results, C. R. Brundle, M. B. Robin, and H. Basch, J. C h em . P h ys., 53, 2196 (1970). 6 A b  initio results, S. D. Peyerlmhoff, and R. J. Buenker, 
ibid., 49, 312 (1968). c Corrected experimental values given by J. H. Wang and W. H. Flygare, ibid., 55, 3616 (1971).

are compared with experimental and ab initio calculated 
values in Tables IV-VTI for a wide variety of molecules. 
We have also extended eq 10 to molecules containing 
atoms of higher atomic number. These results are pre
sented in Tables VUI-X.
Results and Discussion

1. Validity of Approximate Expressions for Second Mo
ments. In our previous work4 on the second moments of 
hydrocarbons we derived our additivity equation by as
suming nonpolar bonds. It is not possible to show purely 
on a priori fundamental grounds that the same type of ex
pression would also be successful for molecules of greater 
polarity than hydrocarbons. In order to establish whether 
such an extension is possible we have carried out calcula

tions at different levels on the series CH2F2, C2H2F2, and 
COF2, i.e., using eq 3, 9, and 10. The results are com
pared in Table I with the corresponding experimental 
values. The close similarity between the first column of 
data, which were obtained by calculating all the many 
center integrals and using eq 3, and the second column, 
which was calculated including one center terms only 
using eq 9, demonstrates that second moment integrals 
between AO on different centers (the third term of eq 3) 
are relatively unimportant in calculating the total second 
moments. The reason for this can be seen from an exami
nation of the two center terms after making the coordi
nate transformation to individual atomic coordinates. The 
contribution to eq 3 for AO’s on different centers then be
comes
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TABLE VII: Molecular Second Moments and Diamagnetic Susceptibilities for Cyclic Nonplanar Molecules

Molecule

Nuclear moments
2 Z Aa A2
2 Z AbA2 
2 Zac a

Electronic moments, (10- 1 .6 cm2)
<a2>e
<52>e
<C2>e

Caled Expt

Diamagnetic susceptibilities, (10—6 cm3 mol- 1 ) 
Xad 
2t>d
Xcd

Calcd Expt

IS / H
O

13 .05 1 7 . 1 16.9 96.7 97.6
10.30 14 .3 14 .7 108.6 107.0

4.46 8.5 8.3 13 3 .2 13 4 .1

12.90 16 .7 16 .3 ±  0.4 84.8 85.4 ±  0.9
[ > 9.02 12.8 1 3 .3 ±  0.4 1 0 1 .4 97.7  ±  1 . 1

3.38 7.2 6.8 ±  0.4 1 2 5 .1 12 5 .4  ±  2.8

26.98 32.2 3 1 . 9 ° 128 .1 1 3 0 °
10 .7 1 15.9 16.4 197 .3 19 5

1 / 9 . 1 1 14 .3 14.0 204.0 205“

D °

2 2 .10 27.3 28.3 166.3 166.4
23.98 29.2 29.2 158 .2 16 2 .5

4.83 10.0 10 .0 239.7 244.0

50.77 56.6 57.2 ±  4.0 158 .2 158.9 ±  6.0

< v ° 22.51 28.3 28.8 ±  4.0 278.3 279.6 ±  6.0
0 3.24 9.0 8.6 ±  4.0 360.1 365.5 ±  6.0

100.00 106.8 107.6 ±  6.0 17 0 .5 17 3 .0  ±  9.0
h 2c =<Q \ = o 25.0 3 1 .8 32.1 ±  6.0 488.7 493.7 ±  18 .7

0 1.6 8.4 8.7 ±  6.0 587.9 592.7  ±  19 .0

N H 12.00 15 .4 15 .4 9 s 58.1 62 .53 s
o < 5.23 8.6 9.66 86.97 87.26

1.69 5.1 5.08 1 0 1 .8 106.69

N. .F
31.88 36.9 3 8 .14 s 162.9 16 4 .7 7 s

0 <
W

5.85
22.52

10.9
27.5

1 1 .6 0
27.24

27 3.2
202.8

2 77.36
2 1 1 . 0 1

a Estimated values using the empirical method of ref 7. b A b  in i t io  results, M. B. Robin, H. Basch, N. A. Keubler, K. B. Wiberg, and G. B. Ellison, J.
C h e m . P h y s .,  51,45 (1969).

TABLE VIII: Molecular Second Moments and Diamagnetic Susceptibilities of Halogen-Containing Molecules

Nuclear
moments
X Z AaA2

Molecule 2 Z AbA2

Electronic second 
moments, (10-16  cm2) 

<a2)e
<b2)e

Calcd Expt

Diamagnetic
susceptibilities, (10~6 cm3 mol~1j 

Xad 
Xfrd 
Xcd

Calcd Expt

C H 3CI 21.43 25.5 25.0 ±  0.64a 48.4 46.9 db 3.1°
1.63 (5.7) 5.53 ±  0.24 132.4 129.8 ±  2.7

CH3Br 30.6 35.7 35.1 ±  0.8a 56.8 58.3 ±  4.0
1.64 (6.7) 6.9 =E 0.3 179.9 178.2 ±  3.7

C H 3 I 39.8 46.9 45.8 ±  1.1a 73.8 74.2 ±  5.2
1.65 (8.7) 8.7 ±  0.3 235.9 231.2 ±  5.0

CIF 15.6 19.1 19.2 ±  0.4s 29.7 30.6 ±  1.7
3.5 3.6 ±  0.2 95.9 96.8 ±  2.3

BrF 22.24 26.7 26.7 ±  0.4s 38.2 39.0 ±  1.7
4.5 4.6 ±  0.2 132.4 133.3 ±  2.3

CICN 41.81 46.3 46.7 ±  0.6s 38.2 41.6 ±  1.7s
4.5 4.9 ±  0.3 215.5 219.0 ±  2.9

BrCN 59.68 65.2 65.6 ±  0.6s 46.7 50.1 ±  2.5s
5.5 5.9 ±  0.3 299.9 303.5 ±  3.2

ICN 76.11 83.6 84.0 ±  0.6s 63.6 67.1 ±  2.5s
7.5 7.9 ±  0.3 386.4 390.0 ±  2.9

H -C I 1.56 4.3 3.68c 22.9 24.86s
2.7 2.93 29.7 28.04

a Taken from ref 14. b J. J. Ewing, H. L. Tigelaar, and W. H. Flygare, J. Chem. Phys., 56,1957 (1972). c Taken from ref 12.
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A < B M v
2Va<<AMAM 0„B> +  <<M(”A1)2k B>] (11)

The individual terms in this expression have appreciable 
values, especially the terms containing the coordinates 
(V a 2 and V a ). These terms are, however, of opposite sign 
and therefore approximately cancel each other. However, 
these terms are very important for the calulation of mo
lecular quadrupoles where the very fine details of the 
atomic charge distribution, particularly the anisotropy of 
the electron cloud, are decisive.3 This conclusion has also 
been reached by Rein, et al, on the basis of MO calcula
tions6 and by Flygare, et al., using a very empirical 
model.7

The results obtained by the use of the extended additiv
ity equation (eq 10) are given in data column three of 
Table I. These results are either as good or are in better 
agreement with the experimental results than are the pre
vious two columns which were obtained by using actual 
semiempirical wave functions. In order to elucidate the 
factors responsible for this rather surprising success of the 
additivity eq 10 we have examined the relative magni
tudes of the various contributions to eq 3. These results 
are compared with the first term of eq 10 (2aZ2Va2) in 
Table II. It becomes immediately clear that the agree
ment between this first term and the value of 2 aPaVa2 is 
the main factor responsible for the success of the additiv
ity relationship eq 10. The individual orbital contributions 
are also given in Table II. These terms are the second and 
third terms of eq 9 which involve a a and /?a. They vary 
from atom to atom with the more electronegative atoms

tending toward values less than unity. However, although, 
as can be seen by comparing the values for C(l) and C(2) 
in 1,1-difluoroethylene, there is individual variation of the 
orbital contributions, after adding in the hybridization 
contributions from Table III they average out to a contribu
tion of one unit per atom as required by the additivity equa
tion. Thus the net result of the averaging out process is 
that the second moment for the molecule appears to be a 
sum of contributions of the individual atoms, with very 
little anisotropy for each atom and with a very small 
amount of charge transfer. However, this is only an illu
sion since the individual contributions of each atom may 
vary considerably from molecule to molecule. Further
more, there is considerable anisotropy, particularly with 
respect to the hybridization moments (Table III), for each 
individual atom, although again this is not apparent in 
the final result after summing over all the atoms.

2. Second Moments and Magnetic Susceptibilities. The 
second moments are related to the diagonal elements of 
the diamagnetic susceptibility tensor

XwA = ~(e2N/4mc2)[{w2)e + ((w1)2)^ (12)

where the constants have their conventional meaning. The 
remaining diagonal elements are generated by the permu
tation of the coordinates v, w, and w1. By using formulas 
10 and 12 and the known molecular geometries, the mo
lecular second moments and diamagnetic susceptibilities 
are easily calculated. The results are compared with 
available experimental data and ab initio results in Ta
bles IV-X for a very wide variety of polyatomic molecules. 
The agreement with both experiment and with the more

TABLE IX: Electronic Second Moments and Diamagnetic Susceptibilities of Sulfur-Containing Molecules

Electronic second Diamagnetic
n m a n f c  i  i  16 n rr\2 \  f i i i c p p n t i h i l i t i o < 5  M O  —

Molecule

Nuclear
moments
2ZAaA2
2Zb£>a2SZcCa2

moments, (10-16 cm2)
<a2)e
<&2>e
<C2>e
Calcd Expt

susceptibilities, ( 10 — 6 cm3 mol ')
Xad
Xöä
Xcä

Calcd Expt

1.55 4.45 4.36° 32.4 33.39“
S\H 1.83 4.73 4.45 4.38 31.2

2.9 3.49 38.9 37.08

s 24.61 29.1 30.0 ± 0.2 55.6 54.9 ± 0.3

o/ \ 4.-0 8.6 8.7 ± 0.2 142.5 145.1 ± 0.3

4.5 4.2 ± 0.2 159.9 164.3 ± 0.5

40.1 45.8 45.2 127.7 128.6
s/  \ 15.5 21.2 21.3 232.0 230.0

H,C CH3 3.2 8.9 9.0 284.2 282.3

26.72 . 32.0 29 113.7 108

[> 12.92 18.2 17 172.2 157

3.34 8.6 8 212.9 195

51.43 58.7 58.6 ± 1.3 224.0 225.3

C s
38.16 45.5 44.6 ± 1.2 280.0 284.6

0 7.3 8.5 ± 1.2 ¿42.0 437.8

O F 24.48 31.0 30.7» 258.3 263.5

23.27 29.8 31.4 263.4 260.0
0^ XF 24.59 31.1 30.5 257.9 262.7

46.2 46.0 46.2e 38.2 38.6CCOIICJIIO

0 4.5 4.5 214.2 215.5

17 0 20.9 21.1 ± 0.6“ 40.3 47.5 ± 2.5“

x c —s 1 7 5.6 6.6 ± 0.5 105.2 109.1 ± 3.0

h ' 0 3.9 4.6 ± 0.4 112.4 117.6 ± 3.4

a Near Hartree-Fock calculations: S. Rothenberg, R. H. Young, and H. F. Schaefer, III, J. A m er . C h em . S o c . , 92, 3243 (1970). b R. G. Stone and W. H. 
Flygare, Inorg. C h em ., 8, 2647 (1969). c W. H. Flygare, W. Hüttner, R. L. Schoemaker, and P. D. Foster, J. C hem . P hys., 50, 1714 (1969). “ S. L. Rock 
and W. H. Flygare, ibid., 56, 4723 (1972).
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TABLE X: Electronic Second Moments and Diamagnetic Susceptibilities Phosphorus- and Silicon-Containing Molecules

Electronic Diamagnetic
Nuclear second moments, (10_ 16 cm2) susceptibilities, (10-6  cm3 mol- ' )

moments <a2>e X a

Z Z AaA2 <52>e X*d
2 Z AbA2 <c2)e Xcd

Molecule 2 Z Ac A2 Calcd Expt Calcd Expt

,F 4.5 10.0 8.5e 268.1 297.9
P---F 26.1 3 1 .6 3 5.1 17 6 .5 184.9

26.1 3 1 .6 35.1 17 6.5 184.9

.H 1 .54 4.6 4.87 ±  0.42 44.1 42.9 ±  1 .4
P--H 2 .14 5.2 5.06 ±  0.42 4 1.6 42.1  ±  1 . 1
N H 2 .14 5.2 5.06 ±  0.42 4 1.6 42.1  ±  1 . 1

/ F 27.84 34.3 33.0e 269.8 294.7
O—P—F 25.29 3 1 .8 34.7 280.4 287.4

\ 25.29 3 1 .8 34.7 280.4 287.4
SiH, 2.92 6.2 6.40“ 52.6 54.3“

H H 4.54 9.2 9.426 1 7 1 . 4 1 7 3 .7 6 6

4.54 9.2 9.42 1 7 1 . 4 17 3 .7 6

\ 26.54 3 1 .2 3 1 .5 4 78.1 79.92

a Taken from ref 7. 6 D. H. Liskow and H. F. Schaeffer, III, J. A m er . C h em . S o c . , 94, 6641 (1972).

TABLE XI: Comparison between [r2e],/2 and the Effective 
Molecular Radius

Molecule (r2)e
[<r2>e]1/2, 
10~8 cm r<f (r2>1/2/reff

ch4 9.84 3.14 2.08 1.51
nh3 7.70 2.78 1.95 1.43
h2o 5.93 2.44 1.67 1.46
HF 2.09 2.09 1.43 1.46
SiH4 18.60 4.31 2.51 1.72
ph3 15.00 3.87 2.31 1.67
h2s 12.08 3.48 1.93 1.80
HCI 9.70 3.11 1.68 1.55

° The effective molecular radius, rerr, is defined as a radius of a sphere 
which embraces 98% of the overall electronic charge, ref 18.

sophisticated calculations is very good indeed. The impli
cation of this good agreement is that the second moments 
and diamagnetic susceptibilities depend almost entirely 
on the geometry of the molecule and the number of the 
constituent atoms. They are not dependent to any large 
extent on the bonding effect in any particular molecule or 
on the specific type of bonding between any two atoms. 
Thus our work is in full agreement with the view recently 
expressed by Rein, et al.,6 that the second moments and 
diamagnetic susceptibilities are very insensitive, even for 
very polar molecules, to the finer details of the electronic 
structure of molecules and should, therefore, not be used 
as a test of quality of the molecular wave functions al
though they have been frequently used to differentiate be
tween different ab initio calculations which employ vary
ing basis set sizes.8-9

3. Molecules Containing Second and Higher Row Ele
ments. Since the additivity equation works successfully 
for the first row elements of the periodic system the next 
step is obviously to try and generalize it in order to in
clude heavier atoms. However, caution has to be exercised 
because of the greater importance of d AO’s in these 
atoms. We can distinguish two classes of molecules: (1) 
those containing atoms with “ inner” d orbitals ((« -  l)d, 
ns, np), such as, the transition elements and (2) those

molecules containing atoms with “ outer” d orbitals (ns, 
np, (n + l)d) which are not occupied in the atomic 
ground state but which might become occupied, and so 
play a role in bonding, on molecule formation. Examples 
of such atoms are Si, P, S, Cl, Br, and I. In this study we 
will confine ourselves to the latter group for which exten
sive experimental data are available. There are in the lit
erature several ab initio studies of molecules involving 
second row atoms. Unfortunately, the conclusions ex
pressed in these works concerning the importance of d or
bitals in determining the bonding differ with the size of 
basis set used. For instance, using minimal basis set STO 
(Slater type orbital) ab initio calculations Boyd, Boer, 
and Lipscomb10-11 report the total populations of d orbi
tals SiH4, Ph3, and H2S to be 0.447, 0.290, and 0.147 for 
Si, P, and S, respectively. Rothenberg, et al. , 12 on the 
other hand, used a bigger basis set for their calculations 
and found the corresponding populations to be 0.108,
0.082, and 0.063, respectively. They then concluded, as 
have other workers, that minimal basis set calculations 
overestimate 3d orbital populations due to the inability of 
the minimum basis set of s and p STO's to represent ade
quately the electron redistribution on molecule formation. 
In spite of the fact that Rothenberg, et al.,12 found very 
low d orbital populations in SiH4, PH3, and H2S, the con
tribution of the d orbitals to the molecular second mo
ments is expected to be significant because they are much 
more diffuse than s and p orbitals. Moreover, we would 
expect the d orbital contribution to the bonding to vary 
considerably from molecule to molecule. For instance, the 
d orbitals of sulfur in S02 have a much higher population 
than the corresponding orbitals in H2S since the heavier 
oxygen atoms perturb the spherical electron charge distri
bution of sulfur much more effectively than do hydrogen

(8) K. E. Banyard, J. C n em . P h ys.. 33, 832 (19601.
(9) D. N. Tripathi, P. T. Wari, and D. K. Rain, tnd J. P u re Appl. Ph/s 

7,707 (1969).
(10) D. B. Boyd and W. N. Lipscomb, J. C h em . P h ys., 46, 910 (1967).
(11) F. P. Boer and W. N. Lipscomb, J. C h em . P h ys.. 50, 989 (1969).
(12) S. Rothenberg, R. H. Young, and H. F. Schaefer, III, J. A m er . 

C h em . Soc., 92, 3243 (1970).
(13) S. Rothenberg and H. F. Schaefer. Ill, J. C h em . P h ys.. 53, 3014 

(1970).
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atoms.13 Thus it seems possible that this individual varia
tion would render invalid the additivity property for mole
cules containing second row atoms. Nevertheless, because 
of the cancelling out effects we encountered in our calcula
tions for the lighter elements, we have proceeded to extend 
additivity eq 10 to the. prediction of the second moments, 
of molecules containing heavier atoms.

The general equation tried was

(V\  =  Z X ^ A ^ A 2 +  Z Kini) (13 )
A i

where n\ is the number of atoms belonging to the ith peri
od of the system of elements and Ki is the corresponding 
additivity constant. The additivity constants K2, K3, and 
Ki are determined in order to match the experimental 
second moments of CH3 CI, CH^Br, and CH3 I, respective
ly.14 By using Kq = Kn = 0.2, K-y = 1.0 the values if2 =
2.5, K3 = 3.5, and Ki = 5.5 (in units of 10-16 cm2) were 
obtained. These values were then used to calculate the 
second moments and diamagnetic susceptibilities for a 
number of molecules. These are compared with the avail
able experimental data or with ab initio values in Tables 
VUI-X. The overall agreement is very good although there 
are some cases where the additivity rules are poor.

The molecules for which most deviation is experienced 
are PF3, POF3 (Table X), and S02F2 (Table IX). For 
these molecules ab initio calculations have demonstrated 
that d orbitals play a very important role.15-17 Unfortu
nately no ab initio calculations of the second moments of 
the molecules have been reported so we cannot comment 
further on the possible cause of the deviations, except to 
note that for S02, a molecule for which it is fairly certain 
that d orbitals are important in the bonding, their inclu
sion in the basis set has very little effect on the calculated 
second moments.

4. Calculation of Effective Molecular Radii. It has re
cently been shown by Kammeyer and Whitman18 that the 
van der Waals radii of atoms and molecules can be calcu
lated reasonably well by assuming that the “ van der 
Waals sphere” contains 98% of the electronic charge den
sity. Such a calculation is limited to molecules for which 
a wave function is available. However, we have found that 
the value of (r2) calculated by the additivity equation is 
linearly related to the effective values, reff, considered in 
ref 18. This is demonstrated by the constant values (with
in the same period of the periodic table) of the ratio 
(r2)1/2/reff given in data column 4 of Table XI. Thus by 
using the easily calculated <r2) values one can obtain a 
value for an effective molecular size as accurately as those 
obtained from good molecular wave functions. Moreover, 
since we can also calculate the different components of 
(r2), it seems feasible that it might be possible to calcu

late effective sizes of those molecules for which the as
sumption of spherical symmetry is not valid. Such an en
deavor is in progress.

5. Relationship to Other Work. After our work was com
pleted a paper by Gierke. Tigelaar, and Flygare7 appeared 
in which dipole and quadrupole moments were calculated, 
with considerable accuracy, by using a set of atomic di
pole terms obtained by fitting the experimental values of 
certain reference molecules to the corresponding theoreti
cal expression. This method is more general than our 
method because the empirical parameter fitting procedure 
takes into consideration both the anisotropy of the atom 
dipoles and also allows different parameters to be chosen 
for an atom depending on the different molecular environ
ment. This enables the method to be used for calculating 
quadrupole moments, for which the anisotropic terms and 
the dipole terms are very important. Its major disadvan
tage is the very large number of parameters necessary for 
each atom (three for each chosen environment). In our 
method which requires far fewer parameters we have as
sumed the second moments are sums of spherically sym
metrical (i.e., isotropic) contributions. The excellent 
agreement with experimental second moments justifies 
the use of this approximation for second moments, and, of 
course, for diamagnetic susceptibilities it is, however, in
adequate for the quadrupole moments. Both our original 
empirical method4 and that of ref 7 were derived on the 
assumption that the amount of charge polarization occur
ring on molecular formation is small. Our analysis of this 
assumption using semiempirical wave functions shows 
that this assumption is invalid and that the success of the 
methods is dependent on a cancelling out of a number of 
opposing factors in the total expression for the second mo
ment.

We regard our method as a first step to producing an 
explanation of Pascal’s rules for calculating total magnetic 
susceptibilities. Our analysis of the nature of the individ
ual factors influencing the second moments also shows 
why phenomenological schemes such as those reviewed by 
Tatevskii19 have been so successful.
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A powerful new correlation technique is introduced. It is based on the theoretical and experimental re
sults of atomic spectroscopy, and it is shown to be generally applicable for intraseries correlations of var
ious physical and chemical properties, such as oxidation potentials, first electron-transfer absorption- 
band energies, and first f-d absorption-band energies of the compounds and complexes of the lanthanide 
and actinide series. For many of the members of these series representative values of some of these prop
erties were available from the literature; for others new measurements were made, so that sufficient data 
are available to provide a test of the general validity of the theory, and hence, to calculate many of these 
properties for all the members of both series. The most important new results of this work are the deter
mination or verification of the following standard oxidation potentials: /¿°Sm(II-III) = +1.55, E°Eu(II-
-m ) = +o.35,EoTm(n-in) = + 2.3 ±  0.2, £°Yb(n-ni) = +i.i5,E°Am (n-ni) = + 2.3 ±  0.2, £°Es(n-ni) 
= +1.2 ±  0.2, ETirdll-III) = +1.1 ±  0.2, jE°Md(ITTI3) = +0.15, and £°No(II-III) = —1.45, each in volts 
relative to the standard oxidation potential of the normal hydrogen electrode.

1. Introduction
In a previous paper3 we related the first electron-trans

fer absorption-band energies of some lanthanide, Ln(IV), 
and actinide, An(IV), complexes, and the first f-d absorp
tion-band energies of some Ln(III) and An(III) complexes, 
to the standard F°M(III-IV) oxidation potentials of the met
als M of these two inner transition series. Best values for 
the A’°M(III-IV) potentials were obtained from a variety 
of sources, namely, from direct electrode potential measure
ments reported in the literature, from linear plots of first 
electron-transfer absorption-band energies vs. the respec
tive f?°M(III-IV) potentials, from linear plots of first f-d 
absorption-band energies vs. the respective /?°M(III TV) po
tentials, and from theoretical correlations based on Jor
gensen’s refined-electron-spin-pairing-energy theory.

In the present paper, which develops in a similar fash
ion as above from an extension of the electron-transfer 
band work reported in a preliminary note,4 we relate the 
first electron-transfer absorption-band energies of some of 
the Ln(ni) and An(UI) complexes, and the first f-d ab
sorption-band energies of some of the Ln(II) and An(II) 
complexes, to the respective f?°M(II-III) oxidation poten
tials. We obtain best values for all of the J?0M(II-III) po
tentials from the same variety of sources, from direct elec
trode potential measurements reported in the literature, 
from linear plots of electron-transfer absorption-band en
ergy vs. the respective £°M(II-III) potential, and from 
theoretical correlations based on a newly modified and con
siderably improved version5-6 of the refined-electron-spin- 
pairing-energy treatment.7’9

2. Experimental Results
In our preliminary work4 on these jB°M(II-III) poten

tials, the first electron-transfer absorption bands of some

of the M(HI) tribromides were measured in anhydrous 
ethanol solution. This solvent was chosen because it was 
the medium in which Jorgensen first analyzed the first 
electron-transfer bands and first f-d absorption bands of 
the Ln(III) tribromides. Unfortunately, however, because 
of strong competition from solvation, the metal halide 
species present when MX3 is dissolved in ethanol can be 
multicomponent, with relative concentrations unknown 
and variable as a function of atomic number across both 
the Ln(III) and An(III) series. So in each case any or all 
solvated M3+, MX2+, MX21 + , and/or MX3 species could 
be present in indeterminate concentrations. Such multi- 
component and presently indeterminate species add an 
additional element of uncertainty to an already complex 
problem, because they effectively broaden and shift the 
observed absorption bands and thereby make the inter
pretation of the spectra unnecessarily complex.

In order to bypass the above multispecies complica
tions, in the present work we report only the spectra of

(1) Research sponsored by the U. S. Atomic Energy Commission under 
contract with the Union Carbide Corporation and under contract 
with Battelle Northwest Laboratory. Presented by L. J. Nugent in 
part at the Third International Transplutonium Element Symposium, 
Oct 20-22, 1971, Argonne National Laboratory, Argonne, III., and in 
part at the USSR Academy of Sciences Symposium on the Chemis
try of the Transuranium Elements, Sept 4-8, 1972, Moscow.

(2) Present address. Division of Physical Research, U. S. Atomic Ener
gy Commission, Washington, D. C.

(3) L. J. Nugent, R. D. Baybarz, J. L. Burnett, and J. L. Ryan, J. inorg. 
Nucl. Chem., 33, 2533 (1971), and the references therein.

(4) L. J. Nugent, R. D. Baybarz, and J. L. Burnett, J. Phys. Chem., 73, 
1177 (1969), and the references therein.

(5) L. J. Nugent and K. L. Vander Sluis, J. Opt. Soc. Amer., 61, 1112 
(1971); ibid., in press.

(6) K. L. Vander Sluis and L. J. Nugent, Phys. Rev. A. 6, 86 (1972).
(7) C. K. Jorgensen, Mol. Phys., 5, 271 (1962).
(8) J. L. Ryan and C. K. Jorgensen, Mol. Phys., 7,17 (1963).
(9) C. K. Jorgensen, Chem. Phys. Lett., 2, 549 (1968).
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Figure 1. Absorption spectra of AmClg3"  (solid line) and of 
AmBr63"  (dashed line) in the respective tetraethylammonium 
halide satjrated acetonitrile solution at 298°K. These measure
ments were made in a 0.01-cm absorption cell.

the MX6®~ complex, where X -  = Cl" or Br_. This octa
hedral MXe3“ species is known to be the only significant 
metal complex present when MX3 is dissolved in the re
spective tetraethylammonium halide saturated anhydrous 
acetonitrile solution.10 The measurements are made on a 
Cary 14 recording spectrophotometer with the solution at 
room temperature (298°K) and sufficiently dilute so that 
electron-transfer and f-d absorptions are observed but f-f 
absorptions, which are considerably weaker, are not ob
served. It is advantageous to perform all chemical manip
ulations in quartz labware in order tc avoid contamination 
of the microgram lanthanide and actinide samples with uv 
absorbing impurities from Pyrex labware. Other details of 
the experimental techniques are described elsewhere.3-10

Radiolysis arising from the radioactivity of the actinide 
metals was troublesome only in the absorption measure
ments of EsX63" (£1/2 = 20 days for 6.63-MeV a emission 
from 253Es).la In these cases radiolysis effects were mini
mized by maintaining dilute (~10-4 M) EsX63 concen
trations, by making rapid (~3 min) absorption measure
ments after introduction of the EsX3 into solution, and by 
remeasuring the absorption after introducing 4-5% by vol
ume of water into solution. The latter hydrolyzes the 
EsXfj3 species and thereby effectively erases the EsX63 
electron-transfer bands by removing the X " ions from di
rect contact with the Es(III). By taking the difference be
tween the absorption of the unhydrolyzed and hydrolyzed 
solutions we were able to obtain an EsX63" spectrum with 
a minimum of complications from radiolysis.

The absorption spectra of 243AmCl63" and 243AmBr63“ 
are shown in Figure 1. These are the so-called f-d bands 
which, more precisely, should be designated 5f® —»• ôPôd1. 
Each spectrum shows broad-band structure marked by 
the arrows in Figure 1. The terminations of the AmCl03_ 
spectrum at 2110 Â and of the AmBr63" spectrum at 2330 
Â arise because of the onset of opacity in the respective 
(C2H5)4NX saturated acetonitrile solutions over the 0.01- 
cm absorption-cell path length. There are very likely more 
AmX63" bands at shorter wavelengths here but they can
not be conveniently measured because of the opacity of 
these solvents. The wave number at maximum absorption 
for each of the observed bands is listed in Table I with the 
corresponding molar absorptivity, e(max), and 5(—) the 
half-width at half-maximum absorption on the low-wave 
number side.

2500 3000  3500 4000
X(A)

Figure 2. Absorption spectra of BkCI63"  (solid line) and 
BkBr63_ (dashed line) in the respective tetraethylammonium 
halide saturated acetonitrile solution at 298°K. These measure
ments were made in a 0.01-cm absorption cell.

TABLE I. 4f-5d Absorption Bands of Some Ln(lll) 
Hexahalides and 5f-6d Absorption Bands of Some 
An(lll) Hexahalides

Species
bc/X(f-d), 
103 cm "1

e(max), 
/W-1 cm-1

i ( - ) .
103 cm "1

CeCI63"  a 30.3 1,600 0.8
CeBr63-  a 29.15 1,600 1.05
PrCI63- 42.0
PrBr63_ 39.9 ~  1,600

41.6 ~,800
TbCI63"  a 36.8 30 1.2

42.75 1,500 0.7
TbBr63"  a 36.0 Weak 0.9

~ 4 1 .4 Strong 0.9
uci63-  » 15.6 1,400
UBr63~ » 14.5C
AmCÌ63_ 38.5 500 1.2

41.0 15,100 0.7
43.7 7,100 1.0
46.7 5,200 1.1

AmBr63" 37.3 1,000 0.7
40.0 16,600 1.1
42.2 9,400 0.7

BkCI63" 31.3 280 1.1
33.3 470 1.1
35.1 340 1.0
36.4 340 1.1
38.5 1,880 1.1
40.8 1,680 1.1
42.4 ~  1,000 1.1
45.5 8,600 1.1
47.2 13,000 1.1

BkBr63" 30.3 150 1.3
33.1 290 1.4
35.6 950 1.3
37.5 1,720 1.1
40.2 1,100 1.4

“ Reference 10. °J. L. Ryan M TP Int. R ev. S ci., 7, 323 (1972). 1 We 
estimate this wave number by noting that the average C l " - B r "  shift of 
the first f-d bands of AmX3"  and BkX63"  is 1.1 X 103 cm-1 and by as
suming that the same shift occu-s in the UX63"  complexes.

(10) J. L. Ryan and C. K. Jorgensen, J. P hys. C h em ., 70, 2845 (1966); 
see also J. L. Ryan, A dvan. C h em . S er ., No. 71, 331 (1967).

(11) L. J. Nugent, J. L. Burnett, R. D. Baybarz, G. K. Werner, S. P. Tan
ner, J. R. Tarrant, and O. L. Keller, Jr., J. Phys. C h em ., 73, 1540 
(1969), and the references therein.
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X (A)

Figure 3. Absorption spectra of AmBr63“ , CfBr63“ , and EsBr63“  
in tetraethylammonium bromide saturated acetonitrile solution at 
298°K, These measurements were made in a 1.0-cm absorption 
cell.

The near-uv absorption spectra of 249BkCl63“ and 
249BkBr63“ , showing complex 5f® —► 5F6d4 band struc
ture, are presented in Figure 2. Peak wave numbers, 
«(max), and 5( —) values obtained with the aid of a Du 
Pont 310 curve resolver are recorded in Table I. The spec
trum of BkCl63_ in Figure 2 is terminated in the uv some
what before the corresponding AmCle3“ spectrum of Fig
ure 1 because the opacity of the solution is slightly en
hanced by radiolysis (fi/2 = 314 days for 0.10-MeV 
emission from 249Bk).1;L

The near-uv absorption spectra of 249CfBr63“ and 
253EsBr63_ are shown in Figure 3 with the spectrum of 
AmBr63 to illustrate the difference between electron- 
transfer and f-d absorption bands. The CfBr63" band 
peaks at 2985 À with 5( — ) and band wave numbers as list
ed in Table II. This is the first electron-transfer band cor
responding to the transition Br'CfiII^ôf9 » Br°Cf(II)5f10 
terminating on the lowest energy level of Cf(II). Similarly, 
the EsBr63 absorption shows the corresponding first 
Br_Es(ni)5f10 —*■ Br°Es(II)5f11 electron-transfer band at 
3300 Â with ô (-)  and band wave numbers as listed in 
Table II.

The CfBr63_ absorption spectrum of Figure 3 is termi
nated at 2500 A because the present availability of only 50 
fig amounts of 249Cf prescribes that measurements be per
formed in a 1-cm absorption cell; for this cell length the 
reference solution becomes opaque just below 2500 A. 
Similarly, the EsBr63_ spectrum is terminated near 2900 
Â because radiolysis contributes to excessively strong ab
sorption through the 1-cm cell at shorter wavelengths.

We see from Figures 1, 2, and 3 that a fundamental dis
tinction, aside from theoretical considerations, between 
electron-transfer and f-d absorption bands is the band
width. In the Table I listing of the MX63“ f-d band char
acteristics, i5(-) ranges from 0.8 X  103 to 1.4 X  103 cm-1, 
with a typical value of 1.1 X  103 cm“ 1, whereas in the 
Table II listing of the MX63“ first electron-transfer band 
characteristics, 5 (-) ranges from 1.6 X  103 to 2.4 X  103 
cm-1, with a typical value of 2.0 x 103 cm“1. Thus we 
observe that the electron-transfer bands are typically 
about twice as broad as the f-d bands in these complexes, 
and this is apparently more generally true for most lan
thanide and actinide complexes.

TABLE II: First Electron-Transfer Absorption Bands for Some 
Ln(III) and An(III) Hexahalides at Room Temperature

Species
h e /A(et), 
103 cm“ 1

e(max), 
M~1 cm“ 1

i ( - ) .
103 cm-1

SmCI63“  “ 43.1 930 2.3
SmBr63“  a 35.0 1050 2.4
EuCI63'  a 33.2 400 2.1
EuBr63“  a 24.5 250 2.0
TmCIs3“ 46.8e
TmBr63“ a 38.6 300
YbClg3“ 0 36.7 160 1.7
YbBr63“  a 29.2 105 2.4
243AmCÌ63” >49.0*-c
243AmBr63“ > 40 .8e
249CfCI63“ 42.1 1550 1.9
249CfBr63“ 33.5 875 1.6
253EsCI63” 38.1 ~ 500 1.6
253EsBr63“ 30.3 ~ 400 1.7

a Reference 10. 6 This electron-transfer band is not observed becatse it 
is beyond the uv cutoff. The wave number given here is an approximation 
based on the average (S.2 x  103 cm“ 1) hexabrcmide-hexachloride shift 
for Sm(lll), Eu(111), Yfc(lll), Cf(lll), and Es(lll). £ This electron-transfer 
band is not observed because it is obscured by strong f-d bands. The 
wave number reported here is a lower limit.

3. Theoretical Considerations
f-d Band Structure and Overview. The band structures 

in Figures 1 and 2 arise primarily from the structure of 
the final òf^d1 energy levels, rather than from the initial 
5f9+1 energy levels which are thermally populated only in 
the ground state and which are considerably more 
shielded and hence much less sensitive to environmental 
splitting. The Sf̂ Bd1 electron configurations in the free 
Am(III) (q = 5) and Bk(III) (q = 7) ions involve complex 
electronic structures with hundreds of energy levels not 
yet measured and classified. Each free-ion energy level in 
these Sf^d1 configurations is highly perturbed by the six 
X “ ions making up the octahedral ligand complex. The 
ligand field strongly splits the J degeneracy into compo
nents that can, in principle, be labeled according to the 
symmetry species of the Oh point group. However, be
cause of the intrinsic complexity of these band structures, 
and the limited amount of experimental information pres
ently available from the solution spectra of Figures 1 and 
2, it is inopportune at present to attempt any detailed lig
and-field or molecular-orbital analysis.

It is opportune, on the other hand, to make intraseries 
calculations and correlations of the first f-d band energies 
of these and other chemical complexes of the lanthanide 
and actinide series, so that the absorption band onsets 
can be identified for each member of any particular set of 
complexes. It is, in fact, the major theme of this paper to 
show that not only can such first f-d band energies be ac
curately correlated and calculated from the results of ;,he 
analysis of similar transitions in the neutral free Ln and 
An atoms, where the experimental data are far more 
abundant, but so also can the E°M(II-III) and E°M(III- 
IV) oxidation potentials, which in most cases involve the 
same fi+1- fq configuration differences between the two 
states of interest as are involved in the f-d (f«+1 —► bAi1) 
transitions.

Previous Free Atom Work. We recapitulate next the re
cent correlative analysis of AdE(q), the energy differences 
between the lowest energy levels of the f<?d1s2 and f‘?+1s2 
electron configurations in the neutral Ln and An free

The Journa l o f P hys ica l C hem istry, Voi. 77, No. 12, 1973



Standard (ll-lll) Oxidation Potential for Lanthanides and Actinides 1531

atoms.5-6 If the term + (9 /1 3 ) £ 1 implicit in the parameter 
A of (E -  A) in eq 1 of ref 5 is expressed explicitly as A = 
A' + (9 /13 )!?1, then AdE(q) can be written to a good ap
proximation as follows6

AdE(q) = W + { E -  A')q -  M(L)E3 -  P(S,L,J){{
0 < q < 7 (la)

AE(q) = W + (E -  A')q -  9E1 -  M(L)E3 -  P(S,L,J)fr
1 < q < 13 (lb)

where one set of parameters W and \E -  A') is fitted, along 
with two additional parameters a and b defining E', to the 
ten experimentally known AdE{q) values of the Ln series, 
and another set is fitted to the eight experimentally 
known AdE(q) of the An series. The parameter W is the 
value AdE(q) would have at the beginning of each series 
if there were no spin-orbit or relativistic interactions. 
The term E in the combined parameter (E -  A') accounts 
for the increase in the effective nuclear charge felt by each 
electron as the actual nuclear charge Z (or q) increases 
across each series; it is found to be constant across an 
entire series. The term A' accounts mainly for those inter 
f electron repulsions that arise via the Racah parameter 
E°\ it is found to be effectively the same for both con
figurations and constant across an entire series. The term 
A' also accounts approximately for the effects of f-d in
terelectron repulsions. The Racah inter f electron repulsion 
parameters E1 and E3 are fitted to the experimental data 
and they are thus found to be effectively unchanged be
tween both configurations. The latter parameters are de
termined as follows: E3 is taken to be 0.1E1, in the hydro- 
genic ratio, and E1 is assumed to be linear in q, E1 = a + 
bq, where the constants a and b are fitted by the method of 
least squares to the experimental AE(q) data via eq 1 with 
the following inputs. The spin-orbit interaction parameters, 
ff, are taken to be the same in the f«+1s2 and f«dxs2 metal 
atom configurations as they are in the respective Ln(IH) 
aquo ion or the respective An(IH) ion in certain crystals. 
This is a good approximation because the contributions 
from these spin-orbit interaction terms are small enough 
such that the small differences in ff between the various 
media are not important. It was made because most of the 
metal atom values for fr are not known, whereas the cor
responding Ln(ni) aquo ion values and the An(III) crystal 
ion values are extensively known and conveniently tabu
lated in previous publications. Finally, M{L) and P(S,L,J) 
are integers or half-integers obtained from the theory and 
tabulated in a previous publication.3

The standard deviation between the experimentally de
termined and the calculated A<jE{q) values above is 0.62 X  
103 cm-1 for the ten Ln experimental points, and it is 0.75 
X  103 cm“ 1 for the eight An experimental points. The 
numerical results for those terms in eq 1 which are non
linear in q, i.e., the sum of the E3- and ^-dependent terms 
of eq la, and the sum of the E1-, E3-, and ff-dependent 
terms of eq lb, are listed here in Table HI. We show in the 
developments to follow that these numerical values, Ft(q) 
for the lanthanides and Fa(q) for the actinides, which 
account to within ±2 x 103 cm-1  for the nonlinear varia
tions in A¿E(q) in the neutral metal atoms, account as well 
for the corresponding nonlinear variations in the first f-d 
band energies [hc/A(f-d)] in all the chemical complexes of 
the M(H) and M(IH) ions. Moreover, these same numerical 
values also account as well for the corresponding nonlinear 
variations in the E°M(II-III) and E°M(III-IV) oxidation 
potentials.

TABLE III: General f Electron Linearization Energies for the 
Lanthanides, F \ ( q ) ,  and Actinides, F a (q)

q Ln“ F lidi, V“ An“ F a(<j),V“

0 La +  0.11 Ac +0.18
1 Ce +  0.63 Th +0.53
2 Pr +  C.80 Pa +  0.63
3 Nd 0.00 U 0.00
4 Pm — 0.84 Np -0 .6 9
5 Sm -C .74 Pu -0 .71
6 Eu -C .32 Am -0 .6 5
7 Gd -5 .8 5 Cm -3 .9 3
8 Tb

00 
coLO1 Bk -3 .6 8

9 Dy -5 .3 4 Cf -3 .7 6
10 Ho - e . 38 Es -4 .6 7
11 Er -7 .4 8 Fm -5 .6 3
12 Tm -7 .5 4 Md -5 .8 5
13 Yb -7 .1 7 No -5 .7 8

“ Note that the elements and o values are properly aligned with respect 
to each other here for applicaton to £°M(ll-lli) and to hc/A(f-d) for 
M (11) ions. For application to £°M (III-IV) and to hc/A(f-d) for M(lll) 
ions all element symbols should be raised one row with respect to q. 
0 Note that the signs of £j(g) and Fa(g) here are correct for application 
to £°M (II-III) and £°M(III-IV); for application to f-d bands of M (11) and 
M(lll) ions all of these signs must be reversed and the numbers multi
plied by 8.06547 X  103 cm _1 V -1 for conversion to cm -1.

4. Spectroscopic Determination of E°M(II-III)
Potentials

The fact that a roughly linear correlation exists between 
the first electron-transfer band energies of certain Ln(III) 
complexes and the corresponding E°Ln(II-III) oxidation 
potentials has been recognized for a long time, but only 
recently has the analogous correlation been demonstrated 
for the An series.3’4 We proceed next to develop both of 
these correlations further on the basis of the first electron- 
transfer band data of the MX63- complexes of Table II 
and the known E°M(II-III) oxidation potentials of Table
IV. The oxidation potentials here and throughout this 
paper are all with reference to the normal hydrogen elec
trode (NHE), with the sign convention such that the 
greater the positive potential the more stable is the oxi
dized form.

The J 5 ° M ( n - m )  values are plotted against the corre
sponding first electron-transfer band energies for the 
MBr63_ complexes in Figure 4. Similarly, the £ QM(IITII) 
values are plotted against the corresponding first electron- 
transfer band energies for the MCI«3“ complexes in Figure
5. In both Figures 4 and 5 the known experimental points 
are for Eu, Yb, Sm, and Cf. It is clear that the experi
mental Ln points do not fit precisely any one straight line, 
but it is also clear from the following developments how 
these points can be linearized.

We show in the next section that the A’0Ln(II-II[) and 
the E°An(H-III) potentials of Table IV separately follow 
eq 1 with the same numerical values for the nonlinear 
terms as given in Table HI. Furthermore, it can be shown 
that the corresponding first electron-transfer band ener
gies also separately follow eq 1 with the same numerical 
values for the nonlinear terms as given in Table III, but 
with slightly different values for (E — A') and, of course, 
considerably different values for W than those obtained 
from the E°M(II-HI) calculations. Thus it follows that we 
can transform the experimental Ln points of Figures 4 and 
5 to a unit-slope straight line simply by adding a term 
+qA{E -  A ')Ln to the electron-transfer band energies,
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TABLE IV: E°M(II--III) Oxidation Potentials for the Lanthanides and Actlnidese

M Measd Calcd M Measd Calcd

La +  3.1 ±  0.2 Ac +4.9 ±  0.2
Ce +  3.2 Th +4.9
Pr +  2.7 Pa +4.7
Nd +  2.6 U +  4.7
Pm +  2.6 Np +4.7
Sm +  1.55“ +  1.6 Pu +  3.5
Eu +  0.35" +  0.3 Am +  2.3 (2.6) “ ,c
Gd +  3.9 Cm +4.4 (5.0)“ ’e
Tb +  3.7 Bk +  2.8 (3.4)“ -c
Dy +  2.6 Cf 1.6 ±  0.2d +  1.6 (1,9)“ ’c
Ho +  2.9 Es 1.2 ±  0.2 +  1.3 (1.6)“ -c
Er +3.1 Fm +  1.1 (1.3)“ -e
Tm +  2.3 ±  0.2(2.2)“ c +  2.3 Md +  0.15“ 0.0
Yb +  1.15“ +  1.1 No -1 .4 5 ° -1 .3

° Reference 4, b L. R. Morss and H. Haug, J. C h em  T herm odyn., in press. c These values from previous work are in general considered to be less ac
curate. d H. A. Friedman, J. R. Stokely, and R. D. Baybarz, Inorg. N uci. C h em . L ett., 8, 433 (1972), have recently shown that the half-wave polaro- 
graphic (lll-ll) reduction potentials for Sm(III) and for Cf(lll) in anhydrous 0.1 M tetraethylammonium perchlorate-acetonitrile solution are essentially 
the same. This is good evidence that £°Cf(ll-lll) is equal to £°Sm(ll-lll), or 1.6 V. The 1.6 V E°Cf(ll-lll) value is also supported by the work of N. B. 
Mikheev, of the Institute of Physical Chemistry, Moscow, USSR, on cocrystallization of Cf(ll) and SmC 2 from alcohol solution. e Volts relative to NHE.

Figure 4. £ °(ll-lll)  vs. h c / \ ( e t) for the lanthanide and actinide 
MBr63_ complexes. A (£ -  A ' )  =  0.040 V. The points X are 
measured values and the arrow tips represent values that have 
been linearized by adding + gA (£  — A ')  to the measured 
values.

Figure 5. £ ° (ll-lll )  vs. h c / \ ( e t) for the actinide MCI63_ com 
plexes. A (£ — A ')  = 0.040 V. The points X are measured 
values and the arrow tips represent values that have been lin
earized by adding + g A (£  -  A ')  to the measured values.

where A(E -  A')Ln is the difference between the (E -  A') 
value obtained from the electron-transfer band calcula
tions and the corresponding (E -  A') value obtained from 
the £°Ln(II-III) calculations. The arrow tips in Figures 4 
and 5 are the points so linearized, and A(E -  A')hn is de
termined from the linearization requirement to be +0.040 
V for both the LnBr3~ and the LnCle3- series.

From the unit-slope calibration lines in Figures 4 and 5, 
the A(E — A')Ln value above, and the measured first elec
tron-transfer band energies of Table II, we obtain 
£°Tm(II-III) = +2.3 ±  0.2 V, as reported in Table IV. 
Note that we obtain essentially the same £ 0Tm(II-IH) po
tential in Figure 4 from the first electron-transfer band 
energy of the TmBr63~ complex as we obtain in Figure 5 
from the first electron-transfer band energy of the 
TmCl63- complex, as is of course required.

It follows that we can, in principle, transform the ex
perimental An points of Figures 4 and 5 to unit-slope 
straight lines by adding a term +qA(E -  A'Iah to the 
first electron-transfer band energies. However only the Cf 
points are known for these AnX63_ series, and so A(£ -  
A'Un is not determined here. Nevertheless we can obtain 
a value for £ 0Es(II-III) of +1.2 ±  0.2 V from the known 
£7°Cf(EE—III) potential of Table IV and the difference be
tween the first electron-transfer band energies of the re
spective CfX63“ and EsX63_ complexes, from Table II, 
assuming that |A(£ -  A')An| is less than the 0.2 V error 
limit above. Since the corresponding parameter A(E — 
A ’ )Ln is 0.040 V for the LnX63~ series, and the corre
sponding parameter A(E -  A')an can be shown to be easi
ly less than 0.04 V for the AnX62_ series,3 very likely no 
significant error is introduced into £°Es(II-III) above due 
to the indeterminate A(E — A')An contribution. Addition
al support for this contention is also provided later in this 
section where it is shown that our E°Es(II-III) value cor
relates as expected with the known experimental values 
for £°Cf(II-III), f?°Md(II-III), and E°No(II-III).

It is evident in the development of this paper that for 
various reasons the electron-transfer bands of all of the 
other members of these LnX63_ and AnX63 series cannot 
at present be measured; so this exhausts our spectroscopic 
method for the determination of the Ln and An £°M(II- 
ni) potentials.
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5. Analysis
First f-d Bands of M(II) in CaF2. McClure and Kiss12 

surveyed the room-temperature spectra of 13 of the Ln(II) 
ions in CaF2 crystalline hosts, obtained by 7 -irradiation 
reduction of the corresponding Ln(III) doped CaF2 crys
tals, and they reported the first f-d band energies plotted 
here in Figure 6. We add the general f electron lineariza
tion energies F\(q) of Table III to these experimental 
peints in Figure 6, and we thereby generate the dashed 
straight line which fits the linearized points in Figure 6 to 
within ±2 X 10s cm-1 .13 Conversely, the first f-d band 
energies for the entire Ln(II) series in CaF2 can now be 
generated from the dashed line of Figure 6 and the Fi(q) 
values of Table III. These calculated results are represent
ed by the solid line in Figure 6. Thus we demonstrate that 
the f-d band data of Figure 6 fits eq 1 with (E -  A') =
7.95 x  103 cm-1 and W = —17.5 X 103 cm-1, and with 
values for the nonlinear terms taken directly from the pre
vious atomic analysis. The fact that this simple analysis is 
as successful here as it is in the atomic cases demon
strates that contributions to these band energies arising 
from f-d interactions and ligand field interactions can, to 
a good approximation, be treated as linear functions of q 
and systematically accounted for by the W and (E -  A') 
terms of eq 1.

It is important in the _E0Ln(II-IH) analysis to follow to 
recognize that the first f-d band energies reported for 
Sm(II)aq (17.9 X 103 cm -1), Yb(II)aq (28.4 X 103 cm -1), 
and Eu(II)aq (31.2 X 103 cm-1), the only members of the 
Ln(II)aq series sufficiently stable to be measured, nearly 
match those of the respective Sm{II) (16.2 X 103 cm-1), 
Yo(II) (27.5 X 103 cm-1), and Eu(II) (31.2 X 103 cm-1) 
ions in CaF2.12’14 This indicates that we can, to a good 
approximation, take the first f-d band energies for the en
tire Ln(II)aq series to be the same as those of the Ln(II)- 
CaF2 ions of Figure 6. The negative energies in this figure 
show that the ground states of the highly unstable and es
sentially unmeasurable La(II)aq, Ce(II)aq, and Gd(II)aq 
ions are the lowest energy levels in f9d electron configura
tions, and not in f«+1 configurations as are the other 
Ln(II)aq ions of this series. Thus when we correlate 
£">Ln(II-III) potentials on the basis of f9 L1 electron con
figurations for the Ln(II)aq ions and i9 electron configura
tions for the Ln(ni)aq ions, we must correct the potentials 
in the above exceptional Ln(II)aq ion cases to account for 
the energy separation between the ground state f®d elec
tron configuration and the excited state f«+1 electron con
figuration. This correction is to a good approximation he/ 
\;f-d) taken from Figure 6.

Exceptional f«d ground state electron configurations 
also occur for some of the An(II)aq ions, but we cannot at 
present directly measure the first hc/X(f-d) values for any 
o: these aquo ions. The problem here is that where the 
An(II)aq ions are sufficiently stable for measurement, Z > 
98 for Cf(II)aq and above, a sufficient amount of material 
for this measurement has not been available, and where a 
sufficient amount of material has been available for the 
measurement, Z < 97 for Bk(II)aq and below, the An(Et)aq 
ions are not sufficiently stable for measurement. Never
theless, we can make good estimates of the first f-d band 
energies of the An(n)aq ions from the corresponding mea
sured data for the three presently known An(II)-CaF2 first 
f-d bands. The band onsets reported for the latter are 
Am(II)-CaF2 (15.4 X 103 cm- 1),15 Cf(II)-CaF2 (17.4 x 
103 cm-1),16 and Es(II)-CaF2 (24.4 x  103 cm” 1).17 Band 
centers are not accurately determined in these cases be-

Figure 6. First f-d band centers vs. q for the lanthanide!11) ions 
in CaF2. The points X are the measured values taken from ref 
12 and 13. The points O are the linearized values defining the 
dashed straight line with slope (E — A ’ ) =  7.95 X  1 0 3 cm -1 
and intercept W =  — 17.5 X  103 c m - ’ . The solid line describes 
the calculated values.

cause the observed bands are broad and poorly defined, 
but, by analogy with the Ln(II)-CaF2 series, they should 
be about 3 X 103 cm-1 greater in energy than the band 
onsets.

The above band onsets are plotted in Figure 7 where 
they are also linearized by the addition of the appropriate 
Fa(q) energy of Table HI. Approximating the first f-d 
band energies of the An(II)aq ions to be the same as these 
corresponding An(II)-CaF2 first f-d band energies, by 
analogy with the Ln(II)aq and Ln(II)-CaF2 series, we see 
in Figure 7 that f«d electron configurations are expected 
for the ground states of the Ac(II)aq, Th(II)aq, Pa(II)aq, 
U(II)aq, and Np(II)aq ions. Thus in the E°An(II-III) anal
ysis to follow, when we correlate E°An(II-IIIj potentials 
across the An series on the basis of f®+1 electron configu
rations for the An(II)aq ions and lq electron configurations 
for the An(III)aq ions, we must correct by the amount he/ 
X(f-d) taken from Figure 7 (plus 3 X 103 cm-1 to obtain 
the band center) in the cases of the above exceptional An-
(11) aq ions.

It is worth noting that the actual measurement of the 
first f-d band for the Ac(II)-CaF2 species may be feasible 
when the Ac becomes available. This will be an important 
datum point in Figure 7 to check the theory and provide a 
more accurate correction to E°Ac(II-III) for the d-electron 
stabilization of the ground state of the Ac(II)aq ion. Also

(12) D. S. McClure and Z. Kiss, J. C h em . P hys., 39, 3251 (1963).
(13) We note that the first Eu(ll)-CaF2 f-d band, as shown in ref 12, is 

unusually wide on the low-energy side. Accordingly, we take the 
actual peak here to be not at the observed peak at 31 kK, but on 
the unresolved shoulder at 27.5 kK, in accord with K. E. Johnson 
and J. N. Sardoe, J. C h em . S o c . A , 1694 (1969); A. A. Kaplyanskii 
and P. P. Feofllov, Opt. S p e c t r o s c ., 13, 129 (1962).

(14) F. D. S. Butement, Trans. F araday S o c . , 44, 617 (1948). See also 
M. Faraggi and Y. Tendler J. C h em . P hys., 56, 3287 (1972).

(15) N. Edelstein, E. Easley, and R. McLaughlin, J. C h em . Phys., 44, 
3130 (1966).

(16) R. D. Baybarz, unpublished work.
(17) N. Edelstein, J. G. Conway, D. Fujita, W. Dolbe, and R. McLaugh

lin, J. C h em . P hys., 52, 6425 (1970).
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Figure 7. First f-d  band onsets vs. q for the actinide(II) ions in 
CaF2. The points X  are the measured values taken from ref 
15-17. The points O are the linearized values defining the 
dashed line. The solid line describes the calculated values. (£ 
-  A ' )  =  9.7 X  103 cm “ 1, W  =  -3 7 .5  X  103 cm “ 1.

as 249Cf becomes available in greater than 100-pg quan
tities, it will be helpful in this regard to measure directly 
the first f-d band for Cf(II)aq in the same way as was done 
in the case of the chemically similar Sm(H)aq ion.14

First f-d Bands of the MBre3~ Complexes. The mea
sured wave numbers of the first strong f-d bands of 
CeBr63 , PrBr63“ , and TbBr63“ , taken from Table I, are 
plotted us. q in Figure 8. These values are linearized by 
addition of the appropriate Fi(q) value of Table HI, and 
this defines the dashed line in Figure 8. Here again we 
have a linear relationship in agreement with the theory. 
As before, the solid line in Figure 8 identifies the calculat
ed values. We see there that all the other LnBr63 com
plexes have first f-d band energies greater than 48 x 103 
cm-1, so they cannot be readily measured because the 
bromide ligand absorption cutoff is at 43 X 103 cm" 1 and 
higher. Also, from the data of Table I we see that the 
CeCl63 -, PrCl63", and TbCU3" complexes have first 
strong f-d bands about 1 X  103-2 X  103 cm“ 1 higher in 
energy than the corresponding LnBr63" complexes. These 
LnCl63" wave numbers can be similarly linearized, with 
the same slope as obtained for the LnBr63“ series, and 
from this the first f-d band wave numbers can be deter
mined for the entire LnCU3" series. Our results on this 
indicate that, similar to the LnBr63“ series, all LnCle3“ 
complexes other than those indicated above have first f-d 
bands higher than 49 X  103 cm“ 1, beyond the chloride lig
and absorption cutoff at 47 x 103 cm-1, and so these f-d 
bands cannot be readily measured.

It should be noted above, in Figure 8 and in Table I, 
that although the weak f-d satellite band of TbBr63“ at 
36.0 X  103 c m 1, and of TbCl63" at 36.8 X  103 cm“ 1, is in 
each case at the lowest wave number, it does not directly 
fix the slope of the linearization in Figure 8. These so- 
called spin-forbidden satellites are peculiar to Tb(III),10 
as evidenced by the appearance of similar weak satellites 
at the lowest wave numbers in the absorption spectra of 
Tb(IH)aq and Tb(IH)-CaF2.18 Our analysis of the Ln(III)- 
CaF2 system,18 where more points are known across the 
series, indicates that the calculated wave number for 
Tb(HI) should in general pass through the average wave

Figure 8. h c / \ ( f-d) vs. q for the LnBr63“  complexes. The points 
X  are the measured values taken from Table I. The points O 
are the linearized values defining the dashed straight line. The 
solid line describes the calculated values. (E  — A ' )  =  8.4 X  
103 cm -1 , W =  +27.0 X  103 cm -1 .

number of the first weak satellite band and the first 
strong band, and this, as shown in Figure 8, is how the 
slope of our linearization is fixed at the TbBr63" points.

It should also be noted that the measured3 first f-d 
bands of the corresponding Ln(III)aq ions are all greater 
than those of the corresponding LnBr63" ions of Figure 8. 
Since the latter are all greater than zero, this shows that 
the ground states of the Ln(III)aq ions in no case involve 
f«d electron configurations, they involve only f9+1 electron 
configurations. Thus there is no f«d ground-state configura
tion for any of the Ln(III)aq ions, and so no corrections to 
the Ln £°(II-III) potentials arise from this source as they do 
for the exceptional Ln(n)aq ions discussed above.

The wave numbers of the first f-d bands of UBr63 “ , 
AmBr63“ , and BkBr63“ , taken from Table I, are plotted 
us. q in Figure 9. These values are linearized by addition 
of the appropriate Fa(q) value of Table III, and this de
fines the dashed line in Figure 9. Here again we have a 
linear relationship in agreement with the theory, and, as 
before, the solid line represents the calculated values. In 
this AnBr63“ series, neither ThBre3“ , nor PaBr63'  can be 
measured because they are highly unstable, whereas 
CmBr63", CfBr63“ , and the other complexes to the right 
in this series have first f-d bands in and beyond the bro
mide cutoff and/or competing electron-transfer bands. 
The spectra of the other two complexes to the left in this 
series, NpBr63“ and PuBr63“ , could be measured; how
ever, because of their marginal stability they were not 
measured in the present work. Also, from the data of 
Table I the AnCU3“ complexes have first f-d bands about 
1 X  103 cm-1 higher than those of the corresponding 
AnBr63” complexes, so the former can be similarly linear
ized with the same slope as the latter, and remarks, simi
lar to those above for the AnBrg3“ complexes also apply 
for the AnCIa3“ complexes.
(18) J. L. Ryan, L. J. Nugent, and R. D. Baybarz, J. Phys. C h em ., to be 

submitted for publication.
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Figure 9. he/X(f-d) vs. q for the AnBr63"  complexes. The 
points X are the measured values taken from Table i. The 
points O are the linearized values defining the dashed straight 
line. The solid line describes the calculated values. (E — A ')  = 
10.8 X 103 c m " 1, W =  -1 3 .0  X 103 c m " 1.

z
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Figure 10. £°(III-IV) vs. q for the larthanide series. The points 
X are the measured values taken from Table V. The points O 
are the linearized values defining the dashed straight line. The 
solid line describes the calculated values. (E — A ' )  = 1.07 V = 
8.63 X io3 cm - 1 , W =  -1 .8 0  V = -1 4 .5  X 103 cm “ 1.

Finally, it should be noted that the measured3 first f-d 
bands of the An(E)aq ions are each just 11 ±  2 x 103 
cm" 1 higher than those of the corresponding AnBr63” 
complexes of Figure 9. Thus we see that all of the An- 
(EI)aq ions are in f«+1 ground-state electron configura
tions, and so no correction is required in our £°An(H-III) 
analysis due to irregular f«d electron configurations enter
ing into these ground states, as "hey do for some of the 
An(II)aq ions.

E°M(III-IV) Oxidation Potentials. Previously we corre
lated the £°M(m-IV) potentials for the Ln and An series 
using Jorgensen’s refined-electron-spin-pairing-energy 
theory.3 Now we re-do these calculations on the basis of 
our newly modified and improved theoretical treatment.

z
9 0  91 9 2  93  9 4  95  9 6  9 7  98  99  100 101 102 103 
T h  P a U N p  Pu A m  C m  B k C f  E s  Fm M d N o L r

Figure 11. £°(III-IV) vs. q for the actinide series. The points X 
are the measured values ta<en from Table V. The points O are 
the linearized values defining the dashed straight line. The solid 
line describes the calculated values. (E — A ' )  = 1.37 V = 11.1 
X 103 c m " 1, W = + 4.0  V = +32 X 103 c m " 1.

TABLE V: E°M(III-IV) Oxidation Potentials for the Lanthanides 
and Actinides“

M Measd6 3alcdc M Measd" Calcdc

Ce - 1 . 7 4 - 1 . 8 Th +  3.7
Pr - 3 . 2  ±  0.2 - 3 . 4 Pa +  2.0
Nc - 5 . 0  ±  0.4 - 4 . 6 U +  0.63 + 0 . 6
Pm - 4 . 9 Np - 0 . 1 5 - 0 . 2
Sm - 5 . 2 Pu - 0 . 9 7 - 0 . 8
Eu - 6 . 4 Am - 2 . 3 4 - 2 . 2
Gd - 7 . 9 Cm - 3 . 1 - 3 . 5
Tb - 3 . 1  ±  0.2 - 3 . 3 Bk - 1 . 6 4 - 1 . 6
Dy - 5 . 2  ±  0.4 - 5 . 0 Cf - 3 . 2
Ho - 6 . 2 Es - 4 . 5
Er - 6 . 1 Fm - 4 . 9
Tm - 6 . 1 Md - 5 . 4
Yb - 7 . 1 No - 6 . 5
Lu - 8 . 5 Lr - 7 . 9

a Volts relative to the NHE. 0 Reference 3. c These values calculated In 
the present work are in general considered to be more accurate than the 
corresponding calculated values of ref 3 (see text).

The experimentally determined3 E°M(III-IV) potentials 
are plotted vs. q in Figure 10 for the Ln series and in Fig
ure 11 for the An series. These values are linearized by 
addition of the appropriate F\{q) and F-Aq) values from 
Table E3, and this defines the dashed lines in Figures 10 
and 11. Here again we have a linear relationship showing 
that the irregular and the linear variations in these poten
tials can be separated according to the theory, and again 
the solid lines represent the new calculated values. All of 
the £°M(in-IV) potentials so determined are listed in 
Table V with the experimentally determined values.

There are essentially three new results coming out of 
the correlations in Figures 10 and 11. The first is that the 
£°M(III-IV) potentials for those elements on the far-right 
side of both series are now calculated to be somewhat 
smaller in absolute value than in the previous treatment;
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z
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Figure 12. E °(ll-lll) i/s. q for the lanthanide series. The points 
X are the measured values taken from Table IV. The points O 
are the linearized values defining the dashed straight line. The 
solid line describes the calculated values. (£ — A ')  = 0.87 V = 
7.02 X 103 cm ^ 1, W = +5.12 V = +41.3 X 103 cm H . For an 
explanation of the dotted line see text.

Z
69  9 0  91 92  93  94  9 5  9 6  97  96  9 9  100 101 102 

A c  T h  P a  U N p P u  A m  C m  Bk C f  E s  Fm  M d N o

Figure 13. £ °(ll-lll)  vs. q for the actinide series. The points X 
are the measured values taken from Table IV. The points O are 
the linearized values defining the dashed straight line. The solid 
line describes the calculated values. (£ -  A 1) =  1.24 V = 10.0 
X 103 cm “ 1, IV = +9.10 V =  +73.4 X 103 c m - 1. For the 
explanation of the dotted line see text.

e.g., I?°Lr(III-IV) is now —7.9 V compared to -9 .0  V be
fore. The second is that whereas before £°Cm(III-IV) was 
calculated to be -4.2 V, which made it appear anomalous 
compared to the —3.1 V estimated on the basis of relative 
chemical stabilities, it now is calculated to be -3.5 V. 
Thus the anomaly is removed since the present difference 
between these calculated and experimental values is now

not out of range of the uncertainties. The third new result 
is that the values determined for (E — A') from the s.opes 
of the dashed lines, and given in the captions to Figures 
10 and 11, are now larger than before, mainly because the 
term ^ /lS )#1 is no longer included in the parameter A '.6

E°M(II-III) Oxidation Potentials. The experimentally 
determined £°M(I1-I1I) potentials from Table IV are plot
ted us. q in Figure 12 for the Ln series and in Figure 13 for 
the An series. These values are linearized by addition of 
the appropriate F\(q) and Fa{q) values from Table III, and 
this defines the dashed lines in Figures 12 and 13. Here 
again we obtain a linear relationship which shows that the 
irregular and the linear variations in these potentials can 
also be separated according to the theory, and again the 
solid lines represent the calculated values. It should be 
noted in these figures that dotted lines represent calculat
ed potentials in those cases where the ground state of the 
M(II)aq ion is not, in fact, in the f9+1 electron configura
tion, as assumed in the theory, but in the f9d configura
tion. In these cases the solid line above the dotted line 
represents the true potential which is obtained by correct
ing the value on the dotted line by the fffd electron stabi
lization energy, as estimated in the beginning of this sec
tion. All of the £°M(II-III) potentials so determined are 
listed in Table IV with the experimentally determined 
values.

6. Discussion
We show in Figures 6-13, and in previous work,5’6 that 

our systematic treatment provides a generally accurate 
description of physical and chemical properties of systems 
relating to electronic energy differences between atoms, 
ions, or chemical complexes involving f« electron configu
rations and the corresponding atoms, ions, or chemical 
complexes involving f®+1 electron configurations. Fur
thermore, the nonlinear (in q) irregularities in all such 
energy differences in the systems studied thus far are not 
seriously affected by the state of oxidation of the metal, or 
by the chemical bonding, whether present or absent, as 
might be expected for the relatively isolated i q electrons. 
These nonlinear irregularities are to a good approximation 
(±2 X 103 cm -1, or ±0.2 V) the same for the same value 
of q  in every system. The linear regularities, on the ether 
hand, vary from system to system, as expected, but these 
variations are absorbed in the more or less loosely defined 
linearization parameters W and (E — A'). In addition to 
the energy contributions discussed previously, for those 
systems involving free atoms or ions,5’6 the linearization 
parameters also reflect contributions from chemical bond
ing energies, ligand field energies, and entropy changes, 
where involved in the present systems. It is interesting to 
note in this regard that in systems involving oxidation po
tentials, which are of course free energy differences and 
which therefore depend both on energy differences and en
tropy differences, the nonlinear variations are accounted 
for by energy differences alone, the same energy differ
ences as in the free atom systems. We are fortunate here 
that the effects of the corresponding entropy differences 
are accounted for, to a good approximation, by the linear 
parameters W and (E — A'), as are all other effects asso
ciated with chemical bonding, including the nonlinear tet
rad effect which amounts to less than ±0.2 V.19’20

It is noteworthy that in each actinide system studied 
thus far, whether it is chemical, gaseous atomic, or gas-
119) C. K. Jorgensen, J. Inorg. N ucl. C h em ., 32, 3127 (1970).
(20) L. J. Nugent, J. Inorg. N ucl. C h em ., 32, 3485 (1970).
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eous ionic, the value obtained for (E -  A')An is consis
tently larger than the corresponding value for (E -  A')i_.n 
by a factor of 1.3 ±  0.1, with the exact ratio in this range 
depending on the particular system. Typical values are (E 
-  A ')at\ =  10 X 103 cm-1 and (E -  A')Ln *  8 X 103 
cm-1, and deviations from these values occur for particu
lar systems mainly in the next decimal place. In searching 
for the reasons for such consistency it is apparent that the 
dominant terms contributing to the parameters E and A' 
originate in the relatively isolated and shielded f electron 
cores. The contribution to E arises there due to inefficient 
mutual screening of the f electrons from the nuclear 
charge, whereas the contribution to A1 arises there due to 
those parts of the inter f electron repulsions accounted for 
by the Racah parameter E°. Relative to these dominant 
contributions, other contributions from chemical bonding 
energies, from entropy differences, from f valence-electron 
interactions, and from valence-electron-nuclear-charge in
teractions cannot be as important because they vary con
siderably from system to system yet the consistency stat
ed above remains.

In the simple theory of the gaseous atoms the Racah 
inter f electron repulsion parameter E° adds directly to 
A', whereas the f electron contributions to the parameter 
E arise as follows. The lowest electronic energy level of 
each configuration, besides the electronic energy account
ed for by the various Racah and spin-orbit interaction pa
rameters, is assumed, by analogy with hydrogenic energet
ics, to be proportional to the square of the effective nucle
ar charge acting on the f electrons; i.e., it is proportional 
to -Kq[Zi(0) + (1 -  s)q]2/n*2 for the f«d1s2 configuration 
and proportional to -K (q  + 1)[Z2(0) + (1 -  s)q]2/n*2 for 
the f9+1s2 configuration, where Zi(0) and Z2(0) are the 
effective nuclear charges of the respective configurations 
of the element at the beginning of the series (q = 0), the 
parameter s is the mutual f electron Slater screening con
stant, n* is an effective principle quantum number, and 
K is the constant of proportionality.21 When energy dif
ferences are taken between these two configurations, 
the terms above yield three components: a constant com
ponent K[Z2(0)]/n*2 which is absorbed by the parameter 
W, a linear (in q) component <jX|Z2(0)2 -  Zi(0)2 + 2(1 -  
s)Z2(0)|/n*2 with the constant coefficient of q here ab
sorbed by the shielding parameter E of (E -  A'), and a 
relatively small quadratic component which can be ig
nored.

We can obtain some idea of the value of E for both se
ries from the experimental {E -  A') values above and the 
following estimates for the parameters E°. We calculate 
(jE°/EA) in the hydrogenic approximation to be 26.07 for 4f 
electrons;22 from this ratio and the experimental value6 
E1 = 5 x 103 cm '1, we estimate E°Ln to be 130 x 103 
cm-1. For our present purposes the corresponding param
eters should not be importantly different for any of the 
Ln(III) ions, whether complexed or free, or for any of the 
other oxidation states of this series. Thus taking (E — A') 
~ 8 x 103 cm-1 and A' ~ E°Ln ~ 130 X  103 cm ' 1 from 
above, we obtain Ehn ~ 138 X  103 cm-1. Similarly we es
timate E°An at 95 X  103 cm ' 1 by taking the ratio of the 
E° values for the Ln and An series to be the same as the 
ratio (0.73) of the effective E1 values.6 Thus taking (E -  
A')An ~ 10 X  103 cm' 1 and E°An ~  95 X  103 c m '1, as 
above, we obtain Eau ~ 105 X  103 cm '1.

The relative values of the E and A' parameters above 
are important in understanding why divalent stability be
comes progressively more pronounced toward the right-

Standard (ll-lll) Oxidation Potential for Lanthanides and Actinides

hand side of the An(II) series than toward the right-hand 
side of the Ln(II) series. These differences in M(II) sta
bilities for the two series arise mainly because of the dif
ference in the values of the (E -  A') parameters, and, as 
indicated above, the latter differ mainly because the de
crease in the Racah inter f electron repulsion parameters 
E° between these two series is greater than the decrease in 
the shielding parameters E. Thus, for example, because of 
the greater decrease in inter f electron repulsion compared 
to shielding in the No(II)aq ion relative to the Yb(II)aq 
ion, the former is stable in aqueous solution whereas the 
latter is unstable relative to rapid conversion to the Yb- 
(m)aq ion. Likewise, the same argument applies to why 
(Cf?), Es, Fm, Md, and No are divalent crystalline metals 
in the An series, but only Eu and Yb are divalent crystal
line metals in the Ln series.23

In the correlation of the first f-d bands of the Ln(II)- 
CaF2 system in Figure 6, it should be noted that the ex
perimental points for La(II) at q = 0, for Ce(II) at q = 1, 
for Gd(II) at q = 7, and for Tb(II) at q = 8 are missing. 
McClure and Kiss12 show a room-temperature absorption 
spectrum for each member of this Ln(II)-CaF2 system, in
ducing spectra for the four cases above. However, the 
spectra they claim for Ce(13)-CaF2, Gd(II)-CaF2, and 
Tb(n)-CaF2 do not show first f-d band energies suffi
ciently near the calculated values of Figure 6 to make this 
claim believable.

More recent studies24’25 have shown that the four sys
tems above are in fact unique in the Ln(II)-CaF2 series. 
Unlike the other members of this series except Lu(II)- 
CaF2, they are photochrcmic with unusually complicated 
absorption spectra; i.e., the spectra change upon exposure 
to light. The photochromism appears in those cases in
volving a single d electron in or near the Ln(II)-CaF2 
ground state as can be seen from Figure 6. It is ascribed to 
photoreversible electron transfer to Ln(III) from a photo- 
chromic (PC) color center produced in the crystal during 
the attempted reduction; absorption of uv light by the PC 
center transfers an electron from it to an isolated Ln(III) 
and this converts the latter to Ln(II); the process is slowly 
reversed thermally, or more quickly by Ln(II) absorption 
of visible light.

The other Ln(II)-CaF2 systems do not involve a d elec
tron in or sufficiently near the ground state and they are 
not photochromic; upon reduction of Ln(ffl)-CaF2, either 
by y-irradiation or by heating in the presence of Ca vapor, 
these Ln(iP-CaF2 systems are produced directly without 
the intermediate of photoconversion.

It is not understood, beyond the apparent requirement 
of d-electron involvement, why the PC color center re
quires the intermediate of a uv photon to make the con
version from Ln(III)-CaF2 to Ln(II)-CaF2 in the former 
cases, whereas the corresponding conversion proceeds di
rectly in the latter cases. We can obtain more under
standing of this problem by examining the fi°M(II -III) ox
idation potentials of Table IV. Although these potentials 
relate strictly only to the metal aquo ion systems, the rel
ative metal ion stabilities should not change significantly

(21; H. Eyring, J. Walter, and G. E. Kimball, “Quantum Chemistry,” 
Wiley, New York, N. Y., 1954, pp 84 and 163.

(22; B. R. Judd, "Operator Techniques In Atomic Spectroscopy,” 
McGraw-Hill, New York, N. Y., 1963, Appendix 1.

(231 L. J. Nugent, J. L. Burnett, and L. R. Morss, J. C h em . Therm odyn., 
in press.

(24i R. C. Alig, Z. J. Kiss, J. z>. Brown, and D. S. McClure, Phys. R ev., 
186, 276 (1969), and the references therein.

(25) D. L. Staebler and S. E. Schnatterly, Phys. R ev . B, 3, 516 (1971), 
and the references therein.
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in the CaF2 crystal systems. We see in Table IV that the 
photochromie Ln(II) species are the least stable of the se
ries, with E°M(II-III) potentials in the range 3.1-3.9 V. 
Thus the energetics are relatively more unfavorable for 
transition to the Ln(II)-CaF2 species in the photochromie 
cases, and this may help explain the need for the inter
vention of a uv photon.

It should also be noted in Table IV that E°Er(II-III) =
3.1 ±  0.2 V, and this value is in the photochromie range 
quoted above; however, Er(II)-CaF2 does not involve a d 
electron in the ground state, as can be seen from Figure 6, 
and it is not reported to be photochromie. We do not 
know whether the ±0.2 V uncertainty above provides that 
Æ7°Er(II—III) is actually less than 3.1 V, and this is why 
Er(n)-CaF2 is not photochromie; or whether d-electron 
involvement in the ground state is actually necessary for 
photochromism, and this is why Er(n)-CaF2 is not photo- 
chromic. In any event it may be worthwhile to reexamine 
this system to make sure that Er(II)-CaF2 is actually pro
duced and that it is in fact not photochromie.

By analogy with the discussion above, the normal, non- 
photochromic, stable An(II)-CaF2 species are expected to 
be Am(n)-CaF2, Bk(II)-CaF2, Cf(II)-CaF2, Es(II)-CaF2, 
Fm(II)-CaF2, Md(II)-CaF2, and No(H)-CaF2. This has 
already been shown experimentally for Am(II)-CaF2,15 
Cf(II)-CaF2,16 and for Es(II)-CaF2.17

The other members of the An(H)-CaF2 series, including 
Lr(II)-CaF2, involve a d electron in or near the An(II)- 
CaF2 ground state, as can be seen from Figure 7; so these 
are the photochromie candidates. However only Pu(II)- 
CaF2 falls within the photochromie oxidation potential 
range of 3.1-3.9 V discussed above for the Ln(II)-CaF2 se
ries, i.e., E°Pu(II-ni) = 3.5 V from Table IV, and it re
mains to be seen whether Pu(II)-CaF2 can be stabilized, 
with the outcome probably dependent on the amount of 
d-electron involvement in the Pu(II)-CaF2 ground state.

Stacy, Edelstein, and McLaughlin26 have recently re
ported the results of 7 -irradiation of several An(III)-CaF2 
systems. They see no spectroscopic evidence for the for
mation of U(II)-CaF2, Np(II)-CaF2, Pu(II)-CaF2, or 
Cm(II)-CaF2; instead they observe these metals to be par
tially oxidized to the (IV) state. If these metals cannot in 
fact be reduced to the An(II)-CaF2 states, either by 7 -ir
radiation or by heating in the presence of Ca vapor, it in
dicates that d-electron involvement in the ground state of 
Pu(II)-CaF2 does not occur, and that U(II), Np(II), and 
Cm(II) are insufficiently stable as suggested by their 
£°M(II-III) oxidation potential range of 4.4-4.7 V from 
Table IV.

Experimental work on these actinide photochromie can
didates is not as yet definitive, however, and it remains to 
be seen whether we can reduce the corresponding An(ffl)- 
CaF2 crystals in the presence of hot Ca vapor, using low 
activity dopants such as 248Cm to minimize the effects of 
radiolysis, and obtain stable photochromie (II—HI) sys
tems. Very little hope can be entertained for the eventual 
stabilization of photochromie Th(II)-CaF2 or Pa(II)-CaF2 
for two important reasons. The corresponding £°M(II-III) 
values from Table IV indicate highly unstable M(II) 
states, and the corresponding £°M(III-IV) values from 
Table V indicate highly unstable M(III) states. More hope 
may be entertained, on the other hand, for the eventual 
stabilization of photochromie Ac(II)-CaF2, since Ac(III) is 
the most stable oxidation state, higher actinium oxidation 
states are essentially impossible in chemical systems, and 
the only important obstacle is the highly unstable Ac(II) 
species.

The E°M(II-III) potentials of Figures 12 and 13 and of 
Table IV also serve as an indicator of the relative stabili
ties of the MX2 compounds of both series.27 For those 
metals with £°M(II-III) potentials below + 1.6 V, the 
MX3 compounds can be reduced to the salt-like MX2 
compounds via heating in vacuo or in a H2 or HX atmo
sphere.28 CfX3 is a borderline case [£0Cf(II-HI) = + 1.6 V] 
with conversion of CfBr3 to CfBr2 occurring via heating in 
vacuo or in an H2 or HBr atmosphere, but no conversion 
of CfCl3 to CfCl2 upon heating in vacuo or in an H2 or 
HC1 atmosphere.29 For those metals with £°M(II-III) po
tentials in the range from +1.7 to +2.7 V, the conversion 
to the salt-like MX2 compound requires heating of the M 
+ MX3 or M + HgX2 systems; it does not proceed by 
heating in vacuo or in a H2 or HX atmosphere.28’30 Final
ly, for those metals with £°M(II-III) potentials greater 
than or equal to +2.7 V the MX2 compounds are unstable 
with respect to disproportionation to M and M X3, or in 
some cases with respect to disproportionation to higher- 
valent compounds.31

Special cases not conforming to our indicator above 
arise for crystalline Lal2, Cel2, Prl2, and Gdl2, which are 
stable enough for preparation, but which are known tc be 
metallic conductors rather than salt-like insulators like 
all the other LnX2 compounds.28 We see from the analo
gous Ln(II)-CaF2 cases in Figure 6 that these particular 
Ln(II) ions involve f«d electron configurations in the 
ground state, or near the ground state in the case of 
Pr(II). Moreover, the Lnl2 compounds would be expected 
to have f«d configurations even lower than those of Figure 
6 by several thousand cm '1, so the ground state would 
also be expected to be in the Pd electron configuration for 
Pr(II) in Prl2. It appears, however, that these special cases 
are not true M(II)I2 compounds, but metallic M(III)e_I2 
compounds with the electron (e_) in the conduction band. 
This metallic character occurs, as suggested by Jorgen
sen32 and others,28 only when the Ln(II) ion would other
wise be expected to have a f9d electronic ground state, so 
that the electron has mobility in an extended d orbital It 
also appears that another requirement for the occurrence 
of the metallic state is that the associated anions, I- in 
these cases, have relatively low electronegativity, since 
the analogous MC12 compounds are not metallic but salt
like and unstable with respect to disproportionation.

A similar special case not conforming to the guide 
above arises in the actinide series for Thl2, which is also 
metallic. The diamagnetic character of this compound 
suggests that it is best represented as Th(IV)e2_I2 with 
two electrons in the conduction band.28 In this case the 
ground-state configuration of Th(IH) should involve a d 
electron, and from Figure 9 we can see that this is true. 
Efforts have been made to prepare other metallic Anl2 
compounds but they have so far been unsuccessful; e.g., 
UI2 is reported to be unstable,33 but perhaps this is to be

(26) J. J. Stacy, N. Edelstein, and R. D. McLaughlin, J. C h em . Phys., 
57,4980(1972).

(27) For an excellent discussion of the variations In the relative stabili
ties of the di-, tri-, and tetrapositive oxidation states of the lantha
nides and actinides n terms of electronic structure and oxidation po
tentials see D. A. Johnson, J. C h em . S o c . A , 1528 (1969).

(28) D. Brown, “Halides of the Lanthanides and Actinides,” Wiley, New 
York, N. Y., 1968.

(29) J. R. Peterson and R. D. Baybarz, Inorg. N ucl. C h em . L ett., 8, 423 
(1972).

(30) R. D. Baybarz, L. B. Asprey, C. E. Strouse, and E. Fukushima, J. 
Inorg. N ucl. C h em ., 34, 3427 (1972).

(31) D. A. Johnson, J. C h em . S o c . A, 2578 (1969).
(32) C. K. Jorgensen, Mol. P hys., 7, 417 (1964).
(33) J. D. Corbett, R. J. Clark, and T. F. Munday, J. Inorg. N ucl. C h e n .,  

25,1287 (1963).
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expected since the ground state of U(HI) does not involve 
a d electron, as can be seen in Figure 9. Besides Th(III) in 
the An(III) series, only the ground state of Pa(III) involves 
a d electron. On this basis we might also expect a stable 
metallic Pal2 compound, and possibly a stable metallic 
AcI2 compound, for the same reasons that Lal2 is stable 
and metallic, but we should not expect stable metallic 
compounds for any of the other actinides.

In conclusion it is appropriate to mention the pioneer
ing work by Maly34 and Cunningham,35 and by David and 
Bouissieres,36 on the amalgamation behavior of Ln(IH) 
and An(III) ions from aqueous solutions. They demon
strated that the ions of these series could be divided into 
two distinct classes: those that are systematically regular 
in their amalgamation rates from aqueous solution, and 
the others, Sm(III), Eu(III), Yb(IH), Cf(III), Es(III), 
Fm(III), Md(U3), and presumably No(IH), which proceed 
irregularly fast in amalgamation from aqueous solution. It 
was postulated that the latter ions were amalgamated ir
regularly fast simply because the fast amalgamation in
volves a mechanism with a limiting rate dependent on the 
production and existence of the M(II)aq ions.

Our results on the £ 0M(II-IH) potentials in Figures 12 
and 13 clearly support this postulate. The critical poten
tial which constitutes a dividing line between the two 
classes of ions above appears to be about 1.8 V, between 
£°Cf(n-m) and £°Tm(II-III), with those elements with 
E°M(II-m) potentials greater than 1.8 V constituting the 
regular amalgamation class, and those elements with 
E°M(n-m) potentials less than 1.8 V constituting the fast 
amalgamation class. The M(13)aq ions of the latter class 
have sufficient short-time stability to allow the amalga
mation mechanism to proceed from M(III)aq to M(II)aq to 
M, whereas for the former class, where the M(II)aq ions 
are essentially nonexistent, a slower amalgamation mech
anism apparently proceeds from M(EH)aq directly to M.

In the more recent work of Mus.kas and Myasoyedov37 
on the polarography of Am(III) in anhydrous acetonitrile

solution, they observed a first half-wave potential at +1.4 
V which they suggest may arise from the Am(III) + e_ — 
Am(II) reaction. Making the assumption that the pre
viously measured 0.82 V change in potential for the Eu(II- 
ni) couple between acetonitrile and aqueous solution is 
the same as for the Am(II-III) couple, they tentatively es
timated jE°Am(II-III) to be +2.2 V, and this is in agree
ment with our present value E°Am(II-III) = + 2.3 ±  0.2
V. However, recent preliminary work at our laboratory has 
indicated that the first half-wave potential in the polaro- 
graphic measurement of the Am(HI)-acetonitrile system is 
closer to +1.2 V, and that this half-wave may arise from 
the Am(IH) + 3e~ — Am reaction. We suggest, therefore, 
because of this fundamental disagreement, that the gener
al acceptance of these Am(III) polarographic results await 
further verification.

Finally, the recent work of David38-41 is worthy of note 
in that he uses results from amalgamation and polaro
graphic measurements to make tentative estimates of 
some of the f?°M(II-III) potentials. It would appear to be 
more profitable now to reverse this approach and to reex
amine his results from the point of view of some new in
terpretations in the light of our present knowledge of the 
Ln and An E°M(II-III) potentials.
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(34) J. Maly, Inorg. N ucl. C h em . L ett., 3, 373 (1967).
(35) J. Maly and B. B. Cunningham, Inorg. N ucl. C h em . L ett.. 3, 445
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The method employed by Hafemann and by Goldberg and Frank for calculating liquid junction poten
tials by computer simulation has been extended to the so-called Lewis and Sargent junction Ag, AgCl; 
MC1(C) 11 NC1(C); AgCl, Ag. This involved the use of additional conventions because the junction is 
now a mixture of MCI and NCI solutions. For the Onsager flux coefficients in the mixture the LN1 con
vention of Miller was used, and for the (assumed) single-ion activity values needed for calculation of 
thermodynamic driving forces on individual ions an extension of Harned’s rule was devised. In the three 
cases studied [HCLKCl, KCLNaCl, KCLLiCl, all at 0.1 M] calculated cell emfs agree with measured 
ones to a few tenths of a millivolt, and it is found that, as in the earlier case of concentration cells with 
transference, this agreement is equally good for any arbitrary (but self-consistent) set of assumptions re
garding the single-ion activities. This leads to the expected conclusion that, for the Lewis and Sargent 
cell also, the measurement of a cell emf can give no single-ion information. Such a measurement, in con
trast, could in principle be used to determine a Harned’s rule coefficient, but it is found in practice that 
the sensitivity of a calculated cell emf to changes in these coefficients is too low for this purpose. Not 
only is there an unresolved discrepancy of tenths of millivolts between computed and measured cell 
emfs in known cases, but the uncertainty, of some hundredths of a millivolt, in the best present-day 
values of the measured cell emfs still corresponds to large percentage errors in the Harned a ’s.

I. Introduction
Some years ago Hafemann1 showed that a computer 

simulation process could be used in an approximate cal
culation of the liquid junction potentials in such electro
chemical cells as

Ag, AgCl; MCKCj) II MC1(C2); AgCl, Ag (A)
and

Ag, AgCl; MC1(C) II NC1(C); AgCl, Ag (B)
Recently the calculation for the concentration cell with 
transference, cell A, was amended by Goldberg and 
Frank2 to (a) enable the Onsager transport formalism3 to 
be used without truncation (i.e., to include use of the off- 
diagonal coefficient Cj, which represents the motion of ion 
i under the influence of a force of which the direct action 
is only on ion j ) and (b) gain greater flexibility in ex
pressing assumptions about single-ion activities4 (required 
in the evaluation of the “ diffusion force” on an ion i, 
—dm/dx, where m is its chemical potential and x the 
length coordinate along the junction). It was found that, 
with these generalizations, and using the numerical values 
of the Onsager transport coefficients given by Miller,5 the 
calculation was able to give results for the over-all electro
motive forces of several cells of type A in satisfactory 
agreement with experiment. It was also found that the 
same calculated cell emf was obtained for the same salt 
MCI between the same concentrations Ci and C2, no mat
ter what assumptions were inserted regarding the single- 
ion activity coefficients, so long only as the assumption 
regarding M+ and that regarding Cl- satisfied a require
ment of being mutually consistent. This finding, as was 
pointed out, does not call into question the reality of the 
single-ion activities involved, but simply gives alternative 
expression to a cancellation which occurs in the thermo

dynamic derivation6 of the expression for the cell emf EA, 
and thus confirms that comparison of observed and calcu
lated values of E\ can give no information regarding sin
gle-ion quantities taken separately.7

In the present paper this work has been further extend
ed to the consideration of the so-called Lewis and Sar
gent8 junction exemplified in cell B; i.e., a junction in 
which solutions of different salts are in contact with each 
other, the solutions being of equal equivalent concentra
tion, and the salts having in common the ion (here the

(1) D. R. Hafemann, J. Phys. C h em ., 69, 4226 (1965).
(2) R. N. Goldberg anc H. S. Frank, J. Phys. C h em ., 76, 1758 (1972)
(3) See, e .g ., D. D. Fitts, "Non-Equilibrium Thermodynamics,” 

McGraw-Hill, New York, N. Y., 1962.
(4) H. S. Frank, J. Phys. C h em ., 67, 1554 (1963). Shortly after this 

paper had appeared its author's attention was drawn to the earlier 
finding [C. H. Hale and T. DeVries, J. A m er . C h em . Soc., 70, 2473 
(1948)] that abnormal behavior is observed when silver is made an 
anode in an aqueous tetraalkylammonium iodide solution. Potentio- 
metric titration of AgN03 into, say, 0.1 M Et4NI easily confirmed 
that the initial precipitate is white, somewhat floculent, and of ap
parent composition Et4NAg2l3. The yellow microcrystalline Agl ap
pears only later after a break in the titration curve. This means that 
the Ag|Agl electrode can not be taken to be simply reversible to I - 
in R4NI solutions, so that the purported activity coefficients which 
were quoted in the present reference must be rejected. Develop
ments in the mean time have, however, tended to confirm the use
fulness of the concept of "structural salting in” and "salting out” in
troduced in that paper, as well as of the quantity there defined as 
“mean ionic activity deviation" as a tool in quantitative discussions, 
such as the presert one, of single-ion activities and activity coeffi
cients.

(5) D. G. Miller, J. Phys. C h em ., 70, 2639 (1966).
(6) See, for example, D. A. Maclnnes, “Principles of Electrochemistry,” 

Dover Publications, New York, N. Y., 1961, pp 220-223.
(7) In some modern work on polyelectrolyte solutions numbers are as

signed to single-ion activities of either polyion or counterion [e g., 
S. Lapanje, J. Haebig, H. T. Davis, and S. A. Rice, J. A m er . C h em . 
Soc., 83, 1590 (1961), or, more recently, M M. Reddy, S. Amdur, 
and J. A. Marinsky, ibid., 94, 4087 (1972)] but these cases are 
simply new Illustrations of the need to make extrathermodynanic 
assumptions to obtain estimates of single-Ion quantities from 
thermodynamic measurements.

(8) G. N. Lewis and L. W. Sargent, J. A m er . C h em . Soc., 31, 263 
(1909).
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anion) to which the electrodes are reversible. The fact 
that two salts are involved here meant that two additional 
formalisms had to be introduced to enable numbers to be 
arrived at for single-ion activities and for Onsager trans
port coefficients in the mixed electrolyte solutions of 
which the junction is made up. For the first of these (the 
activities) a self-consistent combination was worked out of 
Harned’s rule9 and the single-ion convention previously 
employed.2’4 For the second, the transport coefficients, 
the assumption used is one of these tested by Miller,10 
designated by him the LN1 approximation. As will appear 
in what follows, the use of these conventions gives good 
results, and the calculated emf of a cell of type B is 
found, in several examples, to be within a few tenths of a 
millivolt of the measured value. It is indifferent, as with 
cells of type A, to the assumptions made regarding single
ion activity coefficients, and for a corresponding reason. 
The calculated emf of a type B cell does, however, depend 
upon the value used for the Harned’s rule coefficient aa2 
for MC1-NC1 mixtures. It should thus be possible in prin
ciple to determine this coefficient by comparing the mea
sured emf of the cell with the results of a series of calcula
tions in which different «12 values had been employed. In 
practice, however, this would require the calculated cell 
emf to be more sensitive than it is to changes in « 12. That 
is, for this method to give an accuracy of 10% in a typical 
m2 would require agreement between calculated and mea
sured emfs to within a few microvolts (more than an 
order of magnitude better than we have been able to at
tain in cases where «12 is known, and better also than the 
reproducibility to which our measured emfs can be count
ed on).
II. Calculation

The electrostatic potential difference across the one
dimensional liquid junction, MCI:NCI, of cell B may be 
written1 >2

F is the Faraday, and
’h

*II + hzX2 + ¿13X 3

J2 = hiXi + l22K2 + ¿23X 3

¿3 = hiX, + hiX2 + I33X 3

Here also kj = Iji by Onsager’s reciprocity relation. For 
the present work, values of kj for pure solutions of KC1, 
HC1, NaCl, and LiCl, in the concentration ranges C = 
0.005-0.100 M, were taken from Miller’s tables5 and fitted 
to polynomial expressions in terms of concentration, for 
storage in the computer memory.

For mixtures such as those here of interest Miller10 has 
tested several methods of formulating additivity rules for 
the lij. He found one such rule, which he designated the 
LN1 approximation, to give results which agreed well with 
experiment in the cases for which the necessary data were 
available to make the test, and it is the one chosen for use 
in the present study. By this means the computer was en
abled to supply, within the composition ranges involved, 
any lij for a mixture of any total concentration, in which 
MX and NX were present in any ratio.

If, as is customary,6 pi is taken to equal p °  + RT In at, 
where p°  refers to a standard state (here a hypothetical 
molar solution) and ai is C,/,, /, being the single-ion activ
ity coefficient on the molar scale,2’11 the gradient of the 
chemical potential of ion i, Dpt/dx, can be written

dp, ò  In Ci
FT = RT TT-----Ox ox

+  RT
ò  In fi ÒC 

ÒC òx (7)

where C = %(Ci + C2 + C 3 ) .  The condition of electro
neutrality can not be assumed to hold across the liquid 
junction;12 therefore, in order to have numbers to use, the 
activity and transport coefficients at any x are assigned as 
though the solution were made up of Ci mole/liter of MCI 
and C2 mole/liter of NCI. The mean ionic activity coeffi
cients of MCL and NCI in these mixed solution are then 
assumed to follow Harned’s rule, i.e., to be given by9’13

l°g /+MC1 =  lo g  / ° + M C l -  a 12^ ( l  _ y)
where 4>x is the potential at x, and x, ranging from 0 to l, 
is the distance along the junction, values of 0 and l denot
ing positions in pure MCI and NCI solutions, respectively, 
r is the dielectric permitivity of the medium (see below) 
and p{x) is the distributed charge density in the junction 
and is given by

p{x) = XCi(x)Zi = + C2(x)z2 + C2(x)z3 (2)
where C;(x) is the concentration of the ion 1 at x, 2, is the 
valence, including sign, of ion i, and subscript 1 refers to 
M+, 2 toN+, and 3 to Cl- .

Assuming that bulk flow can be neglected and choosing 
a solvent-fixed reference frame,5 the variation with time 
of the concentration at x of ion i can be expressed as

àCJàt = -dJJdx  (3)
where Jj is the flux of ion i, given by5

Jt = XluXj (4)
X ; in eq 4 is the force acting on ion j, arising from gradients 
in chemical and electrostatic potentials, and the kj are 
the Onsager transport coefficients. More explicitly

Xj = Ò X  ’  Ò X
(5)

where pj is the chemical potential of an ion of type j  and

log /+NC1 -  log /  °+NCl a2 lCy (8)
where the f°’s refer to pure salt solutions at constant total

(9) See, e .g . , H. S. Harned ard B. B. Owen, "The Physical Chemistry 
of Electrolyte Solutions,’’ 3"d ed, Reinhold, New York, N. Y., 1958, 
pp 602 ff.

(10) D. G. Miller, J. Phys. C h em ., 71,616 (1967).
(11) In ref 2 the practice of Harned and Owen (ref 9) was followed, of 

using the letter y to refer to the activity coefficient defined on a 
molar (as opposed to molal) scale. Since we have used the letter y 
for a different purpose the letter f will be employed here for the 
molar activity coefficient (cL ref 6).

(12) It is precisely because differential diffusion of ions within the junc
tion produces local charge separations that the junction potential 
comes into being (cf. ref V . In the regions thus produced where the 
condition of electroneutral ty is not met it is, strictly, inappropriate 
to use thermodynamic or transport quantities which are defined for 
neutral systems. This does not, however, obviate the necessity of 
using such quantities in such regions as input if the attempt is to be 
made to calculate the junction potential by the computer simulation 
method here employed. The present calculations, therefore, as well 
as those of ref 1 and 2, are subject to an unavoidable logical incon
sistency on this score. It will be concluded later in the text that the 
magnitude of the numerical error which this introduces into the final 
results is too small to vitiate their acceptability, but the formal in
consistency in principle remains.

(13) Another formal inaccuracy is introduced into eq 8 and 9 by using 
concentrations in them instead of the molalities in terms of which 
(8) was postulated and (9) derived. At constant total concentra
tions of 0.1 M or less, however, the errors so produced seem cer
tain to be very small. So, in most cases, do those produced by ne
glect of possible departures from linearity in Harned’s rule (i.e., the 
quadratic terms that are needed in stronger, or less “simple” solu
tions).
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concentration C, and y (a function of x) is the “ quasi
mole fraction” of MCI in the salt mixture and is defined 
as Ci/(Ci + C2), i.e., the concentration, or quasiconcen
tration, of MCI is Cy. ai2 and «21 are the Harned’s rule 
coefficients. The activity coefficients of KC1 (0.005-0.20 
M )  are taken from Shedlovsky and Maclnnes;14 of HC1 
(0.001-0.10 M )  from Bates and Bower;15 of NaCl (0.005- 
0.10 M) from Brown and Maclnnes;16 and of LiCl 
(0.004-0.10 M )  as recalculated from Scatchard’s data.17 
These quantities are also stored in the computer in the 
form of polynomials in terms of concentration. Combining 
Harned’s rule and the Gibbs-Duhem equation gives a 
relation between «12 and 0:21, namely9’13

2
a \2 ~ a2i +  2 303C ^ NC1° ~~ 0mcf) (9)

where <j>Mci° and 4> nci° are the osmotic coefficients of the 
pure salts at concentration C. Osmotic coefficients of KC1, 
HC1, NaCl, and LiCl at C = 0.10 M, 0.927, 0.943, 0.932, and 
0.939, respectively, are taken from the tables of Robin
son and Stokes.18 ai2’s for the pairs HC1:KC1, 
KCLNaCl, KCLLiCl, all at C = 0.10 M, were taken 
from Harned and Owen,9 Robinson,19 and Robinson and 
Lim,20 and equal 0.077, -0.016, and -0.041, respectively.
III. Harned’s Rule for Single Ions

In order to obtain the numerical values for f t  required in 
eq 7, the concept of the mean ionic activity deviation,4 
8±, is introduced into the calculation. This is the ratio of 
the (appropriately weighted) single-ion activity coeffi
cients of the cation and anion in solutions of a single salt, 
5± = (f+v+/ f-‘'~)1/,‘ , so that

v In <5+ = v+ In f+ -  v_ In /_  (10)
the v’s being ion numbers per formula of salt. 5± supple
ments the mean ionic activity coefficient, f ±  = 
(/+ "+ /-‘'_ )1/1', in such sense that the single-ion activi
ties of a salt in solution are conveniently expressed in 
terms of its f ± and 5± values. In the 1-1 cases here consid
ered

In /  + = In f+ + In (5 +
In /_  = In /+ -  In d+ (11)

Assumptions regarding the single-ion activity coefficients 
in any pure salt solution can therefore be made in the 
form of assumptions regarding its t>±, since its f± values 
are or can be known.

The assumption here made for the relation between 8± 
and C in a pure salt solution is, as before2

ln <50+mci = -BmciC
In d°+Nci = 5 nciC (12)

so that assumed values of the B’s make it possible to com
pute the 5°’s for the pure solutions of any given concentra
tions.

In mixed solutions, a new assumption regarding 5± is 
introduced, namely, that it obeys an analog of Harned’s 
rule for f ±, in which equations of the form (8) are written 
with coefficients 0 corresponding to the Harned’s rule a’s. 
That is, we adopt the convention

l°g <5 + mci = l°g <5°+mci -  PnC{\ -  y)

log ^+mci = log <5°+nci ~ PnCy (13)
Upon the eq 8, 11, 12, and 13, a self-consistency require

ment can be imposed, that fc 1 in the mixture be the same

when derived from MCI as when obtained from NCI. For 
this to be true it is easy to show that the 0 ’s must be con
nected to the a’s by the relations

«12 +  a21 =  P 12  +  P2 1  ( 1 4 )

and
«12 ~  P 12  =  1 2̂ [ l ° g  ( / ° + m c i/ / ° + n c i) -

log (d°;i:Mci/(50+NCi)] (15)
Thus, for given experimental values of activity and osmot
ic coefficients, assumed values of B parameters for the 
pure salt solutions, and known Harned’s rule a’s for the 
mixtures in question, 0’s can be computed from eq 14 and 
15, ft can be obtained from eq 8, 13, and 11, and the cor
responding dpi/dx from eq 7, numerical values for the 
properties of the pure salts being assigned in accordance 
with the quasineutrality procedure described above.

The computer simulation method used here was essen
tially the same as the one described in the previous pa
pers.1 ’2 The junction is treated as infinite and uniform in 
the y and z directions, so that all variations take place 
along the x axis, and no edge effects are considered. For 
purposes of digital computation distance in the x direction 
is divided into numbered cells of equal thickness d, within 
which the concentrations Ci and the potentials $ and p, 
are taken as constant. Except where otherwise noted, the 
cell thickness d employed in this paper is the same as was 
used in ref 2, namely, 1 X 10-9 m .21 The calculation of 
derivatives and of integrals was, as in that paper, per
formed as described by Hafemann.1 The calculations were 
carried out in part on a CDC 1604 computer in Mellon In
stitute of Science of Camegie-Mellon University and in 
part on IBM 360/50 and DEC system-1055 computers of 
the Computer Center of the University of Pittsburgh.

In carrying out the calculation of an Ej value, an as
sumed initial concentration profile of the neutral salts 
across the junction is used to compute the gradients of the 
m(x), and, from these and the hj, the initial motions of 
the ions are calculated. After these motions have proceded 
for a time interval At, which was 10_1° sec unless other
wise noted, stock is taken of the new ionic composition 
profiles, Ci(x), which have been produced, from which a 
gradient in 4>(x) and new gradients in the m(x) are com
puted. These, with the appropriate new Itj, give rise to a 
new set of fluxes J,(x), resulting, after another At in a 
third set of C¿(x). This process is repeated until quesi- 
steady-state profiles are approached, and the calculated 
electrostatic potential across the junction, Ej = -  $0,
begins to level off. By this time Ej(t) is observed to vary 
linearly with respect to 1/t3, as had been found in ref 2. 
This usually requires about 100 iterations. The steady- 
state potential is taken as that given by the linear extrap
olation of Ej to 1/t3 = 0. The extrapolation customarily 
involves a further growth in (the absolute value of) Ej no
(14) T. Shedlovsky and D. A. Maclnnes, J. Amer. Chem. S o c . , 59, £03 

(1937).
(15) R. G. Bates and V. E. Bower, J. Res. Nat. Bur. Stand., 5 3 ,  283 

(1954).
(16) A. S. Brown and D. A. Maclnnes, J. Amer. Chem. S o c . , 57, 1356 

(1935).
(17) P. T. Thompson. Ph.D. Thesis, University of Pittsburgh, 1956.
(18) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions," Butter- 

worths, London, 19E9, pp 483 and 484.
(19) R. A. Robinson, J. Phys. Chem., 65, 662 (1961).
(20) R. A. Robinson and C. K. Llm, Trans. Faraday S o c . , 49, 1144 

(1953).
(21) By an unfortunate oversight the statement appears on p 1760 of *ef 

2 that the length Increment used In that work was 10-10 m. The 
length actually used was 1 0 *9 m.
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larger than a few hundredths of a millivolt. Figure 1 shows 
the computed concentration profiles for the ions H+, K+, 
and Cl~ in the HC1:KC1 cell where C = 0.10 M, Bhci = 
1.023, BKci = 0, and the number of iterations was 100. 
These curves will be seen to be qualitatively similar to the 
ones derived earlier by Taylor,22 using the less powerful 
methods which were available when he worked, and to a 
corresponding set for the KCl:NaCl junction given in ref 
1. It is interesting that the similarity between the profiles 
displayed in Figure 1 and those published by Hafemann 
extends to the occurrence, in both sets, of step-wise and 
partly retrograde (zig-zag) dependences of concentration 
upon the distance x. This is, of course, an artifact of the 
simulation and is presumably related both to the early 
stage of approach to a steady state (for this purpose, 100 
iterations is a small number) and to the particular combi
nation of d and At employed. The dependence of our re
sults on these parameters is discussed below.

IV. Results and Discussion
The cell potential of the Lewis and Sargent cell B is 

given by®

£ b =  RT In acnMC1> +  £ jb (16)
a cr(Nci)

which, by use of eq 11 and 12, may be rewritten
RT /+< Men RR

Eb = ~rr In +  -~-(BNci -  Bmci)C +  £ jb (17)
-c / ±(NC1) *

For any set of assumed values of the B’s therefore, not 
only £ jb, but Eb itself, may be calculated, using once 
more the tabulated values of the f± (see above). When 
this is done for three solution pairs, HCLKCl, 
KCLNaCl, and KCLLiCl, all at 0.1 M, results are ob
tained which are presented in Table I. Here again as in ref 
2, it is seen that while the calculated Ej values are, as 
they should be, dependent upon the choices of the B’s, 
this dependence is no longer present in Eb itself, the 
spread in the latter being no greater than 0.029, 0.014, 
and 0.004 mV, respectively, as compared with spreads of 
5.283, 1.541, and 1.542 mV in the ¿ j ’s for the particular 
range of jETs tested. This means, as will be seen below, 
that the Eb are constant, well within the limits to be ex
pected considering the possible uncertainties in input 
data.

This constancy can be accounted for in the same way as 
in the simpler case studied by Goldberg.2 In the present 
instance the fundamental thermodynamic equation for the 
junction is6

RT
d-EjB = ^r[tM+ d In aM+ +

iN+ d In aN+ — ter d In acr] (18)
which, using the conservation condition £m+ + £n+ + 
îcl-  = 1, integrates to

EJB
a cr<Nci)

F  L Œcr(Mci)
J 'N C l

fM+ d In a+(Mci) —
M CI

/• N C I  1
2 I ¿n+ d In a+(Nd) | (19)

‘'MCI -I
so that, again, when the over-all cell potential is comput
ed, using eq 16, the terms which contain the single-ion ac
tivity ratio (¿.e., depend on the assumed JB’s) cancel out, 
and Eb is incapable of being used to obtain information 
about single-ion properties. That this cancellation should

Distance, 10~6 cm
Figure 1. Computed profiles, after 10-® sec (100 iterations), of 
ionic concentrations across the Lewis and Sargent junction 
HCLKCl at C = 0.10 M, B-i = 1.023, and B2 = 0. For discus
sion of charge separation in this junction and of oscillations in 
the curves, see text.

be so accurately reflected in the machine calculation, in 
spite of the ostensibly very different logical content of the 
latter, again2 speaks well both for the appropriateness of 
the formalisms employed and for the accuracy of the 
numbers in Miller’s tables.5 10

Another compensation phenomenon which was observed 
in the work of both ref 1 and 2 also occurs here, namely, a 
lack of effect upon Ej cf changing the assumed value of 
the dielectric permittivity of the solution. In the present 
work the value used was that corresponding to the dielec
tric constant of water at 25°, but several test runs were 
also made in which the permittivity was halved or dou
bled without making any detectable difference in the ex
trapolated steady-state value of Ej. In the latter cases, 
however, changes did appear in its time rise, as had been 
observed and remarked upon in ref 1. The whole subject 
of dielectric permittivity in cells such as these remains, in 
any case, somewhat obscure.23

In contrast to t and the B’s, a 12 and the lLj are quan
tities of which changes in the input values do produce 
changes in the calculated value of EB- How sensitive the 
latter is to variations in these quantities was studied by 
subjecting some of their accepted values to arbitrary al
terations and observing the results. These are recorded in 
Table II for changes in two in ’s and in Table III, for 
changes in three a n ’s. It will be seen that, in the cases 
studied, a change of 0.1 mV in the calculated EB is pro
duced by a change of the order of 1% in an In or by a 
change of about 0.1 unit in an a%2 -

In order to know what an uncertainty of 0.1 mV in a 
calculated Eb means in practical terms it is necessary to 
consider how accurately a measured value of this quantity 
can be known. This question has recently been dis
cussed,24 and experimental values presented for five Lewis 
and Sargent junctions, including the three on which cal
culations are reported in the present study. From those 
experiments it appears that a measured emf of this type 
can be reproduced to a few hundredths (in favorable cases 
less than one hundredth) of a millivolt. Assuming that

(22) P. B. Taylor, J. Phys. C ham ., 31, 1478 (1927).
(23) See footnote 17 of ref 2.
(24) C. H. Chen, J. C h em . Eng. Data, 17, 473 (1972).
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TABLE I: Results of Computer Simulation Calculation of Lewis and Sargent Cells at C = 0.10 M  for Different Assumed Values of B

Assumed ß ’s Calculated potentials, mV
Measured cell“ emf, 

mV, E bCell B , B i E.7 £b

H C LK C I -1 .0 2 3 0 25.512 28.991
a i 2  =  0.077 0 0 28.154 29.006

0.230 0 28.749 29.009
1.023 0 30.795 29.020
0 1.023 25.512 28.991
0 0.230 27.559 28.998
0. -1 .0 2 3 30.795 29.020

Av F B ;= 29.005 28.545
K C LN aC I 0 0 4.984 4.677
a i 2 =  — 0.016 0 0.170 4.547 4.677

0 0.300 4.213 4.674
0 . 0 2 2 0.160 4.629 4.676

-0 .3 0 0 0.079 4.022 4.684
0.300 0.079 5.563 4.688
0 . 0 2 2 0.079 4.847 4.682

Av F b =  4.679 4.585
K C I: LiCI 0 -0 .3 0 8.060 7.315
a i 2 =  — 0.041 0 0 7.288 7.312

0 0 . 1 1 0 7.004 7.311
0 0.30 6.518 7.311

Av F b =  7.312 7.137

a Measured cell emf’s from ref 24.

TABLE II: Effect of Changes in Assumed /¡j on Calculated Ej at C = 0.10 M

Cell Assumed B, Assumed B 2 Assumption regarding hj £j(calcd'> rnV

H Cl: KCI 0 0 . 0 2 2 a 27.979
a  12 =  0.077 0 0 . 0 2 2 b 30.082

1.023 0 . 0 2 2 a 30.620
1.023 0 . 0 2 2 b 32.722

-1 .0 2 3 0 . 0 2 2 a 25.346
-1 .0 2 3 0 . 0 2 2 b 27.443

KCLNaCI 0 . 0 2 2 0.160 a 4.629
« 1 2  =  — 0.016 0 . 0 2 2 0.160 c 4.525

0 . 0 2 2 0.160 d 4.402

a Miller’s values. b Miller’s values but with /H. 
increased by 2%.

-H increased by 10%. c Miller’s values but with /Na-Na increased by 1%. ° Miller's values but with /Na.N,

TABLE III: Sensitivity of Eb to Assumed Value of a 12 at C = 0.10 M  and at Fixed Values of B1 and ß2°

Cell <X-\2 £«J(caIcd) ^B(calcd) A£b Aff,2 A£b/ A » i!

H C liKC I 0.577 31.199 31.459
-2 .4 5 0B i = 0.230; S 2 = 0 0.077 28.749 29.009 -0 .5 0 0 4.90

-0 .0 7 7 27.999 28.259
- 0  750 -0 .1 5 4 4.87

-0 .5 7 7 25.590 25.850
- 2  409 -0 .5 0 0 4.82

K C LN aC I 0.014 5.013 4.706
- 0  029B 1 — 0 ; 6 2  == 0 -0 .0 1 6 4.984 4.677 -0 .0 3 0 0.967

-0 .0 71 4.930 4.623
-0 .0 5 4 -0 .0 5 5 0.982

- 0 .1 0 1 4.902 4.595
-0 .0 2 8 -0 .0 3 0 0.933

B 1 = 0.022; B 2 = 0.014 4.656 4.703
-0 .0 2 70.160 -0 .0 1 6 4.629 4.676 -0 .0 3 0 0.900

-0 .0 71 4.574 4.621 -0 .0 5 5 -0 .0 5 5 1 . 0 0 0

- 0 .1 0 1 4.546 4.593 -0 .0 2 8 -0 .0 3 0 0.933

KCI: LiCI 0.541 8.183 8.207
-0 .3 9 5B-\ =  0; 6 2  =  0 -0 .0 4 1 7.288 7.312 -0 .5 8 1 1.54

-0 .5 4 0 6.548 6.572
-0 .7 2 0 -0 .4 9 9 1.44

a F s  in mV.
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there are no systematic errors in the experiments, this 
means that it would be worthwhile to be able, if possible, 
to account for calculated Eb values to an accuracy corre
sponding to a few tenths of a per cent in the la and a few 
hundredths of a unit in the «12 values used in the calcula
tions.

In the case of the a i2’s, it seems almost certain that the 
values here employed do come up to this standard since 
the accepted values of these ai2’s do not exceed 0.1 in ab
solute magnitude. For the la the required accuracy seems 
at first glance rather more difficult to count on when one 
considers the simplicity of the assumptions upon which 
they were obtained. On the other hand, inspection of 
Table I makes the kj look very good, in the light of the 
fact that changing the assumed value of a B changes the 
weightings with which the various lij and activity coeffi
cients enter into the calculation. That under these cir
cumstances changes in B’s produce such small changes in 
the calculated E b ’ s  must be regarded as noteworthy. It is 
all the more so when considered in the light of the dis
crepancies between the calculated Eb’s and the experi
mental emfs. These are also shown in Table I and are 
seen to amount, for the cells HC1:KC1, KCl:NaCl, and 
KCliLiCl, to 0.460, 0.094, and 0.175 mV, respectively, 
and thus to fall well outside the limits discussed above. 
The question of the source of these disagreements thus in
vites further attention.

One possibility is that the discrepancies result from the 
presence of some systematic error in the measured Eb but 
we are inclined, at least tentatively, to reject this expla
nation on two grounds. First, the same cell, with similarly 
prepared electrodes and a junction formed in the same 
way, has been used to make emf measurements on con
centration cells with transference, with successful re
sults.25-27 In one case where these measurements were on a 
system for which high-quality literature values were avail
able, namely, with dilute KC1 solutions,14 the agreement 
with the latter was much better than within 0.10 mV.

The second reason for not as yet finding it necessary to 
blame the measured emfs for the discrepancies is that 
scrutiny of our computer simulation procedure reveals 
some possible alternative causes. Among the several logi
cal loopholes through which errors may in principle be 
able to enter the following seem worthy of mention.

(1) The use, remarked upon above, of literature values 
of «12 and «21 which had been measured in (or computed 
for) mixtures of constant total molality (molarity) whereas 
here, as Figure 1 illustrates, the total molarity at various 
positions in the junction is sometimes higher and some
times lower than the constant value of 0.1 M  prevailing in 
the end solutions.28

(2) The failure of electroneutrality in certain regions 
across the junction and the consequent failure of the ef
fective activity or transport coefficients in these regions to 
correspond in definition to the quantities employed as 
input data in the calculation.

(3) The somewhat casual use of an assumed empirical 
1/t3 law for extrapolation from computer runs that repre
sent extremely short intervals in real time.

(4) The ignoring of the possibility that the choice of the 
time interval, At, and/or of the length interval, d, might 
not be optimal.

Of these possible sources of error, the first seems un
likely to be serious in practice. Not only, as mentioned 
above, is the difference between molality and molarity

very small at these low concentrations of the substances 
in question, but these are also substances which form 
mixtures in which the importance of the nonlinear terms 
in the generalized Hamed’s rule is known to be small.9’29 
Related to the latter fact9'29 is the slow variation with 
total molality which m2 and mi display in these 
mixtures, so that the departures from constant molarity 
across the junction would also be expected to have only a 
trivial effect on the accuracy of the present calculation 
even if they did not tend to be ironed out as the steady 
state is approached (see below). The same is true a fortio
ri of the very small variations in molarity which must in 
principle be present as a result of the small volume 
changes on mixing which these solutions display.30

The failure of electroneutrality raises more interesting 
questions, for we find, in agreement with Hafemann, that 
under certain conditions it can be sizeable in magnitude. 
In Figure 1, for instance Cci-, at the point where it is a 
minimum (0.09209 M) is about 2% higher than the sum of 
Ch+ and Ck+, and where it is a maximum (0.10605 M), it 
is about 1% less than the total concentration of positive 
ions. These are large enough amounts of excess charge 
that, if they persisted in time, they might, at least logi
cally, be sources of worry. It will be remembered, how
ever, that the configuration of Figure 1 is that calculated 
as existing instantaneously after 100 iterations, i.e., at a 
time only 1 x 10-  8 sec after the junction had been 
formed. And Hafemann has shown,1 in a comparable ex
ample, that the excesses and deficiencies of Cl-  (in com
parison with the “ constant” concentration and with the 
concentration of positive charge) change very rapidly in 
this time regime, drifting apart in position and decaying 
in amount, so that long before a measurement could be 
made on the cell all local departures from electroneutral
ity and from constancy of total concentration will have 
become completely negligible.1 If it could be assumed, 
therefore, that a good extrapolation could be made, i.e., 
one which accurately reproduced the changes in Ej be
tween the 100 iterations of our machine runs and the 
steady state,31 no further separate attention would need 
to be given to the electroneutrality question.

Unfortunately, although the 1/t3 extrapolation, which 
we borrowed from Goldberg,2 was adequate for his re
quirements, it loses much of its attractiveness for the
(25) R. E. Verrall, to be submitted for publication.
(26) J. Paul Rupert, Ph.D. Thesis, University of Pittsburgh, 1969.
(27) J.C. Ku, Ph.D. Thesis, University of Pittsburgh, 1971.
(28) Along this same line, the conventions by which b± was introduced 

and assumed to vary with composition in a mixed solution could 
also, in principle, produce errors in the gradients of chemical po
tential. It seems likely, however, that if they did these would be 
gross errors, rather than the small ones that we are here trying to 
trace down. Still other logically possible sources of error in this 
connection are the data used for activity coefficients of pure salts. 
These are, however, among the best activity coefficient data that 
exist, and it is highly likely that their absolute values are in error by 
less than 0.001 in log f± at 0.1 M, and that corresponding accuracy 
can be claimed for d  In f ± / d C .  (The LiCI data may not quite come 
up to this standard, but the cell containing LICI is not the one which 
shows the largest “error.")

(29) See, for example, H. S. Harned and R. A. Robinson, “Multicompo
nent Electrolyte Solutions,” Pergamon Press, Oxford, 1969, p 35.

(30) See, for example, T. F. Young and M. B. Smith, J. P hys. C h em ., 
58, 716 (1954). This reference also gives data on the heat effect 
which accompanies the mixing of KCI and NaCI solutions. Here is 
another general phenomenon [T. F. Young, Y. C. Wu, and A. A. 
Krawetz, D isc. F araday S o c ., 24, 37 (1957)] which could in princi
ple cause the true junction to differ from the simulated junction of 
our calculation which is, since no provision is made for anything 
different, strictly isothermal. In the steady state, however, It would 
seem that the rate at which heat is generated or absorbed In the 
real junction must be small compared with the rate at which the 
thermostat carries it off or supplies it.
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present purpose when examined from the standpoint of 
the last item in the above list of logical loopholes, namely, 
the question of optimal values of Ai and of d. Our at
tempt to study this question was empirical,32 and consist
ed of making runs with various At’s while holding d con
stant, and with various d’s while holding At constant, in 
the hope that somewhere in the d, At plane a region could 
be found within which the calculated Ej would be inde
pendent of changes in these variables. For the HC1:KC1 
cell at 0.10 M, with B\ = 1.023 and B2 — 0, there is some 
indication that when d = 1.3 X 10 9 m, Ej is nearly con
stant at 30.81 mV, between the limits of 2 X 10" 11 and
l. 6 X 10" 10 sec in At, but this whole study turned out to 
be unsatisfactory in an important respect. In order to be 
able to make as many runs as we needed to cover the field 
adequately, we had to restrict each run to 100 iterations, 
and this meant using the 1 /t3 extrapolation for each d, At 
point. In this process, however, we found two new and un
desirable features, which had not appeared while Ai and d 
were kept at the values (1 x 10_1° sec; 1 X 10-9 m) 
which we had borrowed from Goldberg,2 and he, in turn 
from Hafemann.32 First, the extrapolation in the general 
case sometimes was to higher and sometimes to lower ab
solute values of Ej (this confirms another of Hafemann’s 
findings1), and second, the amount of the extrapolation 
“ correction” was no longer always small. These shortcom
ings in the extrapolation procedure seem to us to mean 
that another study, involving a large number of runs, each 
to a large number of iterations (perhaps 1000?) will be 
necessary before the question of optimal choice of At and 
d values can be settled, and therefore before it will be 
possible to say whether such a choice (if one can be iden
tified) would yield computed EB values which agree with 
measured ones within the accuracy attainable in the lat
ter. We would be greatly interested to see the results of 
such a study but are not at present prepared to undertake 
it.

A few longer runs have, however, been made with the 
standard values of At = 1 x 10_1° sec and d = l x  10-9
m, and it was verified that under these conditions the 1/t3 
plot does indeed give a good extrapolation. It thus appears 
that it is only when the highest absolute accuracy in a 
calculated Eb is in question that doubts need be felt ei
ther about the choices of At and of d or about the extrap
olation. When, instead, the question is one of relative ac
curacy, as in the studies reported in Tables I, II, and HI, 
of the effects of changing B, la, and m 2, the methods used 
in the present work seem to be satisfactory, and we there
fore consider that the results reported and discussed 
above are, at least provisionally, reliable.

Returning, finally, to the question raised in the Intro
duction of using such calculations as these to determine 
« 12, it is necessary to answer this in the negative. Even if 
the calculated Eb could be made as accurate as desired,

the uncertainty in oar best measured Eb values still corre
sponds to uncertainties, in the simple cases here studied, 
that are large fractions of the m2’s themselves. And al
though there are cases, e.g., mixtures of tetraalkylammo- 
nium halides with alkali halides, where the m.2’s seem to 
be large enough to circumvent this difficulty,33 these are 
also cases where the simple form of Harned’s rule can no 
longer be expected to hold (i.e., the change in log y ± is 
presumably no longer linear in y and for such mixtures an 
acceptable formalism for dependence of log 5± on y has 
yet to be developed.

Acknowledgment. Grateful acknowledgment is made of 
the support of this work by the Office of Saline Water, U.
S. Department of the Interior.
(31) The term "steady state” as used here refers to the period of sever

al hours during which, experimentally, the emf of a “good” cell Is 
constant except for random fluctuations of a few microvolts ampli
tude (cf. ref 24). The permanently steady state would not be 
reached, of course, until the solution throughout the cell had come 
to be of uniform composition, and the cell emf was therefore identi
cally zero.

(32) This Interval question is discussed by Hafemann (ref 1), who gives 
a prescription based in part on theoretical considerations and in 
part (we assume) on practical convenience and the acceptability of 
the results to which it led. The theoretical argument that “the ratio 
A t/d2 must be such that d  is approximately equal to the root-mean- 
square distance a molecule travels in a time A t ,"  and that “for dif
fusion of uncharged species A t/ d 2 =  0 { D ~ ' ) "  (D =  diffusion 
coefficient) leads, taking account of the fact that the effective dif
fusion coefficient of an ion will also be influenced by the charge 
distribution, to a choice of 1 X  104 sec c m "2 as the optimum value 
for the ratio A t/ d 2. A t  =  1 0 " ’° sec was chosen as “short com
pared with the rise-dme of £j,” but not so short as to require an 
unreasonably large amount of computing time to get a sufficient 
number of Iterations. Hafemann seems also to have experimented 
with other values of A t/ d 2 for he concludes “If A t/ d 2 Is too large 
the calculation will be unstable and lead to meaningless results.” 
An example of what he seems to mean by a meaningless result Is 
shown in his Figure 4 where, for a very low dielectric constant (« 
19.53), the time-rise curve of E j overshoots its steady-state value 
and approaches It from above. This behavior is ascribed to A t/ d 2 
being too large in this case.

In our view, the use of the ratio A t/ d 2 implies the invoking of the 
distance-time relationship which characterizes the “random walk” 
nature of diffusive notion [see, for example, S. Chandrasekhar, 
Rev. M od. P h ys ., 15 1 (1943)] and Is inconsistent with the use of 
the Onsager formalism, which is written In terms of ion fluxes based 
on “conductive” behavior [Hafemann’s eq 9; our eq 4 and 6]. The 
latter presupposes a continuum model of sorts, in which an ion Is 
pulled smoothly forward so as to describe a motion which is repre
sented as uniform and rectilinear under the Influence of a force 
which, during the interval At, is treated as constant In magnitude 
and direction. For the next A t, moreover, each force Is still in the 
same direction as before and differs predictably in magnitude pro
ducing, therefore, a new displacement which Is continuous with the 
previous one in direction and differs from it In length in the exact 
ratio of the magnitudes of the forces at work in the two time inter
vals. Under these circumstances an appropriate ratio would be 
A t/ d  rather than A t/ d 2. That "A t/ d  motion” does not describe the 
details of what individual Ions actually do In a real solution may le
gitimately raise questions about the applicability of the formalism, 
but not about the relationship to each other of features within the 
model. In this sense the use of the ratio A t/ d 2 must be considered 
logically foreign to the theory of this computer simulation, and the 
success that Hafemann achieved while keeping it constant would 
seem to be the result of felicitous empirical experimentation.

(33) This Inference follows from the comparatively large values of free 
energies of mixing reported for these systems by W. Y. Wen, K. 
Miyajima, and A. Otsika, J. Phys. C h em ., 75, 2148 (1971).
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K in e tic  S tu d ie s  o f  P e r m a n g a n a te  O x id a tion  R e a c t io n s .  IV . R e a c t io n  w ith  B r o m id e  Ion

Samuel A. Lawani1 and John R. Sutter*
D ep a r tm en t o f  C h em istry , H ow ard  U niversity, W ash ington , D. C. 20001  ( R e c e iv e d  January 29. 1973)

The kinetics of the permanganate-bromide redox reaction has been studied in acid medium at 25.1° 
using a stopped-flow spectrophotometer. The disappearance of permanganate, Mn04" + 5Br 4- 8H+ — 
Mn2+ + 5/2Bt2 + 4H2O, was followed at 520 nm and the production of Br3" , Br2 + Br =  Br3- (K ), 
was monitored at 267 nm. It was found that the observed absorbance, D, can be represented at either 
wavelength by the equation (D -  D„!) = B exp(-\3f) ±  A exp(-\2t). The positive sign applies to kinet
ics performed at high excess of bromide ion or hydrogen ion concentration. Plots of log (D -  D°*) us. 
time become first order, being curved at the beginning of the reaction concave up. The negative sign 
applies at lower excesses, where first-order linearity develops from a ccncave down beginning. A mecha
nism consistent with the data is H+ + Br" + Mn04" (H03MnOBr)" ( k y ;  k - y ) ,  (H03MnOBr)~ + 
H30+ -* HOBr + H3Mn04 (k2), (H03MnOBr)" + H20  — HOBr + H2Mn04" (k3). The enthalpy and 
entropy values obtained from the temperature dependence of k y  are A H y *  = 6.2 ±  0.6 kcal/mol and 
ASi* = —29.7 ±  2.2 eu, respectively; fe2 seems to be very nearly temperature independent.

Introduction
The reaction between permanganate and bromide ion 

affords further opportunity to study permanganate reac
tions and in particular to compare the results with those 
of the iodide system previously reported.2 A kinetic path 
involving a permanganate to manganate transformation 
through a reaction with bromide ion to form either Br2 or 
HOBr as a first step in the overall five equivalent reduc
tion is thermodynamically forbidden. The reaction is, 
however, fairly fast and involves protons in such a way as 
to give rise to a set of coupled pseudo-first-order reactions 
in a mechanism involving a 2-equiv reduction of Mn(VII) 
to Mn(V).

Experimental Section
The Baker Analyzed reagent grade potassium perman

ganate used was handled as previously described.2’3 The 
extinction coefficients found for permanganate were 2234 
±  9 and 483 ±  3 M "1 cm-1 at 520 and 267 nm, respec
tively. Baker Analyzed reagent grade potassium bromide 
was used as the reducing agent while potassium sulfate 
from the same source was used to control the ionic 
strength. Both reagents were recrystallized three times in 
distilled water, dried at 110° for 4 days, and kept in a des
iccator above silica gel. The Baker Analyzed reagent grade 
sulfuric acid used was standardized with sodium hydrox
ide of known concentration.

The following procedure was followed to determine the 
extinction coefficients of bromine and tribromide ion, 
which are two of the final products of the reaction.

Five different concentrations of bromine in 0.5 M  sulfu
ric acid were prepared, and the absorbances taken on a 
standard Beckman DU spectrophotometer at 400, 267, and 
520 nm, the wavelengths for bromine, tribromide ion, and 
permanganate ion, respectively. The concentration of bro
mine in the solutions was calculated using the extinctions 
coefficients for Br2 at 400 nm.4 The absorbances at each 
wavelength were plotted against the concentrations, which 
ranged from 0.124 X 10-3 to 2.162 x 10-3 M. The extinc
tion coefficients were found to be c(Br2)52onm 20.5 ±  0.5 
and e(Br2)267nm 100 ±  2M "1 cm-1.

To obtain the extinction coefficients of the tribromide 
ion, the following procedure was followed: five different 
solutions of bromine, ranging in concentration from 0.439 
X 10"4 to 8.18 x 10"4 M, were prepared and 1 ml of each 
was pipeted into separate 50-ml volumetric flasks. A 
weighed quantity (11.9016 g) of solid potassium bromide 
was placed in each of the 50-ml volumetric flasks, and 
the solutions were brought to mark with distilled water. 
The initial concentrations of the bromine solutions ranged 
from 0.878 X 10"6 to 1.64 X 10"5 M, and the bromide ion 
concentration was 2 M. Under these conditions practically 
all the bromine was in the form Br3"; the absorbance was 
taken at 267, 400, and 520 nm and the concentrations of 
tribromide ion calculated from the equilibrium

K
Br2 + Br =5=^ Br3

using 16.21 as the value of K  at 25°.5 A plot of the absorb
ance against [Br3~] gave €(Br3" )267nm as 3.47 X 104 ±  100 
M "1 cm "1.

To determine the stoichiometry of the reaction perman
ganate solutions of known concentrations and volumes 
were injected into the bromide solutions using a rapid 
mixing device.6 The absorbances at 267 and 400 nm were 
read; using the molar extinction coefficients at these 
wavelengths with the equilibrium constant for the reac
tion between bromine and bromide ion, the concentration 
of the total bromine for each run was calculated. The 
ratio of total bromine to initial permanganate was found 
to be 2.5, indicating the reaction proceeds stoichiometri- 
cally according to the equation
MnChf + 5Br' + 8H+ — *•

Mn2+ + 6/2Br2 + 4H20

(1) This paper is based on a dissertation submitted by S. A. Lawani to 
the faculty of Howard University in partial fulfillment of the require
ments for the Ph.D. degree.

(2) L. J. Kirschenbaum and J. R. Sutter, J. Phys. Chem., 70, 3863 
(-1966).

(3) M. A. Rawoof and J. R. Sutter, J . Phys. Chem., 71, 2767 (1967).
(4) H. A. Young, J . Amer. Chem. Soc., 72, 3310 (1950).
(5) G. N. Lewis and M. Randall, J . Amer. Chem. Soc., 38, 2354 (1916).
(6) R. Thompson and G. Gordon, J . Sci. Instrum., 41, 480 (1964).
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Figure 1. Concave upward first-order plot: [B r_ ] =  0.40 M ; 
[M nO 4 - ] 0 =  9.251 X  10 “ 5 M ; [H2S 0 4] =  0.20 M ; T =  25.1°; / =  
0.919 M ; wavelength 520 nm.

TABLE I: Dependence of the Rate Constants on Bromide 
Ion Concentration“

[Br-], M A3 A2 À2 +  A3 A2A3

0 .8 2.60 12.57 15.17 32.69
0 .6 2.48 9.70 12.18 24.02
0.4 2.17 6.61 8.78 14.38
0 . 2 1.73 4.18 5.91 7.21
0.1 1.36 2.91 4.27 3.95
0.06 1.04
0.05 0.905 2.28 3.19 2.07
0.04 0.809 2.03 2.84 1.64

° [H + ] =  0.265 M ; [H2S 0 4] =  0.20 M; [MnO„ - ] 0 =  9.251 X 10~ 5 M; 
temperature =  25.1°; ionic strength =  0.919 M; 520 nm.

A modified Durrum-Gibson stopped-flow spectropho
tometer (Durrum Instruments Corp., Palo Alto, Calif.) 
was used for the kinetic runs. This apparatus, along with 
the procedure for obtaining the necessary raw data, has 
been previously described.7

Bromide solutions of a given concentration were made 
up by weight. Potassium sulfate was used to keep the 
ionic strength constant at 0.919 M. For the sulfuric acid 
solutions the [HSO4 ], [SO42"], and in particular, the 
[H+] were calculated. The calculations took into account 
that potassium ion associates with sulfate ion to form an 
ion pair

K i

K+ + S0 42'  =*=*= KS<V
where K\ has a value of 9.120 at zero ionic strength and 
25°.8 Using the Davies equation to calculate (approxi
mate) activity coefficients,9 a value of Ki of 2 is found at 
the ionic strength used in this work (i.e., 0.919 M ).

In addition, the second dissociation constant of sulfuric 
acid

K2'
H S04~ =*=*= H+ + s c h 

was corrected for ionic strength effects using Kerker’s10 
experimental values of K2' which are reported as a func
tion of both ionic strength and temperature.

Finally, the amount of potassium sulfate necessary to 
maintain constant ionic strength in both bromide and

TABLE II: Dependence of the Rate Constants on Bromide 
Ion Concentration“

[Br~], M A3 A2 X2 +  X3 A2A3

0.600 1.62 5.10 6.72 8.26
0.400 1.48 3.63 5.11 5.38
0.300 1 .21 2.96 4.17 3.59
0.040 0.537 0.988 1.52 0.530

a [H + ] = 
temperature

0.145 M ; [H2SO 4] =  0.10 M ; [MnO4 " ] 0 =  9.251 
=  25.1°; ionic strength =  0.919 M, 520 nm.

X  IO " 5 M;

TABLE III: Dependence of the Rate Constants on Hydrogen
Ion Concentration“

[h 2s o 4],
M [H+], M A3 A2 A2 "H A3 A2A3

0.7 0.972 2.58 10.52 13.10 27.19
0.5 0.685 1.78 7.52 9.30 13.41
0.3 0.407 1.09 4.85 5.94 5.29
0.1 0.132 0.690 1.92 2.61 1.32
0.06 0.079 0.373 1.42 1.78 0.527

° [B r-]  =  0.10 M; [MnO4- ] 0 =  1.079 X 10~ 4 M ; temperature = 
25.1 , ionic strength =  0.919 M; 520 nm.

TABLE IV: Dependence of the Rate Constants of Hydrogen
Ion Concentration“

[H2SO 4],
M [H+], M A3 A2 A2 "f" A3 A2A3

0.5 0.711 2.56 10.75 13.31 27.47
0.3 0.424 1.69 6.59 8.28 11.17
0.1 0.139 0.99 2.43 3.42 2.42
0.06 0.084 0.619 1.61 2.23 1 .0 0
0.04 0.057 0.418 1.38 1.80 0.575

a.LB r ! =  0.2 M; [MnO4- ] 0 = 1.079 X 10 -4 M; temperature
25.1 , ionic strength =  0 919 M ; 520 nm.

permanganate solutions was calculated by successive ap
proximations. These corrections, in particular the effect of 
ionic strength on the value of AY, are responsible for the 
hydrogen ion concentration being considerably greater 
than the concentration of sulfuric acid in Tables I-IV.

Photographs of the kinetic runs obtained from the oscil
loscope were read and, with the help of a computer, the 
raw data were transformed to the absolute value of the 
optical density term, In (D -  D») (absolute values were 
used since (D -  D„) would have the opposite sign at 520 
and 267 nm, where Mn04- and Br3- absorb, respective
ly). Plots of In (D -  Da.) against time were curved at the 
beginning but became linear after a length of time which 
depended on the reaction conditions (see Figure 1). These 
will be referred to as first-order plots. The situation was 
analyzed by means of a difference plot, which was done 
using the following procedure.

A straight line was drawn through the linear portion of 
the first-order plot (plot B of Figure 1), and calculations 
were performed to obtain the values of (D» -  D) extrapo-

(7) K. W. Hicks and J. R. Sutter, J. Phys. C h em ., 75, 1107 (1971).
(8 ) I. L. Jenkins and C. B. Monk, J. A m er . C h em . S o c .. 72, 2695 

(1950).
(9) C. W. Davies, "Ion Association," Butterworths. Washington, D. C., 

1962, p 39.
(10) M. Kerker, J. A m er . C hem . S o c ., 79, 3665 (1957).
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Figure 2. Concave downward first-order plot; [B r- ] = 4.00 X 
10“ 2o M; [MnO4- ] 0 =  9.251 X 10“ 5 M; [H2S 04] = 0.2 M; T = 
25.1°; / =  0.919 M; wavelength 520 nm: upper curve, • ,  experi
mental values; A, calculated from eq 4.

lated to the beginning of the reaction. These calculated 
values were designated as (D<= -  I))'. The difference be
tween these values and the experimentally observed (D- 
— D) values were used in the form of In [(£)« -  D)' -  
(Dco -  !))] and plotted against time, t. This gave the sec
ond straight line, A, in Figure 1 . This last plot will be re
ferred to as the difference plot. The rate constant ob
tained from the slopes of the lines A and B  are designated 
X2 and A3, respectively. A set of instructions for obtaining 
the difference plot was incorporated into the computer 
program. At high concentrations of bromide or acid, the 
plot was concave up, but concave down at low concentra
tions of either (see Figure 2). All kinetic runs were pseu
do first order with respect to permanganate.

Results and Discussion
Experimental results show that the observed absorb

ance can be expressed as a sum or difference of two expo
nential functions of the form

(D -  Z>„) = Be~x*‘ ±  Ae~^‘

where D is the absorbance at any time, f; D® is the ab
sorbance at infinite time; A and B are preexponential con
stants, while A2 and A3 are the observed rate constants. 
(The last four quantities are functions of the bromide and 
hydrogen ion concentrations as well as the true rate con
stants. The value of A was obtained by extrapolating the 
difference plot to zero time and B by extrapolating the 
linear portion of the first-order plot to zero time; A2 and 
A3 are the slopes of the two straight lines.) The results of 
calculations made using this equation are plotted in Fig
ure 3. The positive sign is required for concave up plots, 
and the negative sign for concave down plots. The experi
mental values of the intercepts, A and B, were not used in 
the calculation of the true rate constants of the reaction. 
They were used, instead, to convince us that (D -  £)® ) 
could indeed be represented as a sum or difference of ex
ponentials. Equation 4 shows the complexity of A and B 
which precludes their use for calculating precise values of 
the individual rate constants. These rate constants, as will 
be shown, were determined solely from A2 and A3.

Kinetic runs show that bromide and acid have a similar 
effect on the shapes of the first-order plots. Using a given 
permanganate concentration and keeping the acid con-

Figure 3. Test of the equation (D — D „ ) = A exp( —A2f) +  B 
exp( —A3f) at 25.10: [Br~] = 0.20 M; [H2SO] = 0.30 M; [MnCAr] 
= 1.079 X 10~4 M ; I = 0.919 M; wavelength 520 nm.

TABLE V: Comparison of A Values at 520 and 267 nma

A2 A3

[Br~], M 520 nm 267 nm 520 nm 267 nm

0.15 3.13 3.73 1.09 1.00
0.03 0.99 0.96 0.54 0.50
0.02 0.58 0.52 0.36 0.34

a [Mn04-]o =  5.44 X 10~5 M ; [H2S 0 4] =  0.2 M.

stant, say at 0.2 M, one gets plots of In (Û® -  D) against 
time which are concave up, becoming linear toward the 
end of the reaction at high bromide concentrations. As the 
bromide concentrations are lowered, a critical stage is 
reached at which the plot is entirely first order. As the 
bromide concentrations are lowered further, the plots be
come concave down, turning first order toward the end of 
the reaction. The same situation holds if one keeps the 
initial permanganate and bromide concentrations con
stant and varies the acid concentrations. Tables I-IV show 
the concentration dependence of the observed pseudo rate 
constants A2 and A3. All entries are the average of repli
cate values. Table V shews a comparison of the eigenval
ues X2 and A3 obtained at the two wavelengths studied 
(520 nm for permanganate disappearances, and 267 nm for 
bromine appearance).

It was found convenient to analyze the rate parameters 
by means of functions of the A values and not in terms of 
the individual A’s themselves. Linear plots of A2 + A3 and 
of A2A3 vs. the various concentrations were obtained and 
all of the experimental data were found to obey equations 
of the form

(A2 + A3) = Cj[Br-][H+] + C2[H+] + C3
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and
(A2A3) = C4[Br-][H+]2 + C5[Br“ ][H+]

Thus, plots, as for instance, X2 + X3 us. Br or H+ (with 
one being constant at a time), are all linear. For the hy
drogen ion concentration dependence in X2X3, plots of 
X2X3/H +  vs. [H+] are quite linear. Clearly, X2 and X3, 
alone, are not simple functions of the concentrations. 
These functions of X2 and X3 are solutions to the set of 
coupled first-order rate equations11 (in our case, pseudo 
first order) arising from the analysis of a mechanism of 
the general type

This mechanism leads to a secular determinant, the ei
genvalues of which are the X’s. In our case X2 and X3 ap
pear as the pair of roots to a quadratic expression making 
the handling of the square root term analytically awk
ward. The sum and product of the X’s, however, are in 
general easy to handle12 although the error resulting in 
multiplying X’s can be sizeable. At 25.1° all of our data 
are consistent with the equations
A2 + A3 = (59.8 ±  l)[Br“ ][H+] +

(6.48 ±  0.25)[H+] + (0.71 ±  0.09)

A2A3 = (356 ±  59)[Br“ ][H+]2 + (29 ±  10)[Br-][H +]
The larger errors in C4  and C 5  arise in part from the mul
tiplication of the two eigenfunctions and from the uncer
tainties in the hydrogen ion concentration, a calculated 
quantity.

All runs were made under pseudo-kinetic conditions 
with the hydrogen ion and bromide ion always in large ex
cess over the permanganate. The simplest mechanism 
consistent with the above data is

ki
M n04~ + H+ + Br“ ^  (H 03MnOBr)~ (1)

*-1

(H 03MnOBr)~ + H30 + HOBr + H3M n04 (2)

3̂
(HOjMnOBr)“ + H20  — *■ HOBr + H2M n04“ (3) 

Thus

A2 + A3 = ¿,[H +][Br“ ] + ¿ 2[H+] + k 3 +  k _ !

A2A3 -  M 2[H+]2[Br“ ] + -M 3[H+][Br“ ] 
Further analysis of the above set of coupled first-order 
equations leads to the following representations of the de
pendence of permanganate concentration on time11

[Mn04~] = ( k - } +  k ¿ R +] +  k3 -  A ,) „ 0 _ u  ,
- 7 Co e 'A3 A2

(« -! +  /e2[H+] +  k3 -  \,) 0-x3¡
A2 A3

where Co0 is the initial concentration of permanganate at 
t = 0. At 520 nm, where permanganate is the only absorb
ing species of interest

[M n04“ ] = (D -  D „)/e /
may be substituted. It may be seen that at a hydrogen ion

TABLE VI: Temperature Dependence of X2 and X3 as a Function 
of Bromide Ion Concentration“

[Br~], M

T == 20.6° T =  16.1° T = 11.9°

X3 X2 A3 A2 A3 A2

0.8 2.39 11.05 2.36 9.07 2.33 7.14
0.6 2.36 8.15 2.28 6.84 2.14 5.42
0.4 2.17 5.48 2.07 4.67 1.94 3.53
0.2 1.75 3.09 1.58 2.98
0.1 1.32 2.47 1.31 2.14 1.27 1.72
0.06 1.08 1.68 1.00 1.62 0.92 1.53

°[H +] = 0.265 M ; [Mn04- ]o =  1.495 x  1 0 - 4 M; ionic strength
0.919 M.

concentration of 0.265 M the curvature should change 
from concave up to concave down when the bromide ion 
concentration is lower than about 0.05 M, in agreement 
with the observed behavior. In the runs at fixed bromide 
ion concentration, with hydrogen ion concentration vary
ing it should be noted that the predicted change in curva
ture occurs at a hydrogen ion concentration slightly lower 
than observed. Allowing permanganate to be the only ab
sorbing species at 520 nm leads to the simplest interpreta
tion of the change in curvature. One could, of course, 
allow the intermediate, (HOsMnOBr)- , to absorb also, 
with the extinction coefficient e', a to be determined param
eter. This seems to be unnecessary in the present case.

From the above data the rate constants at 25.1° may be 
evaluated. The values are k \  = 59.8 M -2 sec-1, fe2 = 6.48 
M " 1 sec-1, k -i  = 0.2 sec-1, and &3 = 0.5 sec-1 . As an 
example, these values of the rate constants along with the 
experimental values of X2 and A3 for the run pictured in 
Figure 2 (see last entry, Table I) were used to calculate 
the preexponential terms of eq 4. Further, using the 
e(Mn04- ) and a 2-cm path length, there results

(D ~ ¿ U calcd = -  0.131e ~2 03t + 0.54e -o.809t
These (D -  Dm)calcd values are displayed, for comparison, 
in Figure 2. Considering the complexity of the preexpo
nentials, the agreement is quite good.

The temperature dependence of the eigenvalues was de
termined as a function of bromide concentration at a fixed 
hydrogen ion concentration of 0.265 M. The results are 
given in Table VI. The value of the X’s at 25.1° may be 
found in Table II,

Plots of X2 + A 3  vs. bromide were again linear and kx 
was obtained from the slope of the line directly. The in
tercept, however, within experimental error, was indepen
dent of temperature. This suggests that fe2, the principal 
contributor to the intercept, has an extremely low appar
ent activation energy.

The values of kx at 25.1, 20.6, 16.1, and 11.9° are respec
tively 59.8, 53.2, 43.8, and 35.5 M  2 sec-1 . From these 
data one calculates AH* = (6.15 ±  0.64) X 103 cal and 
AS* = -29.7 ±  2.2 eu.

Kinetic runs were conducted with added acrylonitrile 
(10 vol %) in order to test for a radical mechanism, i.e., 
the production of Br-. Solutions whose concentrations 
were the same as those used in the kinetic runs were

(11) S. W. Benson, "The Foundations of Chemical Kinetics,” McGraw- 
Hill, New York, N. Y., 1960, p 39.

(12) H. Margeneau and G. M. Murphy, "The Mathematics of Physics 
and Chemistry,” Van Nostrand, New York, N. Y„ 1943, p 304.
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made containing (a) permanganate, acid, and acryloni
trile, (b) permanganate, acid, acrylonitrile, and bromide, 
and (c) acid, acrylonitrile, and bromide. In only solution a 
did a precipitate of polymerized acrylonitrile form, due to 
the initiated oxidation of acrylonitrile by permanganate.13 
Apparently then :n solution b the permanganate-bromide 
reaction proceeds at a rate much faster than the polymer
ization reaction and, in addition, no species is formed 
during the course of the reaction which would polymerize 
the acrylonitrile, suggesting that Br is not oxidized by 
permanganate to Br- and, for instance, MnC>42~. This re
sult cannot rule out conclusively a radical mechanism as 
either a major or a minor path in this reaction, but it does 
suggest that such a course is not in operation under the 
conditions of our experiments.

Any reaction in which permanganate is reduced to man- 
ganate while Br-  is oxidized to either bromine or HOBr is 
quite thermodynamically forbidden. To overcome the low 
oxidizing power of the M n04” to MnC>42- couple, it ap
pears that a proton is involved, perhaps to form HMn0 4 , 
which is then capable of carrying out the oxidation

K
H + +  M n 0 4 H M n 0 4 (rapid, at equilibrium)

H M n 04 +  Br“ (H M n 0 4Br)"
k- 1

This would be kinetically the same as the mechanism sug
gested in eq 1-3, (HMn04Br) - would then decompose by 
either a protonated or a nonprotonated path. It is sup
posed, however, “hat the (HMnC^Br)-  complex consists 
of Mn(V) and Br(I), and that this is probably the redox 
step, with the second proton, or water, facilitating the 
breaking up of the complex and anticipating a highly pro
tonated Mn(V) species. (A highly protonated Mn(V), 
H2M n04” , etc., would be in keeping with our finding, un
published, of a predominant HM n04” species in the dis
proportionation of manganate ion in acid medium.) The

low activation enthalpy would tend to substantiate this. 
Indeed, although the number of reactions studied is small, 
it appears that in general if the potential for the oxidation 
couple (tie., 1“ I2 and Fs(CN)64” |Fe(CN)63~) is less than 
the +0.564 V for the Mn0 4 "  |MnC>42” couple, the reaction 
may proceed without a proton dependence and by a rela
tively uncomplicated mechanism, but if the oxidation 
couple is more negative than about -0 .56  V (tie., 
Br~ |Br2, Fephen32+ |Fephen33+ and Ce(III) |Ce(IV)14) the 
reaction will take on a proton dependence and the mecha
nism will become more complicated in order to bypass 
this unfavorable first step.

The mechanism of the present reaction is seen to be for
mally identical with the mechanism presented for the per
manganate-iodide reaction.2 The difference between them 
is the important extra proton functioning in the first step 
of the bromide reaction (eq 1 ) and, of course, the revers
ibility of step 1. If the bromide and iodide reactions are 
the same, then the function of the hydrogen ion in the io
dide reaction is to assist in the breakup of the (MnC>4l)2” 
complex, with HMnC>4 not being important in the kinet
ics. The differences, then, between the iodide and bro
mide reactions may be attributed to the change in the 
thermodynamics associated with the ease of oxidation of 
the respective halide ions.

Lastly, it must be pointed out that reversible step 1 is a 
necessity. No other mechanism except one that offers 
“feedback” to the permanganate ion will account for the 
curvature in the first-order plots for the disappearance of 
this ion.

A ck n ow led g m en t. The authors wish to acknowledge 
partial support of this research under the National 
Science Foundation Grant No. GP 8097.

(13) L. F. Fieser and M. Fieser, “Organic Chemistry," 4th ed, D. C.
Heath, Boston, Mass., 1960, p 67.

(14) R. J. Isabel, Dissertation submitted to Howard University, 1970.
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K i n e t i c s  o f  T w e l v e - S t e p  C o m p e t i t i v e - C o n s e c u t i v e  S e c o n d - O r d e r  R e a c t i o n s .  T h e  

A l k a l i n e  H y d r o l y s i s  o f  T r i e t h y l  C i t r a t e

F. A. K u n de ll/ D. J. Robinson,1 and W. J. Svirbely*

C h em istry  D ep a r tm en t, U niversity  o f  M aryland, C o lleg e  Park, M aryland 2 0 7 4 2  ( R e c e iv e d  January 17, 1973)

The kinetic process for a twelve-step competitive-consecutive second-order reaction involving an unsym- 
metrical trifunctional molecule, B, reacting with a common reagent, A, can be written as A + B * C +  P, A 
+  B -^ D  +  P ,A  + B ^ E  +  P, A +  C ^ F  +  P, A +  C ^ G  +  P, A +  D -* F  + P ,A  + D -^ H  +  P ,A  +  E^► 
G +  P, A +  E — H + P, A +  F —*• I +  P, A +■ G —'-I  +  P, A + H ^ - I  +  P having the rate constants fei, k 2,  
. . . ,  k 12, respectively. The rate equations have been solved in terms of the variable X, where X = J'cM df. The 
solution is of the form 0  = Zi = i7Gje -  S t\ where 0  =  (A  -  A 0)/B 0 +  3 and G t and the S, are constants in
volving various combinations of the twelve rate constants. If the trifunctional compound has a reaction 
plane of symmetry, as is the case for triethyl citrate, some of the reaction steps are indistinguishable from 
others. As a result, the twelve-step case can be treated mathematically as a seven-step case and it becomes 
a problem of determining seven parameters only. A least-squares solution can be used to calculate these 
seven rate constants. This procedure was used to determine the k values for the alkaline hydrolysis of tri
ethyl citrate in dioxane-water mixtures of varying composition at 15°,

Introduction

The last paper in the series concerned with the kinetics 
of hydrolysis of multifunctional compounds dealt with the 
alkaline hydrolysis of diethyl malate, an unsymmetrical 
difunctional compound.2 In this paper, we shall report on 
the alkaline hydrolysis of triethyl citrate, an unsymmetri
cal trifunctional compound. Triethyl citrate may be repre
sented by the formula

0  OH 0
II I II

c2h 6o c — c h 2— c—  c h 2— c — oc2h 5

o = c — o c 2h 5

It is apparent that, as a result of a reaction plane of sym
metry passing through the central carbon atom in the for
mula, the reactions of the two terminal ester groups with 
a common reactant will be indistinguishable from one an
other. Thus, the saponification of triethyl citrate will be a 
special case of the more general one involving an unsym
metrical molecule which does not have a reaction plane of 
symmetry. One expects, therefore, seven different reaction 
steps only for this special case rather than the twelve 
steps which normally would exist for the saponification of 
an unsymmetrical triester.

A study of the alkaline hydrolysis of triethyl citrate was 
made in various dioxane-water media at 15° in order to 
(a) demonstrate the validity of the apparent seven-step 
kinetic process for this reaction, (b) relate each of the 
final twelve rate constants to a mechanistic rationaliza
tion of the reaction, and (c) extend computer techniques 
for handling the calculations for such a complex system.

Mathematical Analysis

1—
X F x + o

' 
i* X
-| ~l 1

X + alcohol (2 )

1
X x i + OH- £ 1 1

X + alcohol (3)

1 1 1
X  X + OH" H " 1 1

X + alcohol (4)

1 1 1
X X + o h - - T A

X + alcohol (5)

1
X

1 1
X + OH- r - I — 1

X + alcohol (6 )

1
X

1 1
X + OH- £ —I— 1 + alcohol (7)

1
X

1— 1
X + OH" r” " 1  1

X + alcohol (8)

1
X

1 1
X + OH- £ “ 1— 1 + alcohol (9)

1 1 1
X + OH" r 1 1 + alcohol (10 )

1 1 1
X + OH" 1 1 + alcohol (1 1 )

1
X

1 1 + OH" -Î2*. r - r n + alcohol (1 2 )

If one uses the definitions
A  =  [OH] = the concentration of base

X x j = the concentration of the triester

c  = [  x x ]  =
the concentration of the first diester ion

D = [x r x] =

The alkaline hydrolysis of an unsymmetrical trifunc
tional compound can be represented schematically by the 
following twelve-step process.

x x x  +  o i r  1 X X  +  a lc o h o 1  (1)

the concentration of the second diester ion

(1) Abstracted in part from the Ph.D. Theses of F. A. K. and D. J. R.
(2) W. J. Svirbely and F A. Kundell, J. A m er . C h em . S o c . , 89, 5354 

(1967).
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E -  [ x  x  n]  =
the concentration of the third diester ion 

F  =  [ '  ' =

the concentration of the first monoester diion

G = r r  ] =
the concentration of the second monoester diion

h  -  i n  -
the concentration of the third monoester diion 

I  =  0  1 0 = the concentration of the triion
then the reactions to be considered are

A +  B —̂  C +  P (la)

A +  B D + P (2a)

A +  B E +  P (3a)

A +  C F +  P (4a)

A +  C G +  P (5a)

A +  D F +  P (6 a)

A +  D H +  P (7a)

A +  E G +  P (8 a)

A +  E —**• H +  P (9a)

A +  F I +  P (10a)

A +  G I +  P (11a)

A +  H I +  P (12a)

If one defines2 a variable X as

X =  f  A d£ (13)
•r o

then the rate equations in terms of X become

— dA/dA = (fe4 +  fe2 +  fe3).B +  (fe4 +  fe5)C +
( ¿ 6 +  fe7)Z) +  (fe8 +  fe9)£  +  k 10F  +

k n G +  k 12H  (14)

-d £ /d A  =  (k  ! +  fe2 +  k 3)B  (15)

-d C /d A  = (fe4 +  fe5)C -  k 1B  (16)

-d D / d X  =  (fe6 +  k n)D  -  k 2B (17)

-A S /d A  = ( k s +  k 9)E  -  k 3B (18)

-d F / d X  =  k 10F  -  fe4C -  k 6D  (19)

-d G /d A  = feu G -  fe6C -  k sE  (20)

-d H / d X  =  k l2H  ~ k 7D  — ko,E  (21)

Equations 14-21 can be integrated. The boundary condi
tions are \ =  C = D  =  E  =  F =  G  =  H  =  I  =  0 , A  =  Ao, 
B  =  Bo, at t = 0. The results after integration are given 
by

A  =  A 0 +  3(B -  B0) +  2C  +  2 D  +
2E  +  F  +  G  +  H  (22)

C =  

D  =  

E  =

B  =  B 0e - S'x 

k\Bo
(S2 -  SO

*2So
(S3 ~  SO

kgB0
(S4 -  s o

[ g - S i X  —  g ~ S 2X ]

[ e -S iX  —  e - s 3x] 

[g-S]X — g-s4x]

(23)

(24)

(25)

(26)

+

(27)

+

(28)

+

(29)

where Si = (fei + fe2 +  k 3); S2 = (k 4 +  k 5); S3 = (ke +  
fe7); S i =  (ks +  kg); S5 = feio; So — fen; S7 = fei2; eq 22 
can be rewritten as

G

H  =

fe,fe4So ir(e~SiX — e“ ssA) (e~s^ — e_s5A)"l
(S 2 -  S,) 1 

^2^6-^0

L (S5 -  SO (S e ~  SO  J
p(e~SiX — g-s5x) (e-s3x — e-s5x)‘

(S 3 -  S.)
kik$Bo r

L (S5 -  SO (Se -  SO .
"(g-SiX — g-s6x) (e-s2A — g-s6x)~j

(Sj -  S,) l
kgkgBg

. (Se ~  SO (S e ~  SO ]  
T (e-SiX — g-s6x) (e-s4x — g-s6x)_

(S i  -  s o
h k .B ,

L (S e  -  SO (S e -  SO  .
¡"(g-SiX — g-s7x) (e-s3x — g-s7x)"|

(S 3 -  S,)
kgkgBg j

L (S i -  SO (Si -  SO ]
'(e-SiX — g-s7x) (e-s4x — g-s7x)“j

(S 4 -  s a l . (Si -  SO (Si -  SO  J

where

G 1 =  3 +  2

0  =  T ,G ie-

P - < A ^ 4 >  +  3

(30)

So
(31)

rr + +
L(S2 -  s c  (S 3 -  s o  (S4

ka fe5

_ â _ _ l
-  s .)J

fei
+_  r «4 , fe5 I

(S 2 -  s o  L(S5 -  s o  (S6 -  SOJ
*2____r  kg fe? ~| ,
-  S ,)L (S 5 -  s o  ( s 7 -  s o ](S

G

(S4

fei
2 (S2 -  s o

° 3 =  " ( S 3 -  s o  [ 2 +

r  r
(S4 -  Sx) L'

ke____ r  kg kg ~|
-  s j  L(S6 -  SO (S7 -  s o ]

d

2 +

(S5 -  S2) (S e -  o2,

kg
(Sg ~  S3) “ (S. 

fe8 fe
(S7 -  S4) (S 7 -  Si)

ke____1
-  S2)J

£ « ]  
]

Ge =  -
feife.

(S2
1*4 r 
-  s o L

1

(S5 -  SO  (Se -  SO
k i k e

(Sa -  SO [ ( S 5 -  SO (Se -  S3) ]

r  =  *■** r  1_____________ l _ i  _
tj6 ( s 2 -  SOliSe  -  SO (Se -  s 2) j

fe3fe8 r 1_____________ 1
-  S ,)L(S6 -  SO (Se -  SO.(S i

r  =  *2*7 r  1_____________ 1 1  _
^  (S3 -  S O U S , -  S,) (S7 -  S3)J

3 j [ ( S 7 -  SO ~  (Si ~  s o l(Si -  so I

(32)

(33)

(34)

(35)

(36)

(37)

(38)
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As stated in the introduction, triethyl citrate has a 
reaction plane of symmetry. Schematically, the triester 
may be represented by the symbol

Y
I--------1--------1

X X X
It is apparent that because of the reaction plane of sym
metry, the reactions of the terminal ester groups with a 
common reagent would be mathematically indistinguisha
ble from each other. The same situation would exist in 
several of the succeeding steps. In terms of the symbolism 
used in eq 1 - 1 2  this is tantamount to saying that if k 3, k 7, 
kg, k 9, and k i 2 are set equal to zero, then the twelve-step 
case can be treated mathematically as a seven-step mech
anism. Then, after these seven constants k (i) have been 
determined from the data, the rate constants for the 
twelve-step mechanism can easily be calculated in accor
dance with the following definitions: k 7 =  k3 =  fe(l)/2 ; k 2 
= k (2 ); k i  =  kg =  k (4 )/2 ; kg — kg = fe(5)/2; kg =  k 7 -  
k (6 ) / 2 ; feio = few = k(10 )/2 ; fen  = fc(ll).

The procedure for evaluating the constants k ( l ) ,  k {2 ), 
k (4 ), k (b ), fe(6 ), fe(10), and fe(ll) through the direct use of 
eq 30 is in principle the same as the one which has al
ready been described.2 In practice, however, complica
tions arise.

M a te r ia ls  a n d  A p p a ra tu s

T rieth yl C itrate. Research grade triethyl citrate was 
purchased from Aldrich Chemical Co. The ester was vacu
um distilled several times, the center cut being saved. 
The saponification equivalent indicated a purity of 100 ±  
0.1%. A chromatographic analysis yielded one maximum 
only. Information on an infrared analysis indicated that 
no impurities were present.3 n20d was 1.4426.

O th er D eta ils. The apparatus, procedure, and other per
tinent factors have already been described.2 Starting con
centrations of the triester and of the sodium hydroxide 
were adjusted so that equivalent’ amounts were used (i.e ., 
A0 = 3Bo, where A q and Bo are the concentrations in 
moles per liter of hydroxide and triester, respectively). 
This restriction is not a necessity but merely a conve
nience.

Triplicate runs were made under identical conditions 
and the data were pooled for calculation purposes.

A partial saponification of triethyl citrate was carried 
out. The product was a very viscous, syrupy liquid. At low 
temperatures it formed a clear glassy solid. From this 
product a solid which was insoluble in iV,Al-dimethylfor- 
mamide was recrystallized. Following saponification 
equivalent determination, it was concluded that the prod
uct recovered was disodium ethyl citrate, a monoester. 
The rate of hydrolysis of this solid was determined at 15° 
in 30 wt % dioxane-water. The rate constant was 0.0195 
M ~ 1 min-1 . We will comment on this data later.

D a ta , C a lc u la t io n s , an d  D is cu s s io n

C om p u tin g  Program . A  program4 for the solution of 
competitive-consecutive second-order rate equations using 
a least-squares procedure was developed. The cases con
sidered were one-step through three-step reactions involv
ing both symmetrical and unsymmetrical molecules and a 
four-step reaction involving a symmetrical molecule. The 
coding for the system has been done in a “ neutral” For
tran IV.

E va lu a tion  o f  R a te  C onstan ts. In the least-squares fit
ting procedure one starts with estimated values for the

seven rate constants to be determined. Equation 30 is 
then expanded around these initial guesses by a Taylor’s 
expansion. However, when so many parameters are in
volved the success of the convergence of the k (i) values to 
their true values using the iterative method depends on a 
good choice for these estimates.

One avenue of approach is to utilize a routine in the 
computer program called SIMPLEX. This is a least- 
squares trial and error procedure for generating a set of 
the desired number of rate constants which are consistent 
with the kinetic data. While this proved successful in 
cases where four or less constants were involved, it was 
not successful in ganerating s ev en  rate constants which 
could be used as estimates which would later lead to con
vergence and reproduction of the data. Our estimated 
value for k ( l ) ,  which is quite large, did, however, come 
from this approach.

Another possibility is to attempt to calculate the rate 
constants utilizing structure factors for the various com
pounds. Considerable effort has been expended in the past 
to generalize existing data and to predict the reaction 
rates of similar compounds for which no data exists.5 
Among the most successful of these has been the Ham
mett equation which was used to predict rate constants 
for meta- and para-substituted benzene derivatives. Ham
mett’s equation was extended by Taft to include aliphatic 
compounds. Taft also attempted to account for differences 
in steric hindrance by introduction of a steric factor. Han
cock modified Taft’s equation by separation of the Taft 
steric factor into steric and hyperconjugative contribu
tions. Hancock’s equation is

log k / k 0 =  o *  p* +  S E sc +  h (n  -  3) (39)
where a* is a substituent constant specific for the substit
uent regardless of the reaction under consideration and p* 
is a reaction coefficient and is dependent upon the type of 
reaction and the reaction conditions; the product of these 
two describes the polar or inductive contribution. 5 and h 
are steric and hyperconjugative factors, respectively, 
which are reaction dependent, E sc is a corrected steric 
factor which is substituent dependent, n is the number of 
hydrogen atoms on the carbon a  to the reaction site, and 
k/ko is the ratio of rate constants for the compound con
taining a particular substituent and a reference com
pound, which in our case was ethyl acetate. On referring 
to Table I, one can see that within the structural formula 
for triethyl citrate one can locate the substituents analo
gous to diethyl glutarate, diethyl 3-hydroxyglutarate, di
ethyl succinate, and diethyl malate. From recent studies 
made in our laboratory6 on these and other compounds 
and from data in the literature2-7 ’8 we were able to obtain 
values for the a*, p*, E sc, 5, and h factors for the substitu
ents on the various species involved in the different react
ing steps of the citrate reaction. This permitted us to cal-
(3) Private communication from the supplier, "A  very careful infrared 

analysis indicates no impurities present."
(4) F. A. Kundell, W. J. Svirbely, and J. M. Stewart, Technical Report 

No. 68-69, Kinetics 68, Computer Science Center, University of 
Maryland.

(5) (a) L. P. Hammett, C h em . R ev ., 17, 125 (1935); (b) R. W. Taft, Jr., 
M. S. Newman, and F. H. Verhoek, J. A m er . C h em . S o c . , 72, 4511 
(1950); R. W. Taft, Jr., ibid., 74, 3120 (1952); (c) C. K. Hancock,
E. A. Meyers, and B. J. Yager, ibid., 83, 4211 (1961).

(6) Kinetic studies on the alkaline hydrolysis of ethyl acetate, ethyl pro
pionate, ethyl valerate, ethyl hexanoate, diethyl 3-hydroxyglutarate, 
diethyl glutarate, dieth/l 2-methlyglutarate, diethyl 3-methylglutarate, 
and diethyl 3,3-dimethylglutarate will be the subject of another 
paper.

(7) W. J. Svirbely and A. D Kuchta, J. P hys. C h em .. 65, 1333 (1961).
(8) E. Tommlla, A. Koivisto, J. P. Lyyra, and S. Helmo, Ann. A ca d . Sci. 

F en n ., S er . A2, 47 (1952).
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TABLE I: Structural Formulas for Triethyl Citrate and Esters 
which Can Be Considered as Its Substituents

OH

HSC2OOCCH2CCH2COOC2HS

c o o c 2h5

HsC2OOCCH2CH2CH2COOC2Hs

OH
I

HsC2OOCCH2CHCH,COOC2Hs

c h 2c h 2c o o c ,h ,
I

COOC.Hs

OH
I

CHCH,COOC..Hs
I

COOC,H5

culate an approximate value of a rate constant through 
the use of Hancock’s equation. That number then became 
our estimate for that particular step which would be used 
in the iterative procedure of our computing program. For 
example, consider the hydrolysis step

OH

I *5“ 0 0 c c h 2— c — c h 2c o o c 2h 5 +  OH“

COOC2H5

o h

“ OOCCH2— C— CH2COO“ +  c2h 6o h
I

COOC2H5

The polar substituent contribution is the summation of 
the contributions of the carboxylate ion in the glutarate 
position, -0.208, the ester substituent in the succinate 
position, 0.199, and the hydroxyl group one methylene 
group removed from the reaction site, 0.198. a* therefore 
is the sum of these, or 0.189.

E sc was originally estimated from the value for the 
reaction involving a terminal ester group and an assump
tion that the steric contributions of the various substitu
ents are additive. The original estimate was revised by an 
iterative procedure and for the above step calculated as 
-1.91.

The values of p* = 2.22, 5 =  0.567, and h =  +0.012 
were obtained using regression analysis on the data from 
the hydrolysis of other esters in this same solvent system 
at the same temperaure.

There are two hydrogen atoms on the carbon a  to the 
reacting carbonyl carbon of the ester described by eq 5. 
Therefore n — 3 = - 1 . Making these substitutions in the 
Hancock equation, together with the value of log feo8 
(ethyl acetate is the reference compound), one calculates 
fes = 0.625 in 30% dioxane at 15.07°. The same procedure 
was used to obtain k 2, fe4, k§, and fejo. The SIMPLEX 
routine gave fe4 = 26.59 and fen had been determined in 
this research. However, fe(l) = 2fei, fe(2) = k2, fe(4) = 2fe4, 
fe(5) = 2fe5, fe(6 ) = 2fe6, fe(10) = 2feio, and fe(ll) = fen. 
The values of the fe(0’s obtained by this procedure were 
used as initial guesses in the least-squares program and 
are listed in the second column of Table II.

A typical set cf time-concentration data is shown in the 
first two columns of Table m . Using this data and the es
timates given in Table II, the values of the rate constants 
were determined by the least-squares procedure. These 
are listed in the third column of Table II. The values of a

TABLE II: Estimates and Least-Squares Values

Least-squares
Rate Constant Estimates values

M1) 53.18 49.6 +  1.2
M2) 8.49 2.92 ±  1.1
M 4) 1.11 0.49 ±  0.19
M 5) 1.25 1.1 ±  0.17
M6) 12.6 7.4 ±  1.4
M10) 0.018 0.14 ±  0.15
M 11) 0.02 0.011 ±  0.006

TABLE III: Data“ Obtained at 15.07° in 30 wt%
Dioxane-Water Mixture6

«  (expt), .n
Time, min = a / a 0 n (calcd) %  deviation

0.000 1.0000 1.000 0.00
1.08 0.8409 0.8426 -0 .2 1
2.00 0.7787 0.7731 0.72
3.00 0.7281 0.7270 0.15
4.01 0.7008 0.6974 0.48
5.00 0.6788 0.6779 0.13
6.00 0.6632 0.6634 -0 .1 0
7.00 0.6528 0.6534 -0 .1 0
8.00 0.6463 0.6453 0.16
9.00 0.6411 0.6386 0.40

11.00 0.6294 0.6279 0.24
13.00 0.62C4 0.6192 0.20
15.00 0.6126 0.6115 0.18
17.00 0.6035 0.6045 -0 .1 6
19.00 0.5970 0.5979 -0 .1 5
21.00 0.5905 0.5917 -0 .1 9
23.00 0.58*0 0.5857 -0 .2 9
30.00 0.5633 0.5665 -0 .5 7
40.00 0 .5 4 '2 0.5428 -0 .3 0
50.00 0.52*3 0.5224 0.35
60.00 0.5075 0.5045 0.56
70.00 0.4906 0.4891 0.31
80.00 0.4750 0.4754 -0 .0 7
90.00 0.4634 0.4632 0.05

100.00 0.4516 0.4522 -0 .1 1
110.00 0.4426 0.4424 0.05
120.00 0.4335 0.4335 0.00
140.00 0.4180 0.4181 -0 .0 2
150.00 0.4115 0.4114 -0 .0 2
180 0.3946 0.3946 0.000
200 0.3855 0.3855 . 0.000
210 0.3803 0.3814 -0 .3 0

a Only about half of the experimental data for this run are shown. 0 D =  
54.74; A a =  0.01214 M; B 0 =  1/3 Ao- OME of fit is 0.70%.

(calcd) in column three of Table III were obtained through 
use of eq 30 and 31 using the final values of the fe’s. The 
fourth column in Table III represents the deviation be
tween a  (expt) and a  (calcd) and is thus a measure of the 
reproducibility of the experimental data. The agreement 
is excellent and the random plus and minus deviations 
lend credibility to this procedure as a solution for the 
triethyl citrate problem.

The program allows for the calculation of the interme
diate concentrations of each of the reacting species at 
each of the recorded times. Figure 1 shows a plot of the 
intermediate concentrations. One observation from exam
ining this graph is that Pinnow9 was correct in his state-

(9) J. Pinnow, Z. E lek tro ch em ., 24, 21 (1918).

Triethyl citrate

Diethyl glutarate 

Diethyl 3-hydroxyglutarate

Diethyl succinate 

Diethyl malate
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TABLE IV: Summary of the k ( i )  Values at 15.07° In Various Dioxane-Water Mixtures

Dioxane, wt %

20.0 30.0 50.0
Dielectric constant

70.0 80.0

63.97 54.74 36.25 18.71 11.27

57.4 49.6 ±  1.2 37.2 36.7 46.4

1.54 2.92 ±  1.1 6.4 3.9 5.1

0.78 0.49 ±  0.19 0.90 3.0 20

1.12 1.1 ±  0.17 0.62 4.2 5.4

56.2 7.4 ±  1.4 8.2 3.8 1.5

0.030 0.14 ±  0.15 0.022 0.11 2.1

0.007 0.011 ±  0.006 0.0058 0.093 0.24

0.63 0.70 0.50 0.83 1.8

k (  1) 
k ( 2 )  

k (  4) 
k ( 5 )  

k (  6) 
M10) 
k { 11)

%  Q M E  of fit

Figure 1. Plot of intermediate concentrations of the reacting 
species vs. time (min).

ment that the first step of the alkaline hydrolysis of 
triethyl citrate involves one of the side groups and that 
the reaction essentially proceeds to completion before the 
next step begins. Another observation is that species F 
and G are present in reasonably large quantities and this 
mixture is most probably what we isolated in our partial 
saponification of triethyl citrate and it was on this mix
ture of isomers of disodium ethyl citrate that we ran our 
hydrolysis measurements to determine a rate constant.

We used existing data2 and a computer program for re
gression analysis to calculate the three Hancock reaction 
parameters p*, 5, and h for three additional solvent sys
tems, 20, 50, and 70% dioxane. Using these values, the 
substituent parameters a* and E sc which had previously 
been determined and values of log determined from the 
work of Tommila8 we then calculated, with aid of the 
Hancock equation, trial values for the k ’s for each of the 
three new solvent compositions. Using these trial k ’s the 
calculations quite quickly converged to the values shown 
in columns 2, 4, and 5 of Table IV.

Extrapolation of plots of log k vs. 100/D then permitted 
us to extend all of our data to the 80% dioxane solvent 
system. Reaction parameters were calculated and trial k ’s 
were calculated and after some 120 iterations the calcula
tions converged to the values listed in the sixth column of 
Table IV.

TABLE V: Test for Uniqueness of the fr Values In the 30% 
Dioxane-Water System

Rate
constant

Accepted
value

Trial
value

New
value

%
difference

M 1 ) 49.6 40 50.6 2

M  2) 2.92 3 2.28 22
k (4) 0.49 0.5 0.47 4
k(  5) 1.1 1.0 1.06 4
k (  6) 7.4 2.0 7.85 6
k (  10) 0.14 0.05 0.038 17
k (  11) 0.011 0.01 0.0051 54

Q M E 0.70 0.50

TABLE VII: Summary of Rate Constants“ at 15.07° In Various
Dioxane- Water Mixtures

Dielectric constant

63.97 54.74 36.25 18.71 11.27
Dioxane, wt %

20.0 30.0 50.0 70.0 80.0

k-, 28.7 24.8 18.6 18.4 23.2
k2 1.54 2.92 6.4 3.9 5.1
k 3 28.7 24.8 18.6 18.4 23.2

0.39 0.25 0.45 1.5 10.0

^5 0.56 0.55 0.31 2.1 2.7

^6 28.1 3.70 4.1 1.9 0.75
k 7 28.1 3.70 4.1 1.9 0.75
k s 0.56 0.55 0.31 2.1 2.7

^9 0.39 0.25 0.45 1.5 10.0

^10 0.015 0.07 0.011 0.055 1.05

frn 0.007 0.011 0.006 0.093 0.24
/Ci2 0.015 0.07 0,011 0.055 1.05

a In units of I. mol-1 min-1 .

Reference to the fifth column of Table IV shows that in 
70% dioxane the magnitudes of k (2 ), fe(4), k (5 ), and k(6 ) 
are all nearly the same. Similarly the values for fe(10) and 
fe(ll) are also very similar. These conditions tend to cause 
singularities in the matrices involved in the least-squares 
calculations. Original difficulties in getting convergence in 
the calculations for this solvent system are now explaina
ble.

It was desirable tc see if the seven constants calculated 
for a triethyl citrate run are unique, or if some other set 
might be found which would fit the experimental data 
equally well. We had set as criteria of acceptability of rate 
constants the following conditions.
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(1) The quadratic mean error (QME) of fit. This was 
set to be less than 1 % and we have succeeded in most 
cases in obtaining it.

(2) The experimental data must be reproducible with 
only small scale and random plus and minus variations 
between the values for the experimental concentration 
and the calculated concentration obtained at each of the 
experimental times.

The uniqueness of a particular set of rate constants was 
checked in the following way. For the 30% dioxane-water 
solvent system, we changed the time-a input data for 25 
of the 54 data points in a roughly Gaussian distribution 
about 3.5 times the standard deviations for these points to 
see what would be the effect of these changes on the rate 
constants. We used trial k ( i ) ’s which were quite far from 
those we believed to be the true values (but still within 
what we believed to be the convergence sphere). The new 
set of rate constants obtained is shown in Table V along 
with the “ estimates” and with the “ accepted values” list
ed in Table IV for ease of comparison. It can be seen from 
Table V that while the value for k ( l ) ,  fe(4), and k (5 ) re
mained essentially unchanged, the values of the other rate 
constants were changed from 6% to as much as 54% of 
their original values. The QME of fit was improved. These 
“new” values are therefore no less reliable from the stand
point of our criteria than are the accepted values. How
ever, the overall picture of the kinetic steps in terms of 
magnitude of the rate constants is essentially the same. 
We therefore believe that our results are unique and rep
resent a true picture.

There is an option in the computer program which al
lows for grouping one or more rate constants together and 
refining by the iterative process successively on the mem
bers of these groups in turn, instead of allowing all of the 
rate constants to be varied simultaneously during each it
eration. This process is slower, but it avoids the possibili
ty of missing the minimum in the least-squares fit and

very often aids in convergence, particularly if singularities 
in the matrices could occur. Group refinement was used in 
all of the triethyl citrate calculations. The members of the 
groups were changed from run to run and between cycles 
to avoid any bias in the results.

Table VI is the final summary of our rate constants in 
terms of the twelve steps postulated for the reaction. The 
effect of solvent variation on each step is very apparent. 
However, an analysis of the solvent effect is not easy to 
evaluate. We believe that in addition to polar and ionic 
effects which have been commonly observed, both steric 
and hyperconjugation effects make themselves more felt 
as the dioxane concentration increases. Steps leading to 
the rate constants kg, kg,  and k n  have reactant species 
in which there are no hydrogen atoms on the carbon a  to 
the carbonyl carbon. These steps therefore would preclude 
any contribution from a  hydrogen bonding and conse
quently no hyperconjugation effects. These are also the 
steps when the reactant species are most highly steric hin
dered due to the ester group on the center carbon. It is 
possible that in high dioxane concentration media, the 
above-mentioned effects override the polar effects. In the 
steps leading to the rate constants k i ,  k 3, kg,  and k-j, polar 
effects predominate and the general behavior is similar to 
what has been previously observed in studies involving 
simple molecule-ion and ion-ion reactions as a function of 
the dielectric constant. In the steps leading to the rate 
constants kg, kg, kio, and k i 2 an inductive effect is added 
to the polar effect. This type of behavior we had reported 
previously.2

A ck n ow led g m en ts . We wish to express our appreciation 
to the Computer Science Center of the University of Mary
land and the National Aeronautics and Space Administra
tion Grant No. NsG-398 for computer time, and to Profes
sor James Stewart for helpful discussions relative to the 
computer program.

S o l v e n t  I s o t o p e  E f f e c t s  o n  p /Ca  o f  A n i l i n i u m  I o n s  in  A q u e o u s  S u l f u r i c  A c i d

J. L. Jensen* and M. P. Gardner

D ep a r tm en t o f  C h em istry , California S ta te  U niversity, L ong B ea ch , California 9 0 8 4 0  (R e c e iv e d  D e c e m b e r  13, 1972) 

Publication  c o s t s  a s s is te d  b y  th e California S ta te  U niversity, L on g  B ea ch  F oundation

Solvent isotope effects on Ka of a variety of anilinium ions are reported. As anilinium ion pK a changes 
from 5 to -6 .5 , Ka(H20 )/.Ka(D2 0 ) changes from 4.6 to 1.4. These isotope effects consist of primary, sec
ondary, and solvation isotope effects. In buffer solutions of constant ionic strength, it appears that 
changes in secondary isotope effect predominate over changes in primary isotope effect with changing 
substituents on the aryl group of the aniline. The solvation isotope effect does not appear to be extracta
ble from the secondary isotope effect, except perhaps in the case of 2,4-dinitroaniline.

Two investigations of Hammett indicator behavior in 
deuteriosulfuric acid have recently been reported.1 -2 It is 
now established that the Hammett acidity function deter
mined using primary anilines as Hammett indicators in

aqueous sulfuric acid, H 0', is virtually identical with the 
analogous function, D o, determined in deuteriosulfuric
(1) E. Hogfeldt and J. Bigele sen, J. A m er . C h em . S o c ., 82,15 (1960).
(2) J. S erra, M. Ojeda, and P. A. Wyatt, J. C h em . S o c ., 1570 (1970).
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acid (up to 90% w/w acid). In the course of establishing 
the Do acidity scale, pK a values for a variety of anilines 
were measured in sulfuric and deuteriosulfuric acids. The 
equilibrium solvent isotope effects thus obtained were ex
pressed as ApKa (ApKa = pKa(D20) -  pKa(H20)) and 
varied between 0.1 and 0.6. This corresponds to a 
K a(H20 ) /K a(D20) ratio range of 1.5-4.0, a significant 
change in equilibrium solvent isotope effect. Data ob
tained in more dilute sulfuric acid or acetic acid-sodium 
acetate buffers indicated an approximate correlation be
tween pKa and ApKa (ApKa decreasing as pKa de
creases); however, the data obtained in more concentrated 
acid did not bear out this correlation. Due to the vast 
changes in medium and  aniline structure, it is not possi
ble to conclude much from the changes in ApK a.

The major purpose of our investigation was to acquire 
data which would allow meaningful discussion of medium 
and  structural effects. Consequently, we wish to report 
the equilibrium solvent isotope effect, Ka(H20 ) /K a(D20), 
for a variety of anilinium ions. Experiments were also car
ried out on both primary and tertiary anilinium ions at 
constant ionic strength.

E x p e r im e n ta l S e c t io n

The variety of problems encountered in attempting ac
curate reproducible measurement of pK a for substituted 
anilinium ions in solutions of mineral acids has been re
ported and reviewed in considerable detail.3 ’4 The proce
dure used in the present investigation closely resembles 
that of Jorgenson and Harter4 and is summarized below.

M a teria ls . Deuterium oxide and deuteriosulfuric acid 
were obtained from Stohler Isotope Chemicals and were 
used without further purification. Anilines obtained com
mercially were recrystallized from aqueous methanol or 
vacuum distilled until a constant melting point/boiling 
point and quantitative ultraviolet spectrum were ob
tained. Some anilines were purchased from Aldrich 
Chemicals as Hammett indicators and were certified ana
lytically pure. These indicators were used without further 
purification.

S olutions. A methanolic stock solution of each aniline 
was prepared. Appropriate quantities of these solutions 
were diluted to achieve aniline concentrations of 1 0 -3-  
10“ 5 M  in 0.1 N  NaOH, acetic acid-sodium acetate buff
ers (ionic strength maintained at 0.1 using NaCl), or 
aqueous sulfuric acid. In all cases the final concentration 
of methanol in the aqueous solutions was 0.75% w/w or 
less. Deuterated solutions were prepared from D20  and 
NaOH, acetic acid, or deuteriosulfuric acid; however, in 
all cases the final solutions were at least 99 atom % deute
rium.

M eth od . Solutions were placed in a 1 -cm silica cell and 
the visible and/or ultraviolet spectrum recorded on a 
Beckman DK-2A recording spectrophotometer. The cell 
compartment was thermostated at 23 ±  2°. After record
ing the spectrum, solutions were titrated or the pH was 
measured (Corning Model 12 research pH meter, expand
ed scale), as appropriate.
R e su lts

Determination of pKa values were carried out using the 
following relationships

BH+ +  H,0 B +  h 3o + (1)

P * a = - l o g [B][Hf J
[BH+]

/(B)/(H30+)

/(BH+)
(2)

IB] _  t(e) -  e(BH+)
[BH+] f(B) -  e(e)

where values in brackets are molarities, /  represents activ
ity coefficient, e represents molar absorptivity [e .g ., e(e) is 
the molar absorptivity of an equilibrium mixture of B and 
BH+ of comparable concentrations), and all values of t in 
eq 3 are at the same wavelength.

When the value of [H3 0  + ] was obtained from the mea
sured pH, activity coefficient ratio terms were assumed to 
follow Debye-Hiickel theory and approximate unity. In 
deuterated solvents, pD was determined using the rela
tionship5

pD = pH (measured) +  0.41

In aqueous sulfuric acid solutions, H o was used as a mea
sure of [H30 +](/(H3 0  + )/(B)//(BH + ) ) .a~4 Measurements of 
[B]/[BH+] rely on the accurate determinations of molar 
absorptivities, t, of the various species. Since molar ab- 
sorptivities are notoriously medium dependent (as well as 
Amax), the ratio [B]/[BH+] was determined at two or three 
wavelengths in the region of XBmax. The reported pK a 
values are averages of these measurements (all done in 
triplicate). The method of Jorgenson and Harter4 ’6 was 
followed exactly in several instances and found to yield an 
identical value for pK a .

Measurement of c(BH+) and i(B) were made in solu
tions 2 pH or Ho units different from the pKa. In the cases 
studied, changes in medium over this range did not affect 
the spectrum sufficiently to affect p K a determinations 
significantly, as shown by the noninterdependence of 
calculated pKa and [B]/[BH+] measurement wavelength. 
In all cases wavelengths were chosen for measurement 
such that e(BH + ) drops out of eq 2; i.e., e (e ) and e(B) 3> 
c(BH+).

Table I displays the data in several ways. Values of p K a 
in H20  solution (pKa(H20)) are reported in column two. 
Literature values of pKa(H20) are listed in column three. 
Since a variety of values have been previously reported for 
most anilines studied, the values quoted are representa
tive of the ranges which exist in the literature. Values of 
pK a in D20  solution are reported in column four; the few 
literature values are listed in column five (the closeness of 
these values to ours indicates that consistency in tech
nique and use of more sophisticated equipment helps to 
eliminate “laboratory dependence” of this type of data). 
The solvent isotope effect, ApKa, is the difference be
tween values in columns two and four; i.e., ApK a =  
pKa(D20) -  pKa(H20). These values are listed since the 
few literature values which do exist were reported in this 
fashion; however, it is more direct to consider the solvent 
isotope effect not as a log function but in the typical ratio 
fashion. Therefore the solvent isotope reported as 
Ka(H20 ) /K a(D20) is given in column seven of Table I. 
The discussion to follow centers about the change in sol
vent isotope effect, Ka(H20 ) /K a(D20), with change in an
iline structure and/or with change in medium.

(3) M. A. Paul and R. A. Long, C h em . R ev .. 57, 1 (1957).
(4) M. J. Jorgenson and D. R. Harter, J. A m er . C h em . S o c . . 85, 878 

(1963).
(5) A. K. Covington, M. Paabo, R. A. Robinson, and R. G. Bates, Anal. 

C h em .. 40, 700 (1968).
(6) M. J. Jorgenson and D. S. Noyce, J. A m er . C h em . S o c . , 83, 2525 

(1961).
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TABLE I: Anilinium Ion p/Ca

Lit.
Compound pKa l H20 ) a Lit. pKa<H20 ) pKa i(D20 ) ° pKa (D 20 ) ApKa Ka (H20 ) /K a (D;

2-Methoxyaniline 4.59 ± 0 .0 0 5.11 dr 0.01 0.52 3.27°
Aniline 4.59 dr 0 .0 2 4.60/' 4.58« 5.15 rb 0.01 0.56 3.60e
N-Methylanilme 4.82 ± 0.01 4.84,e 4.85/ 5.49 dr 0 .0 2 0.67 4.70°
A/.W-Dimethylanlline 5.12 dr 0 .0 2 5.12,8 5.157 5.78 dr 0.01 0 .66 4.58°
2,6-Diethylaniline 3.73 db 0 .0 2 4.37 dr 0 .0 2 0.64 4.28°
3-Nitroaniline 2.48 dr 0.03 2.47,“ 2.50' 3.14 dr 0.01 0 .6 6 4.55e
4-Nitroaniline 0.98 ± 0.01 1.00, l 0.99“ 1.58 dr 0.01 0.60 3.99e
N,A/-Dimethyl-4-nitroaniline 0 .6 8 ± 0 .0 0 “ 0.67/ 0 .6 6 m 1.28 dr 0 .0 2 0.60 4.07e
2-Nitroaniline -0 .2 9 ± 0.01 -0 .2 9 ,“ 0.29° 0.27 dr 0 .0 2 0.56 3.63
A/,W-Dimethyl-2-nitroanillne 2.77 dr 0 .0 2 3.45 dr 0 .0 2 0 .68 4.78e
2-Chloro-4-nitroaniline -0 .91 ± 0.01 -0 .3 9 dr 0.01 0.52 3.30
2-Nltro-4-chloroanilhe -0 .9 8 dr 0.01 — 0.97 ,P -1 .0 2 « -0 .4 6 dr 0.01 -0 .4 6 « 0.52 3.36
2,4-Dichloro-6-nitroaniline -3 .1 3 ± 0.03 -3 .1 6 ,» -3 .7 9 “ -2 .7 6 dr 0.01 -2 .7 3 « 0.37 2.32
2,6-Dichloro-4-nitroanillne -3 .2 5 dr 0.02 -3 .2 4 “ -2 .8 9 rb 0.02 -2 .9 6 s 0.36 2.28
2,4-Dlnltroaniline -4 .4 3 ± 0.02 -4 .4 2 ,« — 4.53“

CMOI dr 0.00 -4 .0 3 « 0.41 2.58
W, W-Dimethyl-2,4,6- -6 .4 6 ± 0.03“ -6 .5 5 “1 -6.31 dr 0.02“ 0.15 1.41

trinltroaniline -4 .9 9 rb 0.03“ -4 .9 8 « -4 .61 dr 0.02“ -4 .6 7 «

° Mean values of replicate determinations ±  average deviation. 0 Ionic strength held constant at 0.1 using NaCI. c R. A. Benkeser and H. R. Krysiak, 
J. A m er. C h em . S o c ., 75, 2421 (1953). ,0 R. N. Beale, J. C h em . S o c ., 4494 (1954). e B. Gutbezahl and E. Grunwald, J. A m er . C h em . Soc.. 75, 559 
(1953). ' A. L. Bacarella, E. Grunwald, H P. Marshall, and E. L. Purlee, J. Org. C h em ., 20, 747 (1955). * A. Ebrother, E. Jucher, A. Lindenmann, E. 
Rissi, R. Steiner, R. Suess, and A. Vogel, H elv. Chirn. A c ta . 42, 533 (1959). “ M. M. Ficking, A. Fischer, B. R. Mann, J. Packer, and J. Vaughan, J. 
A m er. C h em . S o c .. 81, 4226 (1959). ' K. N. Bascombe and R. P. Bell, J. C h em . S o c ., 1096 (1959). J A. I. Biggs and R. A. Robinson, ibid.. 388 (1961). 
* M. Kilpatrick and C. A. Arenberg, J. A m er . C h em . S o c .. 75, 3812 (1953). ' A. V. Willl, H elv. Chim. A c ta . 40, 2019 (1957). E. M. Arnett and G. W. 
Mach, J. A m er . C h em  S o c . , 86, 2671 (1964). n N. F. Hall and W. F. Sprengeman, ibid., 62, 2487 (1940). ° H. Suzuki, 'Electronic Absorption Spectra 
and Geometry of Organic Molecules," Academic Press, New York, N. Y., 1967. °  Reference 3. « E. Hogfelct and J. Blgelaisen, J. A m er. C h em . S o c ., 
82, 15 (1960). T R. H. Boyd, ibid., 85, 1555 (1963). s Reference 2. 1 L. P. Hammett and M. A. Paul, ibid.. 56, 827 (1934). “ H 0' "  used to calculate pKa 
(D0' "  assumed to equal H o '"). " Ho' used to calculate pKa.

D is c u s s io n

The solvent isotope effect on the K a of anilinium ions is 
a composite isotope effect. In many instances, composite 
isotope effects are not resolvable into the various parts; in 
this investigation the results are partially resolvable ex
perimentally and totally resolvable conceptually.

+ X„(H20)
R2N H -Ar + H20  . R2N-Ar + H30 +

+ K,( D20)
R2N D -Ar + D20  . R2N-Ar + D30  +

R = H(D) or CH3

In the equilibria above, three types of isotope effects 
make up the overall solvent isotope effect. (1) Primary 
isotope effect—the equilibrium involves the transfer of a 
proton (deuteron) from nitrogen to solvent. (2) Solvation 
isotope effect7 '8—K a(H2 0 ) is determined in H2O solvent 
and Ka(D20) is determined in D2O solvent. These two sol
vents (H2O and D2O) differ slightly in dielectric constant, 
solvating ability, etc. (3) Secondary isotope effect of the 
first kind—this isotope effect exists only for primary and 
secondary anilinium ions, where R = H(D). It arises be
cause of the impossibility of retaining ArNH2 or ArNH3+ 
in a solution of D20 . Overall, then, we are comparing the 
transfer of a p r o to n  from, say, ArNH3+ to H2O in H2O to 
the transfer of a deuteron from ArND3+ to D2O in D2O. 
These three effects will be related to experimental data in 
subsequent sections.

P rim ary us. T ertia ry  A n iliu m  Ion  K'a(H20 ) /i fa(D2 0 ). 
Following the convention established by Arnett and 
Mach,9 we denote the solvent isotope effect on primary 
anilinium ions as (/ía(H2 0 )//Ca(D2 0 )), and the solvent 
isotope effect on tertiary anilinium ions as (Ka(H20)//<_a- 
(D20 ) ) ' "  based on the following two sets of equilibria.

(K .(H 20 )/tfa(D 20 ))'
K , (  H,O)

(  HjN-Ar + h 2o  — ------- H,NT Ar +  H30  +

+ K a( D  2° )

1 DgN-Ar + d 2o  ^ -----------: D2N Ar +  D30  +

(jr.(H2o)/ü :a(D 2o ) ) " '
+ K .( H20)

f  Me2NH-Ar +  :h 2o Me2N-Ar d- H30  +

) X,(D20)
V Me2N D -Ar + d 2o Me2N-Ar +  D30  +

(Xa(H20 ) /K a(D20 ))' is a composite isotope effect com
prised of a solvation isotope effect, a primary isotope ef
fect, and a secondary isotope effect of the first kind. 
(J£a(H2 0 )//Ca(D20 )) /"  is a composite isotope effect com
prised of a solvation isotope effect and a primary isotope 
effect. If it could be assumed that the solvation isotope 
effect and the primary isotope effect were the same for a 
given pair of primary and teritary anilinium ions, the fol
lowing considerations would be considerably simplified. 
However, while such ar. assumption is probably approxi-

(7) The term solvent Isotope effect Is used to denote an Isotope effect 
arising due to an Isotopic change in the solvent used for a particu
lar measurement. However, as noted above, such isotope effects 
are often composite in nature and in major part may be due to the 
presence of a primary isotope effect. Solvent isotope effects are so 
named based on the type of experiment performed. Consequently, 
a term other than solvent isotope effect must be used when dis
cussing an isotope effect arising solely from differences in solvating 
ability, dielectric constant, etc. between isotopic solvents. The term 
"solvation isotope effect” lends clarity to these discussions.8

(8) E. K. Thornton and E. R. Thornton in “Isotope Effects in Chemical 
Reactions," C. J. Collins and N. S. Bowman. Ed., Van Nostrand- 
Relnhold, New York, N. Y., 1970, Chapter 4.

(9) See discussion pertaining to tertiary anilinium Ion data from Table
III.
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Figure 1. Solvent isotope effects, ApK, plotted vs. pKa (H20). 
Solid curve indicates region of constant ionic strength (0.1). •  
indicates primary anilinium ions, ▲  indicates tertiary anilinium 
ions.

TABLE II: Solvent Isotope Effects on Primary and Tertiary 
Anilinium Ion K n

Compound Ka(H20)/Ka(D20)

Aniline 3.6
N.N-Dimethylaniline 4.6
4-Nitroaniline 4.0
W.N-Dimethyl-4-nitroaniline 4.1
2-Nitroaniline 3.6a
N,N-Dimethyl-2-nitroaniline 4.8

“ Ionic strength Is 0.6, for all the other measurements, u =  0.1.

mately true for the solvation isotope effect, it certainly is 
not even approxim ately true for the primary isotope ef
fect.

An hypothesis which needs to be considered is that the 
primary isotope effect d ifferen ce  in one pair of primary 
and tertiary anilinium ions is close to that d ifferen ce  in 
another pair. Such an hypothesis assumes that the effect 
of replacing two hydrogens by methyls is about the same, 
regardless of the substitution on the aryl group. If this hy
pothesis were correct, the differences between (Ka(H20 ) /  
K a(D 2 0 ) ) '  and (X a iH zO l/K a lD zO )) '"  listed in Table II 
should be nearly constant, which obviously they are not 
(if the hypothesis were approxim ately true for the large 
primary isotope effect, it would surely be true for the 
much smaller secondary isotope effect). Consequently, we 
are left with the inescapable conclusion that the differ
ences between the pairs listed in Table II arise mainly 
from changes in primary isotope effect.

The data in Table II clearly show, then, that ( K a(H20 ) /  
Xa(D20 ) ) " '  and (KafHzOJ/KaiDzO))' differ (for a given 
pair of primary and tertiary anilinium ions) due to differ
ences in primary isotope effects and  secondary isotope ef
fects of the first kind. Differences in primary isotope ef
fects appear to predominate and the magnitude o f the 
secondary isotope effect cannot be extracted.

It is interesting to note that the large steric effect in 
jV, ¿V-dimethyl-2-nitroaniline is reflected not only in pKa 
but also rather dram atically in the difference between 
(ffa(H20 ) /t f .(D 20 )) ' and (Xa(H20)//Ia(D 20 ) ) ' " .  Aside 
from  the steric effect, it seems reasonable to expect that 
the 2-nitro- and 4-nitro-substituted anilinium ions might 
exhibit similar ( K a(H 20 )/ K a(D 20 ) ) '  and ( K a( H20 ) /

TABLE III: Solvent Isotope Effects at Constant Ionic Strength 
(0.1)

Compound“ Ka(H20)/Ka(D20)

2-Methoxyaniline 3.3
Aniline 3.6
2,6-Diethylaniline 4.3
3-Nitroaniline 4.6
4-Nitroaniline 4.0
A/.N-Dimethylaniline 4.6
N, N-Dimethyl-2-nitroaniline 4.8
N, N-Dimethyl-4-nitroaniline 4.1

a Each series is listed in order of increasing anilinium ion acidity (in
creasing Ka, decreasing pKa).

K a iD s O )) " '  differences, which from T able II is clearly 
not the case at all. This is the first instance of “ steric in
hibition o f resonance”  demonstrated in isotope effects.

K a(H 20 )/ K a(D 20 )  at C on stan t Ion ic S tren g th . M ain 
taining constant ionic strength m inim izes the solvation 
isotope e ffect . 7 The solvation isotope effect will not be 
constant since as the nature of the solute changes, solute- 
solvent interactions (solvation) changes, resulting in some 
change in the solvation isotope effect. However, for the 
ensuing discussion this change will be assumed reasonably 
regular and smaller in comparision with the primary and 
secondary effects (a more com plete discussion is presented 
in the subsequent section).

For anilinium ion-aniline equilibria in aqueous solution, 
the primary and secondary isotope effects are functions of 
the same quantity, the overall change in force constants 
between the N -H  bonds o f anilinium ion and the N -H  
bonds o f aniline and the solvent-H  bond.

+
A rN H 3 +  so lv e n t =^= A rN H 2 +  H -s o lv e n t+

A rN H M e2+ +  so lv e n t =5==̂  A rN M e 2 +  H -s o lv e n t+ 
Changes in solvent isotope effect on tertiary anilinium ion 
K a essentially reflect changes in primary isotope effect 
which reflect change in force constant o f the N -H  bond of 
the anilinium ion. Changes in solvent isotope effect on 
primary anilinium ion K a reflect changes in primary and  
secondary isotope effects. These data are summ arized in 
Table III and are reported graphically in Figure 1 (log -log  
plots allow greater changes to be displayed, therefore 
p*Ta(D 2 0 )  -  p K a(H 2 0 )  is plotted vs. p X a(H 2 0 ) ) .  The 
data pertaining to this discussion are connected by the 
solid line in Figure 1.

Data for the tertiary anilinium ions is explained in a 
straightforward fashion. As p K a decreases (acidity in
creases) the primary isotope effect decreases, in accord 
with a decreasing force constant for the N -H  anilinium 
ion bond. f f a(H 2 0 ) / f f a(D 2 0 )  for N ,N -dim ethylaniline and 
AI/V-dimethyl-2-nitroaniline (4.6 and 4.8, respectively) are 
constant within our experimental error, but the value of
4.1 for Ar,N-dim ethyl-4-nitroaniline is definitely lower.

For the primary anilinium ions o f 3-nitroaniline and 4- 
nitroaniline the above explanation also fits. However, the 
decrease in i f a(H 2 0 ) / X a(D 2 0 )  as electron-attracting sub
stituents are replaced by electron-repelling substituents 
on the aryl group is striking. This appears as a maximum 
for the curve plotted in Figure 1  (at about p X a(H 2 0 )  =
3).

The large isotope effect observed on anilinium ion K a is 
indication o f an overall bond “ loosening”  (net decrease in
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TABLE IV: Solvent Isotope Effects in Sulfuric Acid Solutions

Compound pKa(H20)
Ka(H20 )/
Ka(D20) [H2SO 4], M a

2-Nitroaniline -0 .2 9 3.6 0.6
2-Chloro-4-nitroan- -0 .91 3.3 2

¡line
2-Nitro-4-chloroan- -0 .9 8 3.4 2

¡line
2,4-Dichloro-6-nitro- -3 .1 3 2.3 6

aniline
2,6-Dichloro-4-nitro- -3 .2 5 2.3 6

aniline
2,4-Dlnitroanillne -4 .4 3 2.6 8
A/,W-Dimethyl- -6 .4 6 1.4 10

2,4,6-trinitroanil-
ine

a Approximate molarity of sulfuric acid solution in which Ka was mea
sured.

force constant) for isotopically substituted bonds. It was 
demonstrated in the previous section that Ka(H20 ) /  
K a{ D2O) decreases with increasing K a due primarily to a 
decreasing primary isotope effect (which arises from a 
loosening of the anilinium ion N-H bond). However, for 
primary anilinium ion K a, Ka(H2 0 ) /K a(D20 ) increases  
with increasing K a when K a < 10 3. This behavior may 
be explained as follows. As K a increases (due to relative 
-I, -R  substitution on Ar) two things happen. (1 ) Anil
inium ion N-H bonds “loosen. ” 9 (2) Aniline N-H  bonds 
“tighten. ” 10 I f  electron-contributing substituents affect 2 
much more than 1 then the secondary isotope effect 
predominates over the primary, giving rise to the observed 
curve. This appears plausible since the secondary effect 
arises from the net force constant change introduced by 
changing tw o  anilinium ion N-H  bonds into tw o  aniline 
N-H bonds. It is also significant that the curve in Figure 
1 has a steeper slope in the low K a region; this is consist- 
ant with a sizeable change in secondary isotope effect 
predominating change over the primary isotope effect 
change when K a < 10 3 (in the region where the primary 
effect has reached its maximum value) and the change in 
secondary isotope effect somewhat compensating for the 
sizeable change in primary isotope effect when K a <  10 3. 
That the primary isotope effect is maximized at about K a 
=  10 3 is substantiated by the constancy of Ka(H20 ) /  
Ah(D20) for tertiary anilinium ions over the region K a =
i o - 2-8- i o - 51.

S olv en t Iso to p e  E ffec ts  in S trong A c id  S olu tions. As K a 
increases beyond 1 0 _1, the medium in which it is mea
sured changes. For example, K a of the anilinium ions of 
2-nitroaniline, 2-chloro-4-nitroaniline, 2,4-dichloro-6-nitro- 
aniline, and 2,4-dinitroaniline were measured in 0 .6 , 2 , 6 , 
and 8 M  sulfuric acid, respectively. The nature of the sol
vent is clearly changing as the medium changes from 0.6 
to 8 M  sulfuric acid. Probably the most significant change 
is a marked decrease in the activity of water, resulting in 
a decreasingly effective stablization of solutes via hydro
gen bonding. The more strongly solvated a solute, the 
more solvation energy it loses as the activity of water is 
decreased. Clearly the nitro-substituted anilium ions are 
more strongly solvated (via specific hydrogen bonding) 
than the nitro-substituted anilines, due primarily to 
strong and specific solvation at the anilinium ion N-H  
protons. This solvent change, then, has a net effect of in
creasing Ka (i . e the solvent change influences K :i in the

same direction as the substituent effect on the aryl group 
of the anilinium ion). Consequently, since solvation is 
more effective in H20  than in D20 ,8 1 2 1 3  the overall sol
vation effect is to increase K a(H20) more than Ka(D20) 
with decreasing activity of water, resulting in Ka(H20 ) /  
Ka(D20) increasing. In opposition to this solute-solvent 
solvation effect is the loosening of H20  (or D20) bonds as 
acidity is increased. The appropriate data are summarized 
in Table IV and Figure 1 (the points n ot connected by the 
solid line).

ARNHR, +  H20  ^  ArNR, +  H30 +

Ka(H20)/Ka(D 20) > 1 because the above reaction pro
ceeds with overall bond loosening. As acidity is increased, 
then, (1 ) the solute-solvent solvation forces favor an in
crease in Ka(H20 ) /K a(D20) (see previous paragraph), (2) 
H20  (or D20) bonds are loosening, favoring a decrease in 
K a(H20 ) /K a(D20), and (3) H3 0 + (or D30  + ) bonds are 
loosening, favoring an increase in Ka(H20 ) /K a(D20). 
Whether the net result should be to increase or decrease 
Ka(H20)/K a(D 20) is no* possible to completely deter
mine. However, it may be that the increase in Ka(H20 ) /  
Ka(D20) noted by others in very high acid molarities2 
arises from 1 becoming predominant as more specific sol
vation sites are introduced and as the solvating agent be
comes a (H30 + )(H20) moiety.

As is evident from Table II and especially Figure 1, the 
solvent isotope effect decreases fairly regularly with de
creasing pKa which is consistent with a large decrease in 
primary isotope effect predominating over smaller de
creases in secondary and changes in solvation isotope ef
fects. The lone but notable exception is 2,4-dinitroaniline; 
although an anilinium ion is more acidic by a factor of 10 
than the dichloronitroanilines, the solvent isotope effect is 
significantly larger. Although the data do not permit a 
definative solution to this problem, an attractive postu
late is that introduction of a second nitro group increases 
solvation of the aniline sufficiently so as to cause this sig
nificant rise in Ka(H20 ) /K a(D20). It is probable that the 
nitro groups of the aniline are more strongly solvated than 
the nitro group of an anilinium ion and, as the second 
nitro group is placed in conjugation with the amino group, 
the N-H amine protons may become significantly solvated 
as well. This is consistent with recent work pertaining to 
the sp2 hybrid nature of nitrogen in conjugated nitroani- 
lines.14

S u m m a ry

Solvent isotope effects on K a of tertiary anilinium ions 
at constant ionic strength have shown that the primary 
isotope effect does not depend upon anilium ion structure 
when K a < 10-3 . Solvent isotope effects on K a of primary 
anilinium ions at constant ionic strength have shown that 
the secondary isotope effect is strongly dependent upon 
anilinium ion structure. Indeed, when K a < 10 3, changes 
in secondary isotope effect predominate over changes in

(10) As electron-withdrawing substituents are placed on the aryl group 
of aniline ¡<n h  Increases and as electron-contributing substituents 
are placed on Ar, r s n  decreases.11

(11) L. S. Bellamy, "Advances In Intrared Group Frequencies," Meth
uen, London, 1968, p95.

(12) C. A. Bunton and V. J Shiner, J. A m er . C hem . S o c .. 83, 
42, 3207, 3214 (1961).

(13) J. L. Jensen and M. P. Gardner, J. P hys. C h em ., in p r e s s .
(14) J. W. Eastes, M. H. Aldredge, R. R. Mlnesinger, and M. J. Kamlet, 

J. Org. C h em .. 36, 3847 (1971).
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primary isotope effect, giving rise to a maximum in the 
curved plotted in Figure 1, pKa(H20) vs. pKa(D20) -  
pKa(H20).

Change in medium (acid molarity) affect the solvent 
isotope effect. As acidity is increased, the solvent isotope

effect should decrease due to solute-solvent solvation 
changes but increase due to a net loosening of H20  (or 
D20) bonds. The cnly factor which may be sorted out is 
that nitro groups are strongly and specifically solvated in 
strongly acidic medium.

P r o t o l y s i s  a n d  N i t r o g e n  I n v e r s i o n  o f  A n i l i n e s  in  S u l f u r i c  A c i d 1

Donald E. Leyden* and Ronald E. Channell

D ep a r tm en t o t  C hem istry, U niversity  o f  G eorg ia , A th en s , G eorg ia  3 06 0 1  (R ece iv er?  A u g u st 17, 1972)

The protolysis and nitrogen inversion kinetics of several substituted anilines have been studied using 
water-sulfuric acid as the solvent. Line shape analysis of the high-resolution nmr spectra of the amines 
was used to determine the rate of reaction. The studies were performed in the 50-90° range to reduce line 
broadening because of the high solution viscosity. An acidity function was used as a measure of acidity. 
Results indicate the principal mechanism of proton exchange is similar to that of alkyl amines, but with 
larger rate constants. The rate constant for breaking of an amine-water hydrogen bond decreases with 
increasing size of the A'-alkyl substituents. The rate of the nitrogen inversion process is closely related to 
the protolysis rate.

In tro d u c t io n

Recently the kinetic analysis of proton exchange be
tween ammonium ions and aqueous acid has been extensive
ly studied.2-8 Both high-resolution2’3’5’7.* and pulsed4’8’7 
nuclear magnetic resonance techniques have been em
ployed, and data are available over a wide range of acid 
and ammonium ion concentrations. A rather extensive 
study has also been conducted in the area of nitrogen in
version in aliphatic amines.9 ’10 However, there has been 
very little study of the proton exchange of aromatic 
amines such as anilines,11 and essentially no work has 
been done in the area of nitrogen inversion of aniline com
pounds.12 In previous studies, a similar kinetic scheme 
appears to prevail over a wide range of acid and/or amine 
concentrations6 ’13 as well as amine structures. Apparent
ly, the variations in the rate constants of the exchange 
and inversion reactions are not simply related to the ba
sicity of the amines or steric factors.6 This paper is a re
port of the results of an investigation of the proton ex
change kinetics of IV-methylaniline (I), IV.IV-dimethylani- 
line (II), IV-methyl-iV-ethylanilme (III), A-benzylaniline
(IV), jV-methyl-V-benzvlaniline (V), Af-ethyl-AT-benzyla- 
niline (VI), and IV-methyl-Af-benzyl-p-anisidine (VO). The 
results of an investigation of nitrogen inversion of V, VI, 
and VII in sulfuric acid and deuteriosulfuric acid are also 
discussed.

Although extensive use of high-resolution nmr for stud
ies of the type reported here have been described repeat
edly, a brief discussion of the basis of the method is given 
for clarity. In the case of proton exchange, it is most con
venient to use the broadening and eventual coalescence of 
a multiplet resulting from spin-spin coupling between the 
labile N -H  proton and protons of an Aralkyl group such 
as a methyl group.2 In the case of tertiary methyl amines,
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a simple doublet is observed for the methyl protons. To 
detect inversion of the nitrogen atom, some type of di- 
astereotropic probe is required. Most convenient is the 
benzyl group because the methylene protons give rise to a 
clean AB pattern in the limit of slow interchange between 
the enantiomers. Because the magnetic environments of 
the two methylene protons interchange upon inversion of 
the amine nitrogen atom, the AB pattern will broaden 
and eventually coalesce in the limit of fast inversion. Be
cause nonlabile protons are observed, and coupling to the 
exchanging proton is not desired, these studies may be 
performed in deuterium solvents.

E x p e r im e n ta l S e c t io n

All anilines with the exception of VII were obtained 
from Aldrich Chemical Co. or Eastman Organic Chemical 
Co. and were purified by vacuum distillation. VII was pre
pared from p-anisidine which was obtained from Eastman 
Organic Chemical Co. A-Benzyl-p-anisidine was prepared

(1) This Investigation was supported In part by Public Health Service 
Grant No. GM-13935 from the National Institutes of Health.

(2) E. Grunwald, A. Loewenstein, and S. Meiboom, J. C h em . P h ys., 27, 
630 (1957).

(3) A. Loewenstein and S. Meiboom, J. C h em . P hys., 27, 1067 (1957).
(4) E. K. Ralph, III, and E. Grunwald, J. A m er . C h em . S o c . , 89, 2963 

(1967).
(5) R. J. DayandC. N. Rellley, J. Phys. C h em ., 71, 1588 (1967).
(6) E. Grunwald and E. K. Ralph, III. J. A m er . C h em . S o c . , 89, 4405 

(1967).
(7) E. Grunwald and A. Y. Ku, J. A m er . C h em . S o c ., 90, 29 (1968).
(8) D. E. Leyden and W. R. Morgan, J. P hys. C h em ., 73, 2924 (1969).
(9) W. R. Morgan and D. E. Leyden, J. A m er . C h em . S o c . , 92, 4527 

(1970).
(10) D. E. Leyden and W. R. Morgan, J. P hys. C h em ., 75, 3190 (1971).
(11) E. Grunwald, R. L. Lipnick, and E. K. Ralph, J. A m er . C h em . S o c ., 

91, 4333 (1969).
(12) H. Kessler and D. ^eibfrltz, T etrahed ron , 25, 5127 (1969).
(13) M. Emerson, E. Grunwald, M. Kaplan, and R. Kromhout, J. A m er . 

C h em . S o c . , 82, 6307 (1960).
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by treating p-anisidine with benzaldehyde to prepare the 
corresponding Schiff base, which subsequently was re
duced with sodium borohydride.14 VII was then prepared 
by treating N-benzyl-p-anisidine with formic acid, 15 fol
lowed by the reduction of the resulting amide with lithi
um aluminum hydride. The product was confirmed by 
nmr. Stock solutions were prepared from the anilines and 
sulfuric acid and were diluted to the desired aniline and/ 
or acid concentrations. Each solution was then analyzed 
by potentiometric titration. Aniline concentrations ranged 
from 1.0 to 0.25 M  with excess sulfuric acid present from 
60 to 40%. Deuteriosulfuric acid was prepared by reaction 
of phosphorus pentoxide with fuming sulfuric acid under a 
nitrogen atmosphere. The resulting sulfur trioxide was 
bubbled through deuterium oxide. The per cent H in the 
solution was determined by standard addition of H20 to 
the solution followed by integration of the HDO nuclear 
magnetic resonance line. Back extrapolation of the plot of 
area vs. added H20 yielded the per cent H present in the 
D2SO4 which was found to be less than 0.3%. Dissociation 
constants were determined at 50° by differential potentio
metric titration.16 Nmr measurements were made at 50° 
for I, II, and HI, at 70° for V and VII, and at 90° for IV 
and VI. These temperatures were selected in order to 
avoid viscosity broadening of the nmr lines.

Nuclear magnetic resonance data were obtained on a 
Hitachi Perkin-Elmer R-20 nuclear magnetic resonance 
spectrometer operated under slow passage conditions. 
Routine checks were made to ensure against saturation. 
The temperature was regulated to within ± 1 ° using a 
standard R-20 variable temperature probe.

Exchange rate parameters were obtained by comparison 
of computer-simulated line shapes with experimental 
ones. The simulated mean residence time, r, of a proton 
on a given aniline molecule was adjusted so that a mini
mum standard deviation between computed and experi
mental points on the spectrum was obtained. The pro
gram used was prepared using equations similar to those 
given by Arnold1 7  for spin-coupled systems in which the 
coupling is small compared with the chemical shifts of the 
coupled nuclei. The simulated residence time of a proton 
before A-B interchange was used to obtain the inversion 
rate parameters and was also adjusted so that a minimum 
standard deviation between computed and experimental 
points in the spectra was obtained. The program was pre
pared utilizing the equations of Alexander.18 In both cases 
the natural line width was taken from the line width at 
half height of the group under study in solutions of low 
acidity in which the exchange or inversion is very rapid 
and was found to approximately 0.5 Hz in most cases. 
This measurement was made for each experimental point 
and the value was assumed to be controlled by inhomo- 
geneties in the magnetic field. Although this line width is 
not a measurement of T2 as desired, there were reasons 
for this choice as an approximation of T2. First, in suffi
ciently acidic solutions to achieve “nonexchanging” condi
tions for more accurate T2 measurements, viscosity 
caused serious line broadening. It was apparent that at
tempts to correct *his phenomenon would introduce con
siderable errors. Experimental points were not taken in 
this region of acidity. Second, a comparison of the line 
widths of aliphatic amines in the slow exchange limit in 
aqueous acid gave values within 0.1 Hz. This observation 
implies that factors other than a pure T2 relaxation are 
controlling the line width. Finally, considering that data

TABLE I: Nmr Spectral Parameters for Compounds Studied

Amine Ja x ° J,\B° A a b6

I 5.67
II 5.16
III 5.15
IV 4.96
V 5.16 12.70 11.48
VI 3.89, (7.44e) 12.84 15.41
V II 5.00 12.75 13.47

a All in Hz. 6 All In Hz at 60 MHz. ‘ J BX in Hz.

were taken only from the middle of the nmr kinetic win
dow (i .e ., extensive line broadening), errors caused by T2 
estimation should be minimal. Thus, the choice was made 
to use the line width at the fast exchange limit as the best 
available source of a natural line width. The spin-coupling 
constants J  between the N-H proton and the group under 
study in the various compounds are given in Table I. The 
spectral parameters for the A-B pattern are also given in 
Table I.

The sulfuric acid concentration required for these stud
ies was in the range of 40-60%. Rate data were plotted vs. 
the Hammett acidity for tertiary amines given by Arnett 
and Mach.19 All data were treated with standard least- 
squares techniques. The precision of the data for both ex
change and inversion processes varied between 5 and 10% 
relative standard deviation. When data repeated on differ
ent runs are included, an estimate of 15% relative stan
dard deviation is obtained. This is reasonably typical of 
nmr kinetic data.

R e su lts

There are several possible mechanisms of proton ex
change in the H2S0 4 -H2 0  solvent system that have 
evolved in previous investigations.6 7’13’20 However, eq 1 
and 2 represent those which repeatedly have been shown 
to be the predominant mechanisms in acidic solutions.6’8’13

R3NH+ + H20 R3N + H30 + (1)

R3NH+ + O— H + NR3 

H

R3N + H— O + +HNR3 (2) 

H
Reaction 1 has been shown to occur in two steps.6’13 These 
are given as

r 3n h +—  h 2o + h 2o < k‘  >. R3N -TI20 + H30 +
a _.

(3a)

R3N— H20 R3N + H20 (3b)
By applying a steady-state approximation to the concen-

(14) S. Yamada and S. Ikegami, C hem . Pharm . Bull., 14, 1382 (1966).
(15) “Organic Synthesis," Collect. Vol. Ill, Wiley, New York, N. Y., 

1964, p 590.
(16) A. L. Bacarella, E. Grunwald, H. P. Marshall, and E. L. Purlee, J. 

Org. C h em ., 20, 747 (1955).
(17) J. T. Arnold, Phys. R ev ., 102, 136 (1956).
(18) S. Alexander, J. C h em . P hys., 37, 967 (1962).
(19) E. M. Arnett and G. W. Vlach, J. A m er . C h em . S o c ., 86, 2671 

(1964).
(20) D. E. Leyden and J. F. Whicby, J. Phys. C h em ., 73, 3076 (1969).
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tration of R3N— H20  in reaction 3 and combining the re
sult with reaction 2 a total rate equation may be ob
tained.6 .8.9,13,20 This ;s given by

_  knka  ^ 2-Ka[R 3N H + ]

1 /r  =  rate /  [R3NH ] =  ¿_a[H+] +  [H+]

(4)
This equation has been widely and successfully used to 
explain the protolysis kinetics of a variety of amines. Al
though many combinations of values of the parameters of 
eq 4 are possible, the most general case predicts first an 
increase of the proton exchange rate with a decrease in 
acidity, followed by an acid-independent region where k H 

»  fe_a[H+] and the second-order term is negligible, and 
finally an increase in rate with a decrease in acidity as the 
second term in the equation becomes large compared with
k.A. However, for each aniline compound studied, a plot of 
1 / t u s . 1 /h o '" was linear over the entire acid range em
ployed and none of the anilines exhibited second-order de
pendence in this acid range. The exchange phenomenon 
may be represented by eq 5 where fta/ft_a is assumed to 
equal K a, the dissociation constant for the anilinium ion. 
The value of [H+] must be represented in terms of an 
acidity function.

k}ika kftKa
1 / t =  rate/ [R3NH ] =  =  j-jj+j (5)

A scheme for the nitrogen inversion of amines in acid 
solution has been proposed as9 '10 <21

R3NH+— H20  +  H20 ItjN— H20  +  H30 + (6)
k —a

RSN +  H20

*
L -  R3N

where R3*N represents an inverted species of R3N. The 
rate of inversion is described in eq 7 in which 1/n  repre
sents the observed rate of A-B interchange, fe, is the in
version rate constant and k  _  H is the pseudo-first-order 
rate constant of re hydration (and/or) reprotonation of the 
amine. In eq 7, f  =  k i / ( k j  +  or the fraction of dehy-

rate _  /  f k AK n  

[BH+] -  W  +  k l A[ E + l (7)

drated amine molecules which undergo nitrogen inversion 
before reprotonation or rehydration. In this scheme it is 
assumed that neither protonated or hydrated (R3N-H20) 
amine molecules can invert at a rate comparable to the 
free amine. In concentrated sulfuric acid k H -C fe-a[H+]. 
If ki is much less than fe_H, the observed rate of A-B in
terchange will be some fraction of the rate of proton ex
change given by the mechanism represented by eq 3. In 
other words, only a fraction of the molecules which under
go proton exchange, breaking the R3N-H 20  bond, will 
also undergo nitrogen inversion. On the other hand, if k\ is 
much greater than fe_H, eq 7 becomes identical with the 
first term in eq 4; the rate of inversion will be equal to the 
rate of proton exchange executed by the first-order mech
anism. If fej = k - u ,  the observed rate of A-B interchange 
will be half the rate of proton exchange given by the 
mechanism represented by eq 3. Qualitatively it can be

Figure 1. Plot of 1 / t \ (A-B interchange) vs. 1 / h 0' "  for N-ben- 
zyl-N-methyl-p-anisidhe: # ,  H2S0 4 solvent; O, D2SO4 solvent.

recognized that if many inversions occur before the aniline 
is rehydrated (and reprotonated), there is an equal proba
bility of obtaining the original and inverted enantiomer. 
This is also true if the planar state is resonance stabilized, 
since there is an equal probability of rehydration (and 
reprotonation) of either invertomer. Under these condi
tions, the observed rate of A-B interchange will be one- 
half the rate of proton exchange. In this event, cannot 
be evaluated. In any case f e j / ( f e ¡  +  fe-H) can only be eval
uated as a value representing some fraction of the rate of 
proton exchange. The principal reason for this is the lack 
of data on the value of k  _  h -

We became interested in studying the proton exchange 
and nitrogen inversion of aniline compounds because of 
the ability of unprotonated nitrogen to participate in reso
nance interactions with the benzene ring. Such an inter
action may stabilize a planar transition state. The rate of 
nitrogen inversion may then be somewhat faster in the an
iline compounds than in the case of aliphatic amines. For 
each compound a plot of l/r¡ us. l / h o " '  was linear initial
ly, but began to approach a slope of apparently zero as feH 
became significant or larger than fe_a[H+] in the denomi
nator of the first term in eq 7. An example is shown in 
Figure 1 for VII utilizing both H2S 0 4 and D2S 0 4 solvent 
systems.

Results from the proton exchange studies are given in 
Table II. Because of the variations in viscosity of the solu
tions, different temperatures were required for the various 
compounds. The data were extrapolated to 50° in all 
cases, and 25° in some cases by performing temperature 
studies over ranges of 20-30°. Extrapolation errors limit 
the accuracy of these values. The values of feH reported in 
Table II are similar or higher than aliphatic amines of 
comparable molecular volume.6 The value of k H at 25° has 
been determined to be 6.6 X  109 sec- 1  for A/AZ-diethyl- 
m-toluidine studied in a water-ferf-butyl alcohol mix
ture.11 The values for compounds in Table II are in fair 
agreement considering the differences in solvent and ex
perimental method. There is some internal consistency in 
the data as well. The decreasing values of feH in the series 
I, II, HI, and the series IV, V, VI, and VII is consistent

(21) T. P. Pltner and R. B. Martin, J. A m er . C h em . S o c . , 93, 4400 
(1971).
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TABLE II: Exchange Rate Data

Compd

Temp 
<°C) at 
which 
data 
were 
taken

P * a H 
at 50°

k H X  10 - '°  
sec -  ' 
at 50°

P «a H 
at 25°

k H x  10-1 
sec-1 
at 25°

I 50 4.5 11.9 4.85* 4.32e-01
II 50 4.9 8.9 5.10* 1.45e
III 50 5.5 8.5 6.08* 3.45e
IV 90 3.8 1 , 0 a ’ a

V 70 3.4 0.4“
VI 90 4.1 1.0°
V II 70 4.6 0.5°

“ Calculated at 50° from temperature dependence. 0 D. D. Perrin, 
“Dissociation Constants of Organic Bases in Aqueous Solutions,” Butter- 
worths, London, 1965, Table IV. “ Calculated at 25° from temperature 
dependence. d Corrected for statistical effects of two exchanging protons.

TABLE III: Data Obtained from AB Interchange (50°)

Compd pKaH P K *D

k H Ka >
see“ 1

X
IO“2

k DKa >
sec-1
X10 -2

k H K -  a
X  10“6
sec-1

k DK_a
X 10“6 
sec-1 f

V 3.4 4.1 5.2 2 .5 1.31 0 . 9 4 0.67

VI 4.1 4.6 6.5 3 .8 8.2 5.82 1.01

Vil 4.6 5.1 6.6 2 .5 26.3 18.8 0.84

with the theory of Grunwald and Ralph that dispersion 
forces between the hydrogen bonded water molecule and 
the alkyl substituents influence the value of &h-6 In addi
tion the sharp decrease in k u  from secondary to tertiary 
anilines may be related to the “ aniline hydration effect” 
proposed by Condon.22 The proposal that hydration ener
gies may be closely related to values is partially sub
stantiated by the fact that a plot of log k H vs. the AH  of 
solution for three aliphatic amines is linear and curves 
smoothly to the diffusion-controlled limit of exchange of 
ammonia.23 The apparently anomalous value of k w for VI 
may in fact be due to inaccuracy in its measurement. The 
line shape analysis of the benzyl CH2 protons which was 
used to obtain proton exchange data consisted of an ABX 
pattern coalescing to an AB pattern. This complication in
troduced errors which could be as large as 100% in the de
termination of r values. The values of k a and k - a could 
not be determined directly in the highly acidic solutions.

These will be discussed as an indirect determination re
sulting from the study of the nitrogen inversion process.

Figure 1 shows a plot of 1 /n  (A-B interchange as a re
sult of nitrogen inversion) vs. l/ h o '"  for VH. Plots for the 
other compounds are very similar to Figure 1 and not 
given. The general shape of these plots is similar to those 
obtained for aliphatic amines and predicted by eq 7. Tak
ing fen from Table III, k a is estimated from the low acidity 
values of 1 ¡ t\. The ratio of k a/ k - a is taken equal to K a. 
The value of /  is varied in eq 7 to obtain the best least- 
squares fit to the experimental data. The results are 
shown in Table III. Once these parameters are -obtained, 
kinetic isotope effects are applied to k H, k a, k ~ a, and the 
curve shown for the D2O-D2SO4 solvent system calculated 
using eq 7. The isotope effect on ku  and k - a was taken as
1.4.9 The isotope effect on k a was calculated from the 
K aH/ K aD ratio determined experimentally and 1.4 for 
k - a. The line calculated in this way is in excellent agree
ment with the data obtained using the D2O-D2SO4 sol
vent.

VII was studied to determine whether there was a sig
nificant influence of the strongly electron-donating prop
erties of the p-methoxy group upon the exchange or inver
sion rate. Comparison of ku  values for V and VII show 
there is little or no influence by this substitution. Surpris
ingly, there is a 30% increase in the value of k a upon sub
stitution of the methoxy group. The increase in basicity of 
VII over V is reflected in the value of k a. The only ap
parent conclusion is that the increased electron density at 
the nitrogen is more important in the efficiency of the 
protonation step than in the slower dissociation of the 
proton from the hydrated amine cation.

The f  values obtained from the inversion studies are 
shown in Table III. Because no value of k - H is available, 
only the f  values may be reported. However, if > k a, 
then ki > 106- 107 sec- 1 .9

The conclusions from this work are that the value of kn  
for substituted aniline compounds is comparable or larger 
than those for aliphatic compounds of similar molecular 
size. The value of feH decreases with increasing size of 
substituents. The value of kn  is significantly larger for 
secondary anilines than tertiary anilines. As in the case of 
aliphatic amines, the rate of inversion of the nitrogen is 
limited by the rate of proton exchange, and a lower esti
mate for the rate of nitrogen inversion is 106- 107 sec- 1.

(22) F. E. Condon, J. A m er . C hem . S o c . . 87, 4485 (1965).
(23) D. E. Leyden, unpublished results.
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Ion-pairing dissociation constants for sodium naphthalenide dissolved in THF have been determined using 
esr spectroscopy. Values of K b  obtained agree with those derived from electrical conductivity measure
ments. The discrepancy between K b from electrical conductivity and earlier esr measurements is inter
preted in terms of potassium impurity. A value of K b  obtained for sodium biphenylide in THF is judged to 
be consistent with the values of K b  from electrical conductivity measurements. However, contrary to 
expectation, no evidence of ion is found in sodium biphenylide solutions whose esr spectra display sodium 
hyperfine splittings.

The method of determining ion-pairing dissociation 
constants using esr spectroscopy was exemplified by Ath
erton and Weissman1 in their measurements on sodium 
naphthalenide prepared in tetrahydrofuran (THF) and in 
other organic ethers. A subsequent determination2 of this 
dissociation constant, K b , through electrical conductivity 
measurements yielded a value about a factor of 10 lower 
than the esr measurements. It was suggested that the esr 
spectrum attributed to the ion actually arose only partly 
from the ion and that an appreciable portion of this spec
trum came from solvent-separated ion pairs. A recent re
port3 raises the possibility that potassium impurity in esr 
experiments may be responsible for the different results 
obtained for K b with the two different methods. In order 
to resolve this difference we have remeasured with esr 
spectroscopy K b  for sodium naphthalenide in THF. In ad
dition we have measured K b for sodium biphenylide in 
THF to provide another comparison between the two 
methods. In all our experiments special care was taken to 
remove nonvolatile impurities, including potassium, from 
solution on which measurements were taken.4

Values of K b for sodium naphthalinide in THF based 
on spectra in which hyperfine components due to ion and 
ion pair were used to estimate concentrations are plotted 
in Figure 1. The rather large uncertainties in K b  obtained 
in this way reflect the uncertainties due to overlap and 
line shapes which affect the estimations of concentrations. 
These values of K b  are still a bit larger than the corre
sponding values determined by electrical conductivity 
measurements, but probably do not differ from the latter 
within the rather large experimental uncertainties.

For sodium biphenylide in THF no evidence of free ion 
was found in any of the solutions studied in which a sodi
um hyperfine splitting, aNa, was detected. Below about 
20°, dNa = 0 so that ion and ion pair could not be distin
guished. However, at room temperature and at a concen
tration of biphenylide of ~ 1 0 ~5 M  spectra were obtained 
which clearly demonstrate the presence of ion pair, but 
which show no trace of ion. A straightforward calculation 
based on K b  from conductivity measurements gives a 
value of the ratio of ion to ion pair, R  = 1, at the biphen
ylide concentration studied. It is hard to understand why

no ion was detected in the esr spectrum in view of this 
high value of R.

For more accurate determinations of K b  using esr mea
surements, spectra were obtained under conditions such 
that hyperfine splittings were averaged by electron ex
change between neutral hydrocarbon and its anion. Under 
these conditions simple spectra consisting of two lines 
were obtained5 (see Figure 2). The narrower of the two 
lines became relatively more important at lower hydrocar
bon concentrations and at lower temperatures. For sodium 
naphthalenide-ds in THF-dg the broader of the two lines 
split up into four equally spaced, equally intense lines at 
higher temperatures. Consequently, the narrow line was 
assigned to the ion and the broad line to the ion pair. The 
values of p K D obtained by analyzing such spectra for sodi
um naphthalenide solutions are plotted in Figure 1 . Clear
ly, the correlation between these p K o  values and those 
determined by electrical conductivity2 is excellent.

Spectra of sodium biphenylide-dio in THF-dg in the 
presence of excess hydrocarbon also displayed two lines as 
shown for naphthalenide in Figure 2. As in the case of the 
naphthalenide system, the narrow line increased in relative 
importance at lower radical concentrations and at lower 
temperatures. From these data pFfD = 7.37 at 58° in a so
lution 0.97 M  in biphenyl. A correlation of this value of 
pKo with the values from conductivity is shown in Figure 
1. The value of pK b from esr measurements is about a 
factor of 2 larger than the value obtained from the linear 
extrapolation of the conductivity data2 shown in Figure 1 . 
This difference is probably not significant. The results de
rived from measurements on solutions containing excess 
hydrocarbon are essentially in agreement with conductivi
ty results for this system. This agreement makes our fail
ure to observe ion lines in spectra in which hyperfine lines 
due to sodium are well resolved all the more puzzling. M i
crowave saturation, excessive line broadening, or suppres-

(1) N. M. Atherton anc S. I. Weissman, J. A m er . C h em . S o c . , 83, 1330 
(1961).

(2) P. Chang, R. V. Slates, and M. Szwarc, J. Phys. C h em ., 70, 3180 
(1966).

(3) P. Graceffa and T. R. Tuttle, Jr., J. C h em . P h ys.. 50, 1908 (1969).
(4) P. Graceffa, Ph.D. Thesis, Brandeis University, 1972.
(5) R. Chang and C. S. Johnson, J. A m er . C h em . Soc., 88, 2338 (1966),
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Figure 1. Correlation of pKd values:# , sodium naphthalenide- 
d8 in THF-cfs with excess hydrocarbon; ▲, Na naphthalenide in 
THF (by esr); +  , Na naphthalenide in THF (by electrical con
ductivity2); O, sodium biphenylide-d10 in THF-d10 with excess 
hydrocarbon (by esr) X, Na biphenylide in THF (by electrical 
conductivity).

sion of the ion-pairing dissociation reaction are all possi
ble causes for our failure to observe ion lines. However, 
special precautions were taken to minimize each of these 
possible causes. The reason for our failure to observe ion 
in the absence of excess hydrocarbon remains a mystery.

Apart from this one point which remains to be resolved 
the esr and conductivity methods appear to yield concord
ant results for ion-pairing dissociation constant without 
the necessity of assigning some of an ion line to Solvent-

Figure 2. Esr spectrum of sodium naphthalenide-d8 in THF-d8 
solution 0.136 M  in naphthalene-cf8. Naphthalenide concentra
tion is 4.05 X 10~4 M. d x " /d H Is plotted vs. H. Only half of the 
spectrum Is shown.

separated or loose ion pairs. For sodium naphthalenide 
the loose ion pair, according to Hirota,6 is in rapid equi
librium with the tight ion pair in order to account for the 
temperature dependence of aoa. Under these circumstanc
es the loose ion pair coulc not contribute to the intensity 
of the ion lines.

A ck n ow led g m en t. The authors gratefully acknowledge 
the financial support of The National Science Foundation.

(6) N. Hirota, J. Phys. C h em ., 71, 127 (1967).
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Measurements on the noise spectrum of solutions containing Na+ ion and H+ ion, taken during trans
port across a cation exchange membrane, are reported. The measurements were taken as a function of 
concentration, flux, and temperature. Two types of noise sources are indicated," which would correspond 
to two transport mechanisms in the solution on the diluate side of the membrane. The nature of these 
mechanisms is discussed qualitatively, together with certain quantitative characteristics.

Introduction

In previous papers on ion transport noise, Yafuso and 
Green presented studies on noise generated during trans
port of several ions across cation exchange membranes,2 
followed by more detailed work on HC1 noise spectra.3 
(These papers will be referred to as I and II, respectively.) 
Studies on noise in biological systems have been carried 
out by several workers,4-5 and it is becoming apparent

that noise can be a valuable tool in understanding trans
port across biological membranes. By studying noise spec-

11) S. H. Stern, Doctoral Dissertation. City University of New York, 
1973 (paper based in part upon dissertation).

(2) (a) M. E. Green and M. Yafuso, J. Phys. C h em ., 72, 4072 (1968); 
(b) ibid., 73, 1626 (1969).

(3) M. Yafuso and M. E. Green, J. Phys. C h em ., 75. 654 (1971 ).
(4) (a) H. E. Derksen and A. A. Verveen, S c ie n c e . 151, 1388 (1965); 

(b) A. A. Verveen, H. E. Derksen, and K. L. Schick, N ature (L on 
d on ), 316,688 (1967).

(5) H. M. Fishman, B iop h ys. A bstr ., 119e, SaAM-E4 (1971).
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tra, one may be able to obtain information on processes 
more rapid than the rate-determining step.

With ion-exchange membranes at low currents, diffu
sion and drift to the membrane surface supply adequate 
current. Above a critical current density (CCD), these are 
inadequate, so a new mechanism must be found. In this 
paper, we discuss several possibilities for transport mech
anisms. By consideration of noise spectra measured during 
Na+ and H+ transport, we are able to reach a tentative 
conclusion as to noise sources, and therefore make a 
suggestion regarding the transport process. This extends 
the work presented in I and II, in which it was only possi
ble to determine that the noise source was near the mem
brane surface in the diluate solution.

E x p e r im e n ta l S e c t io n

The electrical measurements were similar to those de
scribed in II, but there were several modifications.

(1) The magnetically shielded box containing the cell 
and preamplifier was shock mounted. This made possible 
the measurement of low-frequency spectra at currents 
close to the CCD, with total noise (defined below) less 
than 3 dB above background.

(2) The preamplifier was an Applied Cybernetics 
Model LA260V, with total noise of 1.4 pV.

(3) Total noise was monitored continuously, rather 
than before and after, with Hewlett-Packard 3400A true 
root mean square voltmeter. The bandwidth was 10 Hz < 
f  < 300 kHz, determined by the preamplifier response.

In addition to changes in the electrical measurements, 
the Ionac MC3142 membrane was used in place of 
MC3235. The differences in noise spectra between these 
two membranes are too small to concern us. Additional 
precautions to avoid possible impurity effects, especially 
from surfactants, were taken in this work. The water was 
treated by the method of Christodolou and Rosano.6 The 
membrane was only touched by clean tweezers. Finally, 
the cell was cleaned with X-100 detergent (Rohm and 
Haas) plus Na2CC>3. This detergent can be easily rinsed 
out, and the cell was extensively rinsed with water treated 
as mentioned above. None of these extra precautions had 
any observable effect, confirming that surfactants are not 
likely to be affecting the results.

Solutions were prepared from NaOH (Amend) and 
H3PO4 (J.T. Baker), both reagent grade and used without 
further purification. A standard Na2HPC>4 solution was 
prepared by titrating the H3PO4 with the NaOH, and the 
Na+ solutions used in this work were prepared by dilution 
from this. Solutions were 0.010, 0.020, 0.040, and 0.060 M  
in Na+ ion (pH 7.19, 7.20, 7.12, and 7.02, respectively). 
The only anion present in appreciable concentration is 
HPO42” , with the exception of the dimer H5P2O8' ,  which 
at most may be present to the order of 1%.7

The H3PO4 solutions were 0.008, 0.010, 0.016, and 0.021 
M  in H + ion (pH 2.08, 1.99, 1.80, and 1.69). All pH mea
surements were made with the Corning Model 5 pH 
meter, and were ±0.03 pH units.

R e s u lts

Noise spectra were measured at several temperatures, 
concentrations, and fluxes. The H3PO4 spectra resembled 
the HC1 spectra reported in II, while with Na2HP04  the 
spectra had shallower slopes; an example was reported in 
I. In this work, detailed results have been obtained, espe
cially with spectra measured at currents near the CCD,

1 5 6 8 Stephen H. Stern and Michael E. Green

L O G  I0 f
Figure 1. Power spectra of H 3PO 4 , 0.016 M  in H + ion, at 283°K. 
Curves from top to bottom, fluxes In A /m 2: 758, 558, 395, 322.

and thus at low total noise. With no current, background 
noise for the system is 3 pV at all temperatures and con
centrations.

A typical set of H3PO4 spectra is shown in Figure 1. 
Note that at the lowest current the spectrum is qualita
tively different. This type of spectrum was not found in II, 
very possibly because of lack of shock mounting. Its fre
quency dependence is f ~ 15  (i.e ., d log P/d  log /  = -1 .5 , 
where P  =  power spectral density in V2/Hz), and a high- 
frequency tail with / - 1 -5 slope is observed on two of the 
steeper spectra.

In the higher current region, there is a linear relation 
between the frequency of intersection of the two steep 
lines and the current. (This frequency is obtained by 
extrapolating the swo straight line portions.) As in II, we 
may write

J  = k/ b +  p  (1)

where / B is the frequency at the point of intersection, J  is 
the current density, and k and (i are constants. Figure 2 
shows one set of J  v s . curves.

An evidently fundamental parameter is total noise; a 
plot of total noise vs. / b allows points for all concentra
tions at one temperature to be combined on a single line, 
as shown in Figure 3. There are slight differences as a 
function of temperature.

More generally, Hie essential features of the spectra can 
be described as in the schematic representation of Figure 
4a, where the slopes are labeled a, b, and c, together with 
the total noise at which spectra of the particular type are 
found. Table I describes the essenti al features of a sample 
of these spectra.

In 13, it was argued that 0 of eq 1 should represent the 
diffusion flux. A plot of log /3 v s . 1 /T  was used to deter
mine an activation energy for /3, which could be compared 
to an activation energy of diffusion. In this work, we have

(6) A. P. Christodolou and H. L. Rosano, A d van . C h em . S er .. No. 84 
(1968).

(7) K. L. Elmore, J. C. Hatfield, R. L. Dunn, and A. D. Jones, J. P hys  
C h em .. 69,3520 (-965).
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f ( I O 2 Hz)
F ig u re  2 . P lo t o f fre q u e n c y  o f in te rs e c t io n  o f s tra ig h t lin e  s lo p e s  
vs. flux  fo r p h o s p h o ric  a c id . C u rv e s  fro m  to p  to  b o tto m  (c o n c e n 
tra tio n s  fo r H +  io n ): 0 .0 1 0  M  a t 3 1 3 ° K ; 0 .0 1 0  M  a t 2 8 3 ° K ; 0 .0 0 8  
M  a t 3 1 0 ° K ; 0 .0 0 8  M  a t 3 1 8 ° K .

>
E

o
Z

<
I—
o

F ig u re  3 . Total noise vs. break frequency for phosphoric acid at 
2 8 3 ° K  (concentrations for H +  ion): • ,  0 .0 0 8  M; ■ .  0 .0 1 0  M; 
A ,  0 .0 1 6  M; X , 0 .0 2 1  M.

used lower concentrations of H+, and have found that this 
apparent activation energy is a strong function of concen
tration. In II, with only two points ([H+] = 0.025 and 
0.050 M), it seemed most reasonable to attribute any dif
ferences to experimental error, although the error did 
seem larger than expected. By combining those points 
with the H3 PO4 points from this work (Figure 5), it be
comes evident that there is a decrease in apparent activa
tion energy at low concentration.

We will see that an interpretation of k  depends on a cal
culation of convection outside the diffusion layer. We 
shall, therefore, have further comments concerning this in 
the Discussion section.

N a 2H P 0 i  S p ectra . At the three higher concentrations 
(0.020, 0.040, and 0.060 M), these spectra appear different 
from the H3 PO4  spectra; examples are shown in Figure 6 . 
Clearly, the spectra are not always simply two straight 
line portions meeting at a reasonably well-defined point. 
Again, f ~ 1 5  sections appear at low noise, with current 
density near the CCD. In spite of the fact that a curved 
region is commonly found, much of the spectrum does 
consist of straight line regions; we therefore use the nota

H* Ion

RMS
4.0-25-Ouv

No* Ion

RMS 
4.6-9.5 uv

Figure 4. Schem atic representation of types of power spectra ob
served, with corresponding ranges total noise, a, b , c ,  x, and y 
represent slopes (d In P /d In I). Only two exam ples of type 2 H + 
spectra, and only four examples of Na + type 1 spectra, were 
found.

T A BLE  I: C h a ra c te r is t ic s  of S p e c tra  w ith  0.008 M  H+ Ion

Total d log P/d logt
noise, --------------------------

T, °K J. A/m2 pV, rms 'b , Hz a b c

283 106 15 a 1.49
283 121 425 94 3.28 5.06 1.58
283 255 5000 615 2.88 4.53
283 3 2 2 7000 1060 3.05 4.65
283 395 9000 1290 3.08 4.71
313 121 22 a 1.52
313 255 2700 530 2.65 4.76 1.64
313 395 7900 1060 b 3.88 1.64
313 525 17000 3160 2.76 4.82
318 191 2450 334 2.42 4.60
318 223 5500 630 2.58 4.60

0 No I b \ c  slope only. 6 a slope not reliable.

tion indicated in Figure 4b. The characteristics of the 
spectra are given in the microfilm edition of this journal.8

With the H+ spectra, the values of /J (eq 1) were close 
to the CCD, as expected if both represent the diffusion- 
limited current density. For Na+ (c > 0.02 M ), it is diffi
cult to find /3. We can define /?' as the current density at 
which measurable noise first appears, and use this to find 
an activation energy. This was done for 0.040 M  Na+, to 
give Fa = 4.0kcal/mol.

Finally, the 0.010 M  Na+ solutions present a possibly in
structive case. The spectra resemble the H+ spectra al
most as much as they dc the other Na+ spectra, in that 
they follow eq 1, and show the characteristic two slope 
pattern, with a well-defined break. However, the frequen-

(8) Complete tables giving characteristics of these spectra will appear 
following these pages in the microfilm edition of this volume of the 
journal. Single copies may be obtained from the Business Opera
tions Office, Books and Journals Division, American Chemical Soci
ety, 1155 Sixteenth St., N.W., Washington, D. C. 20036. Remit 
check or money order for $3.00 for photocopy or $2.00 for micro
fiche, referring to code number JPC-73-1567.
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C O N C  (M)
Figure 5. Activation energy of ¡3 (eq 1) as a function of concentra
tion: X, HCI points; O, H3PO4 points.

L OG , 0 f
Figure 6. Power spectra of Na2HPC>4 , 0.060 M in Na+ ion, at 
313°K. Curves from top to bottom, fluxes in A /m 2: 249, 196, 116.

cy range extends approximately one decade higher than 
with H+, the value of k is about an order of magnitude 
less, and the CCD is low as appropriate for the relatively 
low mobility of the Na+ ion. The absolute values of the 
slopes are steeper than for the higher Na+ concentrations, 
but lower than any H+ slopes. In particular the b slope of 
H+ ions is typically 4.6 at the lowest concentrations, 
dropping to 3.9 at 0.021 M  H + . The steeper Na+ slope, y , 
at the higher concentrations, is about 2.7-2.8. The y  slope 
for 0.010 M  Na+ averages 3.4. The shallower slopes are 
about 2.8 (H+) vs. 2.3 (Na+, c > 0.02 M), and about 2.7 
for 0.010 M  Na+ . Furthermore, the absolute values of / B 
for 0.010 M  Na+ can be well below 103 Hz, though values 
as high as 104 Hz are found. For higher Na~ concentra
tions, where the value may be less well defined because of 
curvature, we find / B > 3 X  103 Hz. For H+, this frequen
cy represents an approximate u p p er  limit. It appears that

0.010 M  Na+ behaved somewhat as an intermediate case 
between the H+ ion solutions and the more concentrated 
Na+ ion solutions.

D is c u s s io n

The data presented here enable us to revise and extend 
the conclusions presented in II. To summarize, the data 
were there interpreted as showing the noise to depend on 
a diffusion part (J3 of eq 1) and on the dissociation of 
water. The steepness of the spectra was postulated to be 
possibly dependent on an internal filter; however, there 
were difficulties in explaining the magnitude of capaci
tance which would have been required. Our data now 
allow us to conclude that there is indeed noise due to dif
fusion starting at currents just below the CCD. At higher 
currents a different process dominates the noise, but this 
depends on convective flow of solution rather than disso
ciation.

The current-voltage characteristics of systems similar 
to those we have studied have presented workers in the 
field with a puzzle. There is a low current ohmic region, 
then a sharp rise .n voltage when diffusion of ions to the 
membrane can no longer supply the current. However, at 
the highest flux densities, the voltage no longer rises so 
rapidly with increasing current, so that an alternate cur
rent carrying mechanism must exist at high flux densities. 
The possibilities include dissociation of water, as dis
cussed in II, and transport of coions. One or both of these 
suggestions has been criticized by Cooke,9-10 Frilette,11 
and Block and Kitchener.12 Dissociation under high field 
should have produced pH changes, which were not 
found,9-11 and no evidence was found for coion trans
port.9 -10-12 Another possibility, electroosmotic flow, was 
also ruled out.11-12

Before we can continue, we must consider the possibili
ty that the membrane surface does not become depleted 
of ions uniformly. Cooke9-10 found evidence to suggest 
that the outer edge of the membrane could have an ionic 
concentration approaching its minimum value, while the 
inner portion was not yet depleted. Our data do not bear 
on the question of which portion of the membrane de
pletes first, but dc suggest that there may be initial par
tial depletion, preceeding complete depletion. Sata, e t  
a l.,13 accepted this interpretation. There is a well-defined 
current density JN at which noise first appears above 
background. At each c and T, JN values were always less 
than the flux needed to see depletion chronopotentiome- 
trically at the same concentration.1 The noise at JN, al
though only a few decibels above background, is sufficient 
to measure a spectrum, and this is always a diffusion 
spectrum. At a higher current density, the chronopoten- 
tiometric curve indicates depletion, and the high current 
density noise spectrum appears; the total noise is at least 
two orders of magnitude greater than background. The in
crease in total noise with current density is huge; see Fig
ure 1 of I, where the initial region was not found, but the 
increase is shown clearly. The intermediate noise range, 
25-200 fiV , is rarely found with H+ (see Figure 4a). The 
Na+ solutions show fewer representatives of the pure dif-

(9) B. A. Cooke, E lectroch im . A cta . 3, 307 (1961).
(10) B. A. Cooke, E lectroch im . A cta . 4. 179 (1961).
(11) V. J. Frilette, J. Phys. C h em .. 61, 168 (1957).
(12) M. Block and J. A. Kitchener, J. E le c tr o ch em . S o c . . 113, 947 

(1966).
(13) T. Sata, R. Yamane, and Y. Mlzutanl, Bull. C h em . S o c . Jap ., 42, 

279(1969).

Stephen H. Stern and Michael E. Green
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TABLE II: Relation of Noise Spectra to Chronopotentiometric 
Measurements

Concn, M T, °K J N, A/m2° J VT , A/m26 J N2. A/m2c

0.008 H+ 283 106 121 121
0.008 H + 313 121 172 156
0.016 H + 283 325 366 360
0.021 H + 283 462 608 557
0.021 H + 313 690 758 795
0.020 N a+ 283 19.3 20.4 24
0.020 Na+ 313 30.6 35.7 35
0.040 Na+ 301 51.0 56.0 56
0.060 Na+ 313 116 127 156

a J n =  lowest J values at which noise appears. 6 J v t  =  lowest J values 
where chronopotentiometry shows membrane polarization. CJ N2 =  J 
value at which steep slope first appears. All J values ±10%.

fusion spectra, but some more in the transitional range. 
Table II relates the chronopotentiometric and noise spec
tral data for a representative selection of concentrations 
and temperatures. With both H+ and Na+, there is a 
clear transition; this type of transition is strong evidence 
for the existence of two types of noise source, and there
fore two mechanisms of flux maintenance. One is diffu
sion, at the lower values of flux; the other is almost cer
tainly associated with the bulk flow of solution, and will 
be discussed below. The diffusion slope, after the appear
ance of the spectra with steep slopes, still survives at high 
frequencies. This indicates that both mechanisms must be 
able to exist simultaneously. The values of d are close to 
J n. Since eq 1 is a straight line, d must be constant, and 
diffusion must not be altered above the CCD; however, at 
high currents diffusion noise is largely obscured by the 
more powerful second noise source.

S econ d  N o ise  S ou rce. We have noted that other workers 
have found evidence against possible alternate current 
sources, except for bulk flow. However, Block and Kitche
ner,12 using Schlieren techniques, have observed both 
laminar flow and turbulence in. systems similar to ours. 
One of the membranes they used, Ionac MC 3142, is the 
membrane used here. They found turbulence only in the 
diluate layer, with the membrane horizontal and counter
ions passing upward (conditions favoring stagnation). 
Under these conditions, they also observed that chronopo
tentiometric curves continued to show a rise in voltage 
after the initial sharp rise upon depletion (at the Sand’s 
law transition time). Under other conditions, the voltage 
decreased and no turbulence was observed.

All of our experiments were carried out using vertical 
mounting for the membrane; however, the membrane sur
face in contact with solution was only a small part of an 
infinite plane. This contrasts with Block and Kitchener’s 
geometry, where the membrane surface covered the com
plete cross section of a tube 1 cm in diameter. They found 
that turbulence did not occur in much smaller tubes.

Further support for turbulence comes from the noise 
spectra themselves. The H+ spectra have two intersecting 
lines with slopes which can approach / -3 and / -5 . A theo
ry of plasma turbulence developed recently by Tchen'14 
predicts slopes of / -3 , / -1 , and / -5  (from low to high fre
quency) with the possibility that the middle frequency 
range with f -1 slope could collapse to zero. Since similar 
approximations to those used by Tchen for the plasma 
case with regard to Debye length should hold here, the re
sulting/-3 , f ~ 5 spectrum at least suggests turbulence.

A very brief description of the basic assumptions of the 
theory is needed to understand the principle physical pro
cesses involved; in addition, this will enable us to under
stand better the parameter k in eq 1. The starting point is 
the hydrodynamic equation of motion, in which the accel
eration of unit mass of fluid is equated to the forces on 
the fluid, including those arising from electrical, thermal, 
and concentration gradients. The Poisson equation is also 
required; however, for the relatively low-frequency range 
involved here, an assumption of quasi-neutrality is valid. 
Another necessary condition can be expressed in terms of 
frequency, / D 3> / max, where fu  is the ratio of the a char
acteristic velocity ( (k T / m )1/2 for plasmas) to the Debye 
length, and /max is the highest frequency to which the 
theory is applied. For ionic solutions, (k T / m )1/2 should be 
replaced by the ratio of a distance characteristic of charge 
separation in the solution to the time needed to diffuse 
this distance. If the distance is of the order of the Debye 
length, then / d ~  109 Hz, and the condition is easily sat
isfied for frequencies of the order of 10® Hz.

The theory predicts that, in a given frequency range, 
one of three processes dominates the noise power spec
trum. At low frequencies, the process is a production of 
turbulence due to drift, in an unstable region (one in 
which a driving force (electric field, for instance) goes in 
the opposite direction to the concentration gradient) and 
it provides an / -3  spectrum. At high frequencies, molecu
lar dissipation of local concentration fluctuations provides 
an f ~ 5 spectrum. At intermediate frequencies, inertial 
terms resulting from the nonlinear coupling between 
modes of fluctuations, for example, due to concentrations 
and fields, produces an / -1 spectrum. However, this sec
tion can be small or nonexistent. The boundary between 
- 3  and - 1  slopes comes at a frequency

/. *  ( r ( V c )2/Z)(V(<5c))2)I/2 (2a)

and that between - 5  and - 1  slopes at

/ l “  ( r/Z7)I/2 (2b)

with the same proportionality constant for both frequen
cies. T °c V.E, where E  =  electric field; vc = concentra
tion gradient; v(5c) = gradient of concentration fluctua
tion; and D  =  diffusion coefficient.

For the inertial region to collapse to zero, / s < / L. Then 
/ b of eq 1 is defined by the point where the two regions 
cross. If / 3 = / L, then vc = v(5c); that is, the average 
fluctuation gradient is as large as the overall concentra
tion gradient, a situation which is not uncommon if there 
is turbulence. Further, f 3 should be proportional to the 
square root of the field gradient by eq 2, while experimen
tally it is proportional to the average current. Unfortu
nately, the relation between the local field gradient and 
the average current is not yet known for our case, al
though one does expect them to both change in the same 
direction. Therefore, k of eq 1 should be proportional to 
the square root of the field gradient and the inverse of the 
diffusion coefficient. In this point, theory and experiment 
are not inconsistent, but further work is needed to show 
quantitative agreement.

The Na+ spectra are less steep, and do not consist of 
two straight lines (except 0.010 M). As with the chronopo
tentiometric data, the noise spectral evidence does not 
argue as strongly for turbulence in the Na+ case as in the 
H+ case.
(14) C. M. Tchen, Phys. R ev. A. in press.
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D iffu sion  A ctiv a tio n  E nergies. In II, plotting log /S vs. 
l/ T , we obtained activation energies of 3.0 (0.025 M  H +) 
and 4.6 kcal/mol (0.050 M  H+). Lacking a reason to sus
pect concentration dependence, we reported an activation 
energy of 3.8 ±  0.8 kcal/mol. However, by combining 
those results with the present H+ results (H2PO4-  coion), 
we get an unambiguous decrease of activation energy with 
decreasing concentration (Figure 5). As we might expect 
from the Nemst-Planck equation,15 the field should be 
larger at lower concentration. In II, we took the field to be 
high enough to cause significant dissociation of water; we 
now believe that the field is not quite so high. The de
crease in activation energy of diffusion required at the 
lowest concentration is about 3 kcal/mol (4.7 kcal/mol for 
phosphoric acid16 vs. approximately 1.5 kcal/mol ob
served for 0.008 M  H+ here). It is known that in some cir
cumstances a high field can affect the activation energy of 
diffusion of ions in solids.17 Our situation is slightly dif
ferent; it also differs from the field affected activation 
energy of charge transfer at an electrode.18 It does appear 
that the decrease in activation energy is mediated by an 
increase in field.

L oca tion  o f  N o ise  Sources. Since the two noise sources 
can evidently coexist, they must not interfere with each 
other. For convection and diffusion, this can only happen 
if the noise sources are spatially separated. It is known19 
that near electrodes, the outer edge of the diffusion layer 
is always blurred by convection. Furthermore, convection, 
especially if turbulent, requires a volume of solution larger 
than the diffusion layer. The drop in activation energy 
with concentration suggests that this process (diffusion) 
occurs in a high-field region; this high field should be pos
sible only in a narrow region near the membrane surface. 
We appear therefore to have two spatially distinct noise

sources, one close to the membrane (diffusion), and the 
other responsible for transport to this stagnant layer (con
vection, sometimes apparently turbulent).

S u m m a ry

(1) Noise spectra of transport of Na+ and H+ ions across 
a cation exchange membrane are presented.

(2) Two types of noise source appear to be present, diffu
sion and convection.

(3) Diffusion activation energies are found to fall to rela
tively low values at low concentrations. This is postulated 
to be due to an increase in electric field.

(4) The convection, in the case of H+ at least, appears to 
be turbulent.

(5) The two noise sources coexist, and must be spatially 
separated.
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(16) Value based on ionic mobility data assuming, fi(HP042-) =  
m (H2P04~), which are published in (a) R. A. Robinson and R. H. 
Stokes, "Electrolyse Solutions,” Butterworths, London, 1959; (b) L. 
G. Longsworth, "Electrochemistry In Biology and Medicine," T. 
Shedlovsky, Ed., Wiley, New York, N. Y., 1956.

(17) B. E. Conway, "“heory and Principles of Electrode Processes,” 
Ronald Press, New York, N. Y., 1965, p 99.

(18) K. J. Vetter, “Electrochemical Kinetics," Academic Press, New 
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(19) Reference 18, p 1E0.
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P ublication  c o s t s  a s s is te d  b y  th e R e s e a r c h  C orpora tion

The coexistence curve in the immediate region of the plait point for the ternary liquid system water-ace
tic acid-carbon tetrachloride was determined for temperatures at 2-deg intervals from 26 to 40°. Accord
ing to “scaling law” notation for coexistence curves near a critical point, these curves should have a func
tional form of degree d = (1 — a')/ ft. The value of d was found to be 2.72 ±  0.12, which is in close agree
ment with the values of a ' and /9 for single-component systems. The diameter of the coexistence curve 
near the plait point was also studied; within experimental error, it shows a tendency to be tangent to the 
curve at the plait point.

I n tr o d u c t io n

A mixture of two liquids which are only partially misci
ble (referred to as the immiscible pair) and a third which 
is completely miscible in each of the first two will form

one or two liquid phases, depending upon the total com
position.2 The addition of the third liquid causes the im-

(1) Enquiries should be directed to this author at the Department of 
Chemistry, University of Exeter, Exeter EX4 4QD, U. K.
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miscible pair to become more soluble in one another; with 
sufficient dilution by the third component, the mixture 
will form a single phase. The effect of the third compo
nent is to attenuate the forces between both like and un
like molecules of the immiscible pair so that what appears 
as repulsion between the unlike molecules is diluted, de
stroyed, or radically altered. The exact mechanism is de
pendent on the nature of the molecules; its interpretation 
can vary considerably from system to system. A discussion 
of this aspect of ternary liquid mixtures is not the purpose 
of this paper; one is referred to other works for details on 
specific systems.3

Ternary systems are represented at constant tempera
ture and pressure on an equilateral triangle: the vertices 
are the pure components; the sides are the respective bi
nary mixtures; and the interior is the tenary system. Such 
a diagram can be found in any physical chemistry text. 
Because only two of the three composition variables are 
independent, the composition may be represented on a 
cartesian coordinate system; the equilateral triangle be
comes a right isoceles triangle. If the dimensions along the 
legs of the triangle are the compositions of the immiscible 
pair, the coexistence curve will end on the hypotenuse; 
this curve can thus be expressed as a function of one of 
the composition variables. Temperature or pressure may 
be added to this representation by constructing a right 
prism; either of these two variables changes along the 
length of the prism. The addition of T  or p  to the repre
sentation generates a coexistence surface.

A mixture whose total composition falls within the re
gion surrounded by the coexistence curve and the hypote
nuse forms two phases of unique composition which are 
connected by a tie line. If the total composition of the 
mixture is systematically varied so that the equilibrium 
phases become more alike, the tie lines will become short
er and ultimately vanish at a unique point called the plait 
point, an isothermal, isobaric critical mixing point; this 
point is a true critical point.4 A mixture whose composi
tion is outside the coexistence curve forms a single phase. 
Recent experiments5 on single-component systems near 
the liquid-vapor critical point and systems which show 
other kinds of critical points have shown a behavior in the 
coexistence curve that is significantly different from the 
parabolic curve predicted by the van der Waals equation 
of state or any otner “ classical” equation of state. The 
reason for this difference and the nonclassical behavior of 
other thermodynamic properties near a critical point is 
that the expansion of the free energy as an analytical 
function around the critical point is incapable of generat
ing equations of state that will describe the “nonclassical” 
behavior.6 The three-component system can be related to 
the properties of a single-component reference system7 so 
that the functional form of the coexistence curve may be 
predicted; its degree around the plait point is

Shape of the Coexistence Curve of Ternary Liquid Mixtures

o' and Ij are the exponents related to the divergence of the 
specific heat at constant volume and the degree of the 
coexistence curve for the reference system, respectively.8 /? 
has the value of nearly %, a value which has been used for 
some time for comparison of pure fluids around the criti
cal point.93 The factor 1 -  a ' is due to the renormaliza
tion of the critical exponents;95 it arises in lattice gas 
models of ternary mixtures7 and in considerations of the

“scaling law” properties of the critical exponents for 
mixtures.10

Data for coexistence curves exist for several thousand 
ternary systems;11 however, all these data either lack the 
necessary precision or avoid the critical region because of 
the long times required for equilibration. A recent paper12 
reports a value for d for the system chloroform-ethanol- 
water; the value, d =  2.67 ±  0.12, is for the locus of points 
resulting from the intersection of the coexistence surface, 
X i ,  X 2, T  and the vertical plane tangent to an isothermal 
coexistence curve at the plait point. The value of d for the 
experiment described in this paper, for isothermal coexis
tence curves of the system water-acetic acid-carbon tetra
chloride, was found to be 2.72 ±  0.12.

The classical technique for locating the critical point of 
a single-component system has been the “ law of rectilin
ear diameters.”13 This approach depends upon the almost 
linear behavior of the locus of midpoints of the tie lines 
with respect to temperature. Analogous techniques have 
been used for binary and ternary systems. Although the 
diameter may no longer be linear, it is generally a smooth 
curve which is extrapolated to an intersection with the 
coexistence curve. Recently, a number of papers have in
dicated that the law of rectilinear diameters may be in
consistent with nonclassical behavior near the critical 
point,14 and that the diameter should be tangent to the 
coexistence curve at the critical point. Within experimen
tal error, such behavior was found for the ternary system 
reported here. Although the diameter approached the 
coexistence curve near the plait point at a very small 
angle, a detectable change of direction within 0.001 mass 
fraction of the coexistence curve altered the location of 
the plait point by 0.005 mass fraction CCR and 0.001 
mass fraction H2O so that the tangent appeared to be
come tangent to the coexistence curve.

The system carbon tetrachloride-acetic acid-water was 
chosen because of the large differences in the refractive 
index and density of the coexisting phases, even near the 
plait point. The components are readily available in high
ly purified form, are easily purified further, and do not 
react with one another over long periods of time. The plait
(2) Immiscibility in any of the pairs is not essential, however: a classic 

example of such a system is water-phenol-acetone above 66.8° in 
which the two-phase region is a closed loop. F. A. H. Schreine- 
nakers, Z. Phys. C h em ., 33, 78 (1900).

(3) (a) A. W. Francis, “Liquid-Liquid Equilibrium,” Interscience. New 
York, N. Y., 1963, pp 25-102; (b) A. Findley, “The Phase Rule,“ 
9th ed, Dover Publications, New York, N. Y., 1951, pp 282-402.

(4) I. Prlgogine and R, Defay, "Chemical Thermodynamics," Longmans, 
London, 1954, pp 254-261.

(5) (a) P. Heller. R ep . P rogr. P hys.. 30, 731 (1967): (b) J. M. H. Levelt 
Sengers, J. Straub, and M. Vincentlni-Missoni, J. C h em . P hys.. 54, 
5034 (1971).

(6) la) J. S. Rowllnson, "Liquids and Liquid Mixtures," 2nd ed, Butter- 
worths, London, 1969, pp 73-90; (b) M. G. Fisher, J. Math. Phys.. 
5, 944 (1964).

(7) B. Widom, J. C h em . P h ys ., 46, 3324 (1967).
(8) M. E. Fisher, Nat. Bur. Stand. (U. S .) M isc . Publ., No. 273, 21 

11966).
(9) (a) E. A. Guggenheim, J. C h em . P h ys., 13. 253 (1945); (b) M. E. 

Fisher, R ep . Progr. P hys., 13, 253 (1945).
(10) E. Helfand and F. H. Stu linger, Jr., J. C h em . P h ys.. 49, 1232 

(1968).
(11) (a) H. Stephen and T. Stephen, "Solubilities of Inorganic and Or

ganic Compounds,” Vol. 2, Pergamon, London, 1964; (b) A. Seidell 
and W. F. Llnke, “Solubilities of Inorganic and Organic Com
pounds," Suppl. to 3rd ed, American Chemical Society, Washing
ton, D. C., 1952.

(12) J. A. Zollweg, J. C h em . P hys., 55, 1430 (1971).
(13) L. Cailletet and E. C. Mathais, S ea n c . A ca d . Sci. (P aris). 102, 1202 

(1886); 104. 1563 (1887).
(14) (a) B. Widom and J. S. Rowllnson, J. C h em . P hys., 52, 1670 

(1970); (b) M. S. Green, M. J. Cooper, and J. M. H. Levelt Sen
gers, Phys. R ev. L ett., 26, 492 (1971); (c) G. Stell and P. C. Hem- 
mer, J. C h em . P hys.. 56, 4274 (1972).
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point is well to the carbon tetrachloride side of the phase 
diagram, a property which enhances the precision of the 
titration technique.

The coexistence curve was determined by titration of 
previously weighed mixtures of carbon tetrachloride and 
water to clarity. The plait point was located by relating 
the densities of the coexistent liquid pairs to the densities 
of the mixtures prepared from the titration. The experi
mental error incumbent in this particular technique, and 
the efforts made to minimize these errors, are discussed in 
the Experimental Section. The results and discussion and 
conclusions are found in the succeeding sections.

E x p e r im e n ta l S e c t io n

The acetic acid and carbon tetrachloride were prepared 
from commercially available analytical reagent grade ma
terials. Analysis by gas chromatography on a Poropak Q 
column, a preparation that separates molecules by size 
and shape, indicated a single impurity of about 0.1% in 
the acetic acid. This could not be removed by either by 
treatment with Cr20 3 15 or triacetyl borate16 and subse
quent distillation; the chromic oxide treatment increased 
the amount of the impurity. By comparing the retention 
times on the column, the molecular size of the impurity 
was found to be smaller than that of acetic acid but larger 
than water. Retention time was comparable to those for 
formaldehyde and formic acid. The acetic acid was dried 
with triacetyl borate and distilled. The carbon tetrachlor
ide was refluxed over dried alumina and distilled. Except 
for the one impurity in the acetic acid, no other impuri
ties were detected in either the acetic acid or the carbon 
tetrachloride by gas chromatography. Both were sparged 
with 99.999% dry argon and stored in desiccators away 
from light.

The water was prepared by a sixfold distillation of 
deionized water in an argon atmosphere; the second and 
third distillations were made from basic potassium per
manganate solutions. All the distillations were done in a 
glass apparatus that had been thoroughly washed with a 
detergent, rinsed with copious amounts of deionized 
water, and finally steam. The water was saturated with 
99.999% argon and stored in glass vessels that had been 
cleaned in the same manner as the still and then washed 
with each of the subsequent distillations.

Two series of mixtures were prepared at 2-deg intervals 
from 26 to 40°. One series, for the location of the plait 
point, was prepared so that the overall composition was in 
the two-phase region. These mixtures were stirred contin
ually for 1 hr in a thermostated bath and then allowed to 
settle for at least 3 hr; for mixtures very near the plait 
point, settling times of over 24 hr were necessary. The 
density of each of the phases was measured with a 10-cm3 
or 15-cm3 Lipkin pycnometer calibrated with water at 
25.000 ±  0.001°; the usual buoyancy and thermal expan
sion corrections for the pycnometer were made. At least 
12 pairs were prepared for each temperature.

The second series of mixtures, for the location of the 
coexistence curve, was prepared by titrating mixtures of 
water and carbon tetrachloride with acetic acid. The acid 
was added to the continuously stirred mixture until the 
meniscus disappeared. For mixtures near the plait point, 
the final solutions were very cloudy; even under these 
conditions, however, the presence of the continually agi
tated interface was easily observed. The mass of each 
component was determined to the nearest tenth of a milli
gram; evaporation losses were eliminated as much as pos

sible by preparing the mixtures beginning with the water 
and by performing the titrations in an argon atmosphere 
saturated with carbon tetrachloride and acetic acid va
pors. The composition was determined by the directly 
measured masses rather than by titration of the acetic 
acid with a standardized base or by gas-phase chromatog
raphy. Titration of weighed aliquots of the mixtures pro
duced acetic acid compositions that were approximately 
0.2% too large; this discrepancy can be explained by evap
oration losses on transferring the solution. These mixtures 
are not readily analyzed by gas chromatographic methods 
because both acetic acid and water are highly associated, 
even in the vapor phase;17 the relative response of the 
chromatograph changes with both the size and the compo
sition of the sample. As an example, the sensitivity of the 
chromatograph to water in the system water-ethanol- 
ethyl ether changed by 10% by changing the mole fraction 
of water from 0.3 to 0.6.

The bottle for the titration and the pycnometers were 
kept in a water bath controlled to ±0.001° by a propor
tional temperature controller; the temperature was con
tinually monitored by a Hewlett-Packard thermometer to 
the nearest 0.001°. The titration buret, which had a Tef
lon stopcock, was enclosed in a water jacket at a tempera
ture approximately 0.5° above that of the titration vessel. 
The temperature of the water jacket was controlled to 
±0.01° by a mercury regulator. The several reasons for the 
slightly warmer temperature for the water jacket will be 
explained below. The entire system was isolated from the 
atmosphere, filled with 99.999% argon, and allowed to 
come to equilibrium with vapors from reservoirs of pure 
carbon tetrachloride and acetic acid.

The precision of the titration is controlled by four fac
tors: the diffuseness of the end point; the minimum 
amount of acetic acid that could be added at any one 
time; the path of the titration with respect to the coexis
tence curve; and the state of thermal equilibrium in the 
mixtures. Errors due to diffuseness in the end point 
seemed to be well below the others; the disappearance of 
the miniscus was readily determined within one drop of 
acetic acid. The volume of a single drop, approximately 
0.02 cm3, was the smallest amount of acetic acid that 
could be reproducibly delivered; an error of one drop in a 
total volume of about 12 cm3 of the acid leads to an error 
of 0.17% in the location of the coexistence curve. In this 
system, however, the plait point is well to one side of the 
phase diagram; the actual error due to one drop should be 
0.17 sin ti, where 6 is the angle between the coexistence 
curve and the titration path. With 0 ~  15°, the error be
comes 0.05%. This value agrees well with the random 
variation from the curves used to fit the data. The last 
factor affecting the precision of the titration is the tem
perature of the system. There is a positive enthalpy of 
mixing of the three components; continuous rapid stirring 
and the warmer temperature of the acetic acid counteract 
the lowering of the temperature upon mixing of the com
ponents. An overcompensation of the temperature is easi
ly corrected; after the mixture separates into two phases 
upon cooling to the bath temperature, the titration can be 
continued. That such separations appeared after the titra-

(15) A. W. Hutchinson and G. C. Chandler, J. A m er . C h em . S o c . , 53,
2881 (1931).

(16) K. Hess, B er. D eut. C h em . G e s ., 63, 518 (1930).
(17) (a) O. R. Foz Gazelta and J. M. Vidal, An. S o c . e s p . Fis. Quim.,

43, 842 (1947); (b) E. W. Johnson and L. K. Nash, J. A m er . C h em .
Soc., 72, 547 (1952); (c) H. L. Ritter and J. H. Simons, J. A m er .
C h em . S o c ., 67, 757 (1945).
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tion apparently had been completed and that the addition 
of a small amount of acetic acid recovered the end point 
indicates that sufficient compensation had been made. To 
not have compensated for the enthalpy of mixing would 
have led to an apparent coexistence curve outside the ac
tual curve. Each isotherm contained at least 30 points in 
the range ±0.20 mass fraction carbon tetrachloride from 
the plait point.

An added reason for the second bath was to facilitate 
transferring the mixtures from the titration bottle to the 
pycnometers. In addition to the normal methods practiced 
for the analytical transfer of liquids, it was necessary to 
keep the syringes and the pycnometers slightly warmer 
than the temperature at which the mixtures were pre
pared. Since the mixtures were on the coexistence curve, 
any cooling would cause a phase separation. Once this 
separation occurs it is impossible to recover the original 
mixture, not only because of the slowness of diffusion in 
liquids and the difficulty of efficient mixing in the 
pycnometers, but also because of the lack of certainty 
that the entire amount of both phases had been trans
ferred. The result would be a new mixture of unknown 
composition. This procedure also facilitated the filling of 
the pycnometers which were filled to the upper part of the 
calibration grating; cooling of 0.5° would cause the liquid 
to contract but not below the calibration marks. The 
pycnometer was thus opened only at the time of filling; 
errors due to evaporation were thus minimized.

Although errors arose in the experimental techniques 
and the exact location of the coexistence curve might be 
slightly inaccurate, the primary effort was directed toward 
maintaining the same conditions for all the mixtures so 
that the data for each temperature were internally consis
tent. The precision of the data was such that rogue points 
were immediately detectable. For the interpretation of the 
data, such random points were dropped before serious in
terpretation was attempted; these points represent about 
5% of the total data.

R esu lts

The information from the two sets of data described in 
the Experimental Section can be combined to locate the 
plait point. The data arising from the densities of the 
coexisting phases provide the density of the plait point 
mixture; the data from the titrations yield a density-com
position map for the coexistence curve. Thus the composi
tion of the plait point can be readily deduced. Figure 1 
shows the coexistence curves for 26 and 40° and the 'plait 
points at 2-deg intervals; the data for 26° are given in 
Table I18 to show the kind of information necessary to 
produce Figures 1 and 3. The curves over so small a tem
perature range are nearly the same; it thus suffices to 
show the behavior of one in detail. One immediately notes 
that the plait points do not fall on a smooth curve; how
ever, the variation from a straight line between the 26 and 
40° plait points is ±0.5% in the mass fractions of the im
miscible pair. The probable reason for this variation is ex
plained later.

The coexistence curve is characterized by its behavior 
relative to the tangent at the plait point; the coordinate 
system is altered so that the tangent becomes the abscissa 
and the plait point becomes the origin. It has been point
ed out7 that there are a number of slightly different coor
dinate systems arising from this convention but that they 
are equivalent near the origin. Figure 2 shows the coordi
nate system used for this analysis. Au)ccl4 is the difference

Figure 1. The coexistence curves for 26 and 40°. The open cir
cles show the plait points at 2-deg intervals from 26 to 40°.

between any value of u>ccl4, the mass fraction of carbon 
tetrachloride, and the plait point value; Atr>H2o is the dif
ference between w H20 on the coexistence curve and wH2o 
on the tangent for any u.Cci4- The degree of the curve is 
determined by the expression

=  -AIAut̂ qiĴ  (2)

In the region of the plait point, the mass density is nearly
a linear function of the mass fraction so that eq 2 is equiv
alent to the function as it usually appears in a number 
density space.

A P h,o =  A  IApcaJd (3)

A, =  ALrf-r mHio(2mccuWp(Ccu, +  6cci^  (4)
mCC\id^ m\liOWf{ H20) +  K j J

It is then possible to use the mass fraction directly to de
termine d\ thus errors in density, however small, do not 
enter into the analysis, d is determined by plotting log 
(AitiH2o) as a function of log ( |Aii'cci4P- Although it is 
possible to determine the plait point and the tangent ex
perimentally, the shape of the log-log plot is dramatically 
affected by even small changes in the slope of the tangent 
and its tangent point. It is necessary to refine this experi
mental line by moving it slightly, but within the limits of

(18' Table I will appear following these pages in the microfilm edition of 
this volume of the journal. Single copies may be obtained from the 
Business Operations Office, Books and Journals Division, American 
Chemical Society, 1155 Sixteenth St., N.W., Washington, D. C. 
20036. Remit check or money order for $3.00 for photocopy or 
$2.00 for microfiche, referring to code number JPC-73-1572.
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T A B LE  II

T. °C ±  0.0001 (Wh20.'VCCI4) Slope of tangent d A

2 6 .0 0 0 0 .0 4 1 6 7 , 0 .5 3 6 8 0 .1 8 2 9 2 .7 5  ±  0 .0 2 0 .7 7 0 8  ±  0 .0 0 0 8

2 8 .0 0 0 0 .0 4 2 7 7 , 0 .5 3 5 4 0 .1 8 2 7 2 .6 5  ±  0 .0 3 0 .6 3 1 8  ±  0 .0 0 1 0

3 0 .0 0 0 0 .0 4 2 6 0 . 0 .5 3 7 9 0 .1 8 3 7 2 .7 8  ±  0 .0 4 0 .6 9 9 8  ±  0 .0 0 1 2

3 2 .0 0 0 0 .0 4 2 3 3 , 0 .5 4 0 8 0 .1 8 5 0 2 .7 1  ±  0 .0 5 0 .6 9 7 4  ±  0 .0 0 1 6

3 4 .0 0 0 0 .0 4 3 8 2 , 0 .5 3 8 6 0 .1 8 8 3 2 .7 6  ±  0 .0 5 0 .7 1 8 5  ±  0 .0 0 1 6

3 6 .0 0 0 0 .0 4 3 6 9 . 0 .5 4 1 3 0 .1 8 9 7 2 .7 0  ±  0 .0 6 0 .6 8 3 0  ±  0 .0 0 1 8

3 8 .0 0 0 0 .0 4 4 5 9 , 0 .5 4 0 7 0 .1 8 9 0 2 .6 9  ±  0 .0 4 0 .6 6 5 4  ±  0 .0 0 1 2

4 0 .0 0 0 0 .0 4 5 2 0 , 0 .5 4 1 8 0 .1 9 1 9 2 .6 9  ±  0 .0 5 0 .7 2 3 3  ±  0 .0 0 1 7

Figure 2. The transformation of variables and coordinates for 
the analysis of the coexistence curve.

experimental error, to determine the “ best” tangent, the 
one for which the least-squares straight-line fit to the log- 
log plot has the smallest standard deviation. The slopes of 
these log-log plots are the values for d which are reported 
in Table II. Figure 3 shows the plots for 26 and 40°. These 
two, as well as those for the other temperatures, are es
sentially identical; tnis is unsurprising for the small tem
perature range at a temperature well below the upper con- 
solute critical point of the system. This method for evalu
ating d is less haphazard than it might appear; the values 
of log Awh2o at large values of | A ic>c c i4 | are relatively 
unchanged even for large variations of the tangent. At 
small values of |Au,Cc i4 K the log-log plot varies wildly 
with shifts in the position of the tangent; thus, there is a 
quite small range of variation in the tangents that will 
produce straight lines for the log-log plot in the region of 
|A u.’c c i4 | = 0. The errors attributed to A  and d are the 
extremes in these parameters that will produce curves 
within the error envelope surrounding the best fit to the 
data in the range of the experiment.

The plait point was experimentally located by deter
mining the limiting value of the average density of the 
coexisting phases by a graphical technique; the values of 
the densities of the two phases were plotted as a function 
of the average of the densities. The graphs for 26 and 32° 
are shown in Figure 4. The unexpected property of these 
graphs is that the average density does not vary monoton- 
ically as the plait point is reached. Since there is no un
usual behavior in the coexistence curve or in the density- 
composition variation along the curve, this behavior can 
be attributed either to very slow reactions between the 
components during the long times necessary to separate 
the two phases in the plait point region or to changes in 
the tie lines and hence the diameter. The densities of 
mixtures of the three components measured over periods 
of several days remained constant so that one can con
clude that a chemical reaction was not the cause of this 
behavior. The second unexpected property of these plots 
was the large difference in the depth of the indentation

*
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o o
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Figure 3. The plot log ( A w H2o ) v s . log |A w Cc )4 | lor the 26 and 
40° coexistence curves.

from temperature to temperature. Although some of this 
variation can be attributed to experimental error, a signif
icant part must be attributed to the difficulty of obtaining 
the necessary data in the plait point region; the shallow
ness of the coexistence curve makes the appropriate mix
ture very difficult to prepare. The more shallow indenta
tions are likely the result of lack of data closer to the plait 
point. The differences in the depth of the indentation 
causes scatter in the locus of plait points.

Figure 4 shows the extremes in the anomalous behavior 
of the average density as the plait point is approached; 
Figure 5 shows the diameter for the 26° isotherm. The 
diameter ending at A  is the one corresponding to the plot 
in Figure 4; B  terminates the diameter as if there were as 
large an indentation as in the 32° plot. C shows the diam
eter extrapolated from outside the region of the indenta
tion. Although the diameter would intersect the coexis-
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Figure 4. The plot of the mass densities of the coexisting phas
es against the mean of the mass densities for the location of the 
plait point for 26 and 32°.

Figure 5. The extremes in the variation of the diameter for the 
26° coexistence curve.

tence curve at a very small angle in any case, the indenta
tion further diminishes the size of the angle of intersec
tion; indeed, in the case of diameter B , the intersection 
appears a tangent point.

Discussion
The value for d, 2.72 ±  0.12, agrees within the experi

mental error with the known values of a ' and ft for binary 
liquid systems having critical mixing points and for liq
uid-vapor critical points in single-component systems 
where quantum effects are not important. The value is 
unambiguously different from the classical value of d = 2; 
it is close to the value predicted by the approximate solu
tion to the three-dimensional Ising lattice for which a  =  
%6 to ft = %6, and d =  3 to 2.8.19 One of the unfortu
nate aspects of this experiment is that it is not possible to 
measure ft for the binary mixture water-carbon tetrachlor
ide at atmospheric pressure; the mixture boils at 67°, but 
even at this temperature, the two components are almost 
totally immiscible. If one assumes that ft is the same as the 
generally accepted value of ft, it is possible to determine 
the value of a'. For ft = 0.350 ±  0.005,20 a' = 0.047 ±  0.041. 
This indicates thar a' has a value in the middle of the gen

1577

erally accepted range of experimentally determined values, 
0.0 to 0.125.21

The recent theoretical discoveries14 of the anomalous 
behavior in the diameter are specifically for single-compo
nent systems. It is necessary to invoke certain symmetry 
properties in mixtures so that any solution might result at 
all. An example of such a symmetry requirement is in the 
decorated lattice theory of ternary mixtures; the plait 
point must be on the half-occupied composition line of the 
primary lattice, and this line must be the diameter. Such 
results indicate that the absence of the anomaly in the 
multicomponent system may not be inconsistent with 
nonclassical behavior; indeed in perhaps the only real bi
nary system that fulfills such stringent symmetry require
ments, the array of spins on a lattice where H  = 0, the 
rectilinear diameter of the magnetization is a straight line 
as a function of temperature. Practically all other 
mixtures do not possess this symmetry; one reflection of 
this is a curved diameter, perhaps possessing a singular
ity.

It suffices to say that in single-component systems, the 
singularity in the diameter at the critical point has not 
yet been observed. Even in binary and ternary mixtures, 
there is very little information about the diameter in the 
immediate region of the critical mixing points; however, 
Haselden, e t  a l.,22 note that the law of rectilinear diame
ters appears to break down for the C02-propylene system, 
albeit for a liquid-vapor critical point. The diameter of 
the 2,6-dimethylpyridine-water system, which has a high
ly asymmetric coexistence curve and yet has a functional 
form of ft =  y3, is bowed near the lower critical mixing 
point; the l.c.m.p. determined by a diameter extrapola
tion technique is in error by approximately 1% in the 
mole fraction.23 The phenomenon of dramatic bending in 
the diameter is not isolated to systems of complicated 
polar molecules, however; the diameter of the solid-solid 
immiscibility curve of the mixture Ar-CH4 bends sharply 
to the argon rich side of the phase diagram as the critical 
point at 63 K is approached.24

The observation in this experiment and in the others 
noted that the diameter of the coexistence curve of a mul
ticomponent system behaves differently in the region of 
the critical mixing point gives credence to the theory that 
there is a singularity in the diameter for one-component 
systems. Considerable analysis of the properties of this 
anamalous behavior, even in multicomponent systems, re
mains to be done.
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A p p e n d ix . G lo s s a r y  o f  T e r m s

a ' =  the critical exponent describing the behav
ior of Cv near the critical point on the path 
T  >  T c

(19) H. E. Stanley, "Introduction to Phase Transitions and Critical Phe
nomena,” Oxford, 1971, pp 11,47.

(20) J. S. Rowlinson, B er. B u n s en g es . Phys. C h em ., 76, 281 (1972).
(21) R. L. Scott, B er. B u n s en g es . Phys. C h em ., 76, 296 (1972).
(22) G. C. Haselden, F. A. Holland, M. B. King, and R. F. Strickland- 

Constable, P roc . R oy. S o c . S er. A. 240, 1 (1957).
(23) J. D. Cox and E. F. G. Herington, Trans. F araday S o c .. 52. 926. 

(1956).
(24) S. C. Greer, L. Meyer, and C. S. Barrett, J. C h em . P hys.. 50, 4299 

(1969).
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ß

w a  and w p a

P a

the critical exponent describing the shape of 
the coexistence curve of a single-component 
system

the mass fraction of A and the mass fraction 
of A at the plait point

number density of component A

M a

m a and 6a

L
H
K

relative molar mass of component A 
the slope and intercept of the straight line 

relation of the mass fraction of component 
A and the mass density 
Avogadro’s number 
magnetic field
the kelvin, unit of thermodynamic temperature
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Effusion cell mass spectrometry has been employed to study vapor species of the rhenium-oxygen sys- 
tern. The equilibrium partial pressure of Re20 7 (g) above a mixture of Re207(s) and Re03(s) from 327 to 
463°K is given by log P (Re20 7) = -(7 .44 ±  0.08)103/T  +  (12.35 ±  0.21) where the pressure is in atmo
spheres. The enthalpy of sublimation at 430°K is 34.0 ±  2 kcal/mol. Weight loss measurements show the 
probable composition of the dirhenium heptoxide phase in equilibrium with Re03(s) at 400°K to be 
Re2O6.98i 0.02- The reaction of rhenium with zinc oxide at 1047 at 1267°K produces Re207(g), Re03(g), and 
possibly Re206(g). Reaction of rhenium with magnesium oxide from 1770 to 2143°K produces principally 
Re03(g). The enthalpy of formation of Re03(g) is -67 .0  ±  4 kcal/mol at 298°K and that'of Re206(g) is >  
-212 ±  20 kcal/mol at 298°K. Re20s(g), Re02(g), and ReO(g) are not present at measurable concentrations 
under any of the conditions of study. The heats of formation of ReO(g) and Re02(g) are more positive then
than —10 and +48 kcal/mol, respectively.

In tr o d u c t io n

The vapor pressure for the reaction Re20 7(s) — 
Re207(g) was measured by Ogawa,1 by Smith, Line, and 
Bell,2 and more recently by Glemser, Muller, and 
Stocke.3 A mass spectrometer investigation of vapors from 
the solids Re03 and Re02 was first made by Semenov and 
Ovchinnikov,4 who, reported that both Re03(g) and 
Re2 0 7(g) are important species in vaporization of both 
phases. However, Battles, Gundersen, and Edwards5 
showed that Re03(s) and Re02(s) do not vaporize con- 
gruently as reported by Semenov and Ovchinnikov4 and 
that Re20 7(g) was the only major vapor species over the 
solid-phase mixtures Re03-R e02 and Re02-Re. Norman, 
Winchell, and Staley6 were able to study the reaction of 
rhenium metal with oxygen to form Re03(g) but obtained 
conflicting measurements of its stability.

This paper reports mass spectrometer investigations of 
vaporization of Re20 7-R e03 solid mixtures, of Re-ZnO 
solid mixtures, and of Re-MgO solid mixtures which were 
undertaken to obtain, if possible, more precise data for 
Re03(g) and to determine if additional gaseous rhenium 
oxides could be identified and studied. In the course of 
the work it was discovered that solid Re20 7 does not 
vaporize congruently in vacu o  but has a low partial pres
sure of oxygen.

D ir h e n iu m  H e p to x id e  V a p o r iz a t io n

E xp erim en ta l S ection . This study was carried out with a 
60° sector, 1-ft radius, magnetic deflection mass spec
trometer built by Nuclide Analysis Associates. The di
rhenium heptoxide obtained from Alfa Inorganics Co. had 
Mg as the only impurity detectable by spectroscopic anal
ysis.

The sample was resistively heated by nichrome wire 
wound closely around an anodized aluminum effusion cell. 
The interior of the cell was gold plated and a gold lid and 
liner were installed to prevent any contact of the rhenium 
heptoxide sample with the aluminum.

The sample color changed after prolonged heating, 
which suggested that some reaction other than simple 
congruent sublimation was occurring. X-Ray diffraction 
measurements demonstrated that a residue of Re03(s) re-

(1) E. Ogawa, Bull. C h em . S o c . Jap., 7, 265 (1932).
(2) W. T. Smith, L. E. Line, Jr., and W. A. Bell, J. A m er . C h em . S o c . ,  

74, 4964 (1952).
(3) O, Glemser, A. Muller, and U. Stocke, Z. A n org . Allg. C h em ., 333, 

25(1964).
(4) G. A. Semenov and K. V. Ovchinnikov, J. G en . C h em . USSR, 35, 

1517 (1965).
(5) J. E. Battles, G. E. Gundersen, and R. K. Edwards, J. Phys. C h em ., 

72,3963(1968).
(6) J. H. Norman, P. Winchell, and H. G. Staley, G. A. 8472, OCB 

Work No. 3111 A, T. 0. No. 3110 (67) (1968). ’
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TABLE I: Relative Intensities of Ions Formed from the Vapor, from Re20 7(s), and from the Re +  ZnO and Re +  NlgO Reactions 
at 70 eV and Their Appearance Potentials

Intensity and standard deviation Appearance potentials, eV

Ion Re20 7(s) Re + ZnO Re + MgO Re20 7(s) Re + ZnO Re + MgO

Re20 7+ 1000 1000 <1 12.7 ±  0.2 13.6 ±  0.8
Re206 + 91 ±  2 131 ±  12 <1 16.2 ±  0.5 16.1 ±  0.6
Re205 + 17.4 ±  0.4 23 ±  2 <1 17.5 ±  0.2 16.1 ±  0.8
Re03+ 276 ±  11 720 ±  260 1000 16.2 ±  0.5 14.7 ±  0.6 12.5 ±  0.4
Re02 + 154 ±  9 218 ±  52 320 21.9 ±  1.0 18.0 ±  0.8 14.4 ±  1.0
ReO+ 100 ~ 1 8

mained after long heating o f R e 2 0 7 (s). T o  determine the 
fraction o f Re2 0 7 (s) that decom posed to  ReC>3 (s), 0.5-g 
samples were heated to constant weight at about 430°K in 
a separate vacuum  system capable o f  ~ 2  X 10" 6 Torr 
using the effusion cell and liner from the mass spectro- 
metric experiments. Heating times o f 60-150 hr were re
quired. Spetroscopically detectable impurities in the 
R e 0 3(s) residue were M g, Si, and Fe, all present at less 
than 2% o f the Re concentration.

Bom bardm ent o f the vapor from the R e 2 C>7 -R e 0 3  solid 
mixtures by 70-eV electrons produced Re2 0 7 +, R e206+ , 
Re2 C>5 + , ReC>3 + , and ReC>2 + , which were each measured 
seven or more times over a 7-day period while the rhen
ium heptoxide was held at about 404°K. Appearance po 
tentials were measured by  the m ethod o f extrapolated d if
ferences with the mercury ion intensity used as the refer
ence. Analysis o f these data and com parison with data for 
the same ions produced by reaction of rhenium metal with 
metal oxides showed all the ions found in Re2 C>7 (s) vapor
ization to arise frem  an R ^ C M g) parent molecule. (See 
Discussion section.)

The intensity o f 'h e  R e 2 C>7 + ion was followed as a func
tion o f tem perature from 327 to 463°K. Three runs were 
made, with several datum  points being taken in each run 
in a random manner allowing 0.5 hr or more for equilibri
um to be obtained. A  0.0762-cm diameter effusion orifice 
was used for two c f  the runs and a 0.014-cm orifice for a 
higher tem perature run. Channel lengths were about 
equal to the orifice diameters. The temperature was con
tinuously monitored and readings were taken after at least 
15 min had passed with the temperature constant to w ith
in 0.5°. One 5-m il chrom el-alum el therm ocouple was 
clam ped against the junction  of the gold cell lid and the 
gold cell lip ; another was clam ped to the cell 1.6 m m  from 
the bottom . The two therm ocouples read to within 0.25° 
o f each other. The therm ocouples were calibrated by de
termination of the melting point o f 99.999% indium, 
429.3°K .7 They gave melting points of 430.0 and 430.3°K.

Since the heat o f sublim ation was to be determined 
from the temperature dependence of the measured ion in 
tensities, the heat o f sublim ation o f cadm ium  was m ea
sured by the same (second law) m ethod to test the reli
ability o f the apparatus and experimental techniques. 
Nine points were taken in random order over the tem per
ature range 427-512°K. A  least-squares enthalpy o f 26.72 
±  0.52 k eal/m ol (where the quoted error is the standard 
deviation) was calculated from the data. T he selected 
value o f Hultgren, e t  a l , "  at 469°K is 26.41 ±  0.15 k ca l/ 
mol.

R esu lts. The steady-state relative intensities o f the 
major species observed for R e 2 0 7 (s )-R e 0 s(s) mixtures and 
appearance potentials are recorded in Table I. Intensities 
o f R e206+ and R e20 s + changed little relative to Re2C>7+

io3 / t no
Figure 1. The FJe20 7(s) =  Re207(g) reaction as a function of 
temperature and the dissociation pressure for the reaction 
Re2C>7(s) =  2ReC>3(s) +  ^ 02 (9) if Re207(s) is stoichiometric. 
See text.

during the initial days of vaporization, but intensities of 
R e 0 2+ decreased some 27% and o f ReC>3 + decreased 
about 26%. These changes are attributed to gradual re
duction in contam ination by  H R eO i from which R e 0 3+ 
and ReC>2 + would arise through a fragmentation process.5 
A  known HReC>4 + peak5 was observed, but not monitored.

Data for the steady-state R e 2 0 7 + ion are plotted in Fig
ure 1, along with total pressures o f Glemser, e t  a l .,3 and 
Smith, e t  a l.2 G lemser’s conditions would be expected to 
give the R e0 3 (s )-R e 2 0 7 (s) invarient system.

T he least-squares fit c f  log [T /(R e 2 0 7 + )j vs. 1 /7 ’ for 
each run was made to coincide at the average pressure o f 
Glemser, e t  al., and Smith, e t  al., at 433.3°K (Figure 1). 
Enthalpies calculated from tem perature dependence o f in
tensities for the three runs were 33.25 ±  0.72, 35.30 ±  
0.15, and 36.45 ±  0.92 k ca l/m ol. The least-squares fit o f 
all the data norm alized to this point yielded an enthalpy 
of sublim ation o f 34.0 ±  C .4 and an entropy o f sublimation 
o f 56.0 ±  1.0 eu /m ol.

T he partial pressure o f Re2 0 7  from 327 to 463°K is 
given by the equation

lo g  Patm =  " ( 7 .4 4  ±  0 .08 )103/T  +  (12.35 ±  0.21)
(1)

where the quoted errors are the standard deviations from 
the least-squares fit.

(7) R. Hultgren, R. L. Orr, P. D. Anderson, and K. K. Kelley, “Selected 
Values of Thermodynamic Properties of Metals and Alloys,” Wiley, 
New York, N. Y., 1963.
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TABLE II: AH°29 8 Calculated from Weight Loss Data for the
Reaction Re20 7(s) = 2Re03(s) +  1/20 2(g)

Temp,
°K

A  F ° t , 
kcal

Orifice
area,
cm2

- (A  F°r -  
A H ° 2 9 a ) /  

T

«a: 2
 

<

430.9 7.38 0.01046 13.41 13.16
424.9 7.91 0.01046 13.42 13.61
424.6 7.60 0.034 13.42 13.30
423.7 7.16 0.001075 13.42 12.85
429.4 7.34 0.034 13.41 13.10

A limit to the composition of the phase Re2C>7(s) that 
was in equilibrium with ReC>3(s) could be set from the 
ratio of moles of Re20 7(s) heated to moles of ReOs(s) 
remaining after heating to constant weight. This ratio was 
about 22/1. Accordingly, if the oxygen dissociation pres
sure for the Re2C>7(s) phase was completely negligible, 
composition of the ReCMs) phase boundary is calculated 
to be Re20 6.9s. This calculation is insensitive to possible 
nonstoichiometry of ReOa(s) because the fraction of the 
dirhenium heptoxide converted to the ReCMs) phase is 
small.

If it is assumed that dirhenium heptoxide is essentially 
stoichiometric, the oxygen dissociation pressure of 
Re20 7(s) which would yield the ReOa(s) residue can be 
calculated from the Langmuir8 equation. These oxygen 
pressures are plotted in Figure 1 and Gibbs free energies 
and A H °29s for the dissociation reaction are given in 
Table II.

The calculations assume the heat capacity for Re2C>7(s) 
to be linear from the values9 at 298°K to the melting 
point where the Cp was estimated to be 7.0 cal/deg 
atom.10 This gave Cp = 14.55 +  8.47 X  1 0 - 2T. King10 
and Cobble11 have reported for ReOs(s) S°29« = 19.3 eu/ 
mol. The heat contents and entropy increases above 
298°K for Re0 3 (s) were assumed to be the same as the 
values reported for WOs(s) in JANAF,12 and JANAF data 
were used for 0 2(g).

Z in c  O x id e -R h e n iu m  E q u ilib r iu m

E xp erim en ta l S ection . Reagent grade zinc oxide sup
plied by Baker and Adamson, which was used in this part 
of the study, showed 0.15% Mn, 0.06% Si, and 0.025% Ca 
as the principal spectroscopically detectable impurities. 
The rhenium powder obtained from the Department of 
Chemistry, University of Tennessee, showed 0.015% Si as 
the principal impurity.

Mass spectrometer experiments were performed in a 
molybdenum or tantalum outer cell with either an alumi
na cell liner or a rhenium liner. A machined alumina cell 
was constructed for weight loss experiments. Orifice areas, 
0.3 mm2 were about one-tenth the cross sectional area shown 
to yield equilibrium data13 in zinc oxide vaporization. 
Heating -at lower temperatures was- by radiation from two 
filaments positioned horizontally around the cell at top 
and bottom to minimize gradients along the length of the 
cell and at higher temperatures was by electron bombard
ment. The temperature was measured to the nearest de
gree with a platinum/platinum-10% rhodium thermocou
ple clamped to the bottom of the cell.

Temperature calibrations were checked by measuring 
the second-law enthalpy of sublimation of silver in the 
range 1051-1225°K. Fourteen measurements made in ran
dom order yielded a least-squares enthalpy of sublimation

of 64.48 ±  0.44 kcal/mol at 1138°K. The value interpolat
ed from Hultgren’s7 tabulation is 66.49 ±  0.20 kcal/mol.

Mann’s14 cross sections for electron impact ionization 
were used with the assumption that atomic cross sections 
are additive. Measured electron multiplier gains relative 
to 484Re20 7 - 1 were 64Zn = 0.86, ReC>3 = 1.0, Re02 =
1.0, and Re206 = 0.9. The relative gain for Re20 5 was as
sumed to be 0.9.

The intensity of each ion produced with 70-eV electrons 
was followed as a function of temperature in five separate 
runs. After the temperature had stabilized, about 15 min 
was allowed for equilibrium to be obtained.

In all temperature variation experiments, a small por
tion of zinc metal was added to the Re-ZnO mixture. 
Measurement of the vapor pressure of zinc at low temper
ature provided a direct determination of the proportional
ity constant between I + T  and pressure for Zn(g). Several 
Zn+ intensities were measured, then the Zn was exhaust
ed and the rhenium-zinc oxide equilibrium was measured. 
In addition, weight loss experiments were performed at 
constant temperature. The ion intensities of Zn+, 
Re20 7 +, Re0 3 +, and Re2C>6+ were measured several times 
during a run, then averaged and corrected for fragmenta
tion in order to calculate equilibrium constants for the 
following reactions

Re(s) +  3ZnO(s) —  R e 0 3(g) +  3Zn(g) (3)

2Re(s) +  6 ZnO(s) —► Re20 6(g) +  6 Zn(g) (4)

2Re(s) +  7ZnO(s) —- Re20 7(g) + 7Zn(g) (5)

Losses during heating and cooling were negligible.
To check the accuracy of the weight loss experiments, 

two weight loss measurements were made on silver. Mea
sured silver pressures were found to be approximately 1.7 
times higher than the pressures selected by Hultgren.7 
The measured total pressure in ZnO-Re weight loss exper
iments was reduced by this factor to correct for systematic 
errors.

Average appearance potentials measured for rhenium 
oxide ions produced from the vapor above ZnO-Re 
mixtures are given in the last column of Table I. One set 
of measurements was made using background mercury as 
a standard, another used Zn+ from the reduction of zinc 
oxide to zinc vapor.

A cell exhaustion experiment was made to determine if 
the Re20 6 + was all produced by fragmentation of 
Re20 7(g) or if some arose from ionization of Re2Oe(g). If 
RezOaCg) is present in significant amounts in the vapor 
above zinc oxide-rhenium mixtures, the Re20 6 + peak 
should decrease more slowly than the Re20 7+ peak. For 
this experiment, excess rhenium powder was mixed with a 
very small portion of zinc oxide powder. The mixture was 
heated to about L186°K and held until the intensities 
began to drop. The intensities of Re20 7+ and Re20 6+ 
were followed as a function of time. When the intensities 
had dropped to about 1/ 10  of their initial values^ the cell 
temperature was raised about 50°K causing the intensities
(8) K. D. Carlson in ‘The Characterization of High Temperature Va

pors,” J. L. Margrave, Ed., Wiley, New York, N. Y., 1967, Chapter 
5.

(9) R. H. Busey, J. A m er . C h em . S o c .. 78, 3263 (1956).
(10) K. K. Kelley, U. S. Bur. M in es, Bull.. No. 371 (1934).
(11) J. P. King and J W. Cobble, J. A m er . C h em . S o c . . 79, 1559 

(1957).
(12) "JANAF Thermocnemlcal Data,” Dow Chemical Co., Midland, 

Mich., 1965.
(13) D. F. Anthrop and A. W. Searcy, J. Phys. C h em ., 68, 2335 (1964).
(14) J. B. Mann, J. C h e n . P h ys., 46, 1646 (1967).
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TABLE III: Weight Loss Data for ZnO-Re Experiments

1 2 3

Temp, °K 1245 1177 1187
Time, sec 4.00 X 104 1.60 X 105 1.75 X 105
Weight loss, g 0.0336 0.0265 0.0358
Clausing factor 0.4 0.4 0.4
Area, cm2 6.42 X 10-4 6.42 X 1 0 "4 6.42 X 1 0 "4
Corrected partial pressures, atm

(1) Zn(g) 1.55 X IO“ 4 3.02 X 10-5 4.59 X 1 0 "5
(2) Re2Ov(g) 9.15 X 10~6 1.68 X IO“ 6 2.66 X 10-®
(3) Re03(g) 1.65 X IO“ 6 5.58 X 1 0 -7 1.235 X 10“ 6
(4) Re20 5(g) 9.86 X 10-8 ° 7.05 X IO“ 8 a 1.60 X 1 0 "7 a

Equilibrium constants 
Re(s) +  3ZnO(s) —*•

Re03(g) +  3Zn(g) 6.2 X 10-18 1.5 X 10-20 1 .2 X 1 0 " 19
2Re(s) +  6ZnO(s) —

Re20 6;g) +  6Zn(g) 1.4 X 1 0 "30Û 5.3 X 10“ 35° 1.5 X 1 0 -33a
2Re(s) +  7ZnO(s) -*■

Re20 7(g) +  7Zn(g) 2.0 X 10~32 3.8 X 1 0 -38 1.1 X io~36

“ These values must be viewed as upper limits, see text.

to increase. The intensity of each ion was again followed 
at constant temperature until the Re2C>6+ intensity had 
dropped to a yalue which was difficult to measure in a 
time span of 1 min. This process was repeated until at 
about 1450°K the Re2C>6+ ion intensity became too small 
for accurate measurements.

R esu lts . The average of several separate measurements 
at 1200°K of the intensities of the major ions above the 
mixtures, Re20 7-Re0 3 , Re-ZnO, and Re-MgO, are given 
in Table I. The Re-ZnO and Re-MgO mixtures yield 
higher relative intensities of the lighter ions than were 
found for Re2 0 7-Re0 3  solid mixtures, and the appearance 
potentials measured for ReC>3+ and Re02+ are distinctly 
lower than values found from Re2 0 7(s) vaporization 
(Table I).

The cell exhaustion experiments were designed to de
crease the oxygen activity as a function of time at con
stant temperature. If an ion of lower O/Re atom ratio 
arose exclusively from fragmentation of Re2 0 7, that ion 
should disappear at the same rate as Re2 0 7+, but if it 
arose from an oxide of lower O/Re atom ratio than Re207, 
the lighter ion wculd decrease in intensity more slowly 
than did Re207+. The Re206+/Re207+ ratio showed a 
small, but steady, increase with time. When signals at a 
given temperature became weak, temperatures were 
raised until measurements again became possible. The 
ratio of Re2 0 6+ to Re2 0 7+ during the initial decline at 
1186°K was 0.106. On increasing the temperature to 1235, 
1298, 1353, and 1407°K, this ratio increased to 0.107, then 
0.126, 0.133, and 0.139. At 1436°K, the Re20 6+ /Re20 7+ 
ratio was found to be ~ 0.154 and the Re03+/R e207+ 
ratio was found to be 10. The increases in Re206+ / 
Re2 0 7+ and Re0 3 +/Re2 0 7+ ratios with time and temper
ature in the nonequilibrium run are to be contrasted with 
the equilibrium values of Table HI that are independent of 
time and decrease with temperature.

The slopes of the log I + T  vs. l/ T  plots of a typical run 
at 70 eV for intensities with no fragmentation correction 
were for Re207+ , 58.25 ±  0.68; Re2C>6+, 59:53 ±  0.92; and 
ReC>3+, 64.30 ±  0.66, all in kcal/mol.

These results, plus comparison of ion intensities ob
tained under greater and less strongly reducing conditions 
(see Discussion), demonstrated that the important neutral

io 7 t  i °k )

Figure 2. Equilibrium constant for the reaction Re(s) +  3ZnO(s) 
= R e03(g) +  3Zn(g) as a function of temperature.

precursors of the rhenium-containing ions in the rhenium 
metal-zinc oxide experiments were Re207(g), ReC>3(g), 
and possibly Re206(g). To calculate pressures of these 
species, the ion currents for each run were corrected for 
differences in electron multiplier gain. The proportion of 
each ion current due to fragmentation of Re207 (Table I) 
was subtracted from the total ion current for that ion. The 
currents were then multiplied by temperature and divided 
by cross sections to obtain pressure values.

The results of the weight loss experiments on rhenium- 
zinc oxide mixtures are shown in Table IK and the equi
librium constants are plotted in Figure 2 for the reaction 
Re(s) + 3ZnO(s) = Re03(g) +  3Zn(g) for comparison with 
results of the temperature variation experiments. When 
the cross section measured for zinc by vaporization of zinc
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TABLE IV: Enthalpies of Reaction and Entropies of Reaction 
Calculated from Mass Spectrometer Measurements for the 
Re-ZnO Reactions“

Equilibrium Experiment

Midpoint
temp,

°K

A H°t ,
(second-law),

kcal

Re(s) +  3ZnO(s) —
Re03(g) +  3Zn(g) 1 (13 points) 1155 263.7 ±  3.7

2 (11 points) 1145 266.7 ±  2.4
3(13  points) 1128 264.7 ±  3.0
4 (12 points) 1189 275.9 ±  2.6
5 (9 points) 1152 271.2 ±  2.1

Av AS° = 137.8 ±  3.0 Av A H° = 268.2 ±  3.0
2Re(s) +  6ZnO(s) -►

Re20 6(g) +  6Zn(c) 1 (13 points) 1155 452.0 ±  6.8
2 (11 points) 1145 458.0 ±  5.8
3(12 points) 1128 453.5 ±  7.0
4(15 points) 1175 465.3 ±  6.2

Av AS0 = 233.0 ±  8.0 Av A H° = 457.9 ±  6.0
2Re(s) +  7ZnO(s) —

Re20 7(g) +  7Zn(g) 1(13 points) 1155 514.4 ±  8.3
2(11 points) 1145 515.3 ±  4.6
3(13 points) 1128 516.3 ±  5.9
4 (15 points) 1175 505.0 ±  6.3
5(10 points) 1152 538.9 ±  9.3

Av AS° = 267.8 ±  7.8 Av AH° = 516.5 ±  7.1

° Corrected to agree with the silver enthalpy measurements and weight 
loss results. Quoted erro'S are standard deviations from the least-squares 
fit.

metal was used, two of the five runs gave calculated zinc 
pressures about a factor of 5 lower than those measured in 
the weight loss experiments. Only small amounts of zinc 
were used and equilibrium zinc pressures probably were 
not developed in the cells during the calibration periods of 
these two runs. Each mass spectrometer run was normal
ized, therefore, to agree with the zinc loss of the weight 
loss experiments.

The enthalpies of equilibrium constant measurements 
for the reaction

2Re(s) +  7ZnO(s) = Re20 7(g) +  7Zn(g) (6)

were corrected for the error in temperature dependence of 
pressures found for silver. The correction for reaction 6 is 
+16.0 ±  3.5 kcal/mol, yielding an average enthalpy of
516.5 kcal/mol at 1156°K. An internal check on the cor
rected enthalpy can be made since the heat of formation 
of Re2 0 7(g) can be calculated from the heat of vaporiza
tion of Re20 7(g) and the heat of formation of Re2 0 7(s). 
When temperature corrections are made using data from 
Kelley15 for Re(s), ZnO(s), and Zn(g) and the approxima
tion that the heat content for Re20 7(g) is that given by 
JANAF12 for W206(g) the heat for reaction 6 is calculated 
to be 521.3 ±  3.0 kcal/mol, in fair agreement with the 
corrected value of 516.5 kcal/mol.

Enthalpies and average entropies calculated from the 
equilibrium constant measurements for the three equilib
ria, after correction of the error in the enthalpy of subli
mation, are given in Table IV. The average enthalpies cal
culated by weighting each enthalpy by the number of 
points in that particular run were used to calculate the 
entropies of reaction using the weight loss measurements.

The heat of formation of Re03(g) and Re20 6(g) at 
298°K were calculated by the second- and third-law meth
ods (Table V). For Re03(g), estimated free energy func

tion and heat content values were available.15 For Re206, 
the thermochemical values given by JANAF12 for W2Oe 
were used. The heat of formation for zinc oxide employed 
in this calculation was —111.8 kcal/mol at 1156°K. Addi
tional auxiliary data for Re(s) and 0 2(g) were taken from 
Kelley,15 and data for Zn(g) from Hultgren.7

M a g n e s iu m  O x id e -R h e n iu m  E q u ilib r iu m

E xp erim en ta l S ection . The magnesium oxide used in 
this portion of the study was obtained from single crystals 
of unknown origin. Semiquantitative spectroscopic analy
sis revealed only the following impurities: Si 0.008%, Fe 
0.007%, Ca 0.01%, Mn 0. 001%, A1 0.001%, and Cr 0.001%. 
The crystals were ground in a silica mortar and pestle im
mediately before use. X-Ray diffraction measurements, 
after vaporization, showed no evidence of phases other 
than magnesium oxide and rhenium.

A tungsten outer cell and lid with a 0.08-cm orifice sur
rounded a rhenium cell liner. Three filaments were used, 
with the third being placed slightly above center to ensure 
that the lid was hotter than the cell bottom and to enable 
three blackbody holes (with length to diameter ratio of 4 
to 1) to be seen with an optical pyrometer from outside 
the mass spectrometer. The optical pyrometer was cali
brated through the window used in the experiments 
against a standard optical pyrometer by the Lawrence 
Berkeley Laboratory meter shop. To obtain a correction 
for temperature-dependent errors, the second-law enthal
py of sublimation of lanthanum metal was measured in 
the temperature range 1794-2103°K. Ten points yielded 
A H 1950 = 93.4 ±  1.7 kcal/mol, in only fair agreement with 
the value of 99.7 ± 1 . 0  kcal/mol interpolated from Hult- 
gren’s tabulation.

Two temperature variation experiments were conducted 
in a manner similar to those used for zinc oxide and rhen
ium using 70-eV electrons. Appearance potentials were 
measured using background mercury as a standard for the 
extrapolated differences method.

R esu lts . Ions identified as Mg+, Re03+, Re02+, and 
ReO+ were observed. Relative intensities at 2080°K and 
appearance potentials are included in Table I.

Both ReO+ and Re02+ arise primarily from dissociative 
ionization of ReOs(g) (see Discussion), and quantitative 
data can be derived only from the Re03+ measurements. 
The equilibrium constant for the reaction

Re(s) +  3MgO(s) = R e 0 3(g) +  3Mg(g) (7)

is plotted in Figure 3. Least-squares analysis yielded 425.9 
±  5.1 and 429.1 ±  5.7 kcal/mol for the heat of reaction. 
The average of these enthalpies is 452.7 ±  5 kcal/mol 
after the measured temperature dependence of the cell is 
corrected to make the measured second-law enthalpy of 
sublimation of lanthanum metal agree with the accepted 
value. When this average for eq 7 is combined with ther
mochemical enthalpy data for MgO and Mg(g),12 the heat 
of formation of Re03(g) at 1980°K is calculated to be 
-69 .6  ±  5 kcal/mol.

D is c u s s io n

In order to calculate partial pressures from mass spec
trometry intensity measurements such as obtained in this 
study, it is necessary to establish the formulas of the 
vapor molecules from which the observed ions are pro
duced. These neutral molecules may include species of
(15) K. K. Kelley, U. S. Bur. M ines. Bull.. No. 584 (1960).
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TABLE V: Enthalpies of Formation of Re03<g) and Re20 6(g) at 298°K

Aftf,298, keal/mol

Method of This work This work Kinetic6
Molecule calculation Ref 6 ZnO +  Re MgO +  Re limit

Re03(g) Second law -7 5 ,8 ,-9 0 .6 °  -66 .6  ± 5 -67 .7  ± 5
Third law -62 .7° -74 .6  ± 2C < -7 8  ± 146

Re206(g) Second law < -208 .7  ± 20
Third law < -216 .8  ± 4 C

a Recalculated from the data of Norman, e t  a l.e b Calculated from Weber, 
tainty neglects the possible errors in estimated partition function. See text.

Figure 3. Intensity data as a function of temperature for the 
reaction 3MgO(s) + Re(s) —►  R e0 3(g) + 3Mg(g).

higher m o le c u la r  w eig h ts  th a n  a n y  o f  th e  ion s o b serv e d  in  
th e  m a ss  sp e c tru m  for  th e  v a p o r . F or th e  rh e n iu m  ox y g en  
sy ste m , h o w ev er, s ig n ific a n t c o n c e n tra tio n s o f  m o le c u le s  
o f  h igh er o x y g en  to  rh e n iu m  a to m ic  ra tio  th a n  7 / 2  are 
very u n lik e ly  on  c h e m ic a l g ro u n d s. P o ly m e r s  o f  R e 2 0 7 (g)  
are p o ssib le  v a p o r  sp e c ie s , b u t  su c h  p o ly m e r s , i f  p resen t  
a t  c o m p o sitio n s  c o m p a ra b le  w ith  th e  m o n o m e r , w o u ld  a l 
m o s t  c e rta in ly  y ie ld  m e a su r a b le  c o n c e n tra tio n s  o f  ion s o f  
greater m a s s  th a n  R e 2 0 7 + . S in c e  ion s o f  h ig h er m a ss  th a n  
R e 20 7 + w ere n o t o b serv e d , it  is v ir tu a lly  ce rta in  th a t  a ll  
th e R e 20 7 + ion s w ere p ro d u c ed  b y  s im p le  io n iz a tio n  o f  
R e 20 7 (g ) . T h e  d a ta  c o lle c te d  for R e 20 7+ a n d  ion s o f  low er  
m a sses  u n d e r  th ree  d is tin c tly  d iffe re n t se ts  o f  e x p e r im e n 

ta l co n d itio n s  ca n  b e  u sed  to  d e te r m in e  th e  p a ren t m o le 

cu les for th e se  oth er io n s.
W h e n  r h e n iu m  m e ta l  w as h e a te d  w ith  m a g n e s iu m  oxid e  

a t  2 0 8 0 °K , n on e  o f  th e  ion s R e 20 7 + ,  R e 2C>6+ , or R e 2O s + ,

ef a/ . ,17’ 18 by the method of Franklin and Stickney. 16 cThis estimated uncer-

w h ich  are im p o r ta n t in  th e  R e 20 7 (g) m a ss  s p e c tr u m , w as  
o b serv e d  a t  in ten sities  as h ig h  as 0 .1 %  th a t  o b se r v e d  for  
ReC>3 + . T h e  R e 0 3 + , R e 0 2+ ,  a n d  R e O +  ion s w h ic h  w ere  
ob serv e d , th erefore , m u s t  h av e  as p a ren ts  a  m o le c u le  n o  
m o re c o m p le x  th a n  R e 0 3 . T h e  a p p a r e n t e n th a lp ie s  o f  
rea ctio n  o f  r h e n iu m  w ith  m a g n e s iu m  o x id e  to  p ro d u c e  th e  
p a ren t o f  th e  th re e  ion s w ere 1 0 8 .9  ±  2 .6  k e a l /m o l  for 
R e 0 3 + , 1 1 3 .9  ±  2 .9  for R e 0 2 + , a n d  1 1 5 .4  ±  2 .9 , w here th e  
u n c e rta in tie s  are s ta n d a rd  d e v ia tio n s . T h e s e  s im ila r  e n 
th a lp y  v a lu e s  c o n stitu te  stro n g  e v id e n c e  th a t  th e  p rin c ip a l  
p a ren t for a ll th ree  io n s :s  ReC>3 + . T h e  m e a su red  a p p e a r 
a n ce  p o te n tia ls  su p p o rt th is  co n c lu sio n  b e c a u se  th e  a p 
p ea ra n ce  p o te n tia l fo u n d  for R e 0 3 +  is a b o u t  th e  sa m e  as 
fo u n d  for R e 20 7 + ,  w h ich  m u s t  b e  fo rm e d  b y  s im p le  io n 
iz a tio n  o f  R e 20 7 + , w h ile  th e  a p p ea ra n c e  p o te n tia l for  
R e 0 2 +  is 2 e V  h ig h er a n d  th a t  o f  R e O +  is so m e  5 e V  h igh er  
th a n  th a t  fo u n d  in  th e  sa m e  e x p e r im e n t for R e 0 3 + .

I t  sh o u ld  b e  re m a rk e d  th a t  th e  m e th o d  o f  e x tra p o la te d  
d ifferen ces th a t  w as u se d  in  o b ta in in g  a p p ea ra n c e  p o te n 

tia ls  s e e m e d  to  give  an  a p p a r e n t a p p ea ra n c e  p o te n tia l for 
a n y  ion w h ic h  h a s  tw o  d iffe re n t p a ren ts  th a t  is a fu n c tio n  
o f  th e  re la tiv e  c o n c e n tra tio n s  o f  th e  tw o  p a ren ts  in  th e  
v a p o r. T h u s  th e  a p p a r e n t a p p ea ra n c e  p o te n tia ls  o f  ReC>3 + 
d ro ps fro m  16 e V  w h en  R e 20 7  g a s  is its  on ly  im p o r ta n t  
p a ren t to  15 e V  w h en  R e 2C>7 a n d  R e 0 3 are p resen t in  
ro u g h ly  e q u a l c o n c e n tra tio n s  to  1 2 .5  e V  w h en  R eC >3 is th e  
o n ly  s ig n ific a n t p a r e n t . T h e  a p p a r e n t a p p ea ra n c e  p o te n 
tia ls  o f  R e 0 2+ sh ow  s im ila r  v a ria tio n s  as th e  p ro p o rtion s  
o f R e 2 0 7 a n d  R e 0 3 c h a n g e . T h e  v a lu e s  m e a su r e d  over  
R e 20 7  are m e a su res  o f  th e  a p p ea ra n c e  p o te n tia ls  fro m  
fra g m e n ta tio n  o f R e 2 0 7  a n d  th e  v a lu e  for R e 0 3+ m e a 
su red  w h en  rh e n iu m  w as h e a te d  w ith  z in c  ox id e  is a m e a 
sure o f  th e  io n iza tio n  p o te n tia l o f  R e O s (g ) . A p p e a r a n c e  
p o te n tia ls  m e a su red  b y  B a tt le s , et al., u n d er  co n d ition s  
w h ich  th e y  c o n c lu d ed  ga ve  R e 20 7  as th e  o n ly  im p o r ta n t  
v a p o r sp ec ies are s im ila r  to  th o se  fo u n d  in  th e  p resen t  
stu d y  ( T a b le  I) for R e 2 0 7  so lid  v a p o riz a tio n : 1 3 .0 , 1 6 .0 ,
1 7 .0 , ~ 2 0 ,  a n d  ~ 2 0  e V  for R e 20 7 + , R e 20 6+ , R e 20 5+ , 
ReC>3+ , a n d R e 0 2 + , re sp ec tiv e ly .

A  m o s t  n e g a tiv e  p o ssib le  v a lu e  for th e  h e a t o f  fo rm a tio n  
o f  R e 0 2 gas is c a lc u la te d  to  b e  > — 10 k e a l /m o l  a n d  for R e O  
>  4 8  k e a l /m o l ,  b o th  a t  1 9 8 0 °K . T h e s e  lim its  are o b ta in e d  
b y  a d d in g  a 5 k e a l /m o l  u n c e r ta in ty  to  th e  h e a ts  o f  fo r m a 
tio n s c a lc u la te d  on  th e  a ssu m p tio n  th a t  th e  R e 0 2+  an d  
R e O +  ions h av e  R e 0 2 a n d  R e O  as th e ir  re sp ec tiv e  p a r 

en ts .
W h e n  th e  h e a ts  o f  fo rm a tio n , or lim its  to  h e a ts  o f  fo r

m a tio n , w h ic h  w ere d e te r m in e d  for R e 0 3, R e 0 2, a n d  R e O  
fro m  th e  rh e n iu m  m e ta l  re a c tio n  w ith  m a g n e s iu m  oxide  
are u se d  w ith  e n tro p y  a n d  h e a t  c a p a c ity  d a ta  e stim a te d  to  
b e  th e  sa m e  for th e  ga seo u s rh e n iu m  o x id es as for corre
sp o n d in g  tu n g ste n  o x id es , th e  c o n clu sio n  th a t  n on e o f
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TABLE VI: Measured Heats of Formation of Re2 0 7 (s) and 
Re03 (s) and Calculated Heats of the Reaction Re2 0 7 (s)
=  2Re03 (s) +  1/2 0 2 (g)

Solid
A H fi298,

kcal

Heat of 
reaction, 

kcal Ref

Re 0 3 -8 3 . 0 a
R 6 2O 7 -2 9 7 .5 131.5 a

ReOß -1 4 0 .8  ±  0.9 2 0
R 6 2O 7 -3 0 1 .9  ±  1.8 20.3 2 0
Re0 3 -1 4 6 .0  ±  3.0 b

R 6 2O 7 -2 9 5 .0  ±  2.0 2 .8 b

ReOß -1 46 .1  ±  0.8 11
R e 0 3 -1 4 0 .7  ±  2 5

*W . A. Roth and G. Backer, Z. Phys. C h em ., A159, 27 (1932), taken 
from Bureau of Standards “Selected Values of Chemical Thermodynamic 
Properties” (1948). 6 G. E. Boyd, J. W. Cobble, and W. T. Smith, Jr,, 
J. A m er . C h em . S o c ., 75, 4783 (1953).

th ese  th ree  o x id es  is an  im p o r ta n t  sp ec ies  in  th e  va p or  
a b o v e  a  so lid  R e O s -s o lid  R e 2C>7 m ix tu re  is c o n fir m e d .

A b o v e  m ix tu res  o f  r h e n iu m  m e ta l  w ith  z in c  o x id e , h o w 
ever, R e 0 3 gas is p resen t in c o n c e n tra tio n s  c o m p a ra b le  to  
R e 2C>7 g a s . T h is  c o n clu sio n  is w a rra n ted  b o th  b y  th e  o b 
serv ed  in crease  in  R e 0 3+ / R e 2 0 7 + ra tio  a n d  b y  th e  a g ree
m e n t b e tw ee n  th e  e n th a lp y  o f  fo rm a tio n  o f  R e 0 3 c a lc u la t 
ed  fro m  th e  R e -M g O  d a ta  w ith  th a t  c a lc u la te d  fro m  th e  
R e Z n O  d a ta  a fter  correction  for fr a g m e n ta tio n  o f  
R e 2C>7+ .

T h e  o b serv ed  R e 2O s + m u s t  b e  e sse n tia lly  a ll p ro d u c ed  
b y  fra g m e n ta tio n  o f  R e 2C>7 + sin ce  th e  in te n s ity  ra tio  
R e 2 0 5 + / R e 2 0 7 +  is n o t m e a su r a b ly  ch a n g ed  b y  a ltera tio n s  
in  re a c tio n  co n d itio n s  or te m p e ra tu re  a n d  sin ce  th e  a p 
p ea ra n ce  p o te n tia l for R e 2O s + is re la tiv e ly  h ig h .

T h e  p rin c ip a l p a ren t o f  R e 20 6+ m u s t  b e  R e 20 7  ga s even  
w h en  th e  ion w as p ro d u c ed  b y  h e a tin g  rh e n iu m  m e ta l  
w ith  z in c  o x id e . T h e  in crease  in R e 20 6 + /R e 20 7 + ratios  
w ith  te m p e ra tu re  a n d  t im e  in th e  cell e x h a u stio n  ex p er i
m e n t a n d  th e  in crease  in th e  sa m e  ra tio  w h en  rh en iu m  
w as h e a te d  w ith  z in c  ox id e  over th a t  w h en  th e  solid  
R e 0 3-s o l i d  R e 2 0 7  m ix tu r e  w as h e a te d  su g g e st th a t  
R e 20 6 +  h as a se c o n d  p a ren t, w h ich  c o u ld  o n ly  b e  R e 20 6  
gas.

T h e  c lo se ly  s im ila r  te m p e ra tu re  d ep e n d e n c e s  m e a su red  
for R e 2C>6+  an d  R e 20 7 + ion in ten sities  in  th e  rh en iu m  
m e t a l-z in c  o x id e  h e a tin g s  (th e  a p p a r e n t h e a t o f  v a p o r iz a 
tio n  for R e 2 C>6+ w as 5 9 .5  ±  0 .9  k c a l /m o l  a n d  for R e 2C>7 + 
w as 5 8 .3  ±  0 .7  k c a l /m o l)  im p lie s , on th e  o th er h a n d , a 
sin g le  c o m m o n  p a r e n t , a lth o u g h  th e  re su lt  c o u ld  b e  c o in 
c id e n ta lly  o b ta in e d  if R e 2C>6 ga s is a s ig n ific a n t p a ren t for  
R e 20 6+ .  A  stron g er a r g u m e n t a g a in st R e 2 C>6 ga s as a  p a r 
en t for a s ig n ific a n t fra c tio n  o f  th e  o b serv e d  R e 2C>6+ ion  
in te n sity  is th e  h ig h  a p p ea ra n c e  p o te n tia l, 16  e V  m e a 
su red  for R e 2C>6+  c o m p a re d  to  a b o u t  1 2 .5  e V  for R e 20 7+ 
a n d  ReC>3+ w hen , th e se  ions are p ro d u c ed  fro m  R e 2C>7 (g)  
an d  R e O s (g ) , r e sp e c tiv e ly . In  lig h t o f  th e  c o n flic tin g  d a ta , 
w e ca n  o n ly  c a lc u la te  a m a x im u m  sta b ility  for R e 2C>6 gas.

V a lu e s  c a lc u la te d  for th e  h e a t o f  fo rm a tio n  o f  R e 0 3  

fro m  d a ta  o f  th ree  d iffe re n t in v estig a tio n s  are lis te d  in  
T a b le  V . A l l  v a lu e s  are c a lc u la te d  w ith  th e  a ssu m p tio n  
th a t  th e  free en erg y  fu n c tio n s  for R e 0 3 gas are th e  sa m e  
as J A N A F  free en ergy  fu n c tio n s  for W 0 3 . In  a d d itio n  to  
th e  re su lts  o f  N o r m a n , et al.,G a n d  o f th e  p resen t in v e st i
g a tio n , a v a lu e  c a lc u la te d  b y  F ra n k lin  a n d  S tic k n e y 16

fro m  m e a su r e m e n ts  b y  W e b e r , F u s y , a n d  C a s s u to 17 ’18 o f  
th e  ra te  o f  re a ctio n  o f  0 2 w ith  r h e n iu m  m e ta l  to  fo rm  
R e O .3 ga s is in c lu d e d . T h e  a ssu m p tio n  n e ce ssa ry  to  o b ta in  
th e r m o d y n a m ic  d a ta  b y  th e ir  m e th o d  is e q u iv a le n t to  th a t  
u sed  to  c a lc u la te  th e r m o d y n a m ic  d a ta  fro m  ra tes  o f  v a p o r 
iz a tio n  d e te r m in e d  b y  th e  L a n g m u ir  m e th o d 19 (th a t  c o m 
p le te  e q u ilib r iu m  is m a in ta in e d  b e tw ee n  th e  b u lk  so lid  a n d  
m o le c u le s  a d so rb e d  on  th e  so lid  su r fa c e ) . T h e  c a lc u la te d  
v a lu e  o f  th e  h e a t  o f  fo rm a tio n  o f  R e 0 3 fro m  th e  k in e tic  
d a ta  is th erefore  a lim itin g  v a lu e  w h ich  (n e g le c tin g  e x p e r 

im e n ta l error) c a n n o t b e  m o re  n e g a tiv e  th a n  th e  tru e  h e a t  
o f fo r m a tio n , b u t  m a y  b e  m o re  p o sit iv e  b y  an  a m o u n t  th a t  
ca n  o n ly  b e  d ete r m in e d  b y  co m p a riso n  w ith  e q u ilib r iu m  
d a ta . T h e  lis te d  u n c e rta in tie s  fro m  our m e a s u r e m e n ts  are  
th o se  w e w o u ld  u su a lly  assign  fro m  ex p erie n ce  w ith  th e  
a p p a r a tu s  w ith o u t co n sid era tio n  o f  u n c e r ta in tie s  in  p a r t i
tion  fu n c tio n s . F or th e  k in etic  d a ta , th e  u n c e r ta in ty  w as  
e s tim a te d  b y  F ra n k lin  a n d  S tic k n e y .

T h e  th ir d -la w  c a lc u la tio n s  o f  T a b le  V  assig n  th e  v a lu e  
u n ity  to  th e  e lectro n ic  p a rtitio n  fu n c tio n  fo r  R e 0 3(g ) . 
T h is  is a m in im u m  e stim a te d  v a lu e . T h e  a c tu a l e le ctro n ic  
p a rtitio n  fu n c tio n  m a y  co n tr ib u te  th e  e q u iv a le n t o f  se v e r
al e n tro p y  u n its  to  th e  to ta l p a r titio n  fu n c tio n . A n  u n d e r 
e s tim a te  o f  th e  e lectro n ic  p a rtitio n  fu n c tio n , fo r  e x a m p le , 
b y  th e  e q u iv a le n t o f  3 eu  w ou ld  m a k e  th e  c a lc u la te d  
th ir d -la w  h ea ts  o f  fo rm a tio n  o f  th e  p re sen t s tu d y  to o  n e g 
a tiv e  b y  a b o u t 3 .6  k c a l a n d  th e  lim it in g  v a lu e  c a lc u la te d  
fro m  th e  k in e tic  m e a su r e m e n ts  a t  m u c h  h ig h er te m p e r a 
tu re to o  n e g a tiv e  b y  a b o u t 7 k c a l. In  lig h t o f  th is  u n c e r 
ta in ty  in v a lu e  for th e  p a rtitio n  fu n c tio n , w e p la c e  p r in c i
p a l re lia n c e  on  th e  tw o  c lo se ly  ag reein g  se c o n d -la w  m e a 

su rem e n ts  o f  th is  s tu d y  a n d  re c o m m e n d  - 6 8  ±  5 k c a l as a 
v a lu e  for th e  h e a t  o f  fo rm a tio n  o f  R e 0 3 gas a t  2 9 8 ° K . T h e  
q u o te d  u n c e r ta in ty  in d ic a te s  ou r 9 0 %  co n fid e n c e  lim it .

T h e  p a rtitio n  fu n c tio n  a ssu m e d  for R e 2C>6 gas m a y  b e  
low  for th e  rea son  ju s t  d iscu ssed  for R e 0 3 . O n  th e  oth er  
h a n d , th e  se c o n d -la w  h e a t o f  fo rm a tio n  for R e 20 6  ga s re 
p orted  in T a b le  V  d ep e n d s  on  co rrection s o f  o b serv e d  in 
te n sities  o f  th e  R e 20 6 + for th e  c o n tr ib u tio n  p re su m e d  to  
arise fro m  fra g m e n ta tio n  o f  R e 2 0 7 . U n c e r ta in tie s  in  b o th  
c a lc u la tio n s  are h ig h , a n d  a lim itin g  v a lu e  o f  A T /298 >  
- 2 1 2  ±  2 0  k ca l is re c o m m e n d e d .

T h e  m e a su r e m e n ts  o f  w eig h t losses for d irh e n iu m  h e p -  
to x id e  m a k e  it p o ss ib le  to  e s tim a te  th e  h e a t o f  th e  r e a c 
tio n  R e 20 7(s) =  2 R e O s (s )  +  % 0 2(g ) ( T a b le  V I ) . T h e  
w eig h t loss e x p e r im e n ts  e sta b lish  th e  m in im u m  o x y g en  
c o n te n t o f  so lid  d irh e n iu m  h e p to x id e  as a b o u t  R e 20 6 .9 7  

w h en  in  e q u ilib r iu m  w ith  th e  R e 0 3 so lid  p h a se  a t  
~ 4 0 0 ° K .  I f  R e 2C>6 .c7 w ere th e  a c tu a l c o m p o sitio n , th e  0 2 
d isso c ia tio n  p ressu re w ou ld  h av e  to  be  n e g lig ib le  a n d  th e  
h e a t o f  th e  in v a r ia n t d isso c ia tio n  re a ctio n  very  h ig h . T h e  
h e a t is c a lc u la te d  to  b e  13 k c a l w h en  th e  p h a se  b o u n d a ry  
for th e  d irh e n iu m  h e p to x id e  p h a se  is a ssu m e d  to  b e  a t  th e  
sto ic h io m e tr ic  c o m p o sitio n . T h e  h e a ts  o f  fo rm a tio n s  m e a 
su red  b y  K in g , et cl.,20 are p r o b a b ly  m o s t  n e a r ly  correct  
a n d  th e  o x y g e n -d e fic ie n t p h a se  b o u n d a ry  for d irh e n iu m  
h e p to x id e  a t  4 0 0 ° K  p r o b a b ly  lies a t  R e 20 6 .98 ±  0 .02.

(16) J. E. Franklin and R. E. Stickney, High Tem p. S ci., 3, 401 (1971).
(17) B. Weber, J. Fusy, and A. Cassuto, P roc . Inter. C onf. M a ss  S p e c -  

tr o s c ., K yoto , 1969, (1970).
(18) B. Weber and A. Cassuto, J. C h em . P hys., 6 8 , 29 (1971).
(19) A. W. Searcy in “Chemical and Mechanical Behavior of Inorganic 

Materials,” A. W. Searcy, D. V. Ragone, and U. Colombo, Ed., 
Wiley-lnterscience, New York, N. Y., 1970, p 66  and Chapter 6 .

(20) E. G. King, D. W. Richardson, and R. V. Mrazek, U. S. Bur. M in es, 
R ep . In vest, No. 7323 (1969).
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T h e  q u a n tu m  y ie ld s  o f  I 2 re m o v a l re su ltin g  fro m  1 8 5 -n m  a b so r p tio n  b y  I2 in  th e  p resen ce  o f  H 2, CH4, 
CH 3F, CF3H, CF4, CH3CI, a n d  0 2 a t  100  T o r r  are 0 . 1 2 , 0 .3 0 , 0 .2 0 , 0 .0 7 , 0 .0 0 2 , 0 .4 , a n d  0 .1 2 , resp ec tiv e ly . 
A s  rep orted  earlier , th e  e n erg etic s  p rec lu d e  a re a c tio n  m e c h a n is m  in v o lv in g  I  a to m s . T h e  e ffe c t  o f  0 2 

sc a v e n g e r  on  CH3I fo rm a tio n  in th e  rea ctio n  w ith  CH4 is co n siste n t w ith  a  co n ce rted  o n e -s te p  m e c h a 
n ism  ra th e r th a n  a p h o to se n s itiz e d  d e c o m p o sit io n  fo llo w ed  b y  ra d ic a l re a c tio n  w ith  I 2. P ressu re  e ffe c ts  in  
th e  CH3F a n d  CF3H s y s te m s  a lso  su p p o rt a co n ce rted  re a ctio n  for m o n o io d id e  fo r m a tio n . D iio d id e  fo r 

m a tio n  o b serv ed  fro m  CH3F a n d  CF3H ap p ea rs  to  re su lt fro m  a n  I2* p h o to se n s itiz e d  HF e lim in a tio n  fo l
lo w ed  b y  c o m b in a tio n  o f  th e  m e th y le n ic  ra d ic a l w ith  I2. A b s o r p tio n  o f  1 8 5 -n m  ra d ia tio n  b y  I 2 in  p o ly 
c ry sta llin e  C2H6 a t 7 7 ° K  p ro d u c es  tr a p p e d  C 2H5 r a d ic a ls , w ith  low  q u a n tu m  y ie ld .

Introduction

E x c ite d  I2 m o le c u le s  (I2* )  p ro d u c ed  b y  1 8 5 -n m  ra d ia 
tion  in th e  p resen ce  o f  H 2 or h y d ro ca rb o n s lea d  to  io did e  
fo r m a tio n .3 ’ 4 T h e  e n erg etic s  p re c lu d e  re a c tio n  b y  an  io 
d in e a to m  m e c h a n is m 3 a n d  it  h a s  b e e n  sh ow n  th a t  th e  
p ressu re m u s t  b e  grea t e n o u g h  so  th a t  th e  e x c ite d  m o le 
cu les d o  n o t lose  th e ir  en ergy  b y  flu o rescen ce  b efo re  th e  
first c o llis io n .4 P o ss ib le  m e c h a n is m s  for  th e se  rea ctio n s  
are ( 1 ) a p h o to se n s itiz e d  d e c o m p o sit io n  o f  th e  re a c ta n t  
(I2*  +  R H  *  R  +  H  +  I 2), fo llo w ed  b y  re a ctio n  o f  th e  
ra d ica ls  w ith  I2 ( R  +  I 2 —  R I  +  I ; H  +  I 2 —  H I  +  I ) ;  (2 )  
p ro d u c tio n  o f  io d id e s  in  on e  s te p  (I2*  +  R H  — R I +  H I ) .  
W e  h a v e  so u g h t to  d e te r m in e  w h ic h  m e c h a n is m  p r e d o m i
n a tes  b y  (a ) o b serv in g  w h eth er 0 2 is as  e ffec tiv e  a s c a v e n 
ger as w o u ld  b e  e x p e c te d  for th e  fre e -ra d ic a l m e c h a n is m ; 
(b ) n o tin g  p ro d u c ts  w h ich  in d ic a te  H F  e lim in a tio n  from  
p h o to se n sitiz e d  C H 3F  a n d  C F 3H  m o le c u le s ; (c ) seek in g  
ev id e n c e  for rea ctio n s o f  th e  ty p e  H  +  D 2 —► H D  +  D  
w h ich  w ou ld  o c c u r  if  h o t H  a to m s  w ere p ro d u c ed  in  th e  
p resen ce  o f  D 2 b y  m e c h a n is m  1. In  a d d itio n , n ew  v a lu es  
for th e  q u a n tu m  y ie ld s  o f  th e  rea ctio n s o f  I 2*  w ith  H 2 a n d  
C H 4 h a v e  b een  o b ta in e d  a n d  re a ctio n s o f  I 2*  w ith  C H 3C1, 
C F 4, 0 2, a n d  p o ly  cry sta llin e  C 2H 6 are rep o rted .

Experimental Section

T h e  rea g en ts  u se d  w ere H 2 a n d  C H 4, M a th e s o n  R e 

search  g ra d e ; C D 4, M e r c k  S h a r p  a n d  D o h m e ; a ll oth er  
gases, M a th e s o n  lectu re  b o tt le ; I 2 , B a k e r  A R  re su b lim e d

in vacuo, or p ro d u c ed  on  th e  v a c u u m  lin e  b y  o x id a tio n  o f  
K I w i t h  K 2C r 20 7 .

C y lin d r ic a l S u p r a sil ce lls  10  c m  lon g, 28  m m  i .d . w ith  
fla t en d  w in d o w s, a n d  f itte d  w ith  D e lm a r  grease less s to p 
co ck s th ro u g h  a s id e  a rm  w ere u se d  in  c o n ju n c tio n  w ith  
tw o  H a n o v ia  S C 2 5 3 7  la m p s , on e  d ire c ted  a t  e a c h  face  o f  
th e  c e ll. y -Ir r a d ia te d  L iF  c ry sta ls  w ere p o sit io n e d  b etw een  
th e  la m p s  an d  th e  ce ll w h en  it w a s d esired  to  e lim in a te  th e  
2 5 4 -n m  lin e . L ig h t  in te n sit ie s , d e te r m in e d  u sin g  H B r  ac ti- 
n o m e tr y , 5 ’ 6 w ere ty p ic a lly  1 0 14  p h o to n s  a b so r b e d  s e c - 1  a t  
185 n m , w h en  u sin g  th e  L iF  filte r s . S o m e tim e s  th e se  cells  
w ere e x p o se d  in a h e lic a l lo w -p re ssu re  H g  la m p , d esc rib ed  
p re v io u sly , g iv in g  an  a b so rb ed  1 8 5 -n m  in te n s ity  o f  ca. 10 17  

p h o to n s  s e c - 1 . S o m e  p h o to ly se s  w ere p e r fo rm e d  in 8  m m  
i .d . S u p r a sil te s t  tu b e s , w ith  grea se less  s to p c o c k s , u sin g  
th e  h e lic a l la m p  w ith  an  o zo n e  filter  to  re m o v e  2 5 4 -n m  ra 
d ia t io n .7 T h e  a b so r b e d  1 8 5 -n m  in te n s ity  w ith  th is  sy s te m  
w as ca. 4  X  10 16  p h o to n s  s e c - 1 .

(1) This work has been supported in part by the U. S. Atomic Energy 
Commission under Confact No. AT(11-1)-1715 and by the W. F. 
Vilas Trust of the University of Wisconsin.

(2) Further details are given in the Ph.D. thesis of L. C. Glasgow, Uni
versity of Wisconsin, 1971.

(3) G. M. Harris and J. E. Willard, J. A m er . C h em . S o c . . 76, 4678 
(1954).

(4) (a) T. A. Gover and J. E. Willard, J. A m er . C h em . S o c .. 82, 3816 
(1960); (b) T. A. Gover, Ph.D. Thesis, University of Wisconsin, 
1960.

(5) (a) R. A. Pass, J. Phys. C h em ., 74, 984 (1970); (b) R. A. Fass, 
Ph.D. Thesis, University of Wisconsin, 1969.

(6 ) R. M. Martin and J. E. Willard, J. C h em . P h ys ., 40, 2999 (1964).
(7) L. C. Glasgow and J. E. Willard, J. Phys. C h em ., 74, 4290 (1970).
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WAVELENGTH (NMJ

Figure 1. Absorption spectrum of 10 cm of 0.2 Torr l2 recorded 
with an N2-purged Cary 15 spectrophotometer, set at a band
width of c a . 0.1 nm and using a hydrogen discharge source. The 
labeling of the abscissa is the nominal spectrophotometer scale. 
The exact position of the 185-nm line, indicated on the spec
trum, was determined using a low-pressure Hg arc.

R e a c tio n  m ix tu res  w ere p rep a red  u sin g  sta n d a rd  v a c u 
u m  te c h n iq u e s . T h e  ra te  o f  d isa p p ea ra n c e  o f  I2 w a s d eter 
m in e d  fro m  th e  d ecrease  o f  o p tic a l d e n sity  a t  5 0 0  n m  
[e(l2) =  5 7 8  M _ 1  c m “ 1 ]8 d u rin g  p h o to ly sis  a n d  th e  fo r m a 
tio n  o f CH3I b y  th e  in crease a t  201  n m  [« (C H s I )  =  1 .5  x 
10* M “ 1  c m “ 1] .51* T h e  e x tin c tio n  c o effic ie n t o f  HI a t 201  
n m  is ca. 10 3 sm a lle r  th a n  th a t  o f  CH3I.

T h e  a b so rp tio n  sp e c tru m  o f I2 in  th e  region  o f  185 n m  is 
sh ow n  in F igu re 1. T h e  e x tin c tio n  co effic ie n t o f  I 2 [cCb)] 
a t 185 n m  w as m e a su red  fro m  0.3 to  0.03 T o rr  u sin g  a 
p la tin u m  c a th o d e  p h o to tu b e ,3'4b w h ich  is in sen sitiv e  
ab o v e  230 n m , a n d  a lso  u sin g  an  N 2-flu sh e d  C a ry  15 sp e c 
tr o p h o to m e te r , w ith  th e  co n ce n tra tio n s d e te r m in e d  b y  th e  
a b so rp tio n  a t  500 n m .2 In  e a ch  ca se  th e  ra d ia tio n  source  
w as a low -p ressu re  H g  la m p . H I2 ) w as 5 X 103 M “ 1 c m - 1  

a t 0.3 T o rr  o f  I2 a n d  in crea sed  to  1.2 x 104 M “ 1 c m - 1  at 
0.03 T o r r . A t  a c o n sta n t I 2 p ressu re  o f  0.2 T o r r , a d d itio n  
o f  100-400 T o rr  o f  foreign  ga s in creases c (I2) to  a m a x i
m u m  o f  ca. 2.2 X  104 M - 1  c m - 1  in re a so n a b le  ag ree

m e n t w ith  p revio u s d e te r m in a tio n s .4 9 ' 10 T h e  ca u se  o f  th e  
in crease in { (H )  at 185 n m  w ith  d ec re a sin g  p ressu re  is n o t  
k n ow n .

Results

Reaction of I2* with CHi. T h e  d a ta  o f  T a b le s  I - V  in d i
ca te  th a t ( 1 ) th e  q u a n tu m  y ie ld  for I 2 c o n su m p tio n  an d  
C H 3I p ro d u c tio n  in m ix tu r e s  o f  0 .2  T o rr  o f  I2 a n d  1 5 0 -2 0 0  
T o rr  o f  C H 4 ex p o sed  to  1 8 5 -n m  ra d ia tio n  are b o th  0 .3 2  ±  
0 .0 3  (T a b le  I ) ; (2 )  th e  q u a n tu m  y ie ld  is in d e p e n d e n t o f  
te m p e ra tu re  fro m  25 to  140 ° (T a b le  V )  a n d  o f  I 2 p ressu re  
from  0 .1 1  to  0 .5 1  T o rr  ( T a b le  I I ) ; th e  y ie ld  d ecreases w ith  
in crea sin g  A r /C H 4 ra tio  a t  a c o n sta n t to ta l p ressu re  o f  700  
T o rr ( T a b le  I II ) ; o x y g en  is a p p ro x im a te ly  th ree  tim e s  
m ore e ffec tiv e  th a n  A r  or N 2 in  re d u cin g  th e  y ie ld  (T a b le
I V ) .

T h e  c o n sta n c y  o f  rfiCHsl) in  th e  e x p e r im e n ts  o f  T a b le  
II, w here th e  in itia l o p tic a l d e n sity  va ried  fro m  1 . 6  to  8 .2  

an d  th e  p a th  len g th  for 9 0 %  a b so rp tio n  va ried  fro m  1 .2  to  
6 .0  c m , in d ic a te s  th a t  th e  s te a d y -s ta te  c o n c e n tra tio n  o f  
re a ctio n  in te r m e d ia te s  d oes n o t a ffe c t  th e  y ie ld . C o n s is 
te n t  w ith  th is  c o n c lu sio n , th e  q u a n tu m  y ie ld  w as a lso  u n 
ch a n g e d  b y  a fiv e fo ld  v a ria tio n  in  la m p  in te n sity .

TABLE I: Quantum Yields of l2 Disappearance and CH3I 
Formation“ in the l2 *-C H 4 Reaction

c h 4,
Torr 0 (-b )

h
converted,

% Filter

150 0.29 ± 0.03 2 0 LIF
200 0.30 2 0 LIF
148 0.29 3 5 LiF
219 0.30 50 None

0<CH3l)6

200 0.32 ± 0.05 0.5 None
150 0.31 0.5 None
200 0.33 0.5 None

a Initial pressure of 2 =  ca. 0.2 Torr. 6 The high extinction coefficient 
of CH3 I at X 201 nm allowed the use of low conversions. The error limits 
represent uncertainty ir the absolute value of the coefficient.58

TABLE II: Effect of l2 Pressure on the CH3 I Quantum Yield in 
the CH4 - I 2* System at 40°

hr
Torr

%
converted

CH„,
Torr 0(CH3l)

0 . 1 1 5 156 0.30 ± 0.05
0 . 2 2 3 150 0.31 ± 0.05
0.30 2 148 0.33 ± 0.05
0.51 1 153 0.35 ± 0.05

TABLE III: Effect of Ar/CH 4 Ratio on Quantum Yield of l2 

Disappearance by Reaction with CH4°

Rate, Relative
c h 4, Ar, M  min- 1 quantum
Torr Torr X 107 yield

700 0 4.8 1
410 290 4.6 0.96
175 525 4.0 0.83
100 600 3.2 0.67

a Initial l2 pressure = 0.2 Torr.

TABLE IV: Quantum Y ields of CH3 I Formation by Reaction of
l2* with CH4 in the Presence of Foreign Gases

Additive, c h 4, I 2. Quantum
Gas Torr Torr Torr yield

Oxygen 365 104 0.24 0.05
Argon 389 104 0.22 0.19
Nitrogen 341 112 0.26 0.14
Control 0 400 0.21 0.32

Reaction of 12* with H2. T h e  q u a n tu m  y ie ld  o f  I2 d is a p 
p ea ra n ce  a t  185  n m  in I2- H 2 or I2- D 2 m ix tu r e s , d e te r 

m in e d  in  th is  w ork , is 0 .1 2  (T a b le  V I ) . A s  w ith  I2- C H 4 

m ix tu res  it  is in d e p e n d e n t o f  p ressu re  ( 1 0 0 -2 5 0  T o r r ) , I2 

co n c e n tra tio n , a n d  ra d ia tio n  in te n sity . W h e n  th e  2 5 4 -n m  
line  o f  th e  lo w -p ressu re  H g  arcs is a llo w e d  to  en te r  th e  
ce ll, b y  re m o v a l o f  th e  L iF  filters , th e  q u a n tu m  y ie ld  c a l 
c u la te d  on  th e  b a sis  o f  1 8 5 -n m  ra d ia tio n  a b so rb ed  d o es  
n ot ch a n g e , sin ce  H I  p h o to ly z e d  a t  2 5 4  n m  ca n  o n ly  re 
tu rn  to  H I .

(8 ) R. L. Strong, Ph.D. Thesis, University of Wisconsin, 1954.
(9) R. M. Martin and B. J. Huebert, J. P hys. C h em ., 72, 3046 (1968).

(10) L. M. Julien and W. B. Person, J. Phys. C h em ., 72, 3059 (1968).
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TABLE V: Effect of Temperature on the Quantum Yield of CH3I 
Formation by Reaction of 12 * with CH4a

T, °C 0(CH 3l) T, °C 0(C H 3l)

25 0.30 ± 0.05 65 0.27
40 0.35 85 0.27
55 0.30 140 0.29

a 200 Torr of CH4 measured at 25° was used in each experiment with a 
mole ratio of I2 /C H 4 of 3.4 X  10-3 . In the 25° experiment solid l2 was 
present, leaving an I2 /C H 4 ratio in the vapor of 1.5 x  10-3 .

TABLE VI: Quantum Yield of l2 Disappearance in the 
l2 * -H 2 Reaction0

I2
Pressure, Quantum converted.

Reactant Torr yield % Filter

d 2 1 0 0 0.113 ± 0.01 35 LiF
d 2 1 0 0 0.113 25 U F
h 2 250 0.126 50 LiF
h 2 100 0.127 40 LiF
h 2 125 0.124 20 LiF
h 2 119 0.123 40 None
h 2 100 0.122 50 None

0 l2 initial pressure ca. 0.2 Torr.

Reaction of I2* with CH3CI, CH3F, CF3H, and CF4. 
T h e  v a lu e s  fo u n d  for <t>(—12) d u rin g  irra d ia tio n  o f  m ix tu res  
o f  0 .2  T o rr  o f  I2 a n d  150  T o r r  o f  C H 3C1, C H 3F , C F 3H , or  
C F *  a t 185  n m  are 0 .4  ±  0 .1 , 0 .2 1  ±  0 .0 3 , 0 .0 7  ±  0 .0 2 , an d  
0 .0 0 2  ±  0 .0 0 1 , r e sp e c tiv e ly . W it h  a ll o f  th e se  c o m p o u n d s  
an d  a lso  w ith  C H 4 , an  o p tic a l a b so rp tio n  p e a k , a t tr ib u t
ab le  to  th e  m o n o io d id e  w ith  a  m a x im u m  b e tw ee n  2 5 8  a n d  
273  n m  grew  d u rin g  p h o to ly s is  (F ig u res  2 - 6 ) .  W it h  C H 3F  
a n d  C F 3H , b u t  n o t  w ith  th e  o th er  c o m p o u n d s , an  a d d i
tio n a l p e a k  w ith  X max b e tw e e n  2 8 9  a n d  3 0 0  n m , a t tr ib u t 
a b le  to  th e  d iio d id e , grew  co n cu rre n tly . T h e  q u a n tu m  
y ie ld  o f  th e  m o n o io d id e  in cre a se d  b y  a b o u t  2 5 %  w h en  th e  
flu o ro ca rb o n  p ressu re w a s in crea sed  fro m  100  to  7 0 0  T o rr , 
b u t th e  y ie ld  o f  th e  d iio d id e  w as u n a ffe c te d  w ith  b o th  
C H 3F  a n d  C F 3H . F r o m  th e  e x tin c tio n  c o effic ie n ts3 ’ 1 1 ’12  o f  
th e p ro d u c ts  o f  th e  I 2* - C H 3F  re a c tio n  ( T a b le  V H ) a n d  th e  
d a ta  o f F igu re  3 , it  m a y  b e  e s tim a te d  th a t  ca. 2 0 %  o f  th e  
rea ctiv e  e v e n ts  b e tw e e n  I2* a n d  C H 3F  are o f  th e  ty p e  I 2*  
+  C H 3F  —  C H 3F *  +  I2 ; C H 3F *  —  C H 2 +  H F .

T h e  d a ta  o f  F igu res 2 - 6  w ere o b ta in e d  u sin g  28  m m  i .d . 
1 0 -c m  lo n g  S u p ra sil ce lls  e x p o se d  in  th e  h elix  la m p . T h e  
pressure o f  th e  m e th y l h a lid e  w as ca. 100  T o rr  in e a ch  ca se . 
T h a t  o f  th e  I 2 w as th e  v a p o r  p ressu re  o f  th e  so lid  a t  th e  
te m p e ra tu re  o f  ca. 4 0 °  in d u c e d  b y  th e  la m p , i.e., ca. 1  T o n - 
C o n tin u e d  p h o to ly s is  o f  th e  C H 3F  a n d  C F 3H  sa m p le s  a fter  
all th e  I2 w as u sed  u p  led  to  a d ec rea se  in th e  d iio d id e  p ea k  
a n d  e sse n tia lly  n o  c h a n g e  in  th e  m o n o io d id e  p ea k .

Reaction of I2* with 0 2. P ressu res o f  0 .2 5  T o r r  o f  I 2 

m ix e d  w ith  1 0 0 -5 0 0  T o r r  o f  0 2 w ere p h o to ly z e d  in th e  28  
m m  i .d . 1 0 -c m  lo n g  c y lin d ric a l S u p r a sil ce ll w ith  th e  u n 
filtered  lig h t o f  th e  tw o  lo w -p re ssu re  H g  arcs, one d ire cted  
a t e a c h  fa c e , d e liv er in g  a to ta l in te n s ity  o f  7 .7  x  10 14  p h o 
to n s s e c - 1  o f  1 8 5 -n m  ra d ia tio n , w h ich  w a s  e sse n tia lly  all 
a b so rb ed . A  p a le  y e llo w  so lid  w ith  a  p o w d e r -lik e  te x tu re  
w as d e p o site d  in  a tr ia n g u la r  p a tte r n  on  th e  b o tto m  o f  th e  
cell a t  e a c h  en d  w ith  th e  b a se  o f  th e  tr ia n g le  to w a rd  th e  
cell w in d o w . W h e n  th e  cell w a s h e a te d  a fter  p u m p in g  o ff  
th e  ga seo u s 0 2 th e  so lid  d e c o m p o se d  reg en era tin g  I 2 . T h e  
d ep osit d isso lv e d  r e a d ily  in  w a ter y ie ld in g  a so lu tio n  acid  
to  litm u s .

Figure 2. Spectra of l2-C H 3CI mixture after photolysis in 28 mm 
i.d. cell with helix lamp for A, 0 sec; B, 7 sec; C, 15 sec; D, 23 sec.

Figure 3. Spectra of l2-C H 3F mixture after photolysis in 28 mm 
i.d. ceil with helix lamp for A, 0 sec; B, 15 sec; C, 30 sec; D, 45 
sec.

TABLE VII: Extinction Coefficients of Products of the 
l2 *-C H 3F Reaction

Extinction coefficient, M -1 cm-1

Product 258 nm 290 nm

HI6 88 12

CH3I(CH2FI)“ ’c 380 22
CH2l2d 400 1320

“ CH2FI, if formed, is assumed to have approximately the same ex
tinction coefficient as CH3 I, since that of CF3 I (180 M ~ 1 c m - ')  is not 
greatly different. 6 Reference 1". c Reference 3. d Reference 12.

T h e  q u a n tu m  y ie ld , 0 Obsd, o f  I 2 d isa p p ea ra n c e  in  th ese  
e x p e r im e n ts  e q u a ls  th e  su m  o f  th e  q u a n tu m  y ie ld s  re su lt
in g  fro m  a b so rp tio n  o f  lig h t b y  I 2 an d  b y  0 2 a n d  m a y  be  
exp ressed  as <fobsa = <tn2 +  (4>o2 “  0i2)/o2 w here f o 2 is th e

(11) A. A. Gordus and D. A. Caughey, Abstracts of the 150th National 
Meeting of the American Chemical Society, Atlantic City, N. J., 
Sept 1965.

(12) K. Kimura and S. Nagakura, S p ec tro ch im . A cta , 17, 166 (1961).
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Figure 4. Spectra of l2-CF3H mixture after photolysis in 28 mm 
I.d. ceil with helix lamp for A, 0 min; B, 2 min; C, 4 min; D, 5 min; 
E, 6 min.

WAVELENGTH CNK/O
Figure 5. Spectra of I2-C F 4 mixture after photolysis In 28 mm i.d. 
cell with helix lamp for A, 0 min; B, 5 min; C, 20 min; D, 35 min; 
E, 50 min; F, 66 min.

fra c tio n  o f  th e  lig h t a b so rb ed  b y  O 2 . T h e  e x tin c tio n  c o e ffi

c ien t o f  I2 for th e  1 8 5 -n m  ra d ia tio n  a t  th e  to ta l p ressu res  
u sed  in th is  w ork  is 1 x  10 4,2 9 a n d  th a t  o f  O 2 is 1 .5  M " 1 
c m “ 1 .13 A  p lo t o f  q u a n tu m  y ie ld  us. fo2 g iv es  th e  line o f  
F igu re 7 , w here th e  in te r c e p t (0 .1 2 )  m a y  b e  in terp reted  as 
th e  q u a n tu m  y ie ld  w h ic h  w o u ld  b e  o b serv e d  if  th e  0 2 w as  
tra n sp a re n t a n d  a ll o f  th e  lig h t w a s a b so rb ed  b y  I2 . T h is  
w ith  th e  s lo p e  o f  th e  lin e  o f  F igu re  7 g ives 0 .5  as th e  q u a n 
tu m  y ie ld  for I 2 d isa p p ea ra n c e  as th e  re su lt o f  lig h t a b 
sorb ed  b y  0 2 . In  th e se  e x p e r im e n ts  th e  c o n su m p tio n  o f I 2 
w as k e p t s m a ll  so  th a t  fo2 d id  n o t ch a n ge  m o re  th a n  2 0 % ,  
a n d  th e  average  v a lu e  w a s u se d .

A lth o u g h  0 3 is fo rm e d  b y  th e  p h o to ly sis  o f  p u re  0 2 w ith  
a  q u a n tu m  y ie ld  o f  2,Ua n o n e  w as d e te c te d  («245 3  X  103 

A f - 1  c m ~ 1) 14b in  th e  p resen ce  o f  I2 . T h e  ra p id  re a ctio n  o f  
I2 w ith  O315 w as o b serv e d  in  th is  w ork  b y  m ix in g  a  k n ow n  
a m o u n t  o f  I2 v a p o r  w ith  a k n o w n  a m o u n t o f  O3. A p p r o x i
m a te ly  3 .7  O3 m o le c u le s  w ere c o n su m e d  for every  I 2 m o le 
cu le  p re sen t. I f  O3 fo rm a tio n  is th e  m a in  p ro cess in d u ced

WAVELENGTH CNM)
Figure 6. Spectra of I2-C H 4 mixture after photolysis in 28 mm i.d. 
cell with helix lamp for A, 0 sec; B, 10 sec; C, 20 sec; D, 30 sec.

Figure 7. Quantum yields as a function of the ratio of light ab
sorbed by O2 to the total light absorbed by 02 -F l2.

w h en  1 8 5 -n m  ra d ia tio n  is a b so rb ed  b y  O2, (/>(~h) w o u ld  
b e  0 .5 , as  o b served  (ea c h  p h o to n  p ro d u c es  tw o  O3 a n d  
each  I2 c o n su m e s  fou r O3).

Reaction of / 2*  uith Hydrocarbons at 7TK. F ree  r a d i
ca ls  ca n  b e  p ro d u c ed  in  h y d ro ca rb o n  m a tr ic e s  a t  7 7 ° K  b y  
a v a r ie ty  o f  m e a n s  in c lu d in g  p h o to se n s itiz a tio n  b y  a ro 
m a tic  so lu tes  a n d  a b stra c tio n  b y  h o t h yd ro g en  a to m s  
fo rm e d  b y  p h o to ly s is  o f  H I .16 A fte r  fo rm a tio n  th e y  are 
tr a p p e d  a n d  ca n  b e  o b serv ed  over p eriod s o f  hou rs or m ore  
b y  e lectro n  sp in  re so n a n ce . T o  d e te r m in e  w h eth er th e  
en ergy  o f  I2 e x c ited  b y  1 8 5 -n m  ra d ia tio n  in  su c h  m a tr ic e s  
is u tiliz e d  in  ra d ic a l p ro d u c tio n , w e h a v e  u se d  1 0 - 5  M  I 2 
in  p o ly c ry sta llin e  C 2H 6, in  g la ssy  3 -m e th y lp e n ta n e  ( 3 M P ) ,  
a n d  in  g la ssy  3 -e th y lp e n ta n e  ( 3 E P ) .  A fte r  1 -m in  p h o to ly 
sis o f  th e  C 2H 6 w ith  th e  u n filte re d  in te n s ity  o f  th e  h elix  
la m p , an  esr sp e c tru m  n ea rly  id e n tic a l w ith  th a t  re p o rt -

(13) K. Watanabe, E. C. Y. Inn, and M. Zelikoff, J. C h em . P h ys ., 21, 
1026(1953).

(14) (a) W. E. Vaughan and W. A. Noyes, J. A m er . C h em . S o c . , 52, 
559 (1930); (b) I. T. N. Jones and R. P. Wayne, J. C h em . P h ys ., 
51,3617 (1969).

(15) G. Brauer, Ed., "Handbuch der Präparativen Anorganischen Chem
ie,” Vol. 1, F. Enke Verlag, Stuttgart, 1960, p 301.

(16) D. J. Henderson and J. E. Willard, J. A m er . C h em . S o c . , 91, 3014 
(1969).
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ed 17a for C 2H 5 ra d ic a l p ro d u c ed  b y  p h o to ly sis  o f  C 2H 5I  in  
argon a t  4 ° K  w a s  e a sily  o b se r v a b le . T h e  q u a n tu m  y ie ld  is 
e stim a te d  to  be 1 0 “ 3 ± 1 . N o  ra d ic a ls  w ere fo u n d  a fte r  p h o 

to ly s is  o f  C 2H 6 a t  7 7 ° K  w ith o u t I2 p re se n t. L ik ew ise  n o  
ra d ica ls  w ere fo r m e d  w h en  th e  c o n c e n tra tio n  o f  I 2 w as  
1 0 “ 3 M  ra th er th a n  1 0 “  5 M, p r e s u m a b ly  b e c a u se  gross  
a g greg ation  o f  th e  I2 o c cu rre d . P h o to ly s is  o f  so lu tio n s  o f  
1 0 _  5 M  I 2 in  C 2H 6 a t  7 7 ° K  w ith  a m e d iu m  p ressu re  m e r 

cury arc w ith  a V y c o r  filter  to  re m o v e  ra d ia tio n  b e lo w  210  
n m  d id  n o t p ro d u c e  ra d ic a ls .

B y  c o n tra st w ith  C 2H 6, 3 M P  a n d  3 E P  g la sses  a t  7 7 °K  
p ro d u ce  free  ra d ica ls  w h en  p h o to ly z e d  w ith  th e  u n filte re d  
h elix  la m p 2 in  th e  a b se n c e  o f  I 2 , th e  q u a n tu m  y ie ld  for th e  
1 8 5 -n m  ra d ia tio n  a b so r b e d  b e in g  ca. 1 0 “ 2 . T h e  ra te  o f  
grow th  o f  th e  sp e c tru m  w as in creased  a b o u t th r e e fo ld  b y  
th e  p resen ce  o f  1 0 “ 5 M  I 2 , w h ich  a b so rb ed  2 0 -fo ld  m ore  
lig h t th a n  th e  3 M P .

Discussion
Quantum Yields of Reaction with H2 and CH4. T h e  

q u a n tu m  y ie ld s  o f  I2 c o n su m p tio n  b y  re a ctio n  w ith  H 2 

a n d  C H 4 fo llo w in g  e x c ita tio n  a t  1 85  n m  h a v e  p rev io u sly  
b e e n  e s tim a te d 4 to  b e  0 .0 2  a n d  0 .0 5  re la tiv e  to  an  as
sumed q u a n tu m  y ie ld  o f  u n ity  for th e  I2 ( 1 3 1 I) ex ch a n g e  
rea ctio n  w ith  C H 3I a c tiv a te d  b y  1 8 5 -n m  lig h t . H o w e v e r , 
so m e  e x p e r im e n ts  in d ic a te d  an  u n e x p e c te d ly  h ig h er y ie ld  
for th e  la tte r  p ro c e ss .4 T h e  v a lu e s  o f  0 .1 2  a n d  0 .3  fo r  th e  
rea ctio n s w ith  H 2 a n d  C H 4 (T a b le s  V I  a n d  I) o b ta in e d  in  
th e  p re sen t w ork , b a se d  on  H B r  a c tin o m e try , are in  th e  
sa m e  ra tio  as th e  o ld , a n d  a p p e a r  to  b e  a c cu ra te  w ith in  
ca. ± 1 0 % .

Mechanisms of Photosensitized Iodide Formation. T h e  
resu lts  are c o n siste n t w ith  th e  co n c lu sio n  th a t  th e  fo r m a 
tio n  o f  th e  m o n o io d id e s  w h en  I2 a b so r b s  1 8 5 -n m  ra d ia tio n  
in  th e  sy s te m s  s tu d ie d  occu rs b y  a c o n certed  rea ctio n  
(e.g., C H 4 +  I2*  —*• C H 4 I2* ;  C H 4 I 2* —* C H 3I  +  H I ) , r a th 
er th a n  a fre e -ra d ic a l re a c tio n , b u t  th a t  th e  d iio d id e s  
fo rm ed  fro m  C H 3F  a n d  C F 3H  are fo rm e d  th ro u g h  p h o to 
se n sitize d  d e c o m p o sit io n  to  ra d ic a ls  w h ic h  th e n  re a ct w ith

I 2 . T h e  f in d in g  t h a t  O 2 is o n ly  a b o u t  th ree  t im e s  m o re  e f- 
fic ie h t in  re d u c in g  th e  ra te  o f  I2 c o n su m p tio n  in th e  C H 4 

sy ste m  th a n  are A r  a n d  N 2 is ev id e n c e  a g a in st  a fre e -ra d i
ca l m e c h a n is m  for th e  m o n o io d id e  fo rm a tio n  ( T a b le  I V ) .  
O 2 d ec rea ses  th e  ra te  b y  a p p r o x im a te ly  th e  a m o u n t p r e 

d ic te d  for q u e n c h in g  on  e v ery  co llis io n  w ith  I 2* w h ile  A r  
a n d  N 2 d ec rease  it  b y  a b o u t  th e  a m o u n t e x p e c te d  for  
q u e n c h in g  on  o n e  co llis io n  o u t o f  th ree . I f  I 2 c o n su m p tio n  
in v o lv es  th e  I2 -p h o to se n s itiz e d  fo rm a tio n  o f  free ra d ica ls  

fo llo w ed  b y  th e  re a c tio n

ki
C H 3 +  I 2 C H 3I +  I

th e  I2 c o n su m p tio n  sh o u ld  b e  re d u ce d  b y  a fa c to r  o f

ko2(Po,)2/(k,J>l2 + ko2(Po2)2) = 1 / ( 1  +  fel 2Pi2/
fco2(P o 2)2 )- T a k in g  ki2/k02in  as  6 9 0  m l  m o l “ 1 in d ic a te s  
th a t  if  I2 c o n su m p tio n  w ere w h o lly  b y  a fre e -ra d ic a l  
m e c h a n is m , a re d u c tio n  b y  a fa c to r  o f  3 0 , b e lo w  th a t  d u e  
to  d e e x c ita tio n  o f  th e  I 2* , w o u ld  b e  e x p e c te d . I f, in d eed , 
th e  re a c tio n  d oes n o t in v o lv e  free ra d ic a ls , it  m u s t  p ro ceed  
th rou g h  a n  e x c ite d  c o m p le x  C H 4I 2* w h ic h  fra g m e n ts  to  
give th e  s ta b le  p r e d ic t s  C H 3I  a n d  H I .

T h e  p ro d u c tio n  o f  C H 2I2 fro m  C H 3F , a n d  o f  C F 2I 2 fro m  
C F 3H  in  a b o u t  2 0 %  o f  th e  re a c tiv e  e v e n ts , is stro n g  e v i
den ce for th e  se q u e n c e s  I 2*  +  C H 3F  ( C F 3H ) —*■ C H 3F *  
(C F 3H * )  +  I 2 ; C H 3F *  ( C F 3H * )  —  C H 2 +  H F ( C F 2 +  H F ) .

T h e  a b sen c e  o f a p ressu re  d ep e n d e n c e  o f th e  d iio d id e  
y ie ld s  argu es a g a in st fo rm a tio n  o f  th e  m e th y le n e s  b y  d e 
c o m p o sitio n  o f m e th y l h a lid e  ra d ica ls . T h e  m o n o io d id e  
y ie ld  in creases w ith  in crea sin g  pressu re , w ith  n o  a c c o m p a 

n y in g  d ecrease  in  th e  d iio d id e  y ie ld . T h is  im p lie s  a m e c h 
a n ism  su ch  as C H 3F I2* +  C H 3F  * C H 3I +  IF  +  C H 3F  to  
a c c o u n t for  th e  m o n o io d id e  y ie ld , in c o m p e titio n  w ith  d is 

so c ia tio n  o f  th e  a c tiv a te d  c o m p le x  w ith o u t c h e m ic a l re a c 
tio n .

O f  th e  c o m p o u n d s  u se d  in  th is  w ork, on ly  th e  C H 3F  an d  
C F 3H  give e v id en ce  o f  m o le c u la r  e lim in a tio n  to  fo rm  a 
m e th y le n ic  fra g m e n t (i.e., sh ow  grow th  o f  a  p ro d u c t w ith  
a b so rp tio n  in th e  2 9 0 -n m  re g io n ). T h e  m o le c u la r  e lim in a 
tio n  o f  H F  b y  C F 3H  is w ell e s ta b lish e d  in  sh o c k  tu b e  
s tu d ie s .1 8 -19  T h e  p r im a ry  p ro cess  in th e  p h o to ly sis  o f  
C H 3F  a t 147  n m  is a lso  rep o rted  to  b e  H F  e lim in a tio n .20 

A c tiv a t io n  en ergies o f  6 9 18 a n d  58  k c a l m o l “ 1 19  h av e  been  
in d ic a te d  b y  th e  sh o c k  tu b e  stu d ie s . T h e  rate  o f  co llisio n  - 
al d e a c tiv a tio n  o f  C H 3F *  a t  5 0 0  T o rr  h a s  b e e n  e s tim a te d  
as 2 X 10s s e c - 1 .21 U s in g  th e  R R K  m e th o d  a n d  a ssu m in g  
p la u sib le  c o n s ta n ts ,223'b th e  l ife t im e  w ith  re sp ec t to  d e 
c o m p o sitio n  o f C H 3F *  e x c ite d  w ith  1 00  k c a l m o l “ 1  or 
m o re ca n  b e  e s tim a te d  to  b e  1 0 _ 12 - 1 0 “ 13  se c . T h u s  th e  
e x c ited  m o le c u le s  d e c o m p o se  w ith in  a  few  v ib r a tio n  tim e s  
a n d  are n o t a ffec te d  b y  ch a n g es o f  p ressu re  in  th e  sy s te m .

Tests with CHt-CDi and H2-D 2 Mixtures. A n  I2 m o le 
cu le  w h ich  h as a b so r b e d  a 1 8 5 -n m  p h o to n  is e x c ited  b y  ca. 
154 k c a l m o l“ 1  w h ich  is ca. 50  k c a l m o l “ 1  in  e x ce ss  o f  th e  
en ergy  requ ired  for th e  re a ctio n  C H 4 +  I 2* —*• C H 3 +  H  +
I 2 . I f  th is  p h o to se n sitiz e d  d e c o m p o sit io n  occu rs, th e  H  
a to m  m a y  h av e  sufficient; k in e tic  en ergy  for th e  h o t re a c 
tio n  H  +  C D 4 —► C D 3 +  H D , or th e  C H 3 ra d ic a l m a y  h ave  
su ffic ien t v ib ra tio n a l en ergy  for th e  C H 3 +  C D 4 —«■ C H 3D  
+  C D 3 re a ctio n . P ro d u c tio n  o f  H D , C H 3D , a n d  C D 3H  in  
C H 4- C D 4 m ix tu r e s  w o u ld  b e  stron g  ev id e n c e  for th e  I2- 
p h o to se n sitiz e d  d e c o m p o sit io n  s te p . S im ila r ly , p ro d u c tio n  
o f  H D  in th e  p h o to ly s is  o f  I 2 in  H 2- D 2 m ix tu r e s  w o u ld  in 

d ic a te  th e  rea ctio n  I2*  +  H 2 ( D 2 ) —*• I 2 +  2 H ( 2 D ) .  E x p e r i
m e n ts 2 to  d e te c t  th e se  p ro d u c ts  h a v e  b e e n  in c o n c lu siv e .

Reaction in / 2 - 0 2 Mixtures. T h e  re su lts  in d ic a te  th a t  
4>(-12) for 1 8 5 -n m  ra d ia tio n  a b so r b e d  b y  I2 in  an  excess o f  
0 2 is 0 .1 2  a n d  th a t  f/>( — 12) for ra d ia tio n  a b so rb ed  b y  th e  
O 2 is 0 .5 , th e  la tte r  b e in g  c o n s is te n t w ith  a  m e c h a n is m  in 
v o lv in g  0 3 fo rm a tio n  fo llo w ed  b y  re a c tio n  o f  0 3 w ith  I 2 . 
T h e  m e c h a n is m  for re a ctio n  o f  I2* w ith  0 2 m a y  in v olve  
eith er a  d ire ct fo rm a tio n  o f  an  io d in e  ox id e  in term ed ia te  
or a n  en ergy  tra n sfe r  y ie ld in g  O  a to m s  w h ich  fo rm  0 3 

w h ich  rea cts  w ith  I 2 . T h e  m e c h a n is m  o f  re a c tio n  o f I2 

w ith  0 3 m a y  b e  s im ila r  to  th a t  p o stu la te d  for th e  rea ctio n  
o f  C I2 w ith  03.23 R e c e n t ev id e n c e  su g g ests  th a t  th e  p ro d 
u c t o f  th e  re a ctio n  o f  I 2 a n d  0 3 is a m ix tu r e  o f  I 2O 5 a n d  
I 2O 4 .24 In  a fla sh  p h o to ly sis  s tu d y  o f  I 2- O 2 m ix tu r e s , IO  
w as o b serv e d  b y  its  e m iss io n  a n d  it  w as su g g e ste d  th a t  th e

(17) (a) V. Voevodski, Radiat. C h em ., P roc . Tihany S ym p .. 1962. 118 
(1964); (b) M. Christie, P roc. R oy. S o c .. 244, 411 (1958).

(16) E. Tschuikow-Roux and J. E. Marte, J. C h em . P h ys.. 42, 2049, 
3639 (1965).

(19) A. P. Modlca and J. E. LaGraff, J. C h em . P h ys ., 44, 3375 (1966).
(20) E. Tschuikow-Roux anc S. Kodama, J. C hem . P h ys ., 50, 5297 

(1969).
(21) J. D. Alien and M. C. Flowers, Trans. F araday S o c . , 64, 3300 

(1968).
(22) (a) D. W. Placzek, B. S. Rabinowitch, G. Z. Whitten, and E. 

Tschuikow-Roux, J. C h em . P hys., 43, 4071 (1965); (b) B. S. Rabi
nowitch and D. W. Setse', Advan. P h o to ch em ., 3, 1 (1964).

(23) G. Parties, Ed., "Mellor's Modern Inorganic Chemistry," Wiley, New 
York, N. Y., 1967.

(24) K. Selti and A. Kjekshus, A cta  C h em . S ca n d ., 22, 3309 (1968).
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p ro d u c ts  are th e  re su lt  o f  a co n certed  re a ctio n  o f  tw o  2P i /2 

iodin e  a to m s  w ith  O 2 .25 In  th e  p re sen t w ork  th is  m e c h a 

n ism  is e x c lu d e d  b e c a u se  o f  th e  im p r o b a b ility  o f  th e  re 

q u ired  th r e e -b o d y  co llis io n  in v o lv in g  tw o  2P i /2 a to m s  p rior  
to  th e ir  d e e x c ita tio n .2 '26

Photolysis of h  in Matrices. T h e  p ro d u c tio n  o f  e th y l  
ra d ic a ls  b y  1 8 5 -n m  irra d ia tio n  o f  I 2 in C 2H 6 a t  7 7 ° K  m a y  
in d ic a te  th a t  a p h o to se n sitiz e d  d e c o m p o sit io n  o f  th e  C 2H 6 

m a tr ix  is occu rrin g . H o w e v e r , it  is n o t p o ssib le  to  c o m 
p le te ly  ru le  o u t a b stra c tio n  b y  I ( 2P i / 2) a to m s , w h ose  i m 

p o rta n c e  in  th is  sy s te m  is n o t k n o w n . In  th e  ga s p h a se , 
I ( 2P 1 /2 ) a to m s  h a v e  b e e n  o b serv ed  to  a b str a c t h y d ro g e n  
fro m  C 2H 6 w ith  low  q u a n tu m  y ie ld .27 T h e  fa c t  th a t  r a d i
ca ls  are n o t o b serv e d  fo llo w in g  irra d ia tio n  o f  th e  I 2- C 2H 6 

sy ste m  a t 7 7 ° K  w ith  v is ib le  lig h t a rgu es a g a in st  th e  
I ( 2P 1 /2 ) a b stra c tio n  m e c h a n is m  in ou r ca se .

(25) R. A. Dune and R. A. Ramsay, Can. J. P hys., 36, 35 (1958).
(26) G. Burns and R. G. W. Norrish, P roc . R oy. S o c . , Sec. A, 271, 289 

(1963).
(27) A. B. Callear and J. Wilson, Trans. F araday S o c . , 63, 1358, 1983 

(1967).
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13C c h e m ic a l sh ifts  w ere o b ta in e d  for 15 c o m p o u n d s  o f  th e  X C H 2C H 2Y  ty p e . T o g e th e r  w ith  p re v io u sly  
rep orted  d a ta  on  su b sta n c e s  o f  th is  ty p e , a to ta l o f  69  c o m p o u n d s  w ere co n sid ered  in te rm s  o f  a s im p le  
a d d itiv ity  m o d e l, via a  lin ear regression  a n a ly sis . A s id e  fro m  th e  stru ctu ral grou ps I  a n d  C = C H ,  th e  p re 
d ic tio n s  o f  th e  a d d itiv ity  m o d e l are w ith in  a b o u t  1 .8  p p m  o f  e x p e r im e n ta l d a ta , in c lu d in g  tr im e th y la m -  
m o n iu m  sp ec ies , su ch  as a c ety lc h o lin e .

Introduction

A d d it iv ity  re la tio n sh ip s  for 13C  c h e m ic a l sh ifts  h ave  
p la y e d  an  im p o r ta n t p a r t  in  th e  d e v e lo p m e n t o f  13C  
n m r .2' 10 T h e y  h av e  serv ed  to  h e lp  e s ta b lish  th e  general 
c h a ra cteristics  o f  13C c h e m ic a l sh ifts , as  a id s in  m a k in g  
p e a k  a ss ig n m e n ts  a n d  as gu id e lin es for th e o re tic a l in ter 
p re ta tio n s  o f  13C  c h e m ic a l sh ifts .

A  recen t p a p e r  fro m  th is  la b o ra to r y 10 w as co n cern ed  
w ith  e sta b lish in g  th e  sco p e  o f  a d d itiv ity  o f  13C  c h e m ic a l  
sh ifts  in  1 ,2 -d is u b s titu te d  e th a n es . In  th a t  p a p e r , 13C  
c h e m ic a l sh ifts  th a t w ere d eterm in e d  on 5 4  c o m p o u n d s  o f  
th e  ty p e  X C H 2C H 2Y  w ere a n a ly z e d  in  te rm s o f  an  a d d iti 
v ity  m o d e l w ith  ch a ra cte ristic  a- a n d  /3 -su b stitu e n t e ffec ts  
a ssig n ed  to  e a ch  grou p  X  a n d  Y .  T h e  p resen t n o te  reports  
on an  ex te n sio n  o f  th a t  w ork, d esig n ed  to  exp lore  th e  p o s 
sib le  origins o f  certa in  ca ses o f  large d e v ia tio n s  fro m  s im 
p le  a d d itiv ity  re la tio n sh ip s  a n d  to  in c lu d e  tw o  a d d itio n a l  
su b stitu e n ts  a n d  so m e  a d d itio n a l te s t  ca ses o f  th e  p re 
v io u sly  rep orted  a d d itiv ity  p a ra m e te rs .

Experimental Section

Measurements. A l l  n ew  d a ta  rep orted  here w ere o b 
ta in e d  in th e  p u lse -F o u rie r -tr a n sfo r m  m o d e  a t  2 2 .6  M H z ,  
u sin g  a D ig ila b  F T S / N M R - 3  d a ta  sy s te m  a n d  4 0 0 -S  p u lse  
u n it in terfa ced  w ith  a B ro k er  H F X -9 0  sp e c tro m e te r . B o th  
co h ere n t a n d  p se u d o -ra n d o m -n o ise  p ro ton  d ec o u p lin g  
w ere e m p lo y e d . U n le ss  sa m p le  v o la tility  requ ired  p robe  
co o lin g , th e  sa m p le  te m p e ra tu re  w a s ty p ic a lly  3 8 ° , an d  
th e  sa m p le s  w ere n e a t liq u id s  c o n ta in in g  1 0 %  cy clo h e x a n e  
as a n  in tern al s ta n d a rd  (fa r  less c y c lo h e x a n e  c o u ld  have  
b e e n  u se d , b u t  th is  co n ce n tra tio n  w as ch o sen  for co n sis 
te n c y  w ith  th e  earlier w ork 10).

Materials. A ll  c o m p o u n d s  e x c e p t 4 -m e th o x y b u ta n -2 -  
o n e , !V ,lV ,lV -tr im e t_ iy l-2 -c y a n o e th y la m m o n iu m  io d id e , a n d  
th e  d e u te r iu m  co n ta in in g  c o m p o u n d s  w ere o b ta in e d  fro m  
c o m m e rc ia l m a n u fa c tu re rs , an d  w ere u se d  as o b ta in e d ,  
u n less  oth erw ise  sp e c ifie d . T h e  c o m m e rc ia l sou rces w ere  
th e  fo llo w in g : E a s tm a n  1 ,2 -d ic h lo r o e th a n e , n -p r o p y l a c e 
ta te , 2 -c h lo ro eth y l a c e ta te , 2 -b ro m o e th y l a c e ta te , 2 -p h e n -  
e th y l a c e ta te , 2 -m e th o x y e th y l a c e ta te , 2 -h y d r o x y e th y l a c 
e ta te  (r e d is tille d ), _Y ,A 3 ,A f-tr im e th y l-2 -b ro m o e th y la m m o n i-  
u m  b r o m id e , N,N. N - t r i m e t h y l -2 -h y d r o x y e th y la m m o n iu m  

ch lo rid e , a n d  A f ,.V ,iV -tr im e th y l-2 -c h lo r o e th y la m m o n iu m  
c h lo rid e ; F ish er e th y l a c e ta te ; A ld r ic h  h e x -5 -e n -2 -o n e ;  
F rin to n  4 -c h lo r o b u ta n -2 -o n e ; J . T .  B a k e r  N,N,N-tr i- 
m e th y l-2 -a c e to x y e th y la m m o n iu m  b r o m id e  (re c ry sta l
l iz e d ) ; C h e m ic a l S a m p le s  4 -c h lo r o - l -b u te n e ; M a th e s o n
1 , 2 -d ib r o m o e th a n e .

T h e  N .iV , A , -tr im e th y l-2 -c y a n o e th y la m m o n iu m  io did e  
w as p rep a red  b y  a d d itio n  o f  m e th y l io d id e  to  N,N-di- 
m e th y l-2 -c y a n o e th y la m in e  (E a s tm a n , W h ite  L a b e l)  in  
c h lo ro fo rm . T h e  crude p ro d u c t w as w a sh e d  w ith  ch lo ro -
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13C Chemical Shifts of 1,2-Disubstituted Ethanes 1591

TABLE I: 13C Chemical Shifts and Additivity Relationships for X-CxH2CyH2-Y Compounds12

X Y ¿x &y u caled 5ycalcd" 5“ * St

OH OH 63.98 63.98 66.17 66.17
Br Br 30.74 30.74 33.02 33.02
Cl Cl 44.44 44.44 46.05 46.05

CM
XoIIXo CM
XOIIX0

33.82 33.82 34.04 34.04
o c h 3 o c h 3 72.53 72.53 72.07 72.07
h H 7.26 7.26 9.21 9.21
c h 3 c h 3 25.67 25.67 25.76 25.76
CN CN 14.93 14.93 14.53 14.53
C 6 H5 CeH 5 38.23 38.23 37.87 37.87
I 1 3.57c 3.57° 9.05 9.05
c o c h 3 COCH 3 37.34 37.34 37.42 37.42
I c 6H5 6.52 40.71 6.80 40.12
I c h 3 9.25 27.51 7.89 26.92
I OH 14.01c 67.53° 9.02 6 6 . 2 0

I H -0 .76 21.32 -C .13 18.39
Br OCH 3 30.69 72.98 30.96 73.13
Br c 6 h 5 33.27 39.80 32.32 38.57
Br c h = c h 2 31.96 37.61 30.62 36.43
Br Cl 31.32 43.92 33.28 46.79
Br CN 26.75 22.63 26.91 20.64
Br OH 35.20 63.24 34.54 64.65
Br c h 3 35.57 26.87 33.41 25.39
Br H 27.40 19.65 25.39 16.84
Cl CN 39.73° 22.30° 40.68 20.90
Cl H 40.54 19.16 33.16 17.10
Cl c 6 h 5 44.58 39.59 45.09 38.83
Cl COCH 3 39.27 46.31 38.00 45.47
Cl c h = c h 2 43.96 37.54 43.40 36.69
Cl c h 3 47.55 26.68 46.18 25.65
Cl OH 46.67 63.38 47.31 64.91
CN c 6H5 19.25 31.74 19.94 32.64
CN o c h 3 18.90 67.78 18.58 6 8 . 0 2

CN c h 3 19.11 19.79 21.03 19.28
CN H 1 1 . 0 2 10.79 13.01 10.73
CN OH 21.79 58.03 22.16 58.54
OH H 57.66 18.21 57.02 18.36
OH c h 3 64.16 26.26 65.04 26.91
OH c h = c h 2 62.08 37.74 62.26 37.95
OH 0 CH 3 61.66 74.77 62.59 75.65
OH C 6 H 5 63.67 39.75 63.95 40.09
OH C = C H 70.90 22.99 64.83 22.18
o c h 3 H 68.18 15.14 66.50 14.78
o c h 3 c h 3 74.88 23.34 75.05 23.33
c o c h 3 H 36.68 8.35 37.58 9.05

COCH 3 c h 3 45.61 17.75 45.60 17.60
COCH 3 c h = c h 2 42.92 28.42 42.82 28.64
COCH 3 o c h 3 43.96 68.35 4-3.15 66.34

C 6 H5 h 29.42 15.87 30.94 16.14

c 6 h 5 c h 3 38.63 25.01 38.96 24.69

c 6 h 5 0 X II 0 X 36.10« 35.95° 36.18 35.73

N 0 2 c h 3 77.70 21.47 78.44 21.31

NOS h 71.16 12.18 70.42 12.56
C = C H c h 3 20.82 22.55 21.05 25.57
C = C H H 12.42 13.94 13.03 17.02

C H = C H 2 H 27.51 13.23 28.80 14.45

c h = c h 2 c h 3 36.49 2 2 . 6 8 36.82 23.00

c h 3 H 16.96 16.68 17.76 17.23

C 'H 3 CJ0 2 c h 3 66.03 22.65 6 6 . 2 2 22.46 20.50 170.31

C 2H3C102 H 60.36 14.40 58.20 13.93 20.60 170.47

C 'H 3 C J0 2 Br 64.41 30.10 65.83 30.11 21.04 170.58

0^30102 c 6 h 5 65.22 35.66 65.13 35.66 20.82 170.58

C 'H 3 C J0 2 o c h 3 63.76 70.94 63.77 71.22 20.50- 170.63

C ‘H3 C J0 2 OH 66.64° 60.76° 37.35 61.74 20.89° 172.32°

0^30^2 Cl 64.63 42.45 66.09 42.88 20.60 170.74

N + (C‘H3)3 CJH 3 Ck0 2 65.56° 58.49° 64.55 56.99 54.12° 20.35°
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1592 L. Simeral and G. E. Maciel

TABLE I: (C o n t in u e d )

X Y 6* sy <5xcalcd6 5ycalcd̂ Sid

N -(C 'H 3)3 Br 6 6 . 8 5 c 21.59' 67.46 24.18 53.58'
N + (C'H3)3 OH 68.55c 56.66' 68.92 55.8' 54.23'
N + (C‘ H3)3 Cl 67.18r 36.32' 67.72 36.95 53.85'
n - ( C 'h3)3 CN 61.89' 12.66' 61.35 12.72 54.01'

a Chemical shifts In ppm with respect to Internal TMS. Increasing 5 values correspond to decreasing shielding. 6 Values calculated according to eq 3. 
c Chemical shifts obtained with respect to internal dioxane and converted to the TMS scale uslnc the relationship ¿ t m s  =  ^ C 4 H 8 0 2  +  67.40 ppm. 
d Chemical shift of the C1 substituent carbon, as indicated in column X or Y. '  Assignments of 5X and 5y may be reversed.

fo rm  a n d  re c ry sta llized  fro m  m e th a n o l, m p  152° ( l i t . 1 1  m p
1 5 3 °) .

T h e  4 -m e th o x y b u ta n -2 -o n e  w as p rep a red  b y  a d d itio n  o f  
m e th a n o l to  m e th y l v in y l k eto n e  ( C o lu m b ia , R e d  L a b e l) ,  
u sin g  p -to lu e n e su lfo n ic  ac id  as a c a ta ly s t . T h e  d istilled  
p ro d u c t h a d  b p  4 8 -4 9 ° ,  25  m m  ( li t . 12  b p  3 5 ° , 12 m m ) .

D e u te ra tio n  o f 4 -c h lo r o b u ta n -2 -o n e  a n d  h e x -5 -e n -2 -o n e  
a t th e  3 (a n d  1) p o sitio n s w as a c c o m p lish e d  b y  trea tin g  
th e  k eton es w ith  2 %  so lu tio n s o f  N a O D  a n d  D 2O  for 30  hr 
a t 1 0 °.

R e s u lt s  a n d  D is c u s s io n

T a b le  I p re sen ts  th e  13C  c h e m ic a l sh ift d a ta  o b ta in ed  
fro m  th is  w ork, to g e th e r  w ith  th o se  rep orted  earlier an d  
n o t re p ea te d . U n lik e  th e  p reviou s rep ort, th is  p a p er  p re 
se n ts  all 13C c h e m ic a l sh ifts  w ith  re sp ec t to  te tr a m e th y l-  
sila n e  ( T M S ) ,  w ith  in crea sin g  5 v a lu e s  c o rresp o n d in g  to  d e 
crea sin g  sh ie ld in g  in  ac co rd a n ce  w ith  cu rren t co n v e n tio n s . 
E x c e p t  in th o se  ca ses in w h ich  an  a lte r n a tiv e  m e th o d  is 
e x p lic itly  s ta te d , th e  sh ifts  w ere d e te r m in e d  w ith  resp ect  
to  in tern a l cy c lo h e x a n e  a n d  co n v erted  to  th e  T M S  sca le  
b y  u sin g  th e  re la tio n sh ip 13

¿ t m s  =  ¿ c 6h 12 +  2 7  5 1  p p m  ( 1 )

T h e  w ork rep orted  here in c lu d es d a ta  on  c o m p o u n d s  
w ith  th e  CH3CO2 a n d  (CH3)3N+ grou p s as s u b stitu e n ts . 
T h e  13C  c h e m ic a l sh ifts  o f  th e  a c e ta te s  w ere o b ta in e d  on  
th e  sa m e  ty p e s  o f  sa m p le s  s tu d ie d  e a r lie r .10 T h e  tr i- 
m e th y la m m o n iu m  c o m p o u n d s  w ere s tu d ie d  as 0 .5  M  so lu 
tio n s  in 9 0 %  m e t h a n o l-1 0 %  d io x a n e  ( v / v ) ; 14  th e  sh ifts  
w ere o b ta in e d  w ith  resp ec t to  d io x a n e , a n d  co n verted  to  
th e  T M S  sca le  b y  u sin g  th e  re la tio n sh ip 13

¿ t m s  =  ¿diox +  6 ?  4Q p p m  ( 2 )

P ea k  a ss ig n m e n ts  for th e  a c eta te s  a n d  tr im e th y la m m o -  
n iu m  c o m p o u n d s  w ere b a se d  on o ff-re so n a n c e  d ec o u p lin g  
an d  on  th e  a ssu m p tio n  o f  a p p ro x im a te  a d d itiv ity  e ffec ts . 
In  th e  tr im e th y la m m o n iu m  cases th e  ob served  e ffec t o f  
c o u p lin g  w ith  14N  w as also  h e lp fu l.

T a b le  I a lso  p resen ts th e  p re d ic tio n s  o f  a s im p le  a d d iti 
v ity  re la tio n sh ip  for th e  X - C xH 2- C y H 2- Y  sy ste m

<5* = A /  +  A /  +  dTMSEt (3)

<5y = A /  +  A /  +  <5TMSEt (4)

w here 5* is th e  c h e m ic a l sh ift o f  th e  C x ca rb o n  w ith  re 
s p e c t  to  T M S ,  A „ x is th e  su b stitu e n t e ffe c t e x erted  b y  X  
a t th e  a  p o sitio n  a n d  5t m s e i is th e  c h e m ic a l s h ift  o f  e th 
an e  w ith  resp ec t to  T M S .  A s  in th e  p revio u s p a p e r , 10  the  
13C  c h e m ic a l s h ift  d a ta  w ere su b je c te d  to  a lin ea r regres
sion  a n a ly sis  b a sed  u p on  eq  3 a n d  4 ; th e  re su ltin g  c o m 
p u te d  sh ifts  are given  in  T a b le  I.

T h e  earlier tr e a tm e n t o f  th e  th e n -a v a ila b le  d a ta  y ie ld ed  
th e  m o s t  serio u s d e v ia tio n s  fro m  p re d ictio n s o f  eq  3  a n d

TABLE II: Additivity Constants for Substituent Effects on ,3C 
Shielding

X x a A / o b

I - 9 . 3 4 + 9.18 2.92
CN +3.80 + 1.52 1.06

IOIIIO
+3.82 + 7.81 3.40

c h 3 +8.53 + 8.02 0.88
Br + 16.18 + 7.63 1.71

O X II 0 X + 19.59 + 5.24 0.74

c 6h 5 + 21.73 +6.93 0.66
c o c h 3 + 28.37 -0 .16 0.95
Cl + 28.95 + 7.89 1.42
OH +47.81 +9.15 1.83
c h 3c o 2 + 48.99 + 4.72 0.97
(Ch 3)3n + + 50.62 -1.21 1.16
o c h 3 + 57.29 + 5.57 0.83
n o 2 + 61.21 + 3.35 0.65

¿TMSEt = +9.21

0 Values in parts per million, as defined in eq 3 and 4. 0 Standard de
viations for the individual substituents.

4 for XCH2 CH2Y systems containing the following X  or 
Y  groups: H, CH3 CO, C ^ C H ,  and I. Further consid
eration of the cases involving the CH3CO group raised the 
possibility that an improved level of agreement could 
be obtained if the tentative and ambiguous assignments 
of C x and C y in CH3COCxH2 CyH2Cl and C H s C O O H a -  
CyH2CH=CH 2 were reversed. In order to check this possi
bility, samples that were specifically deuterated at C x, and 
not at Cy, were prepared, and it was found that reversing 
the earlier assignment was in order. In addition, two new 
compounds containing the pertinent substituents were in
cluded in the study, CH3COCH2 CH2 OCH3 and C1CH2 CH2- 
CH=CH2 ; the assignments for these cases were based upon 
off-resonance decoupling and the predictions of eq 3 and 4. 
The net result of making firm assignments and of revising 
the regression accordingly was to remove the CH3 C0 group 
from the list of substituents associated with large deviations 
from additivity.

In  e x p lo rin g  th e  origin  o f  th e  large d e v ia t io n s  fro m  
a d d itiv ity  p re d ic tio n s fo u n d  w h en  X  a n d /o r  Y  is I , it w as

(11) A. N. Kost, V estn . M osk ov , Univ., 1 4 1  (1947); C h em . A b str ., 42, 
3722g  (1948).

(12) A. Trelbs, A n g ew . C h em .. 60, 289 (1948).
(13) G. C. Levy and J. D. Cargioll, J. M agn. R e s o n a n c e , 6, 143 (1972).
(14) The acetates were also studied, In separate experiments, as 0.5 M  

solutions in the 9C% methanol-10% dioxane (v/v) solvent. The 
maximum change in the 13C chemical shifts of the ethane fragment 
carbons in these compounds in going from the neat liquids to dilute 
solutions was 0.8 ppm.

(15) H. Spiesecke and W. G. Schneider, J. C h em . Phys.. 25, 722 
(1961).
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fo u n d , as w o u ld  be e x p e c te d  fro m  earlier w ork  on  organ ic  
io d id e s , 15  1 7  th a t  th e  13C  c h e m ic a l sh ifts  o f  I C H 2C H 2I is 
stron g ly  d e p e n d e n t u p o n  c o n c e n tra tio n  a n d  s o lv e n t . T h e  
v a lu e  in c lu d e d  in  T a b le  I  w as o b ta in e d  on  a 0 .3  M  so lu 
tio n  in d io x a n e ; a sa tu ra te d  so lu tio n  a n d  0 .3  a n d  0 .1 2  M  
so lu tio n s in  c y c lo h e x a n e  g a v e  v a lu e s  o f  1 .5 8 , 0 .6 4 , an d  
0 .5 3  p p m , re sp e c tiv e ly , w ith  resp ec t to  T M S .  In  co n tra st, 
s im ila r  e x p e r im e n ts  on  B r C H 2C H 2B r  a n d  C I C H 2C H 2CI 
d id  n o t rev ea l a n a lo g o u sly  large se n sitiv itie s  to  so lv en t  
an d  co n ce n tra tio n .

W it h  o n ly  tw o  e x c e p tio n s , th e  24  s h ifts  p re d ic te d  b y  eq  
3 a n d  4  for th e  a c e ta te s  a n d  th e  a m m o n iu m  c o m p o u n d s  
are w ith in  a b o u t  1 .5  p p m  o f  th e  e x p e r im e n ta lly  d e te r 
m in e d  v a lu e s . W it h .n  th e  lis t  o f  22  su c c e ssfu lly  p re d ic te d  
sh ifts  for th e se  tw o  c la sse s  o f  c o m p o u n d s , a n d  b e lo n g in g  
to  b o th  o f  th ese  c la sse s , is th e  b io lo g ic a lly  im p o r ta n t  ca se , 
a c ety lch o lin e , C H s C C ^ C H z C ^ N + i C H g ^ .  T h e  fa c t  th a t  
th e  13C  sh ifts  in  a c e ty lc h o lin e  are so “ re g u la r”  in  th is  case  
su gg ests  th a t  a n y  large d e v ia tio n s  th a t  m ig h t  b e  o b served  
in  b io lo g ic a l s tu d ie s  c o u ld  b e  in terp reted  in  te rm s  o f  s ig 
n ific a n t a ltera tio n s  o f  s tru c tu ra l d e ta il, e.g., c o m p le x a tio n  
or co n fo rm a tio n  e ffec ts .

T a b le  II s u m m a r iz e s  th e  su b s t itu e n t  p a r a m e te rs  o f  eq  3  
a n d  4  for th e  a a n d  f) p o sitio n s  w h ic h , a c c o rd in g  to  th e

lin e a r le a st-sq u a r e s  reg ression , g ive  th e  b e st  f it  to  th e  e x 
p e r im e n ta l d a ta . A ls o  in c lu d e d  in T a b le  II are th e  in d i
v id u a l s ta n d a rd  d e v ia tio n s  o f  th e  f it  for th e  c o m p o u n d s  
co rresp o n d in g  to  e a c h  su b stitu e n t. T h e  overall s ta n d a rd  
d e v ia tio n  for a ll o f  th e  13C  c h e m ic a l sh ifts  in c lu d e d  in  th is  
s tu d y  is 1 .6 2  p p m . T h e  I  a n d  C = C H  grou p s re m a in  as th e  
stru ctu ra l u n its  a sso c ia te d  w ith  th e  largest d ev ia tio n s  
fro m  s im p le  a d d itiv ity  p re d ic tio n s . I t  is in terestin g  th a t  
n eith er o f  th ese  s u b stitu e n ts  is a sso c ia te d  w ith  stru ctu ra l  
c h a ra cte ristics  su ch  as c o n fo rm a tio n a l v a r ia b ility  a b o u t  
th e  C - X  b o n d , h y d ro g en  b o n d in g , or io n -d ip o le  in tera c 
tio n s , a n y  o f  w h ich  m ig h t  be e x p e c te d  to  m a n ife s t  t h e m 
se lv es  m u c h  d iffe re n tly  fro m  c o m p o u n d  to  c o m p o u n d . 
H o w e v e r , th ese  tw o  are p ro b a b ly  th e  m o s t  p o la r iza b le  
s u b st itu e n ts  a m o n g  th e  c o m p a c t  s tru c tu ra l grou p s c o n sid 
ered . A d d it iv ity  p re d ic tio n s  for c o m p o u n d s  c o n ta in in g  th e  
oth er grou p s co vered  in  th is  s tu d y  are lik e ly  to  b e  su c c ess 
fu l w ith in  a b o u t  1 .8  p p m .

Acknowledgment. T h e  au th ors are g ra te fu l to  th e  N a 
tio n a l S cie n ce  F o u n d a tio n  for e q u ip m e n t g ran ts for p u r
ch a se  o f  th e  sp e c tro m e te r  a n d  d a ta  s y s te m , a n d  to  D r . L ee
M .  H u b e r  o f  D o w  C h e m ic a l, M id la n d  D iv is io n , for p e r ti
n e n t su g g estio n s .

C O M M U N IC A T I O N S  T O  T H E  E D IT O R

N u c le a r  M a g n e t i c  R e la x a t io n  o f  S o d i u m - 2 3  in 

P o ly p h o s p h a t e  S o lu t io n s

P ublication c o s t s  a s s is te d  b y  The U niversity  o f  L eid en

Sir: N u c le a r  m a g n e tic  re la x a tio n  o f  c o u n terio n s in  p o ly -  
electro ly te  so lu tio n s sh o u ld  in  p rin c ip le  y ie ld  in terestin g  
in fo rm a tio n  on  p o ly io n -c o u n te r io n  in te r a c tio n s . F or e x a m 
p le , 23N a  re la x a tio n , occu rrin g  b y  w a y  o f  a  q u a d ru p o la r  
m e c h a n is m , is d e te r m in e d  b y  th e  e lectric  f ie ld  g ra d ie n t a t  
th e  site  o f  th e  n u c le u s  a n d  th e  co rrelation  t im e  for th is  
g ra d ie n t. A  s tu d y  o f  th e  re la x a tio n  ra te  o f  23N a  io n s in  th e  
p resen ce  o f  n e g a tiv e ly  ch a rg ed  m a c ro io n s  sh o u ld  th erefore  
co n tr ib u te  to  ou r k n o w led g e  o f  th e  d e ta ils  o f  th e  b e h a v io r  
o f  co u n terio n s in  th e se  sy s te m s . W e  w ish  to  rep ort so m e  
resu lts  o b ta in e d  on  a q u eo u s  so lu tio n s  o f  so d iu m  p o ly p h o s 
p h a tes  (N a P P )  w ith  sa m p le s  o f  d iffe re n t degree o f  p o ly 

m e riz a tio n  ( D P ) .
S o m e  so d iu m  p h o sp h a te s  w ere p re p a re d  b y  h e a tin g  s o 

d iu m  d ih y d ro o r th o p h o sp h a te  in  a p la t in u m  c ru cib le  for 40  
hr a t  9 0 0 ° . T h e  re su ltin g  ( N a P 0 3) n g la ss  is very  so lu b le  in  
w ater. T h e  p o ly p h o sp h a te s  o f  d iffe re n t degree o f  p o ly m e r 

iz a tio n  w ere o b ta in e d  b y  so lu b ility  fra c tio n a tio n  o f  th e  
a q u eo u s so lu tio n  w ith  a c eto n e  b y  th e  m e th o d  o f  v a n  
W a z e r . 1  S o m e  o th er  p o ly p h o sp h a te s  w ere m a d e  b y  th e  
sa m e  fra c tio n a tio n  m e th o d  o f  1 0 %  a q u eo u s so lu tio n s o f  
c o m m e rc ia lly  o b ta in e d  so d iu m  m e ta p h o s p h a te  ( E . M e r c k ,  
D a r m s t a d t ) .

A ll  th e  fra c tio n s w ere freeze d rie d . T h e  s a m p le s  c o n 
ta in e d  a b o u t 1 1 %  w a te r . T h e  D P  w a s fo u n d  b y  v isco sity  
m e a su r e m e n ts  in 0 .0 3 5  N  N a B r  so lu tio n s  w ith  an  O stw a ld  
v isc o s im e te r .2

T h e  n u clea r m a g n e tic  re la x a tio n  ra tes  w ere m e a su r e d  a t  
2 6 °  in  1 5 -m m  d ia m e te r  tu b e s  a t  a fre q u e n c y  o f  16  M H z  
w ith  a B ru k er B - K R  3 0 2 S  1 6 /6 0  M H z  p u lse d  n m r  sp e c 
tr o m e te r . A ll  th e  n m r  m e a su r e m e n ts  w ere ca rried  ou t  
w ith in  a  few  d a y s a fte r  m a k in g  th e  so lu tio n s  o f  th e  so d i
u m  p o ly p h o sp h a te s  to  e x c lu d e  th e  in flu en c e  o f  h yd rolysis  
o f  th e  p o ly p h o s p h a te s .3 T h e  m e a su r e m e n ts  o f  th e  lo n g itu 
d in a l re la x a tio n  t im e  ( T i )  w ere p e r fo rm e d  w ith  a 180 ° - t -  
9 0 °  p u lse  seq u e n ce  a t  d iffe re n t r ’s . F o r  a  n u m b e r  o f cases

(1) J. R. van Wazer, J. A m er . C h em . S o c ., 72, 647 (1950).
(2) U. P. Strauss, E. H. Smith, and P. L. Wineman, J. A m er . C hem .

S o c .. 75, 3935 (1953).
(3) J. B. Gill and S. A. Riaz, J. C h em . S o c . A. 183 (1969).
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Figure 1. Concentration dependence of 23Na relaxation rate in 
aqueous NaPP solutions of NaPP sample with DP = 34.

Figure 2. Variation of 23Na relaxation rate with DP at several 
polymer concentrations in aqueous solutions: O = 0.089 equiv 
l.~1; □  = 0.89 equiv I.-1 ; A  = 3.50 equiv I.- 1 .

TABLE 1:23Na Relaxation Rate in Aqueous Solutions of Sodium 
Dihydroorthophosphate

Concn, Concn,
equiv T-1 , equiv T ' * 1,
I.-1 s e c '1 l._1 s e c '1

3.00 51 1.00 28
2.01 39 0.0 17.5

(extrap
olated)5

th e  tran sv erse  re la x a tio n  t im e  ( T 2) w as m e a su red  b y  th e  
s ta n d a rd  s p in -e c h o  te c h n iq u e , an d  w as a lw a y s fo u n d  e q u a l  
to  T i  w ith in  e x p e r im e n ta l error. T h e  a c c u ra c y  o f  a ll T\ 
m e a su r e m e n ts  is e s t im a te d  to  b e  5 % .

A s  a referen ce p o in t for th e  in v e stig a tio n  o f  th e  m a c ro - 
m o le c u la r  s y s te m s , w e first d e te r m in e d  th e  23N a  r e la x a 

tio n  rate  in a q u eo u s N a H 2PC>4 so lu tio n s . T h e  re su lts  are  
giv e n  in  T a b le  I a n d  it  is co n c lu d ed  th a t  th e  lo n g itu d in a l  
re la x a tio n  t im e  is o f  th e  sa m e  order as h a s  b e e n  fo u n d  in  
o th er  so d iu m  s a lt  s o lu t io n s .4' 6

In  so lu tio n s o f  N a P P  (d egree  o f  p o ly m e r iz a tio n : 3 4 ) th e  
re la x a tio n  ra te  is in creased  b y  a b o u t on e order o f  m a g n i
tu d e  as m a y  b e  seen  on  co m p a rin g  th e  re su lts  sh o w n  in  
F igu re  1 w ith  th e  e x p er im e n ta l v a lu es  for th e  N a H ^ P O *  
so lu tio n s in T a b le  I.

N o w , a c co rd in g  to  H e r tz , et al.,7 th e  f ie ld  g ra d ie n t a t  
th e  n u cleu s c o n ta in s  co n tr ib u tio n s  fro m  th e  su rro u n d in g  
w a ter m o le c u le s  a n d  all oth er io n s. T h e re fo re , i f  ion  c o n 
d e n sa tio n 8' 10 occu rs an  in crease in  th e  re la x a tio n  ra te  is 
to  b e  e x p e c te d . F ro m  th e  fa c t  th a t  T\ a n d  T 2 are e q u a l in  
th ese  so lu tio n s it  is seen  th a t  th e  co rrelation  t im e  for th e  
fie ld  g ra d ien t is very  sh ort ( < 1 0 - 9  sec) a n d  th is  d irectly  
co n firm s to  th e  co n clu sio n  o f  S c h in d e w o lf , 1 1 -12  b a se d  on  
p o te n tio m e tr ic  a n d  tra n sp o rt resu lts , th a t  th e  so d iu m  ions  
d o n o t reside for a n y  a p p re cia b le  t im e  on  g iven  s ite s  on  
th e  p o ly e le c tro ly te , e v e n  th o u g h  ion  c o n d e n sa tio n  o c cu rs.

A s , in  th e o re tica l w ork on  p o ly e le c tro ly te s , th e  c o n c e p t  
o f  in fin ite ly  lo n g  ch arged  rod s is u se d , it is o f  in terest to  
in v estig a te  w h a t ce g ree  o f  p o ly m e r iz a tio n  is e ffe c tiv e ly  in 
fin ite  fro m  th e  p o in t o f  v iew  o f  th e  c o u n terio n s or , in  oth er  
w ord s, a t  w h a t c h a in  len g th  d o  th e  p ro p erties o f  th e  c o u n 

terion s b e c o m e  in d e p e n d e n t o f  th is  le n g th .
In  F igu re  2 it  is sh ow n  th a t  a t  a degree o f  p o ly m e r iz a 

tio n  o f  a b o u t 6 0  a ste e p  in itia l in crease  o f  T i - 1  as  a  fu n c 
tio n  o f  th e  D P  lev els  o f f  sh a rp ly . T h is  is o b serv e d  for  c o n 
cen tra tio n s u p  to  3 .5 0  eq u iv  l . _ 1 . F or so lu tio n s  o f  N a P P  
w ith  a d egree o f  p o ly m e r iz a tio n  o f  3 3 8  w e s till fo u n d  th e  
sa m e  v a lu es  for T\~7 as  for sa m p le s  w ith  a D P  =  198 . 
A g a in , th ese  resu lts  are in su rp risin g ly  go od  a g re e m en t  
w ith  th e  w ork  o f  S c h in d e w o lf  in  v iew  o f  th e  d ifferen ce  in  
th e  t im e  sca le s  o f  th e  m e th o d s  u sed .

(4) P. A. Speight and R. L. Armstrong, Can. J. P h vs., 45, 2493 (1967).
(5) M. Eisenstadt a id H. L. Friedman. J. C h em . P hys., 44, 1407 

(1966): 46, 2182 ;1967).
(6) C. Hall, R. E. Richards, G. N. Shuiz, and R. R. Sharp, Mol. P hys., 

16,529(1969).
(7) H. G. Hertz, G. Stalidis, and H. Versmold, J. Chim. Phys. P h y s ico -  

ch im . B iol., 177 ("969).
(8) G. S. Manning, J. C h em . P hys., 47, 2010 (1967); 51,924 (1969).
(9) F. Oosawa, “Polvelectrolytes,” Marcel Dekker, New York, N. Y., 

1970.
(10) A. Katchalsky, J. °u r e  Appl. C h em ., 26,327 (1971).
(11) U. Schindewolf and K. F. Bonhoeffer, Z. E iek tro ch em ., 57, 216

(1953) .
(12) U. Schindewolf, Z. Phys. C h em . (F rankfurt am  M ain), 1, 134

(1954) .
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Sir: In  s tu d ie s  o f  th e  e le ctro so rp tio n  o f  orga n ic  c o m p o u n d s  
on e lectro d es fro m  a q u eo u s so lu tio n s it  is c u s to m a r y 1  to
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use so lu tio n s w ith  v a ry in g  c o n c e n tra tio n s  o f  th e  organ ic  
c o m p o u n d  b u t a c o n sta n t c o n c e n tr a tio n  o f  a  sin g le  e le c 
tro ly te . B e c a u se  th e  th e r m o d y n a m ic  th e o ry  o f  e le c tro c a p 
illa r ity 2 req u ires th a t  th e  re la tiv e  su rfa ce  e x ce ss  o f  th e  o r 
ga n ic  c o m p o u n d  b e  c a lc u la te d  fro m  m e a su r e m e n ts  m a d e  
a t c o n sta n t e le ctro ly te  a c tiv ity , th e  p ra c tic e  o f  u sin g  c o n 
s ta n t e lectro ly te  c o n c e n tr a tio n  is e q u iv a le n t to  m a k in g  th e  
im p lic it  a ss u m p tio n  th a t  th e  a c tiv ity  o f  th e  e le ctro ly te  is 
u n a ffec te d  b y  th e  p resen ce  o f  a n e u tra l org a n ic  c o m p o u n d . 
D u rin g  an  in v e stig a tio n  o f  th e  e le ctro so rp tio n  o f  2 -b u ta n o l  
on  m e rc u ry  fro m  a q u eo u s  so d iu m  su lfa te  s o lu tio n s , 3 w e  
te s te d  th is  a ssu m p tio n  b y  m e a su r in g  th e  a c tiv ity  o f  th e  
so d iu m  su lfa te  in  th e  th r e e -c o m p o n e n t m ix tu r e s  a t  2 5 °  b y  
th e  e m f  m e th o d . W e  c o n c lu d e , on  th e  b a sis  o f  th is  te st , 
th a t for th is  sy s te m  a t le a st  th e  a ss u m p tio n  is c o m p le te ly  
u n te n a b le .

A  g a lv a n ic  ce ll w ith o u t liq u id  ju n c t io n  c o n sistin g  o f  a 
C o rn in g  N A S  1 1 -1 8  so d iu m  ion  e le ctro d e 4 a n d  a  tw o - 
p h ase  le a d  a m a lg a m -le a d  su lfa te  e le c tro d e 5 w a s u se d . In  
th e  a b sen c e  o f  orga n ic  c o m p o u n d  a  p lo t o f  th e  e m f  o f  th is  
cell us. th e  n a tu ra l lo g a r ith m  o f  th e  m e a n  io n ic  a c tiv ity 6 

over a c o n c e n tr a tio n  ra n ge  0 .0 5 -1 .4  m h a d  a le a st-sq u a r e s  
slop e  w h ich  agreed  w ith  th e  th e o re tic a l v a lu e  o f  l.bRT/F 
to  w ith in  b e tter  th a n  on e p a rt p er th o u sa n d . T o  prove  
th a t th e  cell a lso  b e h a v e d  co rrec tly  in th e  p resen ce  o f  2 - 
b u ta n o l w e m e a su r e d  th e  e m f  in  th e  p resen ce  a n d  a b sen c e  
o f  th e  organ ic c o m p o u n d  w ith  so lu tio n s  sa tu ra te d  w ith  
so lid  so d iu m  s u lfa te . T h e  e m f  in  th e  tw o  ca ses  agreed  to  
w ith in  1 0  /iV .

E m f  m e a su r e m e n ts  w ere th e n  m a d e  on  a series o f  so lu 
tio n s h a v in g  d iffe re n t c o n c e n tra tio n s  o f  N a 2S 0 4  a n d  o f 2 - 
b u ta n o l in  order to  d e te r m in e  w h a t c o n c e n tra tio n  o f  
N a 2SC>4 w o u ld  b e  req u ired , for a  g iven  co n c e n tra tio n  o f  
2 -b u ta n o l, to  y ie ld  th e  sa m e  e m f  ( i .e . , s a lt  a c tiv ity )  as 0 .1  

M  N a 2SC>4 in  p u re  w a te r . T h e  re su lts  are sh o w n  in  F igu re  
1. H a d  th e  a ssu m p tio n  th a t  th e  org a n ic  c o m p o u n d  does  
n ot serio u sly  a ffe c t  th e  e le c tro ly te  a c tiv ity  b e e n  tru e , a  
h o rizo n ta l lin e  w ith  o rd in a te  0 .1  M  w o u ld  h a v e  b e e n  o b 
ta in e d . F ro m  F igu re  1 it  m a y  b e  seen  th a t  th is  a ssu m p tio n  
is d e fin ite ly  fa lse . F o r  e x a m p le , w h en  th e  co n c e n tra tio n  o f  
2 -b u ta n o l is 1 .0  M  th e  c o n c e n tra tio n  o f  N a 2S 0 4  requ ired  
to  give  th e  sa m e  e m f  as th e  so lu tio n  o f  0 .1  M  N a 2SC>4 in  
pure w a ter is o n ly  0 .0 4 9 8  M. M o re o v e r , a so lu tio n  w h ich  
w as 1 .0  M  in  2 -b u ta n o l a n d  0 .1  M  in  N a 2S 0 4  w a s fo u n d  to  
h ave  a s a lt  a c tiv ity  n e a r ly  fiv e  tim e s  larger th a n  th a t  o f  
0 .1  M  N a 2SC>4 in  p u re  w ater .

T h e s e  re su lts  sh o w  th a t  for th is , sy s te m  v ery  seriou s er
rors w o u ld  re su lt if  th e  e le ctro so rp tio n  d a ta  w ere co lle c te d  
from  a series o f  so lu tio n s  w ith  c o n sta n t s a lt  c o n c e n tra tio n . 
C o n c lu sio n s a b o u t th e  n a tu re  o f  th e  e le ctro so rp tio n  is o 
th e rm  rea ch ed  fro m  th e  a n a ly sis  o f  su c h  d a ta  on  th e  a s 
su m p tio n  th a t  th e  s a lt  a c tiv ity  w a s c o n sta n t w o u ld  b e  
d o u b tfu l i f  n ot m e a n in g le ss . F o r  su c h  s y s te m s  th e  first  
ste p  m u st  b e  to  o b ta in  d a ta  su c h  a s  th a t  o f  F igu re  1 to  
p ro v id e  th e  recipe for p re p a ra tio n  of a series o f  so lu tio n s  
o f  v a ry in g  organ ic c o n c e n tr a tio n  a t  c o n sta n t s a lt  a c tiv ity .

T h e  o b served  e ffe c t  o f  2 -b u ta n o l on th e  e le c tro ly te  a c 
tiv ity  m a y  b e  re la te d  to  th e  stru c o u re -m a k in g  p ro p erties  
o f  th is  a lc o h o l , 7 a n d , on  th is  a ssu m p tio n , th e  lin ear re la 
tion  sh ow n  in  F igu re  1 su g g e sts  a s im p le  c o rrela tio n . I f  th e  
stru ctu red  w ater in  th e  fo rm  o f  ca ges a ro u n d  th e  a lco h ol  
m o le c u le s  is , on th e  a v era g e , u n a v a ila b le  to  th e  io n s o f  th e  
sa lt , th e n  th e  a d d itio n  o f th e  a lco h o l to  th e  e le ctro ly te  s o 
lu tio n  w ill e ffe c tiv e ly  ra ise  th e  s a lt  c o n c e n tra tio n  in  th e  
rem a in in g  u n stru c tu re d  w a te r . O n  th is  a ss u m p tio n  we  
c a lc u la te d  th e  n u m b e r  o f  w a ter m o le c u le s  a sso c ia te d  w ith

molarity of 2 - butanol

Figure 1. Plot of the molar concentration of sodium sulfate 
which yields the same electrolyte activity as 0.1 M  Na2S04 in 
pure water v s . the corresponding molar concentration of 2-buta
nol in the solution at 25°.

one a lc o h o l m o le c u le  a n d  o b ta in e d  an  av erag e  n u m b e r  o f
2 4 .2 . T h is  n u m b e r  c o u ld  b e  c o n siste n t w ith  a  cage  o f 24  
w ater m o le c u le s  arou n d  th e  a lc o h o l m o le c u le  in  th e  fo rm  
o f  a te tr a k a id e c a h e d ro n 8 w h ic h  h a s  1 2  p e n ta g o n a l a n d  2 

h e x a g o n a l fa c e s . M o le c u la r  m o d e ls  in d ic a te  su ch  a  cage  
w ou ld  b e  a b le  to  c o n ta in  a m o le c u le  o f  2 -b u ta n o l.
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S u b s t i t u e n t  E f f e c t s  o n  E x c i t e d -S t a t e  A c i d i t i e s  o f  

S o m e  S u b s t i t u t e d  8 -H y d r o x y q u in o lin iu m  C a t i o n s 1

Sir: C o n sid e ra b le  in terest h as re c e n tly  a p p ea re d  c o n 
cern in g  th e  a c id ity  o f  orga n ic  m o le c u le s  in  th e ir  excited  
s ta te s . I t  h a s  b e e n  sh o w n  th a t  in  m o s t  ca ses a c id itie s  o f  
th ese  m o le c u le s  w ere s ig n ific a n tly  d iffe re n t in th e  ground
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s ta te  a n d  th e  f its t  e x c ite d  sin g le t s ta te , 2 -3 w h ich  is o f  im 
p o rta n c e  in  p h o to c h e m istry . P ro to tro p ic  e q u ilib r ia  in 
v o lv e d  in th e  lo w est s in g le t e x c ited  sta te  o f  q u in o lin o ls  
h ave  e sp e c ia lly  receiv ed  great a t te n tio n .4 -11  H o w e v e r , s ig 
n ific a n t s tu d y  o f su b st itu e n t  e ffec ts  u p o n  e x c ite d -s ta te  
p ro to ly tic  e q u ilib r iu m  c o n sta n ts  o f  th e se  h etero cyc lic  
c o m p o u n d s  h a s  n o t b een  rep orted  u n til n o w . I t  is on ly  in  
th e  h o m o c y lic  a r o m a tic  series th a t  so m e  q u a n tita tiv e  
stu d ie s  b a se d  on  th e  H a m m e tt  e q u a tio n  h av e  b e e n  d e 
s c r ib e d . 12 -14  F or e x a m p le , W e h r y  a n d  R o g ers13  d e m o n 
stra ted  b y  m e a n s  o f  th e  H a m m e tt  a n d  T a f t  eq u a tio n s  
th a t , in  a series o f  su b st itu te d  p h e n o ls , c o n ju g a tiv e  e ffects  
on a c id ity  w ere m o re  im p o r ta n t th a n  in d u c tiv e  e ffec ts , in  
e x c ite d  sta te s  c o m p a re d  to  th e  grou n d  s ta te . W e h r y 14  re 
p o rte d  also  th a t  th e  e x te n t o f  e le c tro n -w ith d ra w in g  c o n ju 
g a tio n  b y  su lfo n e , su lfo n iu m , a n d  su lfo x id e  grou p s g reatly  
e n h a n c e d  a c id itie s  o f  p h en o ls  in  lo w est tr ip le t , a n d  first  
e x c ite d  sin g le t s ta te s , re la tiv e  to  th e  grou n d  s ta te .

T h e  p u rp o se  o f th e p resen t s tu d y  w as to  e x a m in e  th e  
in flu en c e  o f  h a lo g e n o -, su lfo - a n d  th io c y a n o -su b stitu e n ts  
u p on  th e  first s in g le t e x c ite d -s ta te  d isso c ia tio n  c o n sta n ts  
o f  a series o f  su b s t itu te d  d eriv a tiv es  o f  8 -h y d ro x y q u in o lin e  
(8 -H Q ) .  W e  w ere p a rtic u la rly  co n cern ed  b y  th e  p o ss ib ility  
o f correlation  o f  e x c ite d -s ta te  a c id itie s  o f  th ese  h e te ro c y 
clic  c o m p o u n d s  w ith  g ro u n d -sta te  su b s t itu e n t  c o n sta n ts .

F irst e x c ite d -s ta te  p ro to ly tic  e q u ilib r iu m  c o n sta n ts  
(pKa*) w ere d ete r m in e d  via flu o rescen ce  titra tio n  for th e  
e q u ilib r ia  b e tw ee n  th e  e x c ited  sin g le t s ta te s  o f  th e  ca tio n s  
a n d  th e  zw itterio n s o f  8 -h y d ro x y q u in o lin e  su b st itu te d  d e 
riv a tiv e s  sh o w n  in S c h e m e  I . W e  h ave  a lrea d y  d esc rib ed  in

Scheme I: P ro to tro p ic  E q u ilib r iu m  b e tw ee n  F irst E x c ite d  
S in g le t  S ta te  o f  C a tio n  an d  Z w itterio n  o f  S u b s titu te d
8 -H Q  ( X  a n d  Y  are 5 a n d  7 S u b s titu e n t) .

X X

d eta il th e  m e th o d s  o f flu o rescen ce  titra tio n  u se d  for th e  
d e te r m in a tio n  o f  p X a * . 1 1  D a ta  are g iv e n  in T a b le  I for 22  
m o n o - a n d  d isu b stitu te d  8 -H Q  d er iv a tiv es .

T h e  pKa* v a lu es  are b etw een  - 5 . 9  for 7 -io d o -8 -h y d r o x y -  
q u in o lin e  a n d  —9 .6  for th e  5 ,7 -d is u lfo -8 -h y d r o x y q u in o lin e , 
w h ich  rep resen ts a large ran ge o f  n e a r ly  4  d e c a d e s . For  
su ch  a large a c id ity  ran ge , s u b stitu e n t e ffe c ts  ca n  b e  c o n 
sid ered  as s ig n ific a n t , in  sp ite  o f  th e  fa c t  th a t  su b stitu e n ts  
in c lu d e  m a in ly  h a lo g en s. A ll  o f  th e  grou p s in th is  s tu d y  
e x h ib it e le c tro n -w ith d ra w in g  e ffec ts  in  th e  grou n d  sta te .

A s  e x p e c te d , su lfo  a n d  th io c y a n o  d eriv a tiv es  are re la 
tiv e ly  stron g  a c id s ; th is  is p a rtly  d u e  to  e le c tro n -w ith -  
d ra w in g  c o n ju g a tio n  o f  su lfu r  dm o rb ita ls  p ro b a b ly  e n 
h a n ced  in s in g le t e x c ite d  s ta te s , as  it  h as b een  o b served  in  
th e  ca se  o f  s u lfu r -c o n ta in in g  p h e n o ls . 14  In  th e  ca se  o f  th e  
h a lo g en o  d er iv a tiv es , it  is o f  in terest to  n o tice  th a t  e x cited  
s ta te  a c id itie s  o f  5 - a n d  7 -h a lo g e n o -8 -h y d ro x y q u in o lin e  are  
d ec re a sin g  w ith  in crea sin g  e le c tro n -w ith d ra w in g  p ow er (or  
e le c tro n e g a tiv ity ) o f  th e  h alo gen  a t o m ; for e x a m p le , 7 -f lu -  
o r o -8 -h y d r o x y q u in o lin e  is a stron ger a c id  th a n  7 -io d o -8 -  
h y d ro x y q u in o lin e  in th e  first e x c ited  s in g le t s ta te . S im ila r  
se q u e n c e s  are ob served  for th e  d ih a lo g e n o  d er iv a tiv es . 
T h is  a c id ity  ord er is th e  reversal o f  th a t  w h ich  w ou ld  be

TABLE I: pKa* Values for 8-Hydroxyquinoline Substituted
Derivatives in the S nglet Excited State“

Substituent pKa* Substituent P*a*

5-Br -8 .60 5-Br-7-CI -8 .40

5-l -7 .30 5-1-7-CI -7 .10
5-S03H -9 .30 5-F-7-Br -8 .60

5-SCN -8 .95 5-CI-7-Br -8 .55
7-F -9 .40 5-Br-7-Br -8 .20

7-CI -9 .20 5-1-7-Br -6 .95
7-Br -8 .65 5-F-7-I -7 .95
7-1 -5 .90 5-Br-7-l -7 .50
7 -SO3 H -9 .15 5-I-7-I -6 .40
5-F-7-CI! -8 .80 5 -I-7 -SO3 H -6 .15

5-CI-7-CI -8 .75 5 -SO3 H-7 -SO 3 H -9 .60

“ Values recorded at room temperature in sulfuric acid solvent.11 All 
experimental values g ven to nearest 0.05 unit. Error <0.15.

e x p e c te d  on  th e  b a sis  o f  th e  v a lu es  o f  g r o u n d -s ta te  s u b 
s titu e n t c o n sta n ts , a n d  as a resu lt, th e  H a m m e t t  e q u a tio n  
ca n  n o t be  a p p lie d  w ith  a n y  su cc ess  to  th e  su b s t itu te d
8 -H Q .

T h e s e  a n o m a lo u s  seq u en ces  o f  p Ka* for th e  h a lo g e n o -8 - 
h y d ro x y q u in o lin e  co u ld  n o t resu lt fro m  th e  e n h a n c e m e n t  
in  th e  e x c ite d  s ta te  o f  p ro x im ity  steric  or p o la r  in te r a c 
tio n s b e tw ee n  orth o  h a lo g en o  s u b stitu e n ts  (in  7 p o sitio n )  
a n d  th e  p h en o la te  ox y g en  a to m . In d e e d , th e  se q u e n c e  o f  
p / f a* v a lu es  for th e  5 -p a r a  s u b st itu e n ts  I >  B r  >  C l >  F  
is s im ila r  to  th e  on e o b served  for th e  7 -o -h a lo g e n o  series  
a n d  ap p ea rs  to  be in d e p e n d e n t o f  th e  n a tu re  o f  th e  7 -h a lo -  
gen o  su b st itu e n t .

A n  a ltern a tiv e  e x p la n a tio n  w o u ld  b e  a b a la n c e  w h ich  
w ou ld  occu r d iffe re n tly  in th e  e x c ite d  s ta te , b e tw ee n  c o n 
ju g a tiv e  an d  in d u c tiv e  co n tr ib u tio n s  to  th e  g lo b a l e le c 
tr o n -w ith d ra w in g  e ffe c t o f  th e  h a lo g en  a to m s . H o w e v e r, 
th a t th e  a n o m a lo u s  a c id ity  order o b serv e d  in th is  s tu d y  is 
a lso  th e  reverse  o f  th e  on e  n o ticed  b y  W e h r y  a n d  R o g ers13 

for 3 -h a lo g e n a te d  p h en o ls  in  th e first e x c ite d  s in g le t s ta te  
su g g ests  to  u s th a t  th ere  a lso  m a y  be so m e  in flu en c e  o f  
th e  h e te ro cy c lic  p a rt o f  th e  m o le c u le  on th e  a c id ity  s e 
q u en ce  o f 8 -H Q  d eriv a tiv es  in th e  e x c ite d  s ta te .

In  order to  e v a lu a te  th e  re sp ec tiv e  c o n tr ib u tio n  o f  in 
d u c tiv e  a n d  reso n an ce  e ffec ts  o f  th e  h a lo g en  s u b st itu e n ts  
u p o n  th e  e x c ite d  s ta te  ac id ities o f  d er iv a tiv es  o f  8 - H Q , 15 

we h av e  u sed  th e  T a f t  e q u a tio n 16
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° I ,  E ° I

Figure 1. Correlations between excited-state dissociation constants of the monohalogeno and dihabgeno 8-hydroxyquinolines and in
ductive substituent constants.

lo g  K  =  p la1 + pRaR +  lo g  K 0 ( 1 )

w h ich  p e r m its  a s e m iq u a n tita tiv e  e v a lu a tio n  o f  in d u ctiv e
(I) a n d  reso n a n ce  (R )  e ffe c ts . V a lu e s  o f  tn a n d  <jr p ro 
p o se d  b y  T a f t 16  w ere u se d . T h e re fo re , th e  e le c tr ic a l e ffec t  
o f  th e  h a lo g en o  s u b s t itu e n ts  w ere a s s u m e d  to  b e  a p p ro x i
m a te ly  e q u a l in  o rth o  a n d  p a ra  p o sit io n s , as  su g g e ste d  b y  
severa l a u th o r s . 1 7 “20 M o n o -  a n d  d is u b s titu te d  d er iv a tiv es  
are se p a ra te d  a c c o rd in g  to  tw o  co rrelation s a n d  th e se  co r
re la tio n s are d esc rib e d  b e lo w .

T h e  le a st-sq u a r e s  lin e  for th e  fiv e  m o n o su b stitu te d
8 -H Q  is

lo g  K *  = 2 1 .1 0 J +  4 . 9 o r  +  0 .0 5  ( 2 )

T h e  rea ctio n  c o n sta n ts  are pi =  2 1 .1  a n d  p r  =  4 .9 . T h e  
m u ltip le  co rrela tio n  c o effic ie n t r =  0 .8 9 . F or th e  11 d is u b 
stitu te d  8 - H Q ’s , th e  le a st-sq u a r e s  lin e  is

lo g  K *  =  9.4 2 (7, +  0.8 2 or -  0.05 (3 )

w ith  pi =  9 .4 , p r  =  0 .8 ,  a n d  r =  0 .9 0 . T h a t  sa tis fa c to ry  
T a f t  co rrelation s are fo u n d  c o n firm s th a t  o n ly  e lectric a l  
effec ts  are in v o lv e d  a n d  th a t  th ere  are n o  im p o r ta n t  steric  
or p o la r  p r o x im ity  in tera c tio n s  o f  7 -h a lo g e n o  s u b stitu e n ts  
w ith  th e  orth o  p h e n o lic  g rou p . T h e  c o n sid era b ly  larger pi 
v a lu es  c o m p a re d  to  p r  in  eq  2 a n d  3  in d ic a te  t h a t  induc
tive effects are relatively more important than the conju- 
gative effects in  th e  first e x c ite d  s in g le t  s ta te s  o f  th e  h a lo 
gen o 8 -h y d r o x y q u in o lin e s . T h e  se n s itiv ity  o f  th e  p ro to tro 
p ic  e q u ilib r ia  in  th e  e x c ite d  sin g le t s ta te  to  th e  in d u c tiv e  
e ffec ts  is a lso  d e m o n str a te d  b y  th e  sa tis fa c to ry  co rrela 
tio n s fo u n d  w ith  o n ly  or c o n sta n ts  (see  F igu re  1 ) . F or th e  
m o n o - a n d  d ih a lo g e n o  d e r iv a tiv es , th e  le a st-sq u a r e s  lin es  
are, re sp ec tiv ely

lo g  K *  =  16.6(7, +  L 0 5 (4 )

lo g  K * =  12 .42 (7 , -  3 .25 ( 5 )

w ith  r =  0 .9 5  fo r  eq  4  a n d  r  =  0 .9 6  for e q  5 .
B y  c o m p a riso n  w ith  p rev io u s stu d ie s  w h ich  in d ic a te d  

th a t  e n h a n c e d  co n ju g a tiv e  in tera c tio n s occu rred  in  th e  e x 
c ited  s ta te , 1 2 -13  e sp e c ia lly  in  th e  ca se  o f  p h e n o ls , th e  p re s
e n t re su lts  m a y  a p p ea r  su rp risin g . H o w e v e r , w e m u st  
p o in t ou t th a t  th e  o n ly  s u b stitu e n ts  in c lu d e d  in  ou r corre 
la tio n s Eire for th e  h a lo g e n o  sp ec ies  w h ich  are w ell k n ow n

for th e ir  a b ility  to  s im u lta n e o u s ly  u se  pir o r b ita ls  to  d o 
n a te  tr e lectro n s to  th e  ring a n d  dir o r b ita ls  to  a c c e p t e le c 
tro n s fro m  th e  ir o rb ita ls  o f  th e  a r o m a tic  r in g .21  A s  th is  
la st  fa cto r  is in c lu d e d  in  th e  to ta l in d u c tiv e  e le c tro n -w ith - 
d ra w in g  p ow er, rep resen ted  b y  or c o n s ta n ts , 22 it  is p ro b a 
b le  th a t  th e  in crease  o f  th e  in d u c tiv e  e ffec t o b serv ed  in  
th e  co rrelation s is p a r tly  d u e  to  enhanced interactions of 
the aromatic ir electrons with the halogen dir orbitals in  
th e  first s in g le t e x c ite d  s ta te  o f  th e  8 -H Q  d e r iv a tiv es .

A n o th e r  p a rt o f  th e  e n h a n c e m e n t o f  th e  in d u c tiv e  e ffect  
w o u ld  re su lt fro m  th e  in flu en c e  o f  th e  h e te ro c y c lic  p a rt o f  
th e  m o le c u le  on  th e  a c id ity  in  th e  e x c ite d  s ta te . M o s t  o f  
th e  h a lo g en  e le c tro n -d o n a tin g  c o n ju g a tiv e  in tera c tio n s in 
v o lv e d  in  th e  z w itte r io n -c a tio n  s y s te m  w o u ld  b e  m o b il 
ized  in  th e  d irectio n  o f  th e  n itro g en  o f  th e  h etero cy c lic  
ring in  a c co rd a n ce  w ith  th e  e n h a n c e d  b a s ic ity  o f  th e  n i 
trog en  a to m  o b served  in  th e  lo w est e x c ite d  s in g le t s ta te .

In  th e  m e so m e r ic  fo rm s A  a n d  B  (S c h e m e  I I ) , th e  in 
d u c tiv e  e ffec ts  o f  th e  h a lo g en o  s u b s t itu e n ts  w o u ld  be  
g re a tly  e n h a n c e d  a n d  w o u ld  c o n se q u e n tly  s tren g th e n  th e  
a c id itie s  o f  th e  e x c ite d  c a tio n s . O c cu rre n ce  o f  th e  fo rm s A  
a n d  B  in  th e  first s in g le t e x c ited  s ta te  is su p p o rte d  b y  
H iic k e l m o le c u la r  o rb ita l c a lc u la tio n s , 23 w h ich  p re d ic t a 
m ig ra tio n  o f  e lectro n ic  ch a rg es fro m  th e  h o m o c y c lic  to  th e  
h etero cy c lic  rin g  o f  th e  8 -h y d r o x y q u in o lin e  u p o n  e x c ita 
tio n  to  th e  first e x c ite d  s in g le t s ta te .

D iffe r e n t b e h a v io r  o f  th e  m o n o h a lo g e n o  a n d  d ih a lo g e n o  
d eriv a tiv es  is in d ic a te d  b y  th e  d iffe re n t slo p e  a n d  ord in ate  
v a lu e s  fo u n d  for th e  tw o  series o f  c o m p o u n d s  (F igu re  1 
a n d  eq  4  a n d  5 ) . E le c tr ic a l in tera c tio n s of the halogen 
substituents with each other in  th e  d ih a lo g e n a te d  d e r iv a 
tiv e s  m a y  occu r in  th e  s in g le t e x c ite d  s ta te  a n d  p a rtly  
ca u se  th e  sep a ra tio n  o f  th e  d a ta  in  th e  tw o  co rrelation s. 
T h is  in terp reta tio n  is c o n firm e d  b y  th e  ex isten c e  o f  a very  
sa tis fa c to ry  m u ltip le  regression  o f  th e  g en era l ty p e  d e-

(17) M. T. Tribble and J. G. Traynham, J. A m er . C h em . S o c . , 91, 379 
(1969), and references citec therein.

(18) C. L. Liotta, C h em . C om m u n ., 338 (1968).
(19) This view has recently been disputed by Charton,20 but the results 

of this controversy would not affect the validity of the correlations 
obtained in the present work.

(20) M. Charton, J. A m er . C h em . S o c ., 91,6649 (1969).
(21) L. N. Fergusson, “The Modern Structural Theory of Organic Chem

istry,” Prentice-Hall, Englewood Cliffs, N. J., 1963, pp 393-401.
(22) R. W. Taft, Jr., J. C h em . P h ys., 26, 931 (1956).
(23) R. E. Burton and W. J. Davis, J. C h em . S o c . , 1766 (1964).
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Scheme I I :  M e s o m e r ic  F o r m s o f  th e  5 -H a lo g e n o -8 -  
h y d ro x y q u in o lin e  (A )  a n d  o f  th e  7 -H a lo g e n o -8 -  
h y d ro x y q u in o lin e  (B ) ..

scr ib ed  b y  L e ffle r  a n d  G r u n w a ld , 24 w ith  a n  in tera ctio n  
te rm  p ro p o rtio n a l to  th e  p ro d u c t o f  th e  tw o  eri v a lu e s , for  
th e  d ih a lo g e n o  d er iv a tiv es

lo g  K *  =  1 0 .6 2 (7 i — 1.72(T iX<7iY -  2 .15  ( 6 )

w ith  <t ix a n d  (n y in d u ctiv e  c o n sta n ts  o f  th e  h a lo g en s X  
a n d  Y ,  pi =  1 0 .6 , in tera ctio n  c o n sta n t q\ =  — 1 .7 , a n d  
m u ltip le  co rrelation  c o effic ie n t r =  0 .9 9 8 . T h e  s ig n ific a n t
ly  d iffe re n t pi v a lu e  c o m p a re d  w ith  th e  pi v a lu e  o f  1 6 .6  for  
th e  m o n o h a lo g e n o  d er iv a tiv es  (e q  4 )  in d ic a te s  a  greater  
se n sitiv ity  o f  th e se  la s t  c o m p o u n d s  to  th e  in d u c tiv e  e ffec t.

(24) J. E. Leffler and E. Grunwald, “Rates and Equilibria of Organic 
Reactions," Wiley, New York, N. Y., 1963, pp 192-194.

(25) Present address, Carleton University, Ottawa, Ontario, Canada.
(26) On leave from the Laboratoire de Chimie Organique Physique, 

Paris, France.

D e p a r t m e n t  o f  C h e m i s t r y  
U n i v e r s i t y  o f  F lo r id a  

G a i n e s v i l l e ,  F l o r id a  3 2 6 0 1

M. P. Braizel2 5  

J. J. Aaron26  

J. D. Winefordner*

C o l l e g e  o f  P h a r m a c y  S. G. Schulman
U n i v e r s i t y  o f  F lo r id a  
G a i n e s v i l l e ,  F l o r id a  3 2 6 0 1

B o y c e  T h o m p s o n  I n s t i t u t e  H. Gershon
f o r  P l a n t  R e s e a r c h ,  I n c . ,

Y o n k e r s ,  N e w  Y o r k  1 0 7 0 1

R e c e iv e d  N o v em b er  3, 1972

R e p ly  to  t h e  C o m m e n t s  o f  D e s n o y e r s  o n  t h e  P a p e r ,  

“ I o n ic  S o lv a t io n  N u m b e r s  f r o m  C o m p r e s s i b i l i t i e s  a n d  

I o n ic  V ib r a t io n  P o t e n t i a ls  M e a s u r e m e n t s ”

P ublica tion  c o s t s  a s s is te d  b y  The Flinders U niversity

Sir: W e  w ish  to  d isc u ss  th e  p o in ts  in  D e sn o y e r s ’ c o m m u 
n ic a tio n 1 in  order.

( 1 ) “ I t  is  b e tte r  to  u se  th e  a p p a r e n t m o la r  c o m p r e s s ib il
ity  a n d  a p p a r e n t m o la i v o lu m e s  to  d e te r m in e  so lv a tio n  
n u m b e r s  fro m  c o m p re ss ib ility  d a ta . In  th is  w a y , o n e  e lim 

in a te s  in terion ic  e ffe c ts .”  T h is  c o u ld  b e  d o n e ; w e  th in k  
th e  a d v a n ta g e  w o u ld  b e  n u g a to ry . O u r w ork  is a im e d  a t  
m o d e ls  o f th e  so lv a tio n  sh e ll a t  in fin ite  d isso lu tio n . T h e  
ch a n g es w ith  c o iicen tra tio n  are b e tte r  in terp reted  in  te rm s  
o f th e  in terp e n e tra tio n  o f so lv a tio n  sh e lls . (T h e  c o rre la 
tio n s w ith  th is  m o d e l are sh o w n  in  our p a p e r , 2 F igu re  10  
a n d  T a b le  V O L )  A  s im ila r  m o d e l h a s  b e e n  u se d  b y  R a m -  
n a th a n  a n d  F r ie d m a n . 3

*(2 ) “ T h e  p a r tia l m o la r  e x p a n s iv ity  ca n  b e  r e la te d  to  h y 
d ra tio n  n u m b e r s  a n d , in  th is  ca se , ce rta in  a s s u m p tio n s  
give rise  to  a  n e g a tiv e  v a lu e  for th e  h y d r a tio n  n u m b e r .”

W e  d o  th in k  th is  re la tes  to  ou r p a p e r , w h ere w e h av e  
u se d  th e  re la tiv e  compressibilities o f  s o lv e n t a n d  so lu te  to  
c a lc u la te  so lv a tio n  n u m b e r s . T h e  a ss u m p tio n  (w e correct  
for th e  p a r tia l degree o f its  a p p lic a b ility  in  ou r c a lc u la 
tio n 2) is th a t  th e  w a ter m o le c u le s  are c o m p le te ly  in c o m 
p re ssib le  a t  su ffic ie n tly  h ig h  fie ld . T h e  a ss u m p tio n  o f D r . 
D e sn o y e r s ’ e q u a tio n  re la tin g  e x p a n s iv ity  to  h y d ra tio n  
n u m b e r s  is th a t  b o th  th e  h y d r a tio n  n u m b e r  a n d  th e  v o l
u m e  o f th e  w a ter m o le c u le s  in  th e  h y d r a tio n  sh e a th  are  
in d e p e n d e n t o f te m p e ra tu re . T h is  a ss u m p tio n  se e m s to  
h av e  a d iffe re n t s ta tu s  fro m  th a t  w h ich  w e h a v e  u se d . W e  
su g g e st th e  c o n tra d ic tio n  in  sign  arises fro m  th e  la c k  o f  
a p p lic a b ility  o f  th e  a s su m p tio n s . C o rre sp o n d in g  re m a rk s  
m a y  b e  a p p lie d  to  h is c o m m e n t  on  h e a t c a p a c ity  d a ta .

(3 ) In  re sp ec t to  th e  h e a t c a p a c ity  d a ta  for so d iu m  c h lo 
ride so lu tio n s in  H 2O  a n d  D 2O , w e c a n n o t agree t h a t  th e y  
are re le v a n t to  th e  in terp reta tio n s o f  th e  c o m p r e ss ib ility  
d a ta . T h e y  te ll u s  so m e th in g  a b o u t h o w  th e  h e a t c a p a c i
ties o f  so lu tio n s a n d  sa lts  v a ry  in  th e se  tw o  so lv e n ts , a n d  
it  se e m s  lik e ly  th a t  th e  e ffe c ts  o f  stru ctu ra l ch a n g e s o u t 
sid e  th e  so lv a tio n  sh e a th  m a y  b e  d ifferen t, for h e a t c a p a c 
ities  th a n  for c o m p re ssib ilitie s .

N o w  le t  us m o v e  to  th e  gen eral th o u g h t b e h in d  th e  
c o m m e n ts  o f D r . D e sn o y ers , a n d  p ro v id e  a g en era l an sw er. 
In  th e  w ork  o f B o ck ris  a n d  S a lu ja , 4 th e  io n ic  v ib ra tio n  p o 
te n tia ls  h a v e  b e e n  c o m b in e d  w ith  c o m p re ss ib ility  m e a 
su rem e n ts  to  give  individual so lv a tio n  n u m b e r s , b e c a u se  
th e  first  m e a su r e m e n t gives th e  su m  a n d  th e  la tte r  m e a 
su r e m e n t th e  d ifferen ce  o f so lv a tio n  n u m b e r s . T h is  is th e  
e ssen tia l n e w  th in g  a b o u t  th e  e x p e r im e n ta l a p p ro a c h  o f  
B o ck ris  a n d  S a lu ja  an d  th e  e sse n tia l n ew  th in g  a b o u t  th e  
th e o re tic a l a p p ro a c h  is to  d istin g u ish  q u a n tita tiv e ly  for  
th e  d ifferen ce  b e tw ee n  th e  c o o rd in a tio n  n u m b e r  o f th e  ion  
in  a q u eo u s so lu tio n  a n d  th e  n u m b e r  o f w a ter m o le c u le s  
te m p o r a r ily  a tta c h e d  to  it , w h ile  it  m o v e s  in  th e  s o lu 
t io n . 5“7

D r . D e sn o y e r s ’ e ssen tia l p o in t is to  su g g e st th a t  th e  fa c t  
th a t w e h a v e  a ssu m e d  (for u n iv a le n t ion s) th a t  th e  c h a n g e  
of th e  so lu tio n  c o m p re ss ib ility  ca n  be g iv e n  p r e d o m in a n t
ly  b y  th e  c h a n g e  in  th e  la y er w h ich  th e  s o lv a tio n  a n d  
c o o rd in a tio n  w aters in h a b it , a n d  th en  on e fu rth er  stru c -

(1) J. E. Desnoyers, J. Phys. C h em ., 77, 567 (1973).
(2) J. O’M. Bockris and P. P. S. Saluja, J. Phys. C h em ., 76, 2140 

(1972),
(3) P. S. Ramnathan and H. L. Friedman, J. C h em . P hys., 54, 1086

(1971) .
(4) J. O’M. Bockris and P. P, S. Saluja, J. Phys. C h em ., 76, 2298

(1972) .
(5) J. O'M. Bockris, Quart. R ev. C h em . S o c . , 3, 173 (1949).
(6) J. O'M. Bockris and A. K. N. Reddy, "Modern Electrochemistry,” 

Plenum Press, New York, N. Y., 1970.
(7) O. Ya Samoilov, 'Structure of Electrolyte Solutions and Hydration of 

Ions,” Consultants Bureau, New York, N. Y., 1965; D iscu ss . F ara 
d a y S o c . , 24, 141 (1957).
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TAB-E I: Comparison of the Results of Bockris and Saluja for 
Ionic Solvation Values with Results of Other Authors

Ref 6 “
(6 methods)

Ref 9
(7 methods) Ref 2

Li + 5 ± 1 4 ± 1 4,5
Na+ 5 ± 1 3 ± 0.8 4.5
K+ 4 ± 2 2 ± 0.7 3.8
Rb+ 3 ± 1 2 ± 0.5 3.0
F " 4 ± 1 2 ± 0.3 4.0
c i - 1 ± 1 1 ± 0.2 2.2
B r- 1 ± 1 1 ± 1 1.8
I- 1 ±  1 1 ± 1 1.5

“ Results rounded off to nearest integers for solvation numbers.

TABLE II: Results Quoted by Desnoyers and Jolicoeur“ on the 
Solvation Number of Some Salts Compared with 
Those of Bockris and Saluja6

Salts Ref 10 Ref 2

LiCI 4 ± 1 7 ± 1
Li I 3 ± 1 6 ± 1
NaF 4 ± 1 8 ± 1
NaCI 5 ± 1 7 ± 1
Nal 3 ± 1 6 ± 1
KF 6 ± 1 7 ± 1
KCI 4 ± 1 6 ± 1
RbCI 2 ± 1 5 ± 1

“ Reference 10. Mean of three methods. 6 Reference 2. Results 
rounded off to nearest Integers for solvation numbers.

tu r e -b r o k e n  la y er , m ig h t  b e  to o  cru d e  an  a p p ro x im a tio n , 
so th a t  th e  n u m e ric a l re su lts  o f a  d e te r m in a tio n  b a s e d  on  
it  w o u ld  lose  v a lid ity .

I f  th ere  w ere a  su b s ta n tia l s tru c tu ra l c h a n g e  o u ts id e  th e  
first tw o  la y ers  o f  w a ter m o le c u le s  a ro u n d  th e  ion , e x te n d 
in g , sa y , to  th e  first  fiv e  la y ers , th ere  m ig h t  b e  p o in t in  
w h a t he c la im s . T h e  b ro k en  d o w n  w ater stru ctu re  w ou ld  
b e  less  c o m p re ssib le  th a n  th e  stru c tu re d  w a ter a n d  our re 

su lts  w o u ld  b e  to o  h ig h .
W e  d o , h o w ev er, h a v e  a  b a s is  for ou r a p p ro x im a tio n , 

a n d  it  h a s  b e e n  d e v e lo p e d  in  our se c o n d  p a p e r .4 H e re , w e  
h av e  gon e  in to  d e ta il in  th e  stru ctu re  b rea k in g  a n d  h av e  
d ev e lo p e d  a  m o d e l in  w h ich  w e h a v e  so lv a tio n a l (i.e., o r i

en te d ) w a ter m o le c u le s , a n d  oth er w a ter m o le c u le s , w h ich  
m a k e  u p  th e  first la y er a ro u n d  th e  io n , a n d  th e n  a secon d  
layer in  w h ich  th e  w a te r  is  re g a rd ed  as b ro k en  d o w n  in to  
freely  ro ta tin g  m o n o m e r s . F or u n iv a le n t  io n s , w e f in d  th a t  
fits  ca n  b e  o b ta in e d  to  e n tro p y  a n d  h e a t d a ta  o n ly  if w e  d o  
n o t e x te n d  th e  b r e a k -d o w n  fu rth er . T h u s , th e  m o d e l w ith  
w h ich  ou r a t t itu d e  is c o n siste n t d erives fro m  th a t  of 
B o c k ris , 5 b u t  is m o d ifie d  to  re se m b le  th a t  o f  F ra n k  a n d  
W e n , 8 in  resp ec t to  th e  stru c tu ra l a s su m p tio n s , a n d  th a t  of 
S a m o ilo v 7 in  re sp ec t to  th e  d y n a m ic  a sp e c ts .

F in a lly , th e  d eg ree  o f d a m a g e  ou r a p p ro x im a tio n  m a y  
ca u se  c a n  b e  p ro b e d . L e t  u s  co m p a re  ou r re su lts  w ith  
th o se  o f  o th er  a u th o rs  w h o  u se d  m e th o d s  w h ich  d id  n o t  
in v olve  our a ssu m p tio n .

In  T a b le  I w e co m p a re  B o c k ris  a n d  S a lu ja ’s2 re su lts  
w ith  th e  s u m m a r y  g iv en  b y  B o ck ris  a n d  R e d d y  (1 9 7 0 )  o f  
th e  re su lts  o f  fiv e  m e th o d s , a n d  th e  ta b u la t io n  o f C a s e , 9 

w ho q u o te d  sev en  m e th o d s  (m o s t ly  d iffe re n t fro m  th o se  o f  
B o ck ris  a n d  R e d d y ) . I t  h a s  n o t b e e n  c la im e d  th a t  s o lv a 
tio n  n u m b e r s  h a v e  th e  sa m e  s ta tu s  as th e r m o d y n a m ic  p a 
ra m e te rs , b u t  th ere  ca n  b e  n o  d o u b t  fro m  T a b le  I th a t

B o ck ris  a n d  S a lu ja ’ s n u m b e r s  d o  m e a su re  th e  sa m e  q u a n 
tity , w ith in  an  ov era ll s ig n ific a n c e  o f  a b o u t  ± 1 , as  is  b e in g  
m e a su r e d  (if  ra th er ro u g h ly ) b y  m a n y  oth er m e th o d s .

I t  is a lso  o f  in terest to  c o m p a re  th e  v a lu e s  o f  B o ck ris  
an d  S a lu ja  w ith  th o se  w h ich  D e sn o y e r s  a n d  J o licoeu r  
q u o te d  in  1 9 6 9 .10 T h e s e  are sh o w n  in  T a b le  II. T h u s , D e s 

n oy ers a n d  J o lico eu r10  q u o te d  v a lu e s  (th ree  m e th o d s)  
w h ich  are d is tin c tly  less  th a n  th o se  o f th e  ro u g h ly  c o n sis 
te n t v a lu e s  o f th e  o th er a u th o rs , b u t  a g a in  (u sin g  D e s 
n o y e rs ’ ow n  re su lts  as a criterio n ) th e re  is n o  d o u b t  th a t  
th e  ch a n g e s w h ich  are fo llo w e d  as on e g o es fro m  ion  to  ion  
sh ow  th a t  th e  resu lts  o f  B o c k ris  a n d  S a lu ja  h a v e  n o t b een  
o v erw h elm e d  b y  stru c tu ra l e ffe c ts  w ell o u ts id e  th e  layers  
v ery  n ear th e  io n . T h e  p o ss ib ility  o f  co in c id e n c e  in the  
a g re e m en t is n e g lig ib le  in  th e  m a n y  co rrela tio n s e x h ib 
ite d . C o n v e rse ly , w ere w e to  try  to  ta k e  th e  d e te r m in a tio n  
o f so lv a tio n  n u m b e r s  to , sa y  a ± 5 %  d eg ree  o f c o n siste n cy  
a m o n g  th e  m e th o d s , p erh a p s  D r . D e sn o y e r s ’ p o in t a b o u t  a 
m o re  fa r  re a ch in g  co rrec tion  for th e  e ffe c t  o f  th e  ion  on  
c o m p re ssib ility  o f th e  reg ion s w o u ld  h a v e  m o re  p u n c h .

(8 ) H S. Frank and W. Y. Wen, D iscu ss . F araday S o c .. 24, 133 
(1957).

(9) B. Case, “Molecules at Electrodes.” N. Hush, Ed., New York, N. Y., 
1972.

(10) J. E. Desnoyers and C. Jolicoeur, “Modern Aspects of Electroche
mistry,” B. E. Conway and J. O'M. Bockris, Ed., Vol. 5, Plenum 
Press, New York, N. Y., 1969.

S c h o o l o f  P h y s ic a l S c ie n c e s  J- O’M. Bockris*
The F lin d e rs  U n iv e rs ity  
B e d fo rd  P a rk . S o u th  A u s tra l ia

D e p a r tm e n t o f  C h e m is try  P. P. S. Saluja
C o rn e ll U n iv e rs ity  
I th a c a , N e w  Y o rk  1 4 8 5 0

R e c e iv e d  F eb ru a ry  26. 1973

G a s e o u s  T h a l l i u m ( i )  M e t a b o r a t e  a n d  

T h a l l i u m ( l )  A lu m in u m  F lu o r id e

P ublication  c o s t s  a s s is te d  b y  th e L. S. A to m ic  E n erg y  C o m m iss io n

Sir: W h ile  all th e  th a lliu m (I )  h a lid e s  h av e  b e e n  s tu d ie d , 1 

o n ly  tw o  ga seo u s tern ary  c o m p o u n d s  o f  m o n o v a le n t th a l
liu m , th a lliu m (I )  n itra te 2 a n d  t h a l l i u m ®  s u lfa te , 3 h ave  
b e e n  rep orted  so far. T h e  p u rp o se  o f  th is  w ork  w as to  e x te n d  
th e  ran ge  o f  k n ow n  g a seo u s tern a ry  c o m p o u n d s  o f  th a l 
l i u m ®  a n d  to  c o m p a re  th e ir  m a ss  sp e c tro m e tr ic  b eh a v io r  
to  th a t  o f  th e  co rresp o n d in g  a lk a li c o m p o u n d s . W e  h av e  
th erefore  e x a m in e d  th e  va p ors a b o v e  t h a l l i u m ®  m e t a 
b o ra te  a n d  an  e q u im o la r  m ix tu r e  o f  t h a l l i u m ®  flu o rid e  a n d  
a lu m in u m  flu o rid e .

S a m p le s  o f  th a lliu m  m e ta b o r a te , th a lliu m  flu o rid e , a n d  
a lu m in u m  flu o rid e  w ere o b ta in e d  fr o m  R e se a rc h  O r g a n ic /  
In o rg a n ic  C h e m ic a l C o rp . M a s s  sp e c tra  w ere ru n  on an  
A tla s  C H -4  m a ss  sp e c tro m e te r . T h e  sa m p le s  w ere c o n ta in ed

(1) D. Cubicciotti, J. P h ys. C h em ., 68, 1528, 3835 (1964); 69, 1410 
(1965); F. J. Keneshea and D. Cubicciotti, ibid., 69, 4910 (1965); 
71, 1958 (1967).

(2) D. Cubicciotti, High T em p. S ci., 2,131 (1970).
(3) D. Cubicciotti, High T em p. S ci., 2, 389 (1970).
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TABLE I: Mass Spectrum of Vapor Above Thallium(l) Metaborate
at 634° (70-V Ionizing Electrons)

Ion Rel Intensity Ion Rel Intensity

TI + 1 0 0 t i2+ 2 .2
TIO+ 0.27 t i2o + 21.3
T IBO + 0.48 t i2b o 2+ 17.5

t i b o 2+ 2 .2

TABLE II: Mass Spectrum of Vapor Above an Equimolar
Thallium(l) Fluoride-Aluminum Fluoride Mixture at
413° (70-V Ionizing Electrons)

Ion Rel Intensity Ion Rel Intensity

TI+ 1 0 0 t i2+ 0.59
TIF+ 8 .1 t i2f + 3,9
t i a i f 2+ 0.09 t i2f 2+ 1.1
T IA IF3+ 2.9 t i2a i f 4+ 1.3
t ia i f 4+ 0.13

in  p la t in u m -lin e d  n ick e l e ffu sio n  c e lls . M a s s  sp ec tra  o b 
ta in e d  are sh ow n  in T a b le s  I an d  I I -

T h e  m a ss  sp e c tru m  o f  th a lliu m  m e ta b o r a te  ( T a b le  I) is 
s im ila r  to  th a t  o f  th e  a lk a li m e ta b o r a te s .4 B o th  th a lliu m  
m e ta b o r a te  m o n o m e r , T I B O 2 , a n d  d im e r , T 12 (BC>2) 2 , are  
p resen t in  th e  v a p o r, th e  la tte r  id en tified  b y  m e a n s  o f  th e  
fra g m e n t ion T 12B 0 2  +  . T h e  d iffe re n t te m p e ra tu re  d e 

p e n d e n c e  o f  T l 2BC>2 + a n d  TlB C >2 + sh o w e d  th e  la tte r  to  be  
th e  m o n o m e r  p a ren t ion  ra th er th a n  a d im e r  fra g m e n t. 
T h e  d im e r  p a ren t ion  T l 2( B 0 2 )2 + w as n o t fo u n d ; it w as  
p resen t to  th e  e x te n t o f  less  th a n  on e  p a rt in  4 0 0  o f  the  
fra g m e n t ion  T l 2B 0 2 + . It m a y  b e  n o te d  th a t  for ga seo u s  
th a lliu m  n itra te  d im e r  th e  fra g m e n t ion  T 12N 0 3  +  w as th e  
o n ly  ion o b se r v e d .2 In  th is  resp ec t th e  tw o  th a lliu m  p s e u d o 
h a lid e s  re se m b le  th e  a lk a li h a lid e s  a n d  p se u d o h a lid e s , 
w h ose  m a ss  sp ec tra  o n ly  sh ow  d im e r  fra g m e n t ion s M 2X  + 
a n d  d iffer  fro m  th e  th a lliu m  h a lid e s , w h ose  m a ss  sp ec tra  
c o n ta in  d im e r  p a ren t io n s T l 2X 2 + . 2 T h e  m o n o m e r -d im e r  
ra tio  in th a lliu m  m e ta b o r a te  v a p o r is d iff ic u lt  to  e sta b lish  
sin ce  th e  th a lliu m  io n , w h ich  one w o u ld  oth erw ise  su p p o se  
to  b e  a fra g m e n t o f  th e  m o n o m e r , h a d  an  a p p ea ra n c e  p o 

te n tia l o f  6  e V  sh o w in g  th e  p resen ce  o f  free th a lliu m  in th e  
v a p o r.

T u r n in g  n ow  to  th e  m a ss  sp e c tru m  o f  th e  v a p o r  a b o v e  th e  
T I F -A I F 3 m ix tu re  ( T a b le  II) w e see  th a t  th e  m ix e d  th a lliu m  
a lu m in u m  flu o rid e , T I A I F 4 , is in d eed  p re sen t. Its  e x isten c e  
w as in fa c t  su g g e ste d  b y  th e  o b serv a tio n  o f th e  co rresp o n d 

in g  in d iu m  c o m p o u n d , I n A lF 4, in w ork  on  th e  re d u c tio n  o f  
A IF 3 b y  in d iu m .5 In  a d d itio n , th e  p resen ce  o f  th e  ion  
T I 2A IF 4 +  sh ow s th e  e x isten c e  o f  a h igh er p o ly m e r . In  
a n a lo g y  w ith  th e  a ss ig n m e n t o f  th e  co rresp o n d in g  io n s in

th e  L i F -A l F 3 a n d  N a F -A lF 3 s y s te m s , 6 w e are in c lin e d  to  
assig n  th is  io n  to  th e  d o u b le  d im e r  T l 2 ( A lF 4)2 . T h e  p resen ce  
o f  th e  m ix e d  tr im e r , T I 2A IF 5 , h o w ev er, c a n n o t b e  ru led  o u t . 
In  th e  ca se  o f  T I A I F 4 , th e  p a ren t io n , T 1A 1F 4 + , is p re se n t in  
th e  m a s s  sp e c tru m , in co n tra st to  L iA lF 4 a n d  N a A lF 4, in  
w h ose  m a ss  sp ec tra  o n ly  th e  fra g m e n ts  L 1A 1F 3 + an d  
N a A lF 3 + are o b serv e d . T h e  d ifferen ce  in  b e h a v io r  b e tw ee n  
th e  tw o  se ts  o f  c o m p o u n d s  m a y  be e x p la in e d  b y  th e  recen t  
w ork  o f  B erk ow  t z . 7 ' 8 In  in terp retin g  th e  p h o to e le c tro n  
sp ec tra  o f  T1C1 a n d  T IB r  he c o n c lu d ed  th a t  th e  h ig h est  
ly in g  o rb ita l is a th a lliu m  s o r b ita l, in  a g re e m e n t w ith  th e  
c a lc u la tio n s  o f  H a s tie 9 a n d  C u s a c h s . 10 In  B e r k o w itz ’s 
in terp reta tio n  T1C1 a n d  T IB r  are e sse n tia lly  io n ic  c o m 
p o u n d s , a n d  re m o v a l o f  th e  th a lliu m  s e lectro n  on  io n iza tio n  
w ill a c tu a lly  s tren g th e n  th e  ion ic b o n d , th e  ion fo rm e d  b e in g  

e ffe c tiv e ly  T l 2 + X _ . R e m o v a l o f  a h a lo g e n  p  e lectro n  (th e  
n e x t  h ig h est o r b ita l, b u t  w ith  an  a p p e a ra n c e  p o te n tia l b e 
low  th a t  o f  th e  th a lliu m  s o rb ita l) re m o v e s  th e  ch arge  on  
th e  h a lo g e n  a n d  le a d s  to  th e  fra g m e n t ion T1 + .

T h is  a n a ly sis  m a y  b e  e x te n d e d  to  T L A IF 4 a n d  th e  a lk a li  
a lu m in u m  flu o rid es  if  w e a ssu m e  th a t  th e  m ix e d  th a lliu m  
h a lid e  h a s  th e  sa m e  stru ctu re  as N a A lF 4, w h ich  h as tw o  
b rid g in g  flu o rin e  a to m s b e tw ee n  th e  so d iu m  an d  a lu m in u m  
a t o m s . 1 1  R e m o v a l o f  a th a lliu m  s e lectro n  le a d s  to  th e  
p a ren t ion  T 1A 1F 4 + , w h ereas n o su ch  p rocess is p o ss ib le  in 
th e  a lk a li c o m p o u n d s . R e m o v a l o f  a b r id g in g  flu o rin e  p e le c 
tron , on th e  o th er h a n d , le a d s  to  th e  fra g m e n t ions M A 1F 3 + 
in  b o th  th e  th a lliu m  a n d  th e  a lk a li c o m p o u n d s .
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