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PREFACE
This article summarizes the studies on the heavy atom effect
on the chemical shieldihg cponstant and the molecular interaction
between the proton-donor molecules and a f;ee redical from
experimental and theoretical examinations of nmr, performed by
the author during 1969-1973.

In the course of the present study the author intended to
understand the nmr parameters such as coupling constant, chemical
shielding tensor, and relaxation times based on the perturbation
theory in quantum mechanics.

Especially throughout the studies on the interaction between

the open- and closed-shell molecules,the author discusses this
interaction in view of the static (time-average) field from the
measurement of the nmr contact shift and deals with the interaction
in a viewpoint of the dynamic (time-dependent) field Fvot e
relexation phenomena.

In Part I, the author gives the theory on the nuclear shielding
constant using the third-order perturbation method involving
into the spin-orbit interaction. In Chapter 2, the author presents
the expression for the new type of the shielding constant
including the spin-orbit interaction in order to interpretq
the phenomenon of the heavy atom effect;" The nucleus bonded to
the heavy atom such as bromine or iodine resonates at abnormally
high field". 1In Chapter 2-4, the new expression in simplified
form with average excitation energy approximation is presented

end the physical image for the heavy atom effect on the shielding

(1)



cons£ant is made clear. As the application of this theory, the
proton chemical shift for the hydrogen halides is calculated

in detail. N

Part II describes ‘that the nmr contact shifts study provides

a potential tool for the investigation of molecular interaction
between a nitroxide radical and the closed-shell molecules.

In Chapter 2, it is shown that the donor molecules induced by

the hydrogen-bond with nitroxide radical yield fruitful information
on the nature of the hydrogen bond with the free radical.

In section 2 the author mentions a correlation between 130 contact
shifts and 13C-H nuclear spin coupling constants. This correlation
is interpreted in terms of finite perturbation theory of nuclear

spin coupling constants in which the 13C—H coupling constent is

130 nucleus induced

related to the electron spin density on the
when spin density is placed finitely on the proton. The ﬁotential
utility of this relation in the prediction of sign and magnitude
of long-range 13C~H coupling constants is stated. In section 4
the author studies 1H~and I?C contact shifts for various protic
substances induced by the addition of di-tert-butyl nitroxide
radical (DTBN). The formation constants, enthalpies, limiting ‘u

3

and C contact shifts and spin densities on the H and C atoms

are determined for the proton~donor molecule/DIBN hydrogen-bond

13

interaction from lH and C contact shift measurements at various
temperatures. The theoretical studies on this closed- and open-
shell bimolecular system are alsc performed by unrestiricted Hartree-

Fock SCF MO (INDO method) calculation. In Chapter 3, as a part of

(i)



these continuing studies on the interaction between closed- and

130 nmr contact shift

open-shell molecules, the author performs
studies on DTBN...alkyl halides interaction which are explained
in terms of a charge-transfer interaction.

Part III deals with the lH relaxation study of the hydrogen-
bond in proton-donor/DTBN radical system in order to obtain
the informations about intermolecular dynamic behaviors.
In Chapter 2, lH relaxation times in proton-donor solutions of
DIBN radical are measured in wide temperature ranges and at three
different frequencies. The results are discussed in terms of
the relaxation theories proposed by Swift-Conmnick and Solomon-
Bloembergen, The activation energies, the lifetimes for the chemical
exchange, the closest distance that the proton approaches the
odd electron, and the relaxation mechanism are determinedhfrom
the measurement of the lH relaxation times.

Finally summary and general conclusion of the present thesis

are presented at the end of this work.
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PART I
THE INTRAMOLECULAR HEAVY ATOM EFFECT‘
ON THE NUCLEAR SHIELDING CONSTANT



Chapter 1. Introduction

Since Ramsey proposed the theory of nuclear magnetic shielding
in molecules, there havé been a large number of studies dealing
with various theoretical methods to calculate the shielding constant
in molecules. The nuclear shielding constant has been inilerpreted
in terms of the first-order diamagnetic term and of the second-
order paramagnetic term by the perturbation theory. For proton
chemical shift, first- and second-order terms are considered to
be important, with comparable contributions deriving from local
electronic enviroment of the proton and the electrons in the
remainder of the molecules. In relation to the nucleus other than
the proton, the chemical shift is usually discussed to be dominated
by the second-order paramagnetic contribution. However, the chemical
shielding constant for the nucleus bound to the balogen cgnnot be
explained by the first- and second-order terms. Thus the author studied
the effeect of the heavy atom on the nuclear shielding tensor.

Experimentally it is well known that the nucleus bonded to
the heavy atom such as -bromine or iodine resonates at abnormally
high field. For example, the proton chemical shift of hydrogen
hglides, HX, shows abnormal trend when X= Br or I. This is well
illustrated in Fig. 1l which gives the plot of proton chemical
shift vs. the electronegativity of X. The similar abnormal trend

13

is also encountered for C chemical shifts for methyl halides,

CH3K2. The upfield bias of the chemical shift for the nucleus

(1)



of HX compounds plotted

against the electronegativity of X'(see Ref. 2)

Figure 1. The proton chemical shifts
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bonbed to the heavy atom has been attracted by many workers-.
These abnormal observations have been explained that two situations3
contribute to the paramagnetic term:
(a) the nucleus bonded to i halogen atom are very enisotropic
(b) the halogen atom has the low-lying excited state.
But its origin has yet been in debate.
The present study examine " the effect of electron spin on
the shielding constant" through the large spin-orbit interaction
(CTEs) characteristic of the heavy atom. As to the effect of

4,5 said

electron spin on the nuclear shielding constant, Ramsey
in his original paper that, without accidental degeneracies,

the magnetic shielding field from the electron spins shauld be
higher orders of smallness than the other contributions. Slichter6
has also suggested that for the heteronuclear diatomic molecules
there may be a different induced orbital moment which, thrdﬁgh

the spin-orbit coupling, could induce the shift due to spin

polarization. Recently Nakagawa et al.7’8

have proposed the spin-
polarization shift due tc such a spin-orbit interaction., They
explained qualitatively ;ubstituent effects caused by halogens
in aromatic proton nmr spectra in terms of the LS shift.

This thesis deals with the more comprehensive study of
this spin-polarization shift by the molecular orbital method using
third-order perturabation theory. The expression for the new type

of shielding constant (]ES is presented in its complete from and

in simplified form with the average excitation energy approximation.

(3)
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1. General Theory
A. General Considerations

For the molecule having a heavy atom in an external magnetic
field, the Hamiltonian of an N-electron system including the

spin-orbit coupling interaction is written as follows;

20=) {m (B~ A 12BS (FX AL+ ALS VR

(1)
vhere \/(W&) is the potential energy function, XILK-&%' is the
spin-orbit coupling interaction, and }“KGH) is the vector poten-—

tial acting on electiron k, which is given by

(P X Tax)
Ik ’

A =3 HIX O = 4 +

-

(2)
where HI is a homogeneous magnetic field, ]ﬁ!_\ is an infini-
tesimally small dipole at the position of the atom A, "k
denotes the position of electron K, ¢ is a purely arbitrary
constant and arises from the arbitrariness of the gauge of the
vector potential, and ”AK denotes the position of electron k
with respect to the atom A. With the function CP(%) defined by

@) =5 CHX U Iy).

we used the following gauge invariant atomic orbitals

XK = XK expe{P@—$@n} 4 o)
. (4)

where @ 4is the position of the nucleus and AK) 4is the atomic



orbital in the absence of a megnetic field. The orbitals X (K)
gre in accord with the choice of origin Cﬂ for the wvector
potential. Then the shielding constant of the atom A is obtained

from usual third-order pértu;bation theory

(3 ¢ [ <0lzemxniee| 0y
Ok = (gp, (<ORel0> by e }

<0122l 1)<1120[Tb{mi 22} O
‘\—'%%o{ (E1_Eo)(Em_Eo) }

B <0121 N 1[0 }
<O Ia‘e | O>n%0{ (En’ _ Eo)g } )F:H:O

(5)
It is to be noted that the matrix elements {][3¢|n) are independent
of the choice of origin for the vector potential. In orde{ to
calculate the matrix elements <]]2€[m>the phase factors Exp(lL b)should
be taken into account, but it is seen that for our choice of the
origins in the Hamiltonian most terms which depend on § may
be neglected; for a calculation of the one-center integrals the
phase factors become 1, in the evaluation of the two-center
integrals r*bhej,r can be expanded in the power series. The first
term is 1, the second term is neglected because of the imaginary
part, and the other terms do not contribute to the shielding
constant because they contain higher powers of }” .
We make the assumption that the exact wave functions for the
corresponding electronic states in Eq.(5) are approximately built

9

from Hartree-Fock MO's. The wave functions” for the ground and the

(6)



lowvest excited states are written as a single determinant of

the form
B, = (PO PR - (FO(R,B)
$

i

= (ROER) (R, Rz (BB QR 20 00 (9,9
CROO(P)

P, = OB RuPI (@olaH B et) (B (B)

(BBXER) |

where '§ is the total wave function for the ground state,
0
léity denotes the total wave function for a singlet state,
3§iﬁ} is for a triplet state; the subscript i< j labels
excitation of a single electiron from (Pf, to CPE’_ , and (P(K) is
an eigenfunction of the Hartree-Fock operator h(K)with orbital

energy EL '

h (KIRK) = €L RK)

(7)
In the case of the molecules ){An, the coodinate system will be
shown in Fig. 2, where we use a coordinate system with the origin
on the nucleus X and the z-axis along the line XA and [R is the

distance .between atoms A and X.

(7)
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B, The First-order perturbation Term

The first term in Eq. (5) is written as

(3,101 B)= Z 77 CRKIP —&A,
(d)

This expression is divided into three parts: +the first part

wvhich contains only atomic orbitals centered on the atom X, the
second part which contains only AO's centered on the atom A4 and
the third part which contains both the atomic orbitals of the
atom X and the atom A. Because each term is independent of the
choice of origin for the vector potential, this origin is chosen
in such a way as 1o facilitate the calculations. Therefore, in
the first part the origin 1s placed on the nucleus X, in the
second and the third parts on the nucleus A. Here we consider

the diamagnetic contribution to the average-shielding constand

_
O\/ _g_< xTL O—{f +O§) ) i

Expand each molecular orbital as a linear combination of the

gauge invariant atomic orbitals

%(K):g Cac,)?a ( K)

Then (I;Q is expressed as;

Usia =5 O(QZZC Cb [@QGOI n RZAK}Xb(K)>

(10)

1
+<Xq(K)l ]AK]_Xb(KD}, (11)

(9)



where (X is the fine-structure constant.
C. The Second~-order Perturbation Term
For the second-order contribution we can obtain two shielding

> ] .
constants O];qra and OEC(}'Q . The former is given as;

=00 Re(L S (E -, {<h0itRew) 4 0d
XCHONR— DXV ) BKD +< Ratolle— DXV, I G
SSAQI(ASIY)

(12)

where =~ = = €;—€—J  T2K;, 5 the singlet excitation
energy from CPL +0 (P&q
Substitution of Eq. (10) into Eq. (12) yields

Gutt == 0 Re(Z, {K KMk Tho /31X 00>
XXMMk = DXV XKD + OGO — X Tl XKD
XK X T A2 1K GN S— ( B~ B GeGaCyCl.

L=1 3

(13)

Vd
For the latter, O;QTQ , the second-order perturbation term, is

written as follows;

2 (B, 1, 0%, Ik H-3IBD>
E — =

— 0 J

(14)

(10)



\ N
where O/éJﬁng is the spin zeeman interaction, 3¥EJ-E is

the triplet excitation energy from q%‘ to q% , and

3° Q{Qi {&&JI@%M;HM —($.) +§]T(§K.A) 50@

L]

(15)
Hereafter, let us consider the role of electron spin for diamag-

netic molecules. Since the ground-state wave function 1§§o is a
spin zero function, all matrix elements of the spin Zeeman

interaction in the z-direction to excited states vanish:

CB iR S ') = -

The ground state is therefore strictly decoupled from all other

states as far as the spin Zeeman coupling is concerned: then{jséa

is zero.
D. The Third-order Perturbation Term

For the third-order contribution including the spin-orbit
coupling interaction, we can also obtain three shielding constants

Oty Ordfoy, amd O™(3) . For the first term T (1)

the third-order perturbation expressions are written as;

OIS(

2 ( (1%, 13§L+,,><3§5,¢19931§b$‘,>< Paslot @>]
het 5 ka0 (17)

EEOX?EEfé EED)

Q- ( ( < @189 3@;-:}) <3§;,-;J]381 Il ,,->,}><1§r',}la'eai !@o>ﬂ
Shatk CE, - EJ(Ey —E.) =0 (18)

(11)



(BT X PRIB N BIEY)
p=h=i;

Lo (avam (B, —E)CE -Eo)

(19)

‘ ‘D lggeﬂag]%£;%><%§gﬂJBQJEE£>
0= *aHaHKG@ = Q(EEzf E) (35” - )] et

(20)

Her=(z (@la&?%&<3§,+ﬂa€ﬂ'§m}><‘%la%' 2 ) ) =H=0,
Rl Ch— BBy —Eo) (21)

i w— Ch <ﬁi%pafgimg<%iiﬂ“ﬁ3ﬁ§§u%><%iiﬂﬂagﬂgi> e
gidh LQP,QHK( (aE}U EJC By — =% )] Ir‘:wzjzz)

where
n
}ea = Z AE—K.:BK)

K=i (23)

and

93 =(% o)l (L= IXRI= el G R)

(24)
In the evaluation of the matrix elements of the perturbation
Hamil{onian 5%21 we neglect the dipolar interaction, because
it is much -smaller than Fermi contact interaction.

Expanding the wave functions in terms of the molecular orbitals,

(12)



Eq. (17) become

ool -
RS I e O (L] RUNC POl IR B Y LRR SORI PR
TS D=5 oA L, dat . CE~EFE,-E)
o f}f_“f‘ CPUKLLPED CPAN L = TR PIOX RIS | P
i (3Ea‘f, = E-.»)(a E}g’ ~E)

25§ "L BRI KRG )
o F (sEa.;“Eo)(aEJL'EJ ‘
(25)
In order to calculate the third-order perturbation term, we
neglect overlap between different altoms, and consider omnly the
interactions of the velence electrons im the molecules X.An.

Thus the matrix elements appearing in Eq. (25) are approximated

as follows; .

CPLONLM G ) = (ThX Oy,

RIS Tl Pk = Coy CLISON ere,
(26)

Where the components of the vectors G:xv are the coefficients
of the corresponding PX »- py -and pz orbital in the atom X,

C’% is the coefficient of the s orbital in the atom A, and|S§(0)/*
is the electron orbital probability density of the atom A at Jax = O.

Subsitution Eq. (26) into Eq. (25), we obtain

(13)



L@X@f)p @XX(EXL (EJ'CSV
U@ =73 W\@i (5, —EJCE,,-E.,)

0CL INOCE (q:’( \T:x] (@X []:X)PCS CS{/
el (5, - EXCE, £

[(EXX(E Lu[@m X@mjr ? ?a,
+2Zi E—EJ d }15(0)]2
(27)
The shielding constants O‘Egr(b) g el g LQH('F) are derived as

O—grfa.) is done. Therefore we obtain the expression for the
shielding constant O—gf(.l) ;

QR == el 5P (S ExC, (G A Ch
v aa

1 [ X
X{@ Ed'[,“ Eo)(g %’L s Eo) _I_ O%f, — Eu)(a%’;,—'E ) E(D

1,3&

CACHEXCOE-ENE-EJ -1 ) (Cxep,

X(CXCY, CACl (B~ E)CEB) HE-EE,E))

(14)
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S O CACH GO OB, £

125 SO xCL G C G CE - B,

(28)
In the derivation of the second term OI_};F(QJ , we considered
Eq. (16) and used the third-order perturbation term.

The shielding constant CZ};%QJ is expressed as;

o= B 1908 B 1etit B Do) (o8B
LS (2 )= ol Mk (3E "E X' EJ Eo

_k

< 1§g| aef{l l§;+&> C@wﬂ%ﬂ' gda@ oy ><3§u'iaf ]39;}1@9)]
(E -E)CE;- E)

(29)

where

9_@4_ (%Ci s - (D—K (RX]PKJ)#(%X I ((il’K RXP)

K=1 ® (30)

Expansion of the wave functions in terms of the molecular orbitals

yields
MNP PO ol <9P(+ol(le)rl‘P<k)><‘P(f<)\<P(KJ><<PIKA’L@‘%%%>
—5X .
(2= {ZE CE BBl

(15)



3 <P (0l (Lde BUP CRRIBID RN~ (RABI AR Btk
14,7 CE, -EN'E;; -E,)

™

ot

15552 SRR RRAAIBRC R0 Lh Ik
=1 g7 | (Eﬁf ED)(QEJ‘& - =)

55 CRUOILRABI A BIDGUNRKI R CNLK BTy }
l;,L:«'-I 2 (IEJL_EQ)(SEAL’ _ Eo)
(31)

Substitution of Eq. (10) into Eq. (31) gives

0CC unoet

Fer=we) ) ) (EEXEENGGGLC.C,

1 4,7 G698 §

XKLk AKX TXUON X RN Rx R 42 xf(K»]

0CC unoce,

~ )} (E-EXEE) GGCCuCels

=l § oabodet
HOGRICL . AR OCRPAKD iRy 600

Where the Hermitian property was used. In the case os the mole-
cules XA , a calculation of O‘Lgﬁ(Q) revealed that it is very
small. The numerical calculaition shows that the second term

9

OT_EHCQ) is in the order of 1077 for hydrogen iodide. There-

(16)



fore this term was neglected in the present treatment.

For the third term (jngB), we also used the third-order perturb-

ation theory. The shielding constant (7L”13) is given as;

O\W(S) [ {<1@o]9@3@¢%><3_@cﬂ2m(ﬁ CA\K@ )l F@{’a <8§w& %) ]§>
> )= Gt CE—ECE—E.)

1 3 S35 g 11 o
- @I ST B 2 B e

(33)

Each term of (j'ytgj contains the matrix elements of the first-
order perturbation term and of the spin-orbit interaction which
appears twice in this third-order perturbation expression. Thus
the third term C]EWB) is relatively small so that it can be
neglected. In fact, even in the case of the hydrogen iodide,
cach term of (7H(3) is smaller then 1072, ‘
E. The Nuclear Shielding Constant

Combining BEgs. (11), (13), and (28), the nuclear shielding

constant C)‘ is obtained as follows;

O :O;ia-—l—% para _'_ LSII(])).

(34)
In this form, the evaluation of (7 requires a knowledge of
the coefficients C:hL of the atomic orbitals ?(Q(K) , matrix

elements over the atomic orbitals Xa(K) , and the excitation

(17)



energies. In Appendix, we employ the general equation to obtain
a simplified expression for (jlgtj)in terms of parameters related
to bond properties, using appropriate approximations.
2. Calculation of the Proton Shift

In this section we will present the results of the numerical
calculation of the shielding constant for HX molecules with an
aid of the expression derived in II. In order to calculate the
proton shift of the hydrogen halides we used the semi-empirical
SCF-LCAO MOlo) for all valence eleciron systems. The wave func-
tions of the hydrogen halides are shown in Table I.

Caia is given from Eq. (II) as follows;

o= Of’*z Y GG [ty ~ 5200000
+<><ack>l—g{—}<1><b@<>>}, e

The first term in Eq. (II-1l) contains omnly wave functions which
are centered on the halogen nucleus, and the second term contains
only wave functions which are centered on the hydrogen and both
haiogen and hydrogen atomic orbitals which are centered on the
hydrogen. The various integrals which appear in Eq (II-1) are

listed in Table II. For a calculation of the first-order pertur-

(18)
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Table I.

SCF orbital coefficients and energies of HX.

Molecule MO l1h. s »r, Py Py E (eV)
I 0.341960  0.934964  -0.094336 0.0 —40.465443
HF 2 -0.380137  0.229469 0.896013 0.0 ~16.465443
a
3 .
RleSITa) ¢ g 0.0 0.0 1,006000 -15.081669
5 0.859395 -0.270529 '0.433884 0.0 2.771950
1 0.472576 0.853630 -0.222922 0.0 © ~27.842008
HC1 2 -0.349398  0.413486 0.840803 0.0 -15.695439
a
3 .
R(1.2744) L 0.0 0.0 0.0 1.000000 -13.930910
5  0.809069 -0.319455 0.493311 0.0 2.429752
1 0.490182  0.836575  ~0.244669 0.0 ~26.359921
HBr 2 -0.377122  0.456631 0.80577L 0.0 ~14.683530
a
3
R(1.4144) 4 0.0 0.0 0.0 1.000000 ~12.396140
5  0.785812  -0.302705 0.539323 0.0 2.531140
1 0.538804  0.776785  -0.326856 0.0 . =21.901690
HI 2 =0.349578  0.558716 0.752085 0.0 ~13.500885
a
R(1.6094) 2 0.0 0.0 0.0 1.000000 ~11.773998
5  0.766827 -0.290589 0.572306 0.0 1.859848

a. R is the H-X bond length.



bation term two-center integrals are considered.

The second-order contribution (7;55‘ is obtained from Eq. (13);

Ot =— 202 Re L, {at0RXT )y 53] K0P
X<XC ®| @'F‘XV]}‘ é (KD)Z%] u}ﬁ,(!Ea: ED) ) QLC})}C% Cdi].

(IT -2)
Here only one-center integrals are retained for the sake of
simplicity. Although the two-center integrals may contribute
substantially to the second-order perturbation term. However,
the present calculations agree approximately with Hameka’s more
labourious resultsll (see Table III). All quantities which are
required for a calculation of (Jh, are listed in Table IV.

For a caleculation of (M we used Eq. (28) directly. All
quantities which are required for the evaluation of (jtgr(L) are
listed in Table V. Here also the one-center integrals are retained.
Because the calculations of two-center integrals are more compli-
cated than those of ;he second-order perturbation term, and one-
center integrals strongly influences the results.

We calculated integrals which appear in the formular of all
the perturbation terms after the Hameka'sll and Musher'sl2 methods.

Especially in the case of the hydrogen fluoride the values

calculated by semi-empirical SCF MO were compared with the results

(20)



Table II. Intergrals which appear in the formulae of the first-

order perturbation term of the proton shielding constant.

<osx|nsx> (BSx|nZx) " <nZx|nzx> (nXx|nXx> (lh|n$x» {1h|nZx
F 0.027393 -0.135914 -0.079398 0.076688 0.366153 0.371684
Cl  0.055015 =0.074792 =-0.020010 0.092528 0.345577 0.434180
Br  0.082226 -0.031432 90.037315 0.104682 0.323847 0.396549
I 0.105617  0.012862  0.095961 0.100445 0.309230 0.442876

Table III. The calculated values of

(ﬁ&na(ppm unit)

HF HCL HBr HI
Present result -10.45 =3.27 =-3.03 -2.29.
Hameka's result -6,.82 -4.,20 =3.17 -1.66

Table IV. Quantites which are required for the evaluation
of CE%f'
lg, —n 3
ji "o (eV) (n¥x | 1/r Hkian}
F 6.95455 0.182657
Cl 8.19057 0.061470
Br 7.74982 0.039822
. 6.73167 0.023412
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Table V. Quantities which are required for a calculation of CTEgJ(]) =

0.632

19.33507

9.73385

Aev) YeE (ev) EEy(ev) BB, (ev) PE B (ev) PEg-E,(ev) PBg-Ey ,lev)
P 0.034 34.37744  9.16056  6.95455 31.36235  7.02593 5.84618
Cl  0.073 23.86486 10.59241 °  8.19057 120.71661  9.26911 T ABTE J
Br  0.307 23.38723  10.70%83 7.74982 20.31057  9.33111  7.10374
T  6.73385 16.09366  8.32262 6.25097




by non-empirical SCF MOlj. All the results are listed in Table VI.

le LS. shift for the halides are calculated

The lH and
by Eq(v-6) using "AE approximation", In Table VII the results
of lH LS shift for the hydrogen halides are given. The values
of ‘H LS shift which was calculated using AE=8e¢V are in
satisfactory agreement with ones obtained from Zq. (28).

In Table VIII the values of 130 LS shift for the methyl
helides are calculated using Eq.(IV-6), but it should be noted
that we can not use this equation strictly. Because in the methyl
halides there are two atoms associated with the spin-orbit
interactions. Thus the spin-orbit interaction of the carbon
is neglected because of smallness of magnitude, and ¢1? Ls shift
is evaluated by semi—empirieal SOF LCA0 MO™® 2oy all valence
electron systems. The calculated values are too small relatively
to reproduce the trend of the experimental results of C%3chemical
shift for the methyl halides. However, AZE wvalues of 8eV and
10eV appear to be somewhat large in view of the lowest excitation

energy for CH31(4.OeV)14'

Therefore one should teke less magni-
tude of AE value (5¢V, for example) which leads to more refined

velue o (J5(1) (11.6 X 107°).

(23)



Table VI. Calculated proton shielding constants for hydrogen

halides (ppm unit)

nen-empirical » semi-empirical
HF HF IIC1 HBr HI
Uda 10.38 5.06 6.35 3. 88 9.98
Vrr-16.09 -10.45 -3.72 -3.03 -2.29
total -5.64 ~5.02 3.22 8.83 15.90
1

Table VII. The "H LS shielding comstants ( {J (7))

Exact® AL Approximation
B(ev) 10(eV)
HF 0.37 0.28 0.18
HC1 0.59 0.70 0.45 ‘
HBr 2.98 3.32 2.18
HI 8.21 T.34 4.69

a: Calculated without A E approximation.

13

Table VIII. The ~“C LS shielding constants (ppm unit).

A E Approximation

CHX (8 eV ) (10 eV )
CH,F 0.15 0.10
CH,C1 0.48 0.30
CH,Br 2.36 153
CH,I 4.56 2.92
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Table IX. The proton chemical shifts of hydrogen halides

_ Relative to- HF (ppm unit) *  Relative to HC1l (ppm-unit)
L ‘ HC1 HBr HI . HBr HI
(dia  3.58  5.66  8.57. - 2.08 5.17
] = . .
Hameka's  (Jpara 2.62 - 3.65  5.16 | 1.03  2.54
ERERL Qtotal 6.20  9.31  13.91 ' % L1 © 7.7
) . = . "
(Jaia  1.29  3.82  4.92 _ T 3.63
s X
(Jpara 6.73 7.42 8.16 0.69 1.43
Our results ' o '
Jus 0.22  2.61  7.84 2.3 7.62
"(Jtotal 8.24 13.85  20.92 ' © 5.61 12.68
Obs. & EX 2.95  7.28 15.90 . 4.33 12.80




3. Discussion

In Table IX, our calculated values including Hameka's calculated
results are compared with experimental results for the proton chemical
shift of hydrogen halides. Our calculated results, relative to HF,
differ from the experimental values by about 5 X 10-6. However,
it is apparent that our results coincide fairly well with the
experimental values, when the values are respect to HCl. TFor
hydrogen halides there is no satisfactory wavefunction available
except the HF and HCLl molecules, so we used the semi-empirical
SCF-LCAQ MDlO for all valence electron systems. However, it
appears that the increase of the LS shift ( CjiS ) in going
from HF to HI may be attributed to the greater spin polarization
in the molecules containing the heavy atoms.
A, The Significance of the LS Shift

Inspection of Table VI shows that the values of C]is (1) are
as large as (Jparq for HBr end HI; the LS shift makes a contribu-
tion substantially to the proton shifts for the HBr and HI.
Table IX also shows that Hameka's results, relative to HCL, are
smaller than the experimental ones. When we add the present
value of (:Ks(])to the Hameka's theoretical value of C)‘ which
neglects the LS shift, the agreement with experiment is satis-
factory (Table IX).

It is clear from the above discussion that the new shift,(ﬂb(}),
cannot be ignored in comparison with (]EUQL° The LS shift

appears to have an important contribution to the abnormal upfield
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trend of the proton chemical shift in hydrogen halides (Fig. 3)
B. The Implication of the LS Shift

In the diamagnetic substances the contributions of the
electron spins to the chemical shielding appear in the higher-
order perturbation calculations.4’5 When one considers the effects
of the heavy atoms of iodine and bromine which are characterized
by the large spin~orbit interactions, the higher-order pertur-—
bation theory should be used.

Though the LS shift (J{g(1l) has already been explained by
Nakagawa et al.%'7, our derivation (Eq.(26)) will be amenable to
see the physical meaning of (J (1); in molecules such as HBr and
HI, the heavy atom has many electrons, so the orbital angular
momentum of the heavy atom is induced by an external magnetic
field. 1In succession, the orbital moment induces a spin polariz-
ation into the bond through the spin-orbit interaction of the
heavy atoms, and the spin polarization contributes to the chemical
shifts on the hydrogen through Fermi contact interactiom of a
nucleus with electrons. Alternastively, this shift is interpreted
in the sence that a‘localized triplet exciton is induced on
the heavy atom by the spin-orbit interaction, itransmitting to
the neighboring atom through the bond. Thus the LS shift arises
on the neighnoring atom through Fermi contact interaction of a
nucleus with electrons.

Finally, we can consider that Eq.([V=6) includes the terms

which are similar to the atom—atom polarizability, so when the

(28)



LS shift is large, it won't give only a contribution to the chemical

shift on the nearest-neighboring atom, but also on the near atoms.
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4, Appendix 7
For the third-ordér contributions ng(l) to the shielding

od the nucleus A, a general formule is given from Eq.{28) as;

O n=— m’z{occ%[@ XC, Cixc, Co.Ce

v %8
X [(35 £ Eo)-l(aa‘t— Eo)‘i + (]E: Eo)‘I(SE;'(__ Eo )-IJ
55 (OXCY CAC CXCE(CE - EXE,~E))

v

—ZZ(G?BXGZBJ CXxCHLCe Uf@EjL—a)‘]GE.;-EI

1 EeEBITEAET) - ZZ@x@J o c‘* ' CixCy,
X(CE-ENE,.~EN +zzz( xC (CXC2),
GCLCE-EJ)) S

(IV-1)

We now use the " AL approximation" by replacing all differences
BEji"ED by an average AE. Then each term in Kq. (IV=1) becomes

a product of two factors,one containing over occupied MO’s and

the other a sum over unoccupied MO’s. The x component is expressed

(30)



as follows;

o, TS

7 7
Ls D—"""¢(2E" {2 (BBSAQYBZBQzBSA+PZBSA@TBZBQYBSA
/ ’ /
wR’BSA ZBZBQ'YBSA_ﬁ PZBSAQJ’BYB QZBSA) T EBZ’BQZBSAQ

TBSA

f}?szs@rssa@zs%ﬂ ZB2 BQwﬁSAQYIBSA - ??BYB QZBSA Q;BSA
_2<RBZBQZBSA %@A +BBYB YBsA F%SA - EDBZEQTBSA R’;SA

= PYBYE,QZBSA BB SA) ._,( ]:‘%SAQZBYE BESA -f_ BBsAQYBzB Y |

BSA

—BBSA@YBYBEBSA - ‘%SA ZBZB %‘SA) +2 (}%SA zesa?alzg
'—i- E)BSAQ‘(BSA PY;zB “E BSAQYBSA EBZB o }%S‘AQZBS‘A Rgz 5)}}

(IV-2)

where P b is an element of the charge-bond—prder matrix and
a

Qab is defined similarly for unoccupied orbitals as;
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QL
Eb — 2 ; Ca.‘_,Cb‘u, ‘ (Iv-3)

uncL

Q&b —Z JZ COJCL,J ' - (IV-4)

When overlap is neglected, we can use the relation

2 _]' Qm; —2 O

to express the sums over unoccupied MO’s as sums over occupied

(Iv-5)

MO’s. Thus the third-order contributions O”I_:gx(l) is simplified

a

o RSO0 o
Uis = (AE )2 {QBBSA ez sy

5 h 9 2
- ]%SA BBzB B Qgg,q }%YB T PIBQSA + B BSAJ.

(IV-6)
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Chapter 3. Conclusion

In Part I of this thesis the theory on the nuclear shielding
constant is studied hy using the third-order perturbation method
involving into the spin-orbit interaction.

In Chapter 2, the new typed expression of the shielding constant
including the LS interaction is presented to explain the abnormal
upfield trend of the chemical shift for the nucleus bonded to
the heavy atom. In Chapter 2-3, as the application of this theory,
the proton chemical shift for the hydrogen halides was calculated
in detail. The numerical calculations using semi-empirical SCF
wavefunctions gave substantial cantribution(S].?i) of this shielding
effect( J1s ) to the total shielding of the hydrogen iodide.
Therefore, it is emphasized that the(}ié term cannot be ignored
in comparison with CTﬁﬁara’ and has an important con?ribution
to the abnormal upfield trend of the proton chemical shift in
hydrogen halides. In Chapter 2-4 the author described the expression
for the new type with the average excitation energy approximation,
This simplified expression enables us to clear the physical image
for the heavy atom effect on the shielding constant. Thus, from
this expression, it is shown that the LS shifi arises on the
neighboring atom through Fermi contact interaction of a nucleus

with electrons.
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PART II1

THY INTERACTION BETWEEN THE CLOSED~
AND OPEN-SHELL MOLECULES

BY NMR CONTACT SHIFT



Chapter I Introduction
Fifty years ago Latimar and Rodebeesh showed that the great

usefulness of the concept of the hydrogen-bond in explaining
many physical properties of substances containing hydrogen atoms

attached to electronegative atoms. Since that %ime more and
more epplication of the hydrogen-bond have been made, and more
and more has been learned aboul the nature of hydrogen-bond.
A great majority of phenomena connected with the hydrogen-bond
can be interpreted if this bond is considered as describing
an interaction in which the eleciro-static charge-migration
as well as the short-range repulsion effects are simultaneously
important. The fundamental similarity between the hydrogen-bond
and charge-transfer(or covalent bond) interaction has been
emphasized. Recently MO theoretical studies have been performed
for various hydrogen-bond systems. Nonempirical and semi-empirical
SCF MO calculations have been proved to be successful in producing
hydrogen-bond energies, charge distributighs and most stable
conformations. All these studieé are associated with closed-shell
molebules;

In this thesis the author is concerned with the hydrogen-bond
between closed and open-shell molecules which has been studied
experimentally and theoretically. Here he describes the results
of n m r contact shifts and MO theoretical studies for the hydrogen
bonding in the proton-donor molecules/%itroxide radical system
in view of static(time average) field.

In Chapter é (published in Journal of the American Chemical Society,
93, 2048(1971), Chemical Physics letters, 9, 143(1971), ibid, 9,

203(1971) and Journal of the Chemical physics, in press (1973)),
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the molecular interaction between a nitroxide radical and the proton-
donor molecules is studied by the n m r contact shift measurements
and molecular orbital calculations. In section 1, it is shown

that the donor moleculés induced by the hydrogen-bond with nitroxide
radical yield fruitful information on the nature of the hydrogen-
bond with the free radical. In section-2 the author mentions

a correlation between 1°C contact shifts and Y2C-H nuclear spin
coupling constants. This correlation is explained in terms of

finite perturbation theory of nuclear spin coupling constants

%BC—H coupling constant is related to the electron

13

in which the
spin density on the C nucleus induced when spin density is placed
finitely on the proton. The potential utility of the relation in

~ the prediction of sign and magnitude of long-range 130—H coupling
constants is also stated.

In section 3 SCF molecular orbital calculations using FKDO method
are performed for dimethyl nitroxide(DHNO) methanol and DMNO-acety-
lene hydrogen-bond systems. Negative spin density of the hydroxyl
proton of methanol which has been confirmed by our provious n m r
studies is reproduced, only.for the model where the hydroxyl proton
is placed directly over the oxygen p-morbital.

13

In section 4 1H and C Fermi contact shifts induced by the

hydrogen-bond with DTBN radical are observed for various proton

13

downfield C contact shifts of the donor molecules are interpreted

in terms of the spin polarization mechanism of electron spin transfer

from DTEN to the protic substances. The formation comnstants,

13

enthalpies, limiting lH and C contact shifts and spin densities

on the H and C atoms are also determined for the protondonor/DTBN

hydrogen-bond interaction from lH and 130 contact shift measurements

at various temperatures. The theoretical studies of this closed -
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and open-—shell bimolecular system are performed by unrestricted
Haertree-Fock SCF MO(INDO method) calculations.

In chaper 3, as a part of these continuing studies on the inter-
action between closed and*open-shell molecules, (Chemical Physics
Letters, 14, 372(1972), Journal of the American Chemical Society,

94, 4812(1972) the author performs 130 nmr. contact shift study
of the electron donor-accepton interaction between halogenated
molecules and the nitroxide radical. 130 nmr contact shifts

induced by the addition of DTEN radical are observed for holomethanes,
haloethanes, and halobenzenes. These results are interpreted in

terms of the charge-transfer interaction between the DYBEN radical

and halogenated molecules in the manner of C-X DTBN interaction.
Approximate values of the formation constants, enthalpies, limiting
130 contact shifts, and spin densities on the carbon are determinec
for this C T Complex formation. .

Theoretical studies on this interaction system are also performed
by the unrestricted Hartree-Fock SCF-MO(INDO method) calculations.
The stabilization energies and spin densities on the acceptor carhbon
are well reproduced by the MO calculation. In the basis of the

present experimental and theoretical studies the mechanism of halogen

abstraction reaction is discussed briefly.
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Chapter 2. The Interaction between the Proton Donor Molecules
and a Nitroxide Radical.

»

Sectien 1. “H and 270 Contwct Shift of Frotis Molesules

in Presence of the Nitroxide Radical.



Studies on Nuclear Magnetic Resonance Contact
Shifts Induced by Hydrogen Boading with Organic
Radicals. 1. 'IT and “"C Countact Shifts of

Protic Molecules in the Presence of the

Nitroxide Radical

Sir:

action. In addition, the contact shifts for other pro-
tons and carbons in the XH molecule will allow us to
see the mode of electron spin distribution in the XH i
molecule. -

We have observed the effect on 'H and *3C resonance
positions of several XH molecules upon addition of in-
creasing amounts of DTBN.* The hydroxyl proton of

During the last 20 ycars considerable intercst has « ~ methanol, for example, in CCl, expericnced an upfield -

been manifested in the study of the hydrogen bond (H
bond)." A greal majority of phenomena connected
with the H bond can be explained i this bond is con-
sidered as describing an interaction in which the electro-
static charge-migration (covalent bond) as well as the
short-rangc repulsion effects are simultaneously im-
portant. The fundamental similarity between the H-
bond and charge-migration (or charge-transfer or co-
covalent- bond) interaction has been emphasized.'™
Recently MO theoretical studies have been performed
for various H-bond systems and proved to be successful
in producing H-bond energies, charge distributions,
and most stable conformations.? All these studics
are associated with closed-shell molecules. Tn the
present work we are concerned with the H bond be-
tween closed-shell and open-shell molecules which has
been studied Jess experimentally and theoretically.
We wish to report herc preliminary results of nmr
contact-shilt and MO theoretical studies for the H
bonding in the protic molecule-nitroxide radical sys-
tem.? = )

In order to assess the importance of covalent bonding
in the XH--+Y H-bonding system, we have studied
proton and '’C contact shifts for various proton donor
molecules, XH, induced by the presence of di-ters-butyl
nitroxide (DTBN), the proton acceptor. We have also
carried out unrestricted Hartree-Fock (UHF) calcula-
tions using Pople's INDO method* for the above H-
bond system to substantiate the observed contact shifts.
The observation of the XH proton contact shift is
expected to reflect directly the clectron spin density
transferred through the H bond from DTBN. This H-
bond contact shift will serve as a measure of covalent
character or strength of the XH---Y H-bond inter-

(1) {a) G. Pimentel and A. L, McClellan, "The Hydrogen Dond,"
W. H. Frecman, San Francisco, Calif,, 1960; (b) D, Hadzi, Ed.,
“Hydrogen Bonding,' Pergamon Press, Oxlord, 1959; (c) S. Braloz,
Adcan. Quantum Chem., 3, 209 (1966),

(2) K. Morokuma, H. Kalo, T. Yonczawa, and K. Fukui, Bull,
Chem, Soe, Jap., 38, 1263 (1965); K. Morokuma and L. Pederson, J,
Chem, Phys., 48, 3275 (1968); P. Kollmtan and L. C. Allen, ibid., 51,
3286 (1969); A.S. N, Murthy and C. N. R. Rao, Chem. Phys., Lett,, 2,
123 (1968); W. Adam, A, Grimison, R. Hoffmann, and G, Zuazaga de
Ortiz, J, Amer. Chem, Soe., 90, 1509 (1968), and other recent papers,

(3) To our knowledge, study of (he nmr contact shifts of solvent
moiccules in the presence of organic radicals has been quite limited

(38)

shilt and broadening when a small amount of DTBN
was added, while methyl protons were almost unafTected.
This upfield shift is proportional to the concentration of
added DTBN and is more pronounced for a more
acidic XH proton such as in phenol. The observed
upfield shifts of the XH proton in the various proton
donor molecules are plotted against the DTBN con-
centration (Figure 1). '

The upfield shift is most likely caused by the Fermi
contact interaction for the XH proton of that fraction of
the XH molecule which is specifically H bonded to
DTBN. We have also examined the temperature de-
pendence of this upfield shift, The resulting linear de-
pendence of the shift on 1/T (Curie law behavior) may be
characteristic of the contact shift.™®

[see N. A. Sysoeva, A. U, Stepanyants, and A L. Buchachenko, Zh.
Strukt, Khim,, 9, 311 (1968)]. Very recently, de Boer, ¢f al., have re-
porled contact shilt data for the solvent molecule (tetrahydrofuran) dis-
solving radical anions: E. de Bocr, A. M. Grotens, and J. Smid,
J. Amer. Chem. Soc., 92, 4742 (1970); Chent, Comumun., 1035 (1970).

(4) 1. A, Pople,'D, L. Beveridge, and P. A. Dobosh, ibid., 90, 420i
(1968).

(5) Pmr spectra were obtained at various temperatures on a Jeolco
high-resolution nmr spectrometer (60 MHz) using TMS as an internal
standard., The concentration of all XH molecules was 2.5 % 103 M in
CCl solution. To this selution, DTBN was added drop by drop (from
3.3 X 107%to 16.5 X 10-¢ M) unlil the XH proton signal was too broad
to be observed.  Natvral-abundance MC nmr specira were recorded
with a Jeoleo C-60HL specetromcler (I5.1 MHz) using a complete
prolon-decoupling technique,

{6) Since the exchange of the proton doner molecules belween H-
bonded and nonbonded sites is rapid on the nmr time scale, the spectra
are time averaged, the various proton resonances being shifted from
their normal diamagnetic values by an amount which is proportionul to
the concentration of the H-bonded species. Thus as DTBN is added,
the proton resonances of the XH molccule shift toward the resonance
position of the H-bonded species, The relative values of this shift for
various XH molecules are of significance in the present study, The
relative values of the slope in the linear relation for various XH mole-
cules may approximately correspond to the relative H-bonding contact
shilts in this labile molecular interaction.

(7) This temperature dependence of the shift is, of course, parily
caused by the temperature dependence of the equilibrium of the H-bond
intcraction.

(8) In the diamagnctic solution, the XH proton signal is displaced to
lower ficld by H bonding;iob this usual downfield shifl and upficld con-
tact shift occur simultancously for the present H-bond systems. How-
ever, the contact shift appears to be predominant in the observed
DTBN-indueed shift; addition of a diamagnetic praton acceptor, in
place of DTBN, to the solution of the XH molecule had no substantial
clfect on the XH proten shift, Therelfore, DTBN-induced upfield
shifls strongly suggest negative electron spin density on the XH proton
induced by H bonding with DTBN, although the apparent valugs of the
relative shifts obtained from Figure 1 are not quantitatively related to
the relative values of the induced spin densitics,

Kl .



Inspeetion of Figure 1 shows that H-bonding contact
shifts fall gencrally in the order of proton-donaling
ability of the X~ group, which is well established'™"
by various spectroscopic methods. [However, it is
interesting to note that the C-H proton in chloroform
expericnees a substantial contact shilt, comparable with
that for other more acidic O-H groups. The acid
strength determined by ir spectroscopy (the,shift of the
X-H stretching frequency) is in the order acelic acid >
plicnol > methanol > amine > chloroform,'™™
Therelore, the large contact shift for chloroform appears
{o imply that the covalent character in the I bond is
quite large for the C-H group, as compared with the
N-H and O-H groups."' This is also seen in the
sizable contact shilt for the acctylenic proton in phenyl-
acctylenc in comparison with dicthylamine.”™"  An-
other feature apparent from the data in Figure 1 is the
unexpectedly small contact shift for acetic acid. This

may be due to the self-association (dimer formation) of

acetic acid, whicl is less sensitive to the H bond.

In order to look at the manner of electron spin distri-
bution on the various parts of XH molecule, we have
observed *C contact shifts for CHCI;, CH,Cl,, CH;0OH,
and CyHC=CH as well as proton shifts induced by the
presence of DTBN (Table 1).'* Addition of DTBN

Table I. Proton and Carbon Contact Shifts and Spin Densities
Induced by Hydrogen Bonding with DTBN

Qbsd contact shilte

Qbsd, Rel Rel spin
Molecule Nucleus ppm value densily
OH +41.12 +1.00 —1.00
CH,OH CH, —0.23 —0.205 +0.205
13c —1.0 —0.893 +0.148
CHCl; H +0.69 +1.00 —1.00
g —9.4 —13.6 —2.31
CH:Cly H +0.20 +1.00 —1.00
g —2.4 —12.0 +1.99
CH,C=CH H +0.15 +1.00 —1.00
nc, -2.21 —14.7 —2.44
ne, —0.40 —2.65 —0.44

= Measured as neat liquid in the presence or absence of DTBN
(1 % 107¢ M),

shifts the **C resonances of thcse molecules to lower
ficld, indicating positive spin density on the carbon.
This "*C downlficld shift for CHCls, CH.Cly, and CeHig-
C=CH is more pronounced in its magnitude than are

(9) (a) This order of acid strength delermined by the ir frequency shilt
corresponds to that of the H-bond energy (sce C. A. Coulson, " Valence,"
Oxford University Press, London, 1961); (b) Lthe apparent contact
shifts are affected by the shift of the H-bonded species and by the equi-
librivin constant, Therelore, onc should not take the obscrved shifl as
the shift dircctly proportional to the H-bond contact shift.  However,
one may be allowed lo take the relative value of the shifls as propor-
lional to the H-band shift. . 5

(10) The cantribution of the covalent bond structure in the Xid---Y
H-bond system has been theoretically shown (o be 6% at nost lor the
OQil--+ 0 system.' ¥ The above finding would be acceptable il the
covalent bond contribution in the Cif-+-O system is more important
than in the OH+ - -0 and the Nil-+ O systems.

(1) C. A. Coulson and V. Danniclsan, Ark. Fys., 8, 239, 245 (1954).

(12) Although the concomitant downficld shift of the XH proton due
to H-bond formatian is considercd to reduce the apparent uphicld con-
tact shift, particularly-for protons more acidic than C-H protons, the
contribution of this downficld shift is minor, as cvidenced by the dia-
magnetic selution with corresponding concentration of the diamagnetic
proton acceplor such as trimethylamine oxide or dimethyl sulfoxide.

(13) In order to ablain the relative magnitudes of the 'H and *C con-
tact shifts (Table 1), we have mcasured 'H and YC spectra for near
liquids of these molecules in the abscnce or presence of DTDN,
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Figure 1. Plots of the proton shift induced by di-rer-butyl ni-
troxide (DBNO) vs. concentration of DBNQO for various protic
substances. Thesoluteconcentrationis 2.5 X 107* M in CCls.

the proton contact shifts in these molecules. This *C
shift is evidently due to the Fermi contact interaction,
not to the effect of bulk susceptibility. Thisis apparent
from the fact that the phenyl ring carbons in phenyl-
acetylene are hardly affected by the addition of DTBN.
It should also be noted that the addition of the diamag-
netic proton acceptor does not change the '3C shift,

The relative contact shifts (Adg/Ady) of the proton
and "*C are related to the relative value of the spin
densities (pge/psy) on the proton Is and the carbon 2s
atomic orbitals by the relation

Psc _ |¢5H(TH)|2%
ps  |Psclvo)|? Adk

where |¢sn(vn)|? is the square of the s or 2s atomic
orbital at the nucleus N.* The relative spin densities
obtained by this relation are also given in Table 1.
Nonlocal distribution of the spin densities on the pro-
ton and carbon atoms is clearly seen.

In order to substantiatc the observed 'H and ''C
contact shifts, INDO calculations were performed for
dimethyl nitroxide (DMN)-mecthanol and DMN-
acetylene systems. We assumed that the nitrogen,
oxygen, and carbon atoms in DMN were coplanar.
The bond distances used are NO, 1.215 and NC, 1.550 A
and the CNC bond angle is assumed to be 120°. The
corresponding values for donor molecules methanol
and acetylene were obtained from Sutton's compilation. '
The geometrical structures for the H-bond system
adopted here are the w and ¢ type, where the XH proton
is directly over the p, orbital of the oxygen atom with the
X-H bond axis perpendicular to the N-O bond and in
the ¢ plane, respectively. The spin densities calculated
for ecach H-bond model were obtained for the structure
with energy optimization. The results are summarized
in Table II. The experimental trend of the induced
spin densities on the 'H and “C nuclei is well repro-
duced only for the = model both for DMN-mecthanol
and DMN-acetylene systems. The ¢ model fails to
explain the observed 'H and '°C contact shifts in these

(14) L. E. Sutton, Ed., Chem, Soc., Spec. Publ., No. 11 (1958).



Table 1. Results of INDO Caleulations for I'roton
Douot. .. Nitroxide Systcms

Caled spin densities?

Proton Ro...m® and stabilization energics?

donor (A) x model o modeld

Methanol  1.50  pon =0.016 0.002
po L0.000 0.000
AE, keal/mole 8.87 10,10

Acetylene 1.75  puy -0.010* * 0.002
P 0.008 —0.002
pea 0.000 0.000
Pl 0.001 0.000
AE, keal/molr 1.29 1.20

aQOblaincd by encrgy optimizalion, *Spin densitics on (he
hydrogen 1s'and carbon 2s atomic orbilals. ¢ Encrgy dilTerences
between (wo conformaltions for finite and infinile separations of
proton donor and dinethyl nitroxide.  “Calculated for the model
where ZNOH = 120° ¢ Numbering of the aloms: (CH;):N—
0.+ i, —C=Cy—Ha

two systcms; the downfield '"*C contact shilts in two
acetylenic carbons (C, and Cy) require the = model,
The appearance of negative and positive spin densities
in the C-H group can be explained by a spin polariza-
tion mechanism. Because positive spin densily is re-
siding on the oxygen p, orbital, the transfer process
will preferentially involve an electron in the O---H
bond with a spin antiparallel to that of the oxygen elec-
tron. This results in a slight excess of positive clectron
spin density on anolher site (carbon) of the C-H bond,
leading to a slight amount of unpairing of the electrons
in the C~H bond. This may also be the case for other
XH---DTBN systems.  As is inferred from the above
discussion, polarization of clectron spins may propagate
through the bonds and induce positive or negative spin
density on the various parts of the XH molecule.
Therefore, the way in which electron spin distributes
itsell in XH molecules is expected to follow the trend of
nuclear spin coupling constants, The relative 1°C
contact shift, i.e., the relative spin densities, for acety-
lenic carbons (Ci and Cy) in phenylacetylene (pe/pc, =

(40)

= 0.18) is well correlated with the relative values of the
YCi—H and **C,;=C,—H nuclear spin coupling constants
Jeyc-nffei-n = +251/+49 = 0.20). This correlation
appears to hold for the trend in the dircctly bonded
WC—H coupling constants in CHCI;, CH,Cl,, and
CH;C=CH.®* 4

This nonlocal distribution of electron spin density is
also seen in the stereospecific proton contact shifts for
various protons in the XH molecules. We have
cexamined the protorr nir spectrum of 4-methylpiperi-
dine, for example, in the presence of DTBN. Quite
dillerent values of the downfield contact shilts for
a-axial and a-cquatorial protons were observed, while
the NH proton exhibited a pronounced upfield shift.
The observation of a greater downfield contact shift
for an a-axial proton than for an cquatorial one (Ad.,/
Abey; = 5) is in accord with the conformation of the
N-H group located prefercntially at the axial position,'®
in which these protons are separated by the “zig-zag"
route, the favorable arrangement for electron spin dis-
tribution and nuclear spin coupling."

From the present work we can conclude that the
contact shifts induced by H bonding between protic
substances and the nitroxide radical serve as a sensitive
probe for elucidation of the covalent character of the

. H bond and of the mode of electron spin distribution

on the proton donor molecules, Further theoretical
studies on this H-bonding system will appear elscwhere,®

(15) 1. Morishima, K. Endo, and T, Yonezawa, Chkem. Pliys, Leti.,

in press.

(16) T. Yonezawa, I, Maorishima, and Y. Ohmori, /. Amer. Chem.

Soc., 92, 1267 (1970); I. Morishima, K. Okada, M. Ohashi, and T.
Yonczawa, Chem, Commun., 33 (1971).

(17 I. Morishima and T, Youezawa, J. Chem, Phys., in press,
(18) 1. Morishima, K. Endo, and T. Yoneczawa, Chem. Phys. Leit.,

in press,
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STUDIES ON THE NMR CONTACT SHIFTS INDUCED
BY HYDROGEN BONDING WITH NITROXIDE RADICAL.
A CORRELATION BETWEEN 139¢c CONTACT SHIFTS INDUCED

BY 13

C-H...NITROXIDE HYDROGEN BOND

AND 13¢.H NUCLEAR SPIN COUPLING CONSTANTS

14 and 13C NMR contact shifts have been observed for chloroform, methylene chloride and phenyl-
acetylene in the presence of di-terthbutyl nitroxide radical (DBNQ). Upfield and downfield contact shifts
were observed for 1H and 13C NMR resonances, respectively. The relative values of 13C contact shifts
with respect to LI conlact shifts are linearly correlated with directly bonded 13C-H spin coupling
constants. This correlation is interpreted in terms of finite perturbation theory of nuclear spin coupling
constants in which the 13C-H coupling constant is related to the electron spin density on the 13C nucleus
induced when spin density is placed finitely on the proton. The potential utility of this relation in the
prediction of sign and magnitude of long-range 13C-H coupling constants is also stated.

In previous papers [1,2] we have reported the
results of proton contact shifts for a variety of
the proton donor molecules, ¥H, induced by the
presence of stable radical, di-tert-butyl nitrox-
ide (DBNO), which serves as the proton acceptor,
Y, and stressed the importance of the covalent
effect in the XH...Y hydrogen bonding. The ob-
servation of the XH prolon contact shift presents
direct evidence of the covalent character of the
XH...Y hydrogen bond which induces electron
spin density on the XH proton interacting with
DBNO [1] *. The observed negative spin density
(i.e., upfield contact shilts) on the XH proton is
most likely due to the spin polarization mecha-
nism. The induced negative spin density on the

* In the diamagnetic solution, the XH proton in the
proton donor molecule experiences a downflield shift
by hydrogen bonding. In this paramagnelic solution,
this usual downfield shift and the upficld contact shift
oceur simultaneously, However, the contact shift
appears Lo be predominant in the observed DBNO-
induced shift. This has been also confirmed from the
temperature dependence of the XH upiield shift. The
resulting linear dependence of the shift on 1/T
{(Curie law behavior) may be characteristic of the
contact shift which is related to the electron spin
dengity.

the XH proton propagates through the bonds on
the various nuclei in the XH molecule [2]. The
modes of spin distribution through varicus types
of o -bonds can thus be detected from the NMR
contact shift measurements. Such contact shifts
have been shown to have a potential utilily in the
studies of electronic and geometrical structures
of the XH molecule [2].

In the present work, we have examined 13¢
contact shifts induced by the 13C-H...DBNO
hydrogen bond and we wish to report a correla-
tion between 13C contact shifts and 13C-H
nuclear spin coupling constants. It has been well
established that the C-H group serves as a pro-
ton donor in the hydrogen bond interaction. The
observed upfield (IH) and downfield (13C) con-
tact shifts show that the hydrogen bond between
C-H bond and DBNO induces negative and posi-
tive spin densities on the proton and 13C of the
C-H bond, respectively. Since the mode of elec-
tron spin distribution appears to be associated
with that of nuclear spin coupling, the relative
value of 13C contact shifts with respect to the
C-H proton is expected to be correlated to
13C-H nuclear spin coupling constants. Here we
have examined this idea for chloroform (CHClg),
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methylene chloride (CHyClg) and phenylacetylene
(CgH5C = CH).

Proton and. 13C NMR spectra were obtained
on a Jeol-3H-60HL spectrometer at 60MHz and
15.1 MHz respectively. 13C NMR spectra were
recorded with complete-proton decoupling
technique using the external locking mode.
Samples of the neat liquids in the absence and

resence of DBNO were made in 5 mm tubes for

H NMR and in 8mm tubes for ¥3C NMR in the
same concentration of DBNO **. Since the ex-
change of the proton donor molecules between
complexed (hydrogen bonded) and uncomplexed
siles is rapid on the NMR time 5cale, the spectra
are time-averaged, the various 1H and 13C re-
sonances being shifted from their normal dia-
magnetic values by an amount which is propor-
tional to the concentration of the hydrogen
bonded species. Thus as DBNO is added to the
prolon donor molecule, the 1H and 13C reso-
nances of the XH molecule shift toward the
resonance positions of the hydrogen bonded
species. Thus the 1H and 13¢ chemical shifts
from the neat liquid to the paramagnetic solution
containing a varying amount of DBNO were
measured. The 13C contact shifts relative to the
1Y contact shifts which are of significant use in
this case were obtained [rom the slopes of
linear plots of the I1H and 13C shifts versus con-
centration of added DBNO. The results were
summarized in table 1. The relative contact
shifts of the proton and 13C(a6 c/A6y) are re-
lated to the relative value of the spin densities

** The concentration of DBNO r:mg'es from 1%10~4M
to 1 X10™3M. The absolute shifts were -0.2 to
=0.5ppm for the proton resonances and 1 to 10ppm
for 13C resonances.

(psc/pgy) on the proton-isand the carbon 2s
atomic orbitals by the relation:

PSC _ losutrml® ssc
- = ’
psi |9sciroll aoy

where |¢SN(1N)| 2 is the square of the 1s or 2s
atomic orbital at the nucleus N [3]. The value of
I‘I’SH("H)I 2/| ¢SC(rC)‘ 2 (=0.166) was taken from
ref. [3]. The relative spin densities obtained by
this relation are also given in table 1, The re-
sults are compared with 13c-g spin coupling
constants in table 1, The induced spin densities
on 13C nuclei in some molecules relative to
CHCl3 are in agreement with J13C-H relative

to CHClgs.

The agreement between relative 13¢ contact
shifts induced by 13C -H... DBNO hydrogen
bonding and 13C -H nuclear spin coupling con-
stant may be interpreted in terms of Pople's
finite perturbation theory (FPT) of the nuclear
spin coupling constant [4, 5]. The FPT approach
of 13C-H spin coupling is based on the scheme
that J13._,, is proportional to the electron spin
density inauced on the ¥C nucleus when elec-
tron spin density is finitely placed on the H atom.
This finite perturbation at the H atom possibly
corresponds to the hydrogen bond interaction
between the C-H proton and DBNO in which a
small amount of electron spin is induced on the
proton by the presence of DBNQ. In order to
substantiate the observed 1H and 13C contact
shifts and the above treatment of correlation
between contact shifts and nuclear spin cou-
pling constant, we have carried out molecular
orbital calculations of electron spin densities
for the C-H...DBNQ hydrogen bonded system

Table 1
Proton and 13C contact shifts induced by C-H... DBNO hydrogen bond and 13¢_H nuclear spin coupling constants
Spin density J13C-‘H
Contact shifts relative relative t
Molecule Nucleus relative to H to H me 2o Obs Relative
shifts C in CHCly (Hz) value
CHCy ]3H + 1.00 -1.00
c -13.6 +2.26 1,00 209 4 1.00
CHZClz H + 1.00 -1.00
L3¢ -12.0 1.99 0.88 178 0.85
CgHg-Co=C;-H H + 1.00 -1.00
13g, -14.7 +2.44 1.08 +251 9 1.20
ey - 2.65 +0.44 0.19 + 49D0) 0.24
%) Ref. [7] ;
b) '

For the values for acetylene, see ref. [8].
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Table 2
Induced spin densities for acetylene-DBNO hydrogen bonding system

Calculated spin densities &

Structure of o Total
R i Fo...uld) Pr, fig, Po, P, e?:c;;gy
1.50 -0.0102 0.0082 0.0013 0.0013 -1682.322
M 1.75 -0.0030 0.0021 0 0.0003 -1682.487
o-model ? 1.50 0.0023 -0.0021 -0.0001 -0.0008 -1682.357

8) The numbering for acetylene:; _N-0... H-C =C-H.
12 34

b} caleulaled for the model of N-O. ..t bond angle = 1209,

using Pople's INDO-UHF (unrestricted Hartree-
Fock) method [3]. The INDO calculation for
DBNO shows that most of the spin densily is
placed on the oxygen p, orbital. The negative
spin density on the C-H proton was reproduced
only for the r-model of the C-H...DBNO system
in which the C-H group is directly over the
oxygen atom of the N-0O bond with the C-H axis
perpendicular to the N-O bond (see table 22. In
the 7-model (fig. 1) the observed trend of 3¢
contact shifts for phenylacetylene is also repro-
duced although the calculated spin densities on
the carbon 2s atomic orbital is too small (table
2) '

4
ey

Fig. 1. m-model of the C-H...DBNO hydrogen bond
system.

The other possible geometries of the C-H. ..
DBNO system, such as the ¢ model in which the
C-H proton approach the oxygen lone-pair in the
g plane, were ruled out because positive spin
densities are always induced on the C-H proton
in this model. The positive spin density on the
pg orbital of the oxygen atom polarize the
paired electron of the C-H bond and induces
negative spin density on the H atom, resulting
in the appearance of the positive spin density on
the carbon of the C-H bond. Therefore, the spin
polarization mechanism plays an important role
in the distribution of electron spin densities in
the donor molecule. This is a reason for linear
correlation between 13C contact shifts and

13C-H nuclear spin coupling through one or two
bonds. Since the negative spin density is placed
on the C-H proton, the site where the finite
perturbation is taking place, the positive (nega-
tive) spin density induced on the other nucleus,
X, corresponds to the positive (negative) value
of the X-H nuclear spin coupling constant, This
relation also possibly holds for H-H and 83¢c-n
coupling in other protic molecules... DBNO
hydrogen bond systems. From the observation
of proton and 13¢C contact shifts for the protic
substances in the presence of DBNQO, we are
able to predict relative values of the H-H and
13C-H nuclear spin coupling constants. This is
particularly useful in the prediction of the long-
range coupling constants (including the sign and
magnitude). Tt is usually difficult to observe the
nuclear spin coupling constant associated with
the carboxyl, hydroxyl or amine proton, because
these are highly protic and nuclear spin coupling
is usually decoupled due to proton exchange.
However, DBNO-induced contact shifts for these
molecules are useful in the prediction of these
coupling constants. An example is given here for
methanol. The relative 13C and proton contact
shifts for the methyl group with respect to the
hydroxyl proton are -0.21 and -0,89 which cor-
respond to the relative spin densities of 0.206
and 0.148. Since the ratio of Ji3o_pp and Jygg
values is related to the spin density on the
carbon and proton s atomic orbitals,

N3c.y 7 |ésctre)|2psc

JH-H YH |¢SH(7‘H)}ZPSH

the H-H coupling constant can be estimated from
the relative value of pg and pgy. Comparison
of this result with those in table 1 allows us to
expect +16.4 Hz and + 7.8 Hz for 13C-0-H and
H-C-0-H coupling constants. The latter is com-
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parable with the observed value of 5.1Hz [6].
The details on the MO theoretical studies [or
protic substances. .. DBNO hydrogen bond sys-
tem and application of the present method to
other coupling cases, such as H-H, 14N-I—l’, and

long range 13C-H couplings will be presented
elsewhere.
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MOLECULAR ORBITAL STUDIES OF HYDROGEN BOND
AND NMR CONTACT SHIFTS IN NITROXIDE RADICAL/METHANOL SYSTEM

SCT molecular orbital calculations using INDO method have been performed for dimethyl nitroxide
(DMNO)-methanol and DMNO-acetylene hydrogen bond systems. Negative spin density on the hydroxyl
proton of methanol which has been confirmed by our previous NMR studies was reproduced only for the
model where the hydroxyl proton is placed directly over the oxygen p-m orbital (7-hydrogen bonding).
The stabilization energies for these open-shell electron systems were not so greatly different from

those for usual closed-shell aystems.

1. INTRODUCTION

Recently MO theoretical studies have been
performed for various hydrogen bond systems
[1]. Nonempirical and semi-empirical SCF cal-
culations have been proved to be successful in
producing hydrogen bond energies, charge dis=-
tributions and most stable conformations. All
these studies, however, have dealt with hy-
drogen bond for closed-shell molecules which
have been well established experimentally, In
the present work we are concerned with hydro-
gen bonding between closed- and open-shell
molecules, Previously we have studued NMR
contact shifts induced by hydrogen bonding with
nitroxide radical [2]. This is an example of
NMR study on hydrogen bond between closed-
and open-shell molecules which affords direct
informations on the electron spin densities
transferred through hydrogen bonding from ra-
dical to a proton donor molecule. This contact
shift study promises to offer fruitful informa-
tions on the nature and mode of hydrogen bond,
particularly the covalency of hydrogen bond.
This experimental work stimulated us to under-
take a detailed theoretical study of nitroxide/
methanol hydrogen bond system to understand
the observed NMR contact shifts of methanol and
to see hydrogen bond energies, charge distribu-
tions and conformations in this hydrogen bond
system, There have been no MO theoretical
studies on the hydrogen bond between closed-
and open=-shell molecules, '

In the present communication we report pre-
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liminary results of unrestricted Hartree-Fock
(UEF) calculations for dimethyl nitroxide
(DMNO) radical/methanol hydrogen bond system.,
To search for the geometrical mode of this hy-
drogen bond system, calculated spin densities
on the proton donor molecule for various moclec-
ular geometries were compared with the experi-
mental results. The stabilization energy was al-
so compared with that for usual closed molec-
ular system.

2. RESULTS

All the calculations were carried out using
Pople's INDO SCF MO method [3], Bond lengths
and angles for DMNO used in the calculations
are NO, 1.215 A, NC, 1.550 A and /CNC, 120°,
We assumed that the nitrogen, oxygen and car-
bon atoms were coplanar. The geometrical
structures for hydrogen bond system adopted
here are o- and r-hydrogen bond. In the former
the hydroxyl proton of methanol is directly over
the p, orbital of the oxygen atom in DMNO with
the O-H bond axis perpendicular to the N-O
bond. In the 7-bridge model, the OH group is
over the center of the N-O bond. In the 7-model
the OH group is in the o-plane with the angle (8)
between the N-O bond and the C... H-0O axis
being varied from 0°, 60° and 90° (see fig. 1).
We then systematically varied the O-H...Q
length to obtain the geometry corresponding to
the lowest energy of the system. Calculated spin
densilies on the s atomic orbitals and hyperfine
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Fig. 1. Hydrogen bond models [or DMNO/methanol sys=
tem.

coupling constants for DMNQ and DMNO/metha-
nol hydrogen bond system aré summarized in
table 1, The table contains the results for 7-
model which is most probable in terms of in-
duced spin density on the hydroxyl proton of me-
thanol (vide infra), Spin densities induced on the
methanel and stabilization energies for different
hydrogen bond models are also given in table .. '
The energy curves for approach of the methanol
molecule to DMNQ are given in figs. 2-4.
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3. DISCUSSION Fig. 2. Energy curve for the motion of the whole mol-

ecules in the 7 model.

INDO ecalculation for DMNQ shows that most

of the spin densities is in the p; orbital on the
oxygen (0.676) and on the nitrogen (0.302). As
will be shown in what follows, this 7 spin densi-
ty on the oxygen atom is the source of the spin
density induced on the hydroxyl proton in the

fine coupling constants ap for various nuclei in
DMNO are summarized in table 2 and are com=
pared with the observed results. Although the
calculated results are uniformly smaller than
the experimental ones, the experimental trend

proton donor molecule, The calculated hyper- is well reproduced. Recent MO calculations for

: Table 1
“Stabilization energies and spin densities

Piotoi g a) Stabilization Calculated spin
Astior Structure RO ‘" (K) energy densities on the
= (keal/mol) proton and carbon
OH
m-model 1.50 8.87 ~0.0155
T-bridge I
rigdal 1.75 7.08 0.0030
o-model
CH30H , (6=609) 1.50 10,10 0,0023
g-madel c) N c) <)
©=90%) 1.75 {-8.58) 0.0008
o-model
©=0% 1.50 9.89 0.0036
Hy Ca Cs Hy
b) T-model 1.75 1.29 =0.0030 0.0021 0.0000 0,0003
CoHy
"‘é';%‘(‘)%‘) 1.50 0:81 0:0023  -0.0021  -0:0001  -0,0003

a) The value at energy minimum.,
b) The numbering of the atom: (CHg)zN-0...H;-Cg = C3-Hg.
¢) The system is not stabilized for this model.
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Fig. 3. Energy curve for the motion of the whole mol-
ecules in the 7 bridge model.

bis(trifluoromethyl) radical [7] and HyNO [8]
have.shown that N~O and N-C (or N-H) bonds are
not coplanar and deformation from coplanarity is
accaompanied by the increase of 14y hyperfine
coupling constant, This would be the case for
DMNQ. OQur previous contact shift study [2] on
on the di-tert-butylnitroxide/methanol hydrogen
bond system has shown that the negative spin
density (upfield contact shift) is induced on the
methanol hydroxyl proton. Therefore, only the
7 model is justified on the basis of the spin den-
ity on the hydroxyl proton. The other models

0 Model{g=60")

=2025.000

g

Total Energy(ev)

=2026.000

o

i

10 125 5 175 20 225

500

H-+0 Bond Length(A)

Fig. 4, Energy curve for the motion of the whole mol~
ecules in the 0 model,

always yield positive spin density irrespective
of the O... H-O bond length and are therefore
ruled out (see table 1). In the g-model (@ = 90°),
the DMNQ/methanol system was not stabilized
for Rg = g ranging 1.50-2.00 A where the in-
duced spin density on the hydroxyl proton was
always positive., The 7 hydrogen bonding was
further verified from comparison of the observed
13C contact shifts [2] with the calculated spin
densities on the carbon 2s AO's for nitroxide/
phenylacetylene system, in which acetylenic
proton serves as the proton donor site. The ob-
served downfield 13C contact shifts for both
acetylenic carbons are substantiated by the

Table 2
Hyperfine coupling constants for DMNO and DMNO/methanol

DMNO. . . methanol (7-model) D)

DMNO
Atom Cale, Obsd, Cale, Obsd.
Ps ay 2 Idg| Ps ay3) Aay ) Aaye)
(G) (G) (G) (G (G)
H 0.00838 4,52 12,3 [4] 0.00889 4,80 +0.28 -
13¢ -0.00620 - 5.08 6.1 [5] -0.00646 + 5.29 -0.21 =
170 | 0.01232 10.95 19.74) 0.01225 10.88 -0.07 -
14y 0.01667 6.32 15.2 [4] 0,01827 6.93 +0.61 +1,00 9]

a) Calculated by using proportional constants for each nucleus which relate spin density and hyperfine coupling con-

stant (see ref. [3]).
b) The results for energy optimization.
¢) Change of ay by hydrogen bond.
d) The value for di-sec-butyl nitroxide, ref. [6].
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d

INDO calculations for the 7 model of DMNO/
acetylene hydrogen bond system (see table 1),

The appearance of negative spin density on
the hydroxyl and acetylenic protons may be ex-
plained qualitatively by the spin polarization
mechanism. Because the posilive spin density is
residing on the oxygen p, orbital of DMNGC, the
spin transfer will prelerentially involve an elec~
tron in the O... H-0O bond with a spin antiparal-
lel to that of the oxygen electron, This results
in a slight amount of unpairing of the electrons
in the X-H bond, leading to a slight excess of
positive spin density on another site (X) of the
X-H bond. |

In table2 are also given the calculated ay
values for DMNO in DMNO/methanol hydrogen
bond system (7 model). The variation of ay val-
ues by hydrogen bonding also follows the experi-
mental results for 14N coupling constant [9].

The H...O bond length R for the most stable
structure of 7 type interaction is 1.5-1.6 A (see
table 1), which is very close to the result for
usual hydrogen bond system of the closed mole-
cule [1]. The calculated value (8.9 keal/mole) of
the stabilization energy for the r-model is
slightly less than that (10,1) for the o model.
These values appear to be not far from the hy-
drogen bond energy calculated for the closed-
shell system [1], although the INDO method pro-
duces larger value of the hydrogen bond energy
than the CNDQO method, the currently well ac-
cepted method for the hydrogen bond system [1].
The change ln charge distributions by hydrogen

e .

bond was also not so different from the closed
shell system.

It could be concluded from this preliminary
study that UHF calculations (INDO method) well
explain the observed features of the NMR con-
tact shifts induced by hydrogen bond with nitrox-
ide radical. Extensions of the present theoreti-
cal study for other interaction systems including
the organic radical are now in progress.
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Chapter 2

13G Contact Shifts and Molecular Orbital

-

Studies on the Hydrogen Bond of Nitroxide Radical.

Section 4 lH and



Interaction between Closed and Open-shell Molecules. VI,
1y and 2°C Contact Shift and Molecular Orbital Studies on

the Hydrogen Bond of Nitroxide Radical

-

Abstract: lH and 130 Fermi Contact shifts induced by the
hydrogen bond with di-tert-butyl nitroxide(DTBN) radical have
been observed for various proton. donor molecules(X-H). The
upfield contact shifts of the X-H proton and downfield 130
contact shifts of the donor molecules were interpreted in
terms of the spin polgrization mechanism of electron spin
transfer from DTBN to X-H molecule. The formation constants,

13

enthalpies, limiting 1H and C contact shifts and spin densities

on the H and C atoms were also determined for the X-H.,...DTBN

130 contact shift

hydrogen bond interaction from lH and
measurements at various temperatures. The theoretical studies
on this closed and open-shell bimolecular system were also
performed by unrestricted Hartree-Fock SCF MO(INDO method)

calculations. The hydrogen bond energies and spin densities

on the X-H molecules were well reproduced by the MO calculations.
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The study of the interaction between closed and open-
shell molecules would be of particular interest from experimental
and theoretical pointsg of view. As a part of our continuocus
investigation of this proﬁiem, we here report a full detail
of the nuclear magnetic resonance(nmr) and molecular orbital(}0)
theoretical studies of the H-bond(hydrogen bond) between
a stable free radical(nitroxide radical) and various proton

donor molecules.1 - Although the H-bond has been studied
X-Houoow .0-—N(t—Bu)2

spectroscopically and theoretically, there has been only

a limited work on the H-bond of the free radical.z The study
on the intermolecular interaction of the nitroxide radical

has been made by the electron spin resonance(esr) method.3

The esr method, however, can inform us of the change in the
hyperfine coupling constant(i.e. electron spin density) or the
g value of a free radical itself and gives no information on
the electronic structure of the solvent molecule perturbed by
the interaction with a2 free radical. The use of nmr contact
shifts could be relevant to the investigation of electron spin
distribution on the diamagnetic solvent molecule induced by
the interaction with the radical The study of the mode of
electron spin transfer from nitroxide radical to the proton
donor molecule(X-H) might serve as an sensitive probe for

elucidation of the nature of the H-bond. In this sense,

(50)



nitroxide radical-induced nmr contact shifts would be useful

as a spin label in the study of the molecular interaction

between closed and open-shell molecules. Here we have studied

proton and =

C contact shifts for various proton domor molecules
induced by the addition of di-tert-butyl nitroxide(DTBN) radical,
the proton acceptor. We have also carried out unrestricted
Hartree~Fock(UHF) MO calculations for this H-bonded bimolecular

system to substantiate theoretically observed contact shifts

and H-bond energies.

Experimental Section

Materials. DTBN was prepared by referring Briere and
Rassat.4 All of the proton domor molecules used here were
commertially available.

Nmr measurements. Proton nmr spectra were obtained at
60 MHz on a Jeolco 3H-60 spectrometer equipped with variable
temperature assembly. TMS was used as an internal standard.
Completely proton deeoupled 130 nmr spectra were obtained at
15.1 MHz on a Jeolco C-60HL spectrometer equipped with the SD-HC
heterospin decoupler and IS-60 field/frequency synchronous
sweep system of the proton irradiation frequency. Spectra were
measured with the extermal locking mode at various temperatures.

3C chemical shifts were determined on a expanded scale(l8ppm

per full scan) with the precision of + 0.15 ppm. Samples were
made in the neat or CCl4 or C6Hl2 solution in the absence or

presence of varying amount of DIBN in 5 mm(for lg nmr) or im
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Figure l. Observed proton contact shifts (at 60 MHz) plotted

against the concentration of added DTBN ‘radical.
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Figure 2. Curie law test of the proton contact shift for chloroform.
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t+he 8 mm sample tube. The DTBN-induced lH and 130 contact

shifts are the shift change from the diamagnetic solution
to the paramagnetic one in the presence of a given amounti of

DIBN radical.
Results

Proton Contact Shifts. Addition of DTBN radical to the

protic molecules shifted quiie sensitively the X-H proton to

the higher field, to the extent which is proportional to the
concentration of DTBN. This is shown in Figure 1 for various
proton donor molecules. This DTBN-induced upfield shift followed
the Curie law behavior as shown in Figure 2 for chloroform

es an example. The upfield proton shift, contrary to the usual
downfield shift encountered for the H-bond interaction between
closed-shell molecules, is therefore attributable to the Fermi
cohtact shift which is related to the hyperfine coupling constant,

Byt for the X-H proton by the relation B

Ye gBSEHD)
o AT o

aH _
R

Here ay is related to the electron spin densitykj; on the

proton by the equation

Q= =88 Tl By o S

(2)

The notations have their usual meaning. 2
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The observed upfield shifts, characteristic of negative
spin density on the proton, follows in general the trend of

the proton donor ability of the X-H molecules. 2

The hydroxyl
proton of phenol exparieﬂced signal broadening and upfield
contact shift quite rapidly with the addition of DTBN. Therefore,
lH nmr wﬁs not adequate for the study of phenol-DIBN interaction.
Thiol(RSH), the proton donor molecule, reacted rapidly with
DTBN and was not suitable for the present investigation.

In order to analyse quantitatively the X-H....DIBN H-bond,
we have determined the formation constants(K), enthalpies( A H)

and limiting shifts(4,) for the H-bond complex formation

X-H + DI8N —— X-H...DTBN (3]
K

For the case of rapid exchange(which is verified by the linear

plot of Figure 1), the observed proton shift,‘g , is given by

; 5} T ?ccyc (4)

where Py and P. designate the fractions of the free proton
donor and-of H-bondeé comﬁlex respectively and é;f and é;c are
the corresponding proten chemical shifts. Then
$7-& (XH-DTBN) A
C J C_S“ - (X H), A, (5)

and for the condition of (XH ) (DTBN),
(XH-DTBN) (6)

(X H). ((oTENL - DTBY)

vhere A and £, are observed and limiting contact shifts,

—_—

espectively and ( 1’ denotes the initial concentration.



‘ Figure 3., Plots of the inverse of the observed proton contact

shift against the initial concentration of proton

0030

donor (chloroform) (see Bq.(7)) at various temperature..’
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Figure 4. Plots of K v.s. 1/T in the "H ana 1°¢

shifts measuments for chloroform.
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'‘Figure 5. .

Observed lgc,contact shifts protted against
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Teble 1. Formation Constants, @nthalpies, “H Limiting Contact
Shifts and Spin Densities on the Proton for Hydrogen

Bond Complex Formation with DTBN

-

Proton Proton Spin
- . Linitimg Density
Donor K(1/mol) AH(Keal/mol) givy " C G ihe
(ppm) proton
1.26 + 0.07 (-4°C) 32 + 2 =0.00077
| 3 _
Cii, o8 0.53 + 0.07 (+22°C) _, . £ 1.0 30%2 =0.00080
0.42 + 0.08 (+42°C) 29 + 2 —0.00086
0.27 + 0.06 (+57°C) 29 + 2 -0.00086
0.26 + 0.06(+25°C) 35 + 2 -0.00093
3 0 ¢
czol, 0.23 + 0.06(+38°C) _, £1.3 3212 -0.00089
0.20 + 0.07(+48°C) 32 + 2 -0.00093
0.18 + 0.06(+56°C) 31 £ 2 -0.00091
AV.—0.000Q].
0.51 + 0.06(+24°C) 4.7 + 0.7-0.00013
) 0.47 + 0.07(+42°C) 4.6 + 0,7-0.00013
CeHsNH, 0.42 + 0.07(+55%) ~L1 09 4 3.4 0.7-0.00013
0.40 + 0.07(+70°C) 3.9 + 0.7-0.00012

Av.-0.00013
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Figure 6. Curie law test of the 130 contact shift for chlorof
orm.
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Bquation 6 can be written as

R I N (XH),
o KA. [pTen),2, (7)

Using this equation we have determined K and A, values from

the measurement of contact shifts with varying initial
cuncentrations(DTBh] " (kH ]for some typical proton donor molecules
(see Figure 3). From the temperature dependence of K, we have also
determined enthalpies( AH) for the H-bond formation (Figure 4).

The results are summarized in Table I. From the limiting contact
shift, we are able to estimate spin density on the A-H proton

using equations (1) and (2). With the relation of a,=379.34 6

1’
spin densities were obtained, az is given in Table I.

Substantially large upfield proton contact shift for chloroform,
comparable with that for methanol appears to reflect appreciably
large value of the limiting contact shift. ©On the other hand,
smaller contact shift for aniline(see Pigure 1) results from

quite small value of the limiting shift.

130 Contact Shifts. For the C-H proton donor molecules,

13

we have studied C contact shifts induced by- the addition of

13

DIBN, Iligure 5 shows DITBN-induced downfield "7“C contact shifts

for various C-{ proton donor molecules. IXigure 6 exhibits

the Curie law behavier of the UTBN-indused -°C shifh. We have

13C

also determined the equilibrium constant(K), the limiting
contact shift([&) , the enthalpy( A H) and spin density on the

cerbon(§ ) for CHCly, CH,Cl, and CgHsC Ci by the method
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Table II. Formation Constants, inthalpies, '°C Limiting Shifts,
and spin Densities on the Carbon for lydrogen Bcnd

Complex Formatiocn with DTBN

-

Proton 13C Spin
Donor K(1/mol) Al (keal/mol) Limiting Density
Shift(ppm) on the carbon

CHC1,

CH,CL

CéHSC=C—H

0.56+0.03
o.45ié.o3
0.35+0.03
0.25+0.03

0.23+0.04
0.20+0.03
0.16+C.03

0.14+0.03

0.30+0.03
0.29+0.03
0.28+0.03
0.26+0.03

(10°¢c)
(20°c)
(27°c)
(45°C)

(=5°€)
( 5°C)
(20°C)
(33°C)

(10°cC)
(20°¢)
(30°C)
(40°C)

_3.5i105

~2.3+1.5

"'looi0.6

-410+30
=370+30
-330+20
-320+20
Av.,
=380+30
-360+30
-340+30
=320+20
Av.
~150+20
~140+20
=130+20

~110+20

Av.

0.00160Q
C.0015¢C
0.00140
C.00C140
0.0C150
0.00140
0.00140
0.00140
0.00130
0.00140
0.00060
©.00059
G.00050

0.00048

0.00055
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Figure 7. Model of the hydrogen donded CH3OH/DMNO'bimolecular

system with warious configurations.
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enployed for the proton’' contact shift study. The results are
tabulated in Table II. TFor CHCT3 we have determined thermodynamic
data from both 1H and 130 contact shift data. However, for

C}{zCl2 and C6H5CECH, %he proton contact éhifts were small

enough to obtain K values at various temperatures. Therefore,

130 contact shifts were used to evaluate K and AH values

for these molecules.

. Molecular Orbital Calculations for Proton lonor/Nitroxide

Radical System. In order to substantiate theoretically

130 contact shifts of the proton donor

the observed 1H and
molecules and to elucidate the nature of the X-l....DIBN

E-bond, we have carried out unrestricted Hartree-~Fock MO
calculations(Pople's INDO MO SCF method)6’7 for the X~-H/DMNO
(dimethyl nitroxide) bimolecular system. We assumed that

the nitrogen, oxygen and carbon atoms in DMNO are coplanar.

The bond distances used are NO, 1.215 £ and NC, 1.550 £ and

the CNC bond angle is assumed to be 120°, fThe molecular geometries
for proion donor molecules were obtained from the Sutton's
compilation.8 The geometrical structures for the H-bond
bimolecular system adopted here are therand 07 types, where

the X~H proton is directly over the pjrorbital of the oxygen
atom(7C(0) type), or of the mitrogen atom(7T(N) type) or over

the center of the N-O bond(7C (bridge) type) with X-H bond axis
perpéndicular to the N-O bond, or in the Jplane((U (0) type)

(see Figure 7). In the((®) model, we varied the angle G

3 (64)



Table III. Hesults of INDO MO Calculations for Dimethyl Nitroxide

(DMNO)
7 Radical® . O- Redical?
C
Nucleus }?ﬁ ¢ aN(G) 51‘ aN(G) aN(EXPtl)
| Bt - As? B Al mad (@)
ot 0.00837 - 0.00540  4.52 2.9 -0.00155 -0.83 12.3
Ky -0.00620 ~ -0.00205 -5.08 1.6  0.02210 18.12 6.1
17, °  0.01232  0.00416 10.95 3.5  0.01557 13.83 19.7
14y, 0.01666  0.00560  6.32 2.1 =0.01763 =6.68 16.8
Toté;
Electronic ‘ -1278.717eV -1276.765eV
Energy

a. 0ad electron resides in the lowest unoccupied 7T MO
(the N-O antibonding JT orbital).

b. 0dd electron resides in.the highest occupiedCT’MO(closely below
the highest occupied JUMO) and lowest vacant CMO occupies
a pair of electrons.

¢. Electron spin density on the s atomic orbital.

d. B.A.= Before anihilation.

A.A.= After anihilation.
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Table IV. Calculated Spin Densities on Dimethyl Nitroxide

w

Spin Density

A O 0 N C
2s 0.0123 0.0166 -0.0062
2px 0.0032 0.0149 ~0.0105

(66)
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Figure 9. INDU MO stabilization energy curves plotted again_st‘
the hydrogen bond length (T (N) model).

: D
: | gznn.....«,m
N
i)
Q
O 2
Z: .
2
£J Mw.\ RRIs)
= A s
g
€D
£D s
®)
O
e — 3 gnaus] e s e SN
Lo LO O LO () LO
& g e G

! _ !
1o/ eod) AUENZ NOLLVZIIAVLS

=i



INDO MO stabilization energy curves plotted against

Figure 10.

the hydrogen bond length (7 (BRIDGE) model).
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Pigure 11. INDO MO stabilization energy curves plotted against

the hydrogen bond length ((7(120) model).

i
{ il
i i
! i

i

CrzOH- - DMNC
- 0(120) MOCEL
19+

P e e e —

N

10 -

P

-3 |>L"_F"‘="L» b N o
v‘vu""&«,,_‘_
S
O

(O F]

y,
U=
1 A
s ,»
/ 1
| /©
—— b -g— g‘l
4
i ©
: i
{ 3
P §
?

e e S EE Lt

L
(]
1
I

T e e A A S R SR

R A PR

fooz=r
fun

-
)
Ol
O
O



Figure 12, INDO MO stabilization energy curves plotted against

the hydrogen bond length (U7(180) model).
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between the N-O bond and the O...H-X axis as _=1800, 1200{
and 90° IO caiculaﬁions were periomed for X-H..,UMNO
bimolecular éystems-wiih varying X-H...0(or N) H-bond length
in e%ch médel, As the X—H’distance is fixed, it is equivalent
to the X....0(or N) distance variation.
Bgfére entering. into X-H/DHNC bimolecular system, we have
to meﬁ@ion the elec?ronic structure of DMNO. Ve have made
INDO(UﬁF)-MO éaiculétions fof the two possible electronic
strushures of LMNO,: the 7C radical and the ) radical. In the 7C
radioﬁl odd electron resides in the lowest unoccupied 7T MO
(the N-O antibonding 7C.crbital) and in the 0” radical odd
electrbn occupies the next highest occupied GJMO(closely below
the bighest occupied /U MO) and the lowest antibonding 7T MO
occupies & pair of éléctrong. The results are shown in Table III.
Spin;dénsi%ies on thé's atomic -orbitals and hyperfine coupling
cons@;&né's are given together with the total electronic energy.
Caié&lated 2y valdés obtained for before anihilation in the T
ra@ical agree with the observed +trend. Also in light of the
eleétronic energy thé'ﬂ:ra&ical is preferable to the J” radical,
as‘expected. 'Hergafter we adopt the?Eﬁradical.for the calculation
of DMNO. Table IV exhibits the calculated values of spin density
on each atomic orbital of O, N and C atoms in DMNO.
.Energy-curvés fof limited examples of X-H/DMNO bimolecular
systems with various configurations are given in Figures 8L—L2.

Table V summarizes optimum H-bond lengihs, stabilization



energies([&ﬁ) and electron spin densities on the various X-H
mole;ules for the configuration with the optimal stabilization.

There is substantial @iffg?ence in the configuration that gives
optimal stabilization: Ve have performed detailed calculations

for methanol/DMNO system in every configuration. With the other

X-H moleculeé, only passable models were examined for MO calculation.
At a glance at the ta?le, one is easily informed that the observed
negative spin density on the X-H proton is reproduced by the
calculation only for the 7T model. The observed result of positive
spin density on the carbon in CHCl, and C.H,C=CH are also explained
theoretically in terms of the 7C model. Of the two 7L models, theZC"(0)
modellyields negative spin density on the hydroxyl proton in methanol
more sensitively than the”C (N) model. The stabilization energies
for these models, however, are comparable each other. For C-H

and N-H proton donor molecules, we have chosen acelylene and amines
as the model molecules of MO calculation. These are to be compared

with observed results of phenyl acetylene and aniline.

Discussion

" Observed spin densities on the proton and carbon are smaller
than MO theoretical values by a factor of 2(see Tables I, II and
V). ‘This may be interpreted as in the following. MNO calculation
Por methanol/DMNO system shows that the (Tmodel in which the hydroxyl
proton interacts with the oiygen lone—-pair is energetically

comparable with or more favored than the 7Cmodel. However, the

' (73)



SPIN DENSITY ON THE X-H PROTON

=~0.0150 ~

Figure 13.

Plots of calculated spin density on the X-II

the hydrogen bond length for the 5T (0) model.
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induce&.sﬁin densities. on the hydroxyl proton for these two models
are opposité in sign. Accordingly, quite a small value of the observed
spin density m&y'allqw us to expect the substantial contribution

of the 0 model which yields positive spin density on the proton.
This is_probablj true for other proton donor molecules.

Preference of the (0~ model to the 7T_model is required to produce

the observed spin density. This is substantiated by MO theoretical
calculations of stabilization enmergy for the 7L and G~ modéls
(Table V): In methanol/DMNO system, the O° model is more stable
than the /U model by 1 ~.2 kcal/mol. From above discussion it follows
that the 7CH-bond is respomsible for the observed negative spin
density on the X-H proton and positive spin density on the C-H
carbon although the (J” type H-bond appears to contribute preferably.
The observed spin density on the amine proton is much smaller

than methanol and chloroform. This is also reproduced by the
calculation for the 7L (0) model. The magnitude of the induced spin
density on the X-H proton appears to be related to the opivimal
H-bond length. Figure 13 shows the plots of the calculated spin
density on the X-H protonvs. the H-bond length for methanol,
acetylene and dimethyl amine. Calculated spin density varies quite
sensitively with the H....0 H-bond length almost irrespective o?f
the nature of the A atom. Therefore, the different values of spin
density in these molecules are due to the difference in the optimal

H-bond length. For methanol in which the H-bond length is smallest



Table V. Kesults of INDO MO Calculations for Proton Donor /DMNO

Bimolecular Systems with Various Configurations

-

Proton Optimum Spiﬁ Density on the
Configuration Stabilization
Donor H-bond Donor Molecule
fnergy,-AE (
Length H(ls) 0(2s) C(2s)
(4) (Kcal/mol)
7t (0) 1.50  +8.87 -0.0154 -0.0010 =0.0003
T (N) 1.60 +7.33 -0.0039 -0.0003 +0.0002
gc (BRIDGE) 1.75 +7.08 +0.0020 -0.0006 +0.0001
Chi, 08 G“(l80°,x) 1.50 +9.89 +0.0036 -0.0004 +0.0001
g-(120°) 1.50 +1C.10 +0.0023  -0.0004  +0.0000
0-( 90°,y) +0.0014  -0.0002  -+0.0000
H(1ls) Cl(2s) 02(23)
7C (0) 1.75 +1.31 -0.0030 +0.0021 +0.ooco3
-C,=C-H 7T (W) 2.00 +0.85 +0.0001  -0.0000; -0.0000,
0= (126°) 1.75 +1.63 +0.0009  -0.0008  -0.0000,
H(1ls) c(2s)
101§ 7C (0) 1.50 +1.73 -0.0121  +0.0056
H(1ls) N(2s)
7. (0) 1.65 +4,52 -0.0090 -0.0004
CHy)NE e (N) 1.75 +3.11 -0,0008  -0.0000,
4, g~ (120°)  1.65 +4.12 +0.0016  —0.0005

(T6)



(1.50 g) the hydroxyl proton senses largest negative spin density,
wvhile for acetylene(1l.75 K) the C-H proton senses smallest spin
density. Relatively greater value of spin density on the C-H
proton in chloroform, which is experimentally recognized, is

likely due to relatively closer H-bond lenyth(1.50 E}. Accordingly
the observed trend of the limiting proton comtact shifts in
methanol, chloroform and aniline reflects the H-bond length,

rather than the nature of the 0-H, C-H ana N-H bonds.

It seems.of interest to note that only the 7T (0) model
produces negative spin density on the methyl carbon 2s A0 in
methanol{see Table V). The observed downfield 130 contact shift
of methyl carbon in methanol is not due to this cause but results
from the H-bond between methyl proton and LIBN(H-0-C-H...DTBN
interaction). The calculated negative spin density on the carbon
in H-C-0-H....DTBN H-bonded system is well reflected in the
observed upfield T°C contact shift of the junction carbon of
phenol in the presence of DTBN where only the C-0-H-—=DTBN
interaction is available. Therefore in this sense the 7T (0) model
is important in the ﬁ-boné with DTBEN.

It should also be noted that the observed spin density on
the carbon in CHCl3 is smaller than that on the proton, contrary
to the MO theoretical result. This is probably due to the
contribution os the C-Cl....DTBN charge iransfer interaction’’ ¢
in sddition to the C-H...DTBN H-bond, where both interactions
induces positive spin density on the carbon.ld The greater downfield

shifts of CiBr CﬂzBrz and CHzIz compared with CHCl3 and CH2012

3]

(77)



0.0100

0.0050+

H SPIN DENSITY

- 0.00%0 -

= 0.0100

-0.0150 -

[

Figure 1l4. calculafed spin densities on the hydroxyl

proton [in methanol plotted against

the H-pond length for various models.

A T R

o ST S R TITRRS S




S

(see Figure 5) are most likely cue to this cause.
The observed H-bond energies( A H) ranging from 1 to 5

Kcal/mol are not so different from those for usual closed—shell

H-bond system. The MO th;oretical value' of stabilization energy

also fellows this itrend. As the odd electron occupies =0 7

antibonding orbital in the nitroxide radical, the{ H-bond is expected

to gain greater l-bond energy than the usual H-bond for the closed-

shell molecules if charge transfer interaction contributes

substantially in the H-bond with nitroxide radical. The experimental

results imply the minor contribution of the charge transfer

interaction. As indicated previoqsly,l electron spin transfers

from DTBN to the X-H molecule by the spin polarization mechanisnm,

not by the spin delocalization mechanism which allows the direct

electron spin delocalization from nitroxide radical to the antibonding

orbital of the X-H bond. The delocalization mechanism favors

positive spin density on all the atoms of the X-H molecule and

corresponds 1o the charge transfer interaction. The mechanism

of electron spin transfer by the H-bond from radicel to the proton

donor molecule is in%ereséing in relation to the elucidation of

the nature of the H-bond, and will be published elsewhere with

more theoretical me‘thod.lIO
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L3¢ sontact Shifts and Molecwlar Drbital Studies

on the Charge—Trangfer Interaction between Halogenated

Molecules and Nitroxide Radical.



INTERACTION BETWEEN CLOSED AND OPEN-SHELL MOLECULES.
V. 13C CONTACT SHIFT AND MOLECULAR ORBITAL STUDIES ON THE
INTERACTION BETWEEN HALOGENATED MOLECULES AND NITROXIDE RADICAL

13C NMR contact shilts induced by the addition of the di-feri-butyl nitroxide (DTBN) radical were observed for
halomethanes, halocthanes, haloethylenes and halobenzenes. The sensitively induced downfield 13¢C cantact shifts
for the carbon bonded directly to halogen were of the order of I > Br > Cl. These results were interpreted in terms
of clectron donor—acceplor interaction of halides with the DTBN radical with the aid of INDO MO calculations of
electron spin density on the carbon atoms of halide molecules.

Recently we have demonstrated [1] that the 'H
and '3C NMR shifts are quite sensitive to the presence
of a small amount of a stable frec radical (the nitroxide
radical, for example) and the resulting 'H and 13C
contact shifts are very useful for the studies of weak
molecular interactions such as the hydrogen bond,; in
this sense the nitroxide radical may serve as “a spin
label reagent™ for the study of a weak intermolecular
interaction [2]. The hydrogen bond with the nitroxide
radical induces upfield or downficld contact shifts
quite sensitively on the various nuclei of the proton
donor molecules, These contact shifts were interpreted
in terms of the electron spin transfer by the polariza-
tion mechanism [3, 4]. Here we wish to report the
preliminary results of the 13C contact shift study of
the electron donor—acceptor interaction between
halogenated molecules and the nitroxide radical.

There has been a lot of evidence for the weak donor—
acceplor complex formation between halogenated
methanes and clectron donor molecules from UV [5],
IR [6], and Raman [7] spectroscopic studiesand
from the measurements of the heat of mixing [8].
However, these studies were associated with the inter-
action of closed-shell molecules and there has been no
work on the donor—acceptor interaction between
closed- and open-shell molecules®. The study of the
radical-induced NMR contact shift is expected to

provide fruitful information on this type of interaction,
particularly on the nature of the intermolecular elec-
tron spin transfer for the halogenated molecule—
nitroxide radical bimolecular system.

The addition of the di-ters-butyl nitroxide radical
(DTBN) to CCly and CB«Cl5 caused substantial dowa-
field shifts of 13C chemical shifts of these halometh-
anes. The spectra of naturally occurring 13C were ob-
tained by a complete proton decoupling technique
from a JEOL-C-60HL spectrometer equipped with
the 13C NMR assembly (at 15.1 MHz). 13C chemical
shifts were measured with reference to cyclohexane
of which the 13C chemical shift was hardly affected

| by the addition of DTBN. The 13C chemical shifts of

~these halomethanes were hardly affected by the addi-
tion of a diamagnetic donor molecule such as pyridine.
Therefore, the downfield 13C shift can most probably
be attributed to the contact shift characteristic of the
pasitive spin density on the carbon. We have also ob-
served downfield 12C contact shifts for CHX5 and
CHy X, where X = Cl, Br, and I are induced by the

* At {he final stage of the present study, we noticed a paper
of Murata and Mataga [12] dealing with ESR and optical
studies on the ¢lectron donar—aceeptor compiexes of
DTEN. Quite recently, a paper rclated to the preseni study
appeared [13].
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Fig. 1. Plots of 'C contact shifts versus the concentration of
added DTBN radical lor various halomethanes.

addition of DTBN. Fig. I shows the linear plots of the
observed 13C contact shifts of various halomethanes
versus the concentration of added DTBN (at room
temperature). It is generally scen that the 13C contact
shifts for halomethanes are of the order of X=12> Br
> Cl. Previously we have reported [1] DTBN-induced
'H and 13C contact shifts for CIICly and Cil,Cl,
which were interpreted in terms of the hydrogen bond
between the C—I proton and the nitroxide oxygen.
Negalive and positive spin densities are induced on the
proton and carbon respectively by the spin polariza-
tion mechanism. The above trend of the 13C contact
shifts for CHX5 and CH, X, (X=1> Br > CI) is op-
posite to the hydrogen donor ability of these halo-
methanes, As is easily scen in fig. I, CBrCly shows an
even larger downfield 13C contact shift than the
CHy X, (X=Cl and Br) molecules. Interaction here
cannot involve hydrogen bonding with DTBN. There-
fore, the above observations immediately suggest the
existence of an interaction between the DTBN radical
and halomethanes that is quite independent of any

(82)

Table 1
13C contact shift of alkyl halides )

CHaCHz =t (CH]):I,CH- (CH3)3C_
a b a b a b

a b a b a b

a - = -0.43 =052 -0.36 +0.18
Br =0.64 =150 =043 -=0.62 -0.41 +0.13
I -0.58 -1.59 -042 -0.69 -0.23 +0.04

a) 13C contact shifts arc given in ppm at the DTBN concentra-
tionof 3% 107 M.

liydrogen bond. Thus, the 13C contact shift behavior
of halomethanes containing DTBN is that which would
be expected if halomethanes form a weak complex
with DTBN of the interaction type C—X...DTBN.
The importance of this interaction can also be recog-
nized by the experimental trend of the !3C contact
shifts, CBrCly > CCly (see fig. 1), However, when we
compare the results for CCly and CHCl5, the hydro-
gen bond with DTBN appears to be still important
for the CHCl3—~DTBN system. For CHCX3 and
CH,X;, both of the C—H...DTBN hydrogen bonds
and the C—X...DTBN donor—acceptor interaction
could concurrently occur,

The above features of DTBN-induced !3C contact
shifts could be recognized more easily by the re-
sults for other halogenated molecules such as various
alkyl halides, haloethylenes and halobenzenes. We have
oblained similar 13C contact shifts—concentration of
DTBN linear plots for ethyl, isopropyl and tert-butyl
halides and results are summarized in table 1. The
data show the 13C contact shift values at the DTBN
concentration of 3 X 10~% M oblained from the linear
plots. For ethyl and isopropyl halides, the substituted
carbon (Cy,) exhibits the downfield 13C contact shifts
in the order of 1 > Br > Cl as expected. However, the
downfield 13C contact shift for methyl carbon has
the opposite trend, CI > Br > [. This is easily under-
stood if the methyl C—H proton interacts with DTBN
as a proton donor in the C—H....DTBN hydrogen
bond: the C—H proton of the methyl group in ethyl
bromide is more acidic and is here more susceptible
to the hydrogen bond with DTBN than ethyl iodide.
However, for +-butyl halides the substituted carbon
shows an upfield 13C contact shift, contrary to the
results for ethyl and isopropyl halides, to the extent
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Fig. 2, Plots af the''3C contact shifts versus the concentra-
tion of added DTBN radical for |,2-dihaloethanes and chioro-
. ‘ethylencs.

in the order of Cl > Br > 1. This implies that for r-
butyl halides the methyl C—11....DTBN hydrogen bond
is preferentially important, which induces positive

and negative spin densitics on the methyl and (ertiary
carbons respectively by the spin polarization me-
chanism. This leature of f-butyl halides—....DTBN in-
teraction is probably due to the steric inhibition of the
direct C—X....DTBN interaction and this inhibition
would favor the methyl C—H....DTBN weak hydrogen
bond interaction. '

The preferential interaction of the C—I group with
DTBN was also recognized from the greater downfield
contact shift of Cy than C, in I-bromo-2-iodoethane
(fig. 2). For 1-chloro—2-bromocthane, the preferential
downfield shift of C, was observed, as expecled.

Fig. 2 also shows the results for chlorinated ethylenes.
The 13C contact shift for CCl, carbon increases in the
order of dichloro-, trichloro-, tetrachloroethylene, im-
plying the importance of the C—Cl....DTBN inter-
action. The preferential downficid contact shifts for
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CHCl and CH, carbons in trichloro- and dichloro-
ethylenes (fig. 3) could be attributed to the
C—H....DTBN hydrogen bond-induced 13C contact
shift, as in the case of the methyl carbon contact shift
in monohaloethanes.

All of these features of the 13C contact shift were
also encountered for halobenzenes. Fig. 4 and table 2
give the results of DTBN-induced 13C contact shifts
for chloro-, bromo- and iodobenzenes. The substituted
carbon (C;) of iodobenzene sensitively exhibits greater
downfield contact shift than other ring carbons
(fig. 4). On the other hand, the C; resonance of
bromobenzene is quite insensitive to DTBN. In chloro-
benzene, C| shows a contact shift slightly upfield,
contrary to iodo- and bromobenzenes. These results
again suggest that the C—I....DTBN interaction for
iodobenzene is important while in bromo- and chlore-
benzenes the C;—H....DTBN weak hydrogen bond
could be responsible for the small downfield or upfield
contact shift of C;. The fact that the aromatic C—H
group is able to act as a proton donor to DTBN has
previously been shown for various aromatic hydro-
carbons [2]. The carbon of benzene exhibited sub-
slantial downfield contact shift by the addition of
DTBN. The relative 13C contact shifts with respect to
benzene are given for halobenzenes in table 2. The up-
field contact shift for the substituted carbon was also
encountered for nitrobenzene and fluorobenzene.
This upfield contact shift for C; is possibly due to
the negative spin () density induced by
C;—C,—H....DTBN weak hydrogen bond interaction
through the spin polarization mechanism. This inter-
action. may reduce the positive spin (1) density in-
duced by the Cl—Br....'DTBN donor—acceptor inter-
action and leads to a small downfield contact shift
for C| in bromabenzene.

From thesc experimental results it is likely that
the C=X....DTBN interaction could induce positive
spin density on the carbon by the spin delocalization
mechanism which permits the electron spin transfer

“
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Fip. 4. Plots of '3C contact shifts versus the concentration of
DTBN radical for the benzene solution of iodobenzene.

from DTDBN directly to the unoccupied moleccular or-
bital of the C—X bond. This is easily recognized by

the parallel relation between '3C contact shifts and
the polarographic reduction potential (£,,4) of halo-
methanes [9]. In order to substantiate theoretically
the DTBN-induced '3C contact shift for C—X carbon
and to elucidate the nature of the C—X....DTBN inter-
action, we have performed unrestricted Hartree—Fock
MO calculations (INDQO method [10]) for the
H3C—X....DMNO (dimethyl nitroxide) bimolecular
system arranged in the three different geometries [4].
In medels I and I, the C—X bond is placed perpendic-
ular to the p,, orbital of the oxygen and nitrogen atom
respectively, while in model 111 the C—X bond is placed
on the o-plane and directed toward an oxygen lone-
pair orbital (the N—O=X angle = 120°). We have
examined fluoride and chloride for CH;X in INDO
calculations, Because of the difficulty of including the
chlorine atom in the original INDO calculation for
CH,Cl, we tentatively used the input parameters (lp.
£, and ) of the chlorine atom in place of fluorine,

.

Table 2
13C contaet shifts for halobenzencs @)

position X=H (benzene) Cl Br 1

1 +0.42 -0.49 -4,23
2,6 b) ~1.80  ~1.65 -1.48
35 (2001 237 ~30% 3N
4 -2.12 -1.77 —1.84

a) '3C contact shifts arc given with reference to benzene.
b) The observed value of 13C contact shift is 0.13 ppm at the
DTBN concentration of 3 X 107 M (see fig. 3).

Table 3
INDQO MO calculations for CH3X....dimethyl nitroxide
bimolecular system

Complex R3) AEd) Calculated spin den-
model (A)  (kcal/mole) sity on CH3X
PC(2s)  PX(2s)
I =(0) r 1.5 203 0.0369  0.0177
Cl 1.5 4.8 0.0249  0.0407
I =(N) F L5 6.0 0.0298 0.016%

iio F LS 4.3 —-0.0026 -0.0031

a) AE =E - E, the cnergy of stabilization. The R
values are at the energy minimum.

and other variables such as various types ol integrals
were the same as in the fluorine atom. The results are
summarized in table 3. The energy of stabilization,
AE, was obtained at R (= X....0 or X....N distance) =
1.5 A for most of the bimolecular systems, The Af
value depends largely on the parametrization but the
calculated spin density appears to be rather insensitive
to the above parametrization. Since the models for
MO calculations are too simple, comparison between
the calculated results and the experimental ones is not
realistic in the present case. However, it should be
noted that the = model appears to be responsible for
the observed value of the positive spin density on the
carbon. Another feature of the results of the INDO
calculation is that positive spin density is induced on
both the X and C 2s atomic orbitals, which is possibly
due to the electron spin transfer directly to the C—X
antibonding orbital by the spin delocalization me-
chanism. This should be compared with the results
for the case of the C—H....DTBN hydrogen bond [1]
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in which negative and positive spin densities are in-
duced on the 1 and C s atomic orbitals by the spin
polarization mechanism. The study of the mechanism
of intermolecular electron spin transfer using more
rigorous theory will be given elsewhere [11].
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Interaction between Closed- and Open-Shell Molecules.

VIL

Carbon-13 Contact Shift and Molecular Orbital Studies

on the Charge-Transfer Interaction between Halogenated
Molecules and Nitroxide Radical®

- -

Abstract:
for halomethanes, halocthanes, and halobenzences,

13C nmir contact shifts induced by the addition of di-tert-butyl nitroxide radical (DTBN) were observed
The downfield 13C contact shifts for the carbon bonded dircctly

to halogen were more pronounced for bromide and iodide than chloride. These results were interpreted in terms
of the charge-transfer (CT) interaction between the DTBN radical and halogenated molecules in the manner of

C-X:--DTBN interaction.

Approximate values of the formation constants, enthalpies, limiting ¥C contact shif'ts,

and spin densities on the carbon were also delermined [or this CT complex formation. Theoretical studies on this
interactiing system were also performed by the unrestricted Hartree-Fock SCF-MO (INDQO method) calculations.
The stabilization energics and spin densities on the acceptor carbon were well reproduced by the MO caleulation.
The positive spin density on DTBN is transferred directly onto the C-X antibonding orbital of halomethane by the

spin delocalization mechanism.
of halogen abstraction reaction was discussed briefly.

Rcccnﬂy wé have demonstrated? that the nmr contact
AN shift study provides a potential tool for the investi-
gation of molecular interaction between free radical and
various closed-shell molecules. The hydrogen bond
between the nitroxide radical and various proton donor
molecules induces quite scnsitively upfield and downfield
proton and '*C contact shilts {for proton donor mole-
cules.®b® It has been shown that the spin densitics
on the donor molecules induced by the hydrogen bond
with nitroxide radical yicld fruitful information on the
nature of the hydrogen bond with the free radical.. As
a part of our continuing studies on the interaction
between closed-shell and open-shell molecules, we here
report "C nmr contact shift, studies. on nitroxide
radical-alkyl halide interaction which are ianterpreted
in terms of a charge-transfer (CT) interaction.

There has- been much evidence of weak donor—
acceptor complex formation between halogenated
methanes and electron donor molecules from uv,!
ir,/ and Raman® spectroscopic studies and from
medsurements of heat of mixing.” However, these
studies were associated with the interaction between

closed-shell molecules and therc have been only limited:

studies on the donor-acceptor interaction between
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On the basis of the present experimental and theoretical studies, the mechanism

closed- and open-shell molecules.® The study of
radical-induced nimr contact shift is expected to provide
direct information on this type of interaction, par-
ticularly on the mode of electron spin transfer from
radical (electron donor) to halogenated molccules
(electron acceptor). The use of *C nmr spectroscopy
appears to be relevant to the present study because
tetrahalomethane is most appropriate to this work as
an electron acceptor and *C nmr shift is quite sensitive

-to the presence of the paramagnetic species.™? It

secmis also quite interesting to investigate the CT
interaction between free radical and halog:nated
molecules from the viewpoint that this interaction is
considered to be associated with the transition state of
the halogen abstraction reaction.

Here we used di-tert-butyl nitroxide (DTBN) as an
electron donor free radical and halomethanes, halo-
ethanes, halobenzenes, and some other halogenated
molccules as an electron acceptor. We followed Y°C
contact shifts induced by the addition of DTBN to
the solution of halogenated molecules. The *F nmr
contact shift was also measured for some f{iuorinated
molecules.

Experimental Section

Materials, DTBN was prepared by referring to Briere and
Rassat.'* 1-Bromo-2-iodoethane was synthesized according to the
method of Simpson.''  All other chemicals used in (his study were
commercially available.

1C Ninr Measurement.  Completely proton-decoupled VC nmr
spectra were obtained at 15.1 MHz on & Jeolco C-GOHL spectrom-
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" Figure 1. Curie law test of the 2C contact shift for CBrCla.

eter equipped with the SD-HC heterospin decoupler ang 15-60
ficki-lrequency synchronous sweep system of the proton irradiating
{requency.  Spectra were measured with the external lacking mode
at various temperatures.  *C chemical shifts were determined on
an expanded scale (18 ppm per full.scale) with the precision of
+0.10 ppm.  Samples were made inthe neat liquid or cyclohexane
solution in the absence or presence of the given amount of DTBN
in the §-mm sample tube. The C chemical shilt of cyclohexane
wias Irardly affected by the addition 'of DTBN within an experi-
mental error and was used as an inlernal reference for C chemical
shift measurements of halogenated "molecules in the presence of
DTBN radical. The susceplibility shift was also too small to be
measured. Samples used for the determination of the equilibrium
constant were made in the cyclohexane solution with various con-
ceintrations.  The concentration of added DTBN radical was
varied from O to 2 X 107 M. The DTBN-induced ""C contact
shilt is the shilt change [rom the diamagnielic solution to the para-
magnetic onc in the presence of a given amount of DTBN.

Results and Discussion

Halomethanes. The addition of DTBN radical to
neat CCl; and CBrCl; caused “substantial downfield
shilt of the "C chemical shilts of these molecules.
However, they were hardly aflected by the addition of
diamagnetic donor molecules such as pyridine and
tricthylamine.  The temperature dependence of DTBN-
induced Y"C shilts followed the Curic law behavior,
characteristic of the Fermi contact shilt (Figure 1).
Thereflore, the downficld 1*C shift induced addition of
DTBN is most prabably -attributable to the Fermi
contact shift, indicating positive spin density on the
carbon s atomic orbital. We have also obscrved
downfield '*C shifts induced by the addition of DTBN
for CHX; and CH.X; molecules where X = Cl, Br,
and I, The shifts were proportional to the concentras
tion of added DTBN. Figure 2 shows the lincar
plots of the observed '"C shilts of various halomethancs
vs. the concentration of DTBN at room temperature,
Itis generally seen that the *C contact shifts for halo-
miethanes are in the order of X = 1> Br > Cl. How-
ever, slightly upficld proton contact shifts for CH.X;
and CHX; molecules were almost the same or in the
opposite trend, X = Cl > Br > I. Previously we have
reported®? DTBN-induced 'H and '*C contact shifts

(12) Paper VI L. Morishima, K. Endo, and T. Yonczawa, J. Chen.
Phys,, in press,

(87)
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Figure 2. Qbserved 3C contact shilts plotted against the con-
centration of DTBN.

for CHCl; and CH:Cl, together with other proton
donor molecuies which were interpreted by the hydrogen
bond between the C-H proton and the nitroxide
oxygen or nitrogen.!? Negative and positive spin
densities on the proton and carbon, respectively, are
induced by the spin polarization mechanism.®?
However, the above trend of the '*C contact shifts for
CHX; and CH:X; (X = I > Br > Cl) is opposite to
the hydrogen donor ability of these halomethanes.
This suggests that C-X- - +DTBN interaction is impor-
tant in these systems. As may be secen in Figure 2,
CBrCl; shows even larger downfleld '*C contact
shifts than CH.X, (X = Cl and Br) molecules. Inter-
action here cannot involve the hydrogen bonding with
DTBN. Therefore, the above observations immes-
diately supgest the existence of an interaction between
DTBN and halomethanes-that is quite independent of
any hydrogen bond. The “?C contact shilt behavior
of solutions of halomethanes containing DTBN is that
which would be expected if halomethanes form a CT
complex with DTBN of the type C-X---DTBN. The
CT character of halomethane-DTBN interaction can
also be recognized experimentally (Figure 2) {from the
fact that the '3C contact shift increases in the order
CBrCl; > CCly as might be expected. However, when
we compare the results of CCly and CHCI;, the hydrogen
bond with DTBN appears to be still important in the
CHCI;-DTBN system. For CHX; and CH;X,, both
of the C-H:--DTBN hydrogen bond and C-X---
DTBN CT interactions could concurrently occur.
The CT interaction could induce positive spin density
by the spin declocalization mechanism?® which permits
electron spin transfer from DTBN directly to the anti-
bonding orbital of the C~X bond. The C-H-- DTBN
hydrogen bond also induces positive spin density on the
carbon by the spin polarization mechanism as has been
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Figure 4. Observed C contact shift ploited against the con-
centration of DTBN for 1,2-dihaloethanes.

revealed previously.®!? Therefore, the carbon of
halomethanes senses positive spin density induced by the
hydrogen bord and the CT interactions as in the

following way.
DTBN: -'-i‘-I—F—X hydrogen bond (spin polarization)

H-lC—X- --DTBN charge-transfer interaction
1
(spin delocalization)

In order to substantiate further the CT nature of

DTBN - - -halomethane interaction, we have measured

the !°F and 17C contact shifts of CFCl, induced by the
presence of DTBN, The downficld shilts of both
nuclei may support the CT interaction stated above,?
Halocthanes, Figures 3 and 4 show the plots of
DTDBN-induced '*C contact shilts vs. the concentration

(13) We have obscerved the DTBN-induced YF nimr contact shift of
CFCly in 50 mol % CCly solution using a Jeoleo PS-100 spectromeler at
94.0 MHz. The addition of 1.5 X 10~ A DTDN caused 0.15 == 0.05
ppm downficld shift of the YF resonance for CFCly. The #*C conlact
shift for the corresponding paramagnetic solution was 0.60 = 0.10
ppm downlicld shift.

(88)
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Figurc_S. Observed *C contact shifts plotted against the con-
centration of DTBN for iodobenzene,

of DTBN for several haloethane molecules. The
downfield '*C contact shifts for the methylene carbon
in ethyl halides are more pronounced for iodide than for
bromide, while that for the methyl carbon is greater
for bromide than for iodide. This trend of the 'C
contact shifts in the methyl group is easily expected if
the methyl C-H proton interacts with DTBN uas @
proton donor in the C-H: -DTBN hydrogen bond;
the C-H proton of the methyl group in cthyl bromide
is more acidic and therefore more susceptible to the
hydrogen bond with DTBN than ethyl iodide. On the
other hand, the Y*C contact shifts in the mctnylene
carbon bonded directly to the halogen atom follow the
trend encountered for halomethanes in the.order of
ethyl iodide > ethyl bromide. The preferentii’ inter-
action of the C~I group with DTBN was also recognized
from the greater downfield contact shift of C; than C;
in l-bromo-2-iodoethane (see Figure 4). For |-
chloro-2-bromoethane, preferential downfield shift of
C; was observed, as expected. In addition to this
C-X-..+DTBN interaction, the C-H---DTBN hydro-
gen bond interaction could occur concurrently for
~ 1,2-dihaloethanes. However, the results of. the ''C
contact shifts for these haloethanes strongly suggest
relative importance of the C-X..-DTBN CT inter-
action. .
Halobenzenes. We have also studied the '*C contact
shift for the halobenzene-DTBN system. Figures 5
and 6 show the DTBN-induced '*C contact shilts for
bromo- and iodobenzenes. The substituted carbon
(Cy) of iodobenzene exhibits quite sensitively gredter
downficld contact shift than other ring carbons. On
the other hand, the C; resonance of bromobenzenc is
quite insensitive to DTBN, compared with other ring
carbons. This was also confirmed from the facts that
in chlorobenzene the substituted C showed a slightly
upfield DTBN-induced shift while the other C’s exhibited
substantial downfield shifts comparable with those in
iodo- and bromobenzenes. These results show that
the C-I-:-DTBN interaction in iodobenzene is im-
portant while in bromo- and chlorobenzenes the
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Figure 6. Qbserved C contact shift plotted against the cone
ceniration o DTBN for br’nmobenzqnc. ’

1

C-H---DTBN" hydrogen bond interaction is pre-
dominant.. The fact that the aromatic C-H group can
act as a proton donor to DTBN has previously been
shown for various aromaltic hydrocarbons.'* The car-
bon of benzene exhibited substantial downfield *C
contact shift by the :addition of DTBN.'* The aro-
matic carbon senses positive spin density induced by
the C-H:.-DTBN hydrogen bond through the spin
polarization mechanisn.'® The 'substituted carbon of
nitrobenzene in which the.nitro group is inert to DTBN
showed upfield contact shift while other-ring carbons
exhibited usual downfield contact shifts (Figure 7).
This upficld '*C contact shilt for C; in nitrobenzene
is possibly due to the negative spin density induced by
the C=Cp-H:«+DTBN interaction through the spin
polarization mechanism (see below). Of course, in
halobenzenes the C,~H---DTBN hydrogen bond
induces negative spin density on the substituted carbon
and reduces positive spin densify inducéd by the Cr-
X:++DTBN CT interaction, This is probably re-

sponsible for quite a small ‘'magnitude of downfield '

contact shift for C; of bromobenzene.

N f *:
t t ¢ Ha
}.{f NO, DTBN
DTBN

charge transfler interaction hydrogen bond interaction

(spin delocalization) (spin polarization)

In chlorobenzene, positive and negative spin densities
on C, induced .by both interactions cancel; this ap-
pears to be <sesponsible for the observation of a
slightly upfield **C conlact shift of the substituted C.
I_n {luorobenzene, DTBN-induced 1°C shilts were quite
similar to those in nitrobenzene; the substituted C
was shifted upfield and other carbons were moved
downfield. This finding implies the relative impor-
tance of the C~H+--DTBN hydrogen bond compared
with the C,~F-.--DTBN interaction. In nitro- and

(i4) Paper IV: I, Marishima, T. Matsui, T. Yonezawa, and K.
Golo, J. Chem, Soec., Perkin Trans. 2, 633 (1972),
(59)
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Figure 7. Observed *C contact shift plotted against the con-
centration of DTBN for nitrobenzene.

fluorobenzenes with the electronegative substituent,
the C,~H bond is more acidic and susceptible to the
hydrogen bond with DTBN, which induces negative
spin density on the C;.. We have also measured
the 1F contact shift for fuorobenzene. The
observed downfield '*F contact shift may suggest
that there is still weak CT interaction betwezn the
C-F bond and DTBN. These findings for haioben-
zenes correspond reasonably to the preferential donor-
acceptor interaction between C-X bond and DTBN
radical.

Equilibrium Constants and Limiting Contact Shifts.
To facilitate a quantitative analysis of the interaction
between DTBN'radical and halogenated molecules, the
formation constant, limiting contact shift, and spin
density on the carbon are needed. There is a vast
literature on the spectrophotometric study of weak CT
complexes. For the 1:1 donor-acceptor complex
formation between halomethane and DTBN with the
condition of [A]y 2> [D], the following linear equation
is obtained!®

1/A = 1/K[D]oAo + [Alo/[Dlofe

where K is the formation constant, [A], and [D], are
the initial concentration of electron acceptor (halo-
methane) and electron donor (DTBN), respectively,
Ay the limiting '"C contact shift for the pure complex
rclative to the 3C shift for the free halomethane, and
A is the, observed 1°C shift of halomethanc in the
presence of DTBN relative to the free halomcthane.

. However, as shown by Person!® and Deranleau,’”

simultaneous evaluation of K and 4, values for weak
complex formation is difficult and these values obtained
from -the above straight-line fitting procedure should
contain substantial uncertainty. The separation of

(15) R, Foster and C, A, Fyle, “Progress in Nmr Spectroscopy,”
Vol. 4, Pergamon Press, Oxford, 1969,

(16) W. B. Person, J. Amer. Chent. Soc., 87, 167 (1965).

(i7) D. A, Deranleau, ibid., 91, 4044 (1969).
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Figure 8. Plots of the inverse of the observed *C contact shills
against the initial concentration of CBrCl, at various temperatures.

K and A requires special conditions that K is large and
DTBN is completely complexed.'®i” However, this
is rarely possible. In this respect, we carried out only
order estimation of K and A, values by the above
standard procedure. Therefore, the results of K and
the limiting *7C contact shifts are not realistic-when we
use these values for a quantitative discussion.

Figure 8 shiows the linear plots-of 1/A vs. the initial
concentration of CBrCl;, as an example, at various
temperatures. The K values at various tcmperaturcs
obtained from these linear plots lead to the heat of
complex formation. The results are summarized in
Table I. According to the critical works of Person

TableI. Approximate Values of Formation Constant, Limiling
#C Contact Shift, Heat of Complex Formation, and

Spin Densitics on the Carbon for CH;Br; and

CBrCly,-DTBN Interactions

Lirhiting
" AH, 13C shilt,  Spin density,®
T, K K, L/mol»  kcal/mol* ppm pe

CH;Brs
306 0.28 —250 0.6¢01C2
293 0.33 -3.8 —280 0.00102
279 0.50 —300 0.00113
2068 0.63 ~210 0.00113
Av 0.00108

CBrCl,
308 0.12 —G650 0.00270
293 0.14 —~1.7 =710 0.00280
217 0.17 - —740 0.00280
263 0.20 —810 0.00290
Av 0.00280

® Uncertaintly of the & value is 0,20 1./mol at lcast.
tainty of the AH value is at least £ 2.5 kcalfmol, ¢ Uncertainty of
the limiting shift is at least 150 ppm. 4 Spin densily on the carbon
was obtained from the limiting "C contact shifts by using the
equation, (AH/H = —ac(v.gBS(S + 1)/7,3kT) where ac =-820.10-
pc(seercl 12 and 19).

b Uncer-

and Deranleau; it is generally possible to make an
crror analysis of K and A, Howcver, in our case
where [A]; 3> [D], and the signal of A is observed, the
equations of Deranleau are not applicable. Therefore,
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Figure 9. Models of the CH;X---DMNO bimolecular system
with various configuralions.

the results in Table I may have serious uncertainty.
Only order of magnitude is important. It is likely that

“the observed trend of 13C contact shifts for halo-

mcthanes results partly from the difference in X values
and partly from the large difference in the limiting *C
contact shifts. It is also probable that the AH values
for adducts of the nitroxide radical with halomethanes
appear to be not so different from those for the dia-
magnetic donor-acceptor interactions.*~’

A Theoretical Study on the Halomethane-Dimethyl
Nitroxide DBimolecular System by Molecular Orbital
Calculations. In order to substantiate theoretically the
DTBN-induced Y3C contact shift for halogenated mole-
cules and to elucidate the nature of DTBN-halo-
methane interaction, we have performed unrestricted
Hartree-Fock MO calculations (INDO-SCF method)®
on the DMNO (dimethyl nitroxide)-halomethane
bimolecular system. This type of MO calculation has
been proved to be successful in reproducing spin densi-
ties and interaction energies for the proton donor—
DMNO hydrogen bonding system. INDO-MO cal-
culations were carried out here for the H.C-X.--
DMNO bimolecular system arranged in the three
geometries (Figure 9).% In models I («(O)) and II
(w(N)), the C-X bond is placed perpendicularly over
thc pw orbital of the oxygen and nitrogen atoms of
DMNO, respectively, while in model III (¢(120°)) the
C-X bond is placed on the ¢ plane and directed toward
an oxygen lone-pair orbital (the N—-O-X angle = 120°).
We have examined fluoride and chloride for CH;X in
INDOQ calculations.

The results are summarized in Table II. Figures 10
and 11 show the stabilization energies varying with

(18) According to Deranleau,' the limit for accuratc simultancous
determination of X and Ae constants is approximately 0.2 € 5 < 0.8
where & is the saturation fraction and equivalent to [AD]/(D]s in the
present case. However, in the present study we cannot estimate the
§ value.

(19} J. A. Pople, D. L, Beveridge, and P. A, Dobosh, /. Clicen. Phys.,
47, 2026 (1967); J. A. Pople, D. L. Beveridge, and P. A. Dobosh, J,
Amer. Chem, Soc., 90, 4201 (1968).

(20) The d orbitals are not considered in the INDO method cven
though these undoubtediy play a significant role in reality.



Tahle IT. " INDO-MO Calculations for the CHaX: - - Dimethyl Nitroxide Bimolecular System

- i C—nlculalcd spin densily on
- Complex . AES CHX ant

modcl X R.A Kealfmol  peas’ Pxa Prins Gauss Ages Ayt Apexta-n®  Apeii-y?
1 7O F 1.5 20.3 0.0369 . 0.0177 —=0.0022 —=3.15 +0.132 —0.291 —0.013 ~0.026
Cl 1.5 4.8 0.0249 0.0407 —0.0023 —=2.50 +40.005 —0.0607 —0.059 +0.G27

1 w(N) ¢ F 1.5 6.0 0.0298 0.0169 —0.0007 +44.21 +4-0.187 —0.267 —0.004 —0.047
1L o(120%) B 1.5 . 4.3 —0.0026 . —0.0031 0.0004 +40.58 +0.152 +0.142 +0.217. =0.046

0 AE = E — [, (he encrgy of stabilization.
by CH,X+ «+DMNO interaction,
by ay = 379. 34PN(1!! (rcl' 12).

The R values arc at the energy minimum,
The plus and minus signs mean the increase and decrease in the ay value, respectively.
¢ Aqe and Agx denole the change in the total charge densities on the carbon and hulogen atoms in CHX.

b The change of the ax value for DMNO caused
ay was obtained

The plus and minus signs mean ihe increase and decrease in clectron densities, ¢ Apex(p-o) and Apgx—m mean the change in the total p—o
and s-5 bond orders for the C-X bond in CH X, The plus and'minus signs mean the increase and decrease in the bond order,
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Figure 10, INDO stabilization energy curve plotted against the
F++:0 distance for CH;F-DMNO bimolecular system (the «(O)
model).

X: -0 (or N) distance far methyl fluoride. The energy
of stabilization, AE, was oblained at R (X---O (or N)
distance) = 1.5 A for most of the bimolecular systems.
The results of calculated spin densities allow us to con-
clude that the = model is responsible for-the downfield
C contact shilt of halomethane interacting with
DTBN. * This is also the case [or the hydrogen bond
with DTBN.®'* Positive spin density is induced both
on the X and C 2s atomic orbitals, which is possibly
due to the electron spin transfer directly to the C-X
antibonding orbital by the spin delocalization mecha-
nism. This should be compared with the results lor
the case of the C-H- - -DMNO hydrogen bond in which
ncgative and posuwe spin densities are induced on the
proton and carbon s atomic orbitals by the spin polar-
ization mechanisms.3 12 -

Quite a large value of the stabilization energy is ob-
tained for the #(Q) model of fluoromethane, compared
with the other two models. However, wlien we use
tentatively the input paramclers (/,, Ea, and §)*! of
chlorine in place of fluorine atom and other variables,
such as various types of integrals in INDO method, are
not varied, we obtain quite a reasonable value of the
stabn]nzatlon energy (4.8 kcal/mol), comparative with
the experimental  value. Spm dcnaxty, on the other
hand, appears to be rathef insensitive to the above
parametrization (Table' II). Therefore, comparison

(21} The UHF-INDO calculations including chlorine atom are not
available in the original method.??
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Figure 11. INDO stabilization energy curve plotted against the
F-+-0 distance for CH;F bimolecular system (o(120°) model).

between calculated stabilization energy and observed
interaction energy is not realistic in the.present case,
but it seems worthwhile to compare the theoretical and
experimental values of spin density on the carbon of
CH;X. Quite a small value of observed spin density
on the carbon (Table 1), compared with the theoretical
value for the #(0) or the =(IN) model, may allow us to
expect the contribution of the ¢(120°) model in addition
to the = model; the ¢ model yields negative spin density
on the carbon and diminishes the absolute value of the
positive spin density. The importance of the ¢ model
has also been encountered for the hydrogen bond be-
tween proton donor and nitroxide radical.»'*  However,
it should be noted that the = model is responsible for
the observed value of the positive spin density on the
carbon.

Another feature of the results of INDO calculations
(Table II) is that the hyperfine coupling constant of
nitrogen, aw, in DMNO is substantially affected by
halide-DMNO interaction. The experimental study
on the solvent effect of ay showed that the ay value is
slightly increased on going from cyclohexane to CClL
or to CBrCl;.2* This trend is reproduced by the cal-
culation for models II and III. Also in this serse, the
contribution of the ¢ model should not be ignored.

Table 1I also contains the changes of charge density

‘and bond order due to the C-X---DMNO complex

(22) We have studied the solvent effect of ax of DTBN in the various
halomethane solvents using Jeoleo 3BX esr spectrometer with a 100-Ke
modulation. The valuec of ay increased slightly on going from CCl
(15.30 G) to CBrCly (15.40 G). In both solvents ay is larg-.r than in
cyclohexane (15.20 G). This trend of cxpcnmcniai n.sults is in agree-
ment with the Drago’s recent work (ref 8).



farmation. The results for the ¢ model show that total
charge densities on the F and C atoms increase and s-s
and p-o bond order between C add F aloms decreases.
This indicates that in the above complex formation
halomethanc accepts the clectron into the antibonding
orbital of the C-X bond, causing the weakening of the
C-X bond. In fact, when DTBN was added to the
solition of CHIs, they reacled imnfediately and no esr
signal was observed. For CH,l; solutiony this reaction
was slow and the esr signal gradually disappeared.
These results appear to correspond.with the above
interpretation of the charge-transfer interaction.

Finally we briclly comment on the charge-transfer
intcraction between [ree radical and halomethanc in
light of the mechanism of the halogen abstraction reac-
tion, Recently it has been suggested?? that the transi-
tion state of the halogen abstraction reaction process
produces anionic character on the carbon from which
the iodine is being removed.

5— 8-+
R-1 + -Rad — [R+++I+--Rad] — ‘R + I-Rad
The above scheme corresponds to the abovementioned
charge-transfer model of the transition state in which
an odd electron transfers to the antibonding orbital

(23) W. C. Dancn and D. G, Saunders, J. Anier. Chem, Soc., 91, 5924
(1969); W.C.Danen and R. L. Wiater, ibid., 93, 716 (1971).

.

(92)

-bond.?

of the R-X bond, causing the release of the C-X
The anionic character and reclease of the
C-X bond was well reproduced by INDO-MO calcula-
tions for the model molecule, CH.F, The failure to ob-
serve the esr spectrum and the '3C contact shift of the
CHI; + DTBN system may result [rom the sirong
CT interaction, leading to the iodine abstraction reac-
tion. It has been shown by Fukui, et al.,% that the
polarographic reduction potential of haloalkanes is
connected with the energy of their lowest unoccupied
¢ level. The parallél relation between the DTBN-in-
duced '3C contact shift and reduction potential (E..)
[CHBr; (Ey, = =0.64) > CHCl; (—1.67), CH.l,
(—1.12) > CH;Br; (—1.48) > CH,Cl; (—2.33)]* also
shows that the lowest unoccupied orbital is important
in the DTBN-halomethane interaction.
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(24) A similar discussion along with the CT interaction has been
made on the photochemical halogen abstraction reaction of halo-
melhanes in the presence of amines using as the cleciron donor (sce
ref' 4).

(25) K. Fukui, K. Morokuma, H, Kato, and T. Yonczawa, Jull.

. Ckem, Soe, Jap., 36, 217 (1963).



Chapter 4. Conclusion

In part II of the present thesis, the author zimed to show that
the lH andlBC n mr eontact shifts are quite sensitive to the
presence of a small aﬂounhof a stable free radical and the resulting
1H and 130 contact shifts are very useful for the "studies of weak
mole#ular interactions.

In Chapter 2, the intermolecular interaction between the proton-
donor molecules end the nitroxide radical was investigated by the
nmy cont;ct shifts measurements and molecular orbital calculatiocns.
In section 2 ﬁhp author mentions & correlation between 12C contact
shifts ana lBC-H nuclear spin coupling constants. This correlation
is eiplained in terms of finite perturbation theory of nuclear spin

coupling constants in which the 3

C-H coupling constant is related
to the electron spin density of the 130 nucleus induced when spin
density is placed finitely on the proton. The potential utility

of this relation in the prediction of sign and megnitude of long-

range 13C—H coupling constants was stated. In section 4, in order

to provide fruitful information on the nature of the hydrogen bond

W

; .
between the proton donor molecules and a D¥BN radical, “H and =g

Fermi contact shifts induced by the hydrogen bond with DTBN radical
were observed for various proton-doncr molecules. The upfield

3¢ contact shifts of the domor

Y4 contact shifts and downfield
molecules are interpreted in terms of the spin polarization mechanism
of electrorn spin transfer from DTBN to the protic substances.

The formation constants, enthalpies, limiting lH and 130 contact
shifts and spin densities on the H and C atoms were determined for
the proton donor/DTBN hydrogen bond interaction from lH and'}3C
contact shifts measurements at various temperatures. Also the
theoreticél studies on this closed-and open-shell bimolecular system
are performed by unrestricted Hartree-Fock SCEMO(INDO method)

calculations. (93)



The hydrogen-bond energies and spin densities on the i-l{ molecules
were well reproduced by MO calculations.

Chapter 3 described_lBC nmr contact shifts study of the electron
donor-acceptor interaction between halogenated molecules and the
nitroxide radical. These results are interpreted in terms of the
charge-transfer interaction between the DIBN radical and halogenated
molecules in the manner of C-X...DTBN interaction. Approximate
values of the formation constants enthalpies, limiting 130 contact
shifts and spin densities on the carbon were determined for this
C.T. complex formatiom. Also MO calculations reproduced the
stabilization energies and spin densities on the DTBN is transferred
directly ontovhe C-X antibonding orbital of halomethane by the spin

delocalization mechanism.
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PART III

NUCLEAR RELAXATION

UF THE HYDROGEN BOND
IN PROTON DONOR/A FRLE

RADICAL SYSTEM



Part I11.
Chapter 1. Introduction

Since the experiment of Bloch, Hansen and Packard™ for protons

in aqueous solution of Fef+ ions, investigations on the proton
relaxation time: in various solutions of paramagmetic ions and
solutions of organié free radicals have been carried out by

the nuclear magnetic resonance technique. The relaxation times

of nuclei in various circumstances give the useful informations
in the dymamic field.

The relations describing the spin-lattice and spin - spin
relaxation2‘73 of nuclei . due to coupling with a paramagnetic
species depend upon the nature of the chemical interaction between
the diamagnetic molecules under observation and the paramagnetic
species. There exists three cases,

(a) mno chemical interaction,

(b) formation of a labile complex,

(¢) formation of a nonlabile complex (i. e., ore whose lifetime
is long compared with the difference between the relaxation
times of the nucleus under observation in the complexed and
uncomplexed species).

In each case the nucleus-electron relaxation has both dipolar
and scalar components. When there is no chemical interaction
between the diamagnetic and paramagnetic species, the nucleus—
electron coupling is intermolecular and the dipelar éomponent
is modulated by relative translational diffusion.? Also, when
molecules containing the nucleus under observation form a complex
with those containing the electron spins, the nucleus-electron
coupling is modulated by rotational motion3 of the compléx as

a whole. (It is assumed that contributions from uncomplexed

paramagnetic species are negligible.)
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For proton—donor/a free radical hydrogen-bond system vhich
belongs to the case(b), the author considers that the uncleus-
electron relaxation has the dipolar rotational and translational
con‘brilbutions and scalar coupling term.

Until now, although many investigations have been done on

the proton relaxation times in various solutions of paramagnetic
ions and some in solutions of organic free radicals, similar
work does not appear to have been made for proton-doncr/DIBN
radical hydrogen-bond system. Here the author aims +to obtain in-
formations about dynamic behaviors for this hydrogen-bond system,
by exploring the effect ofa dissolved free radical upon relaxation
mechanism of the proton-donor nuclei.

In Chapter 2, the author describes the study on the proton
relaxation of the hydrogen bond in proton—donor/DTBN radical system.
This study will extend the informations about the hydrogen-bond
in that system deseribed in Part II.

Hefernces

1. P.Bloch, ¥.W.Hansen, and M.i.Packard, Phys.Rev. 70, 474,(1946).
2. P.S.Hubbard,Proc.Roy.$oc.(London) A291,537(1966).

3. D.R.Haton and W.D.Phillips, advances in Magnetic Resonance,

edited by J.S.Vaugh(Academic, New York, 1965), Vol.l,Chap.3.
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Chapter 2. H Relaxation of the Hydrogen Bond in

Proton-Donoxr/A Free Radical System.



1. Introduction
Recently Morishima et al. 1 have reported a series of studies

on- the interactions beitween the closed~ and open-shell molecules
by the measurements of n m r contact shifts, using free radicals
and paramagnetic metals as "a spin label reagent."™ Their papers
gave worthy informations on the molecular interactions between
the closed-shell molecules and free radicals; the hydrogen-bond
and the charge-~transfer interactions. However the useful infor-
mations about intermoleculaxr dynamic behaviors cannot be obtained
from their studies standing a static view-point. Thus, here, the author
attempts to investigate the relaxation mechanisms for protic
substances / a free radical system.

Already there have been some works on the interactions between
free radicals and solvent molecules by the pulse nm r
and nuclear-electron double resonance experiments. Gutowslky
et al. 2 studied the solvent—effects from measurements of
the relaxation times by the pulse methods. They described that
the lH relaxation mechanism for solvent free radicals systems
was expleined by nucieus-électron dipole-dipole interaction from
& combination of translational and rotational motions. Kramers

et al. 3 and Dewek et al. 4

pointed out th&t,from the dynamic
nuclear polarization experiments,proton and electron spin relaxation
in organic solutions of free radicals results from a pure dipole-
dipole interaction governed by tramslational random motions of
the spin-carrying molecules.

In this thesis,the author performs the lﬁ relaxation study using the

high-resolution n m r, in order to obtain the new informations on

the relaxation mechanism, chemical exchange lifetimes, activation
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energies and the closest distance +that the proton approaches
the odd electron for proton-donor/LTEN radical H-bond system.
2. EIExperimental section

Materials; DTBN was prepared by referring to Briere and Rassat.
All samples were redistilled, sealed under vacuum~by the freeze-
thaw pump technique in order to eliminate dissolved oxygen. all
samples containing DTBN were stored in liquid nitrogen.
nmr measurement;lﬂ spectra in wide temperature renges were obtained
at a Varian Hik220iliz spectrometer, All other lH spectra in fre-
quency ranges were measured by Jeolco 60 and 100 MHz spectrometers.

The spin-lattice relaxation time L, was measured by a Jecolco Pulsed
1

™om

F.T. spectrometer at 100 MHz.- The line shape of "I spectra is
assummed to be lorentzian type. All Lfoawere evaluated from the
half widths which are full width atv half height. |
3. Results and Discussions
a) Preliminary Studies

Pirst, the dependence of the proton Té upon the concentration
of DIBN in proton-donor molecules was measured at room temperature.
The observed values of 1/To for the DTBN solutions are plotted
vs. éoncentration in Fig. 1. The linear relation found is well
within experimental error over the concentration range studied,
up to 4.2 X 10”4 in DTBN, which predicts for relaxation goveraed
by nucleus-free radical .interactions.

Then the frequency-dependence of T, at room vemperature was

measured for the proton donor/DIBN radical system shown in Fig. 2.

The experimental data was analyzed by Swift and Connick > EqSae
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Figure 1. Concentration dependence of the lH relexation
time, T,, in the proton-donor/UT3: radical

HZ H-bond system.
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According to their theory, when the chemical exchance is repid
o ¥

the two following limiting cases are considered;

Of e »aw ; o
Th 7 o, W /TMCM ’ I/T :PM_CMACUF}

(b)
. /T}M‘Cn)» /Tm INAT p/T2 (2)

wherejsrlls the 1ifetime for the chemlcﬁl exchanﬂe, zSOthS given
by ﬁioembergen - sy L2y 1s the transverse-relaxation time which
has - -been considered by Bloembergen et al. 7 and Solomon © p
and Ty, means the observed transverse-relaxation time.

For the four proton-donor molecules in Fig,2, Ty does not depend
upon the frequency, so we can deal with ihe proton-donor/radiceal
H-bond system as the case of (b). Therefore, T5 in this systiem

can be discussed by Bloembergen et al. and Solomon. Under the

condition Wi T [, the equation(Z)l

17 ] | Val
T ('Tl‘ )r01;+( )ans +( Ta )ex

o LR Ng /13 Te | 20U R, /3 Toer s
- 20 né NO (7—CC+ /-]-u)}z‘Cé) T 30}/;#3 ‘/(7'[:-0 ] _j‘a);\léc%)

'&-) =n(Teat 1+% ) (3)

T, = the effective separatlon between the nucleus and the odd

electron.

¥, ‘=the closest distance that the nucleus apprecaches the odd

electron.
B the solute particles per milliliter.
No=. the solvent particles per milliliter.
n= +he number of solvent molecules in solvation sphere.
Tc= ‘the correlation time for the rotation.
T’ = the correlation time for the translation.

Te= the correlation time for the exchange coupling.
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Figure 2. A log-log plot of the frequency dependence
of the proton T2 in the proton-donor...UTBN

radical svstem,
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Also, the spin-lattice relaxation time Tl is given as follows;

1 | | I
Ta =<T1 )TDD—IL(‘_T—:’)t‘rans_]_ ?)ex

2v ™2 2 52
b/- ‘H f\/—n (3.50 7tc )'f' 27[4\/5/?-@— ﬁl(g_cc_i_ ILCC,:

)

T lon "No Hafsz: 15773 F R

_I_Z(K)NOn( 1+aj§ge>. (4)

In addition, a search was made for Tl/ T2 ratios using three
solutions of LHC*B, CHBOH and C6P5mh . “hese values are summarized
in table 1., It is shown that the Tl T2 ratios fall in the narrow
range about l.1~~ 1.2. These results indicate the predominance
of nucleus electron dipole-dipole relaxation, as seen readily
from Egs.(3)and (4% The small differences from unity can result
from the internuclear scaler coupling and from the dirffusional
shortening of T2.

b) Relaxation by the exchange coupling

It can be seen from Egs.(3)and(4)that the Tl/Tz ratio would
differ significantly from unity if (A/ﬁ)zté were comparable ‘o,
or larger than, the dipole-dipole contribution to l/Tl and

i @l Ts > 1. The value of“T;e is the sum of two terms

)

A}

1/—5e = lsz + 1/-Ch R (

wvhere ¢, , 1s the lifetime of the solvated complex characterized

by the effective hyperfine interaction conztant 4, and Ts i

(r02)
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Table 1. Relaxation times and chemical exchange liftetimes
for proton-donor/DTBN radical system at 100 MHz

and 24.%5°C.

Proton—~donor

1Q)
molecules LEon Tl 12 ll/TZ ﬁH 7:e
(0.5ml1) () r (m sec) (m sec) (rHzZ) (sec)

5 n=4 --l.l
cluc, 8.4 X 10” 19.6+1.3  16.940.9  1.16 1.3 (0.9x1071)
ci;0tH 8.4 X 1077 14.8+41.1  13.8+0.7  1.07 1.2 (1.7x107%)
CellN'H, 8.4 X 107 8.4+0.8 7.5+0.3  1.15 0.18  1.0x107°

(10) 1I.Morishima, K.Endo and T.Yonezawa, J.Chem.Phys., in press (1973)
Contact Shift :

All/H = —( J; AJE ) .s(s+l)AH/(3kT)



&

the spin-lattice relaxation time of the odd electron.
In the free-radical solutions,?:h<('z:s ¢ and T 15 governed
by T)- Thus the lifetimefte (Y:h) for the solvated complex
(the chemical exchange) can be estimated by assuming that the Tl/TZ
0f 1.07~1.15 in table 1 differ from 1 because of the exchange
; : ; 2 2
interaction and (U [ T, > 1s
Upon combining this ratio with Egs.{3)and(4) we find for CHCIB/DTBN
H-bond system,
0.16(1/T) )= 1/4 (4 /R) 2 (/K )nT (6)

Here, the wvalue for AH hes already obtained from lH nmr contact
shifts +Y ,and a reasonable value for n is 4 to 10, 2
In téble 1,C, for n= 4 was given . The results for CHCl3 and
CHBOH are too small,which makes Ltfg'(;e =~ 1: these do not
satisfy the condition of o()‘i T/i > 1. However,t may be stressed
that one c¢an estimate +the order of Ty in this H-bond system
for the first time.
c) Temperature-Dependence Studies
If the motions responsible for nuclear relaxation are simple
and thermally activated events, T can be given asz;a=_E::exp( Va/RT),
where Va is the activation energy for the motion characterized
by Z:a‘ Eqs.(3)and(4)indicate that,if the relaxation is governed by
one motion, then 1/T2 will have an exponential dependence on 1/T
only whenc¢fg'f:ﬁ » 1 or (J i Z:i {{ 1. . So we can learn

somefhing about motions from the temperature-dependence studies

of T2.
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Figure:B. Temperature dependence of relaxation time

and viscosity -for CH013
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Figure 4. Temperature dependence of relaxation time
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Figure 5. Temperature dependence of relexation time

and viscosity f 3 HON
y for Q6n5\H2
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T2 was measured for the solutions of CHCl3, CHBOH and 06M5NH2
in wide temperature ranges ; this covers about 106°C. The results
are plotted as log(the inverse of T,)vs. 1/T in Fig. 3~ 3,
where T is the absolute temperature. From the slope of the straight
line through T2 data in 'Fig.. 3 ~5 , we have obtained the apparent
activation energies for the process involved. The activation energies
are listed in table 2. From these results, it is pointed out that
the temperature—dependences of T2 in this H-bond system correspond
to apparent activation energies of about 3 ~4 kcal/mole for
the motion characterized by one correlation time.
Besides,.since the slope of log(}/Ta) vs. 1/T expresses

the correlation time Tar it may be interesting to consider
some correspondences to other macroscopic parameters describing
the behaviours of liquids. If diffusionis pro%ed to be the chief
mechanism of motion , a compar;son with the viscosity seems
reasonable. The viscosity of the liquid may also be explained
by the random motion of molecules tending to disturb each other
such as to reduce their velocities.

So, using the Stokes expression for the various force on
a sphere and the theory of Brownian motion, one obtains the Debye

expression for T ;
T =47 a%/ 31 (7)

where ’7 is the viscosity.
In Fig. 3~5, Y/T is plotted vs. the inverse of temperature.

The viscosity data of the proton-donor molecules were taken
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from the literature -= . The similarities of the slope of 1/,

and 4 /T in Fig. 3~ 5 suggest that a similar mechanism is
responsible for both-T2 gnd /] . The plots of log (l/T2)

v&. 1/T and-log (/1) vs. 1/T are nearly parallel.

Therefore,using T obtained from the viscosity and T2 at the same
temperature , we may evaluate the closest distances that the proton
approaches the odd electron approximately. If the relaxation

results from the dipolar translational motion, and ifﬁk)i_t-§’<< I;

Eq. 3 becomes

1/T2 ~ (47[./3%3)3;’3;‘751@-53; " {8 )

The values of ré are shown in table 2. The results are too
smallj,“3 because Z:d(=-t) is caculated with the values of +the
viscosity of the pure solvent. Here, the rotational contribution
was excluded , because r <1 (£) when the relaxation mechanism

is governed by the rotational motion.
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Table 2. ‘he correlation times from the viscosity 5 the activation
energies, and the closest distance that the proton approaches

the odd eleciron.

proton-donor

DTBN v (fragg.term)
molecules (27°C) & v
(0.5 ml) (pi) (ﬂf‘sec) (kcal/mole) (R)
1 PR 4.2 X107° 1.3 3.0£0.8 1.3
cu,0ln 8.4 X107 B8 3.8+1.0 1.2
CeHsN i, 8.4 X107 7.6 3.240.7 1.8
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+he closest distance means when the proton of the
proton-donor molecule approaches the odd electron of DTBN

in the closest separatiocn because of [ obtained Irom
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the viscosity of the pure solvent. For the correlation time
the proton-donor molecule which interacts with LYBN will be
larger than the correlation time of the pure protonﬂdoﬁor

-

molecule.
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Chapter 3. Conclusion

The investigatian summarized in Part III gives the informations
on the interaction between the closed- and open-shell molecules
by use of nmr from the dynamic standpoint.

' Pert III dealed with the “H relaxation study of the H-bond

in the proton—donoq}bTBN radical system. The results are

in agreement with the ralaxation mechanism governed by the dipolar

magnetic interaction in previous papers. From this study the author

obtained the informations about the relaxation mechanisnm,

the lifetimes for the chemical exchange, the activation energies

and the closest distances that the proton approaches the odd

electron for this H-bond system.

From the discussions in Chapter 2, the conclusions are stated

as follows;

(a) The relaxation mechanism for the proton of the protic
substance is determined chiefly by the nucleus-electron
dipole-dipole interaction but partly characterized by
the exchange interaction. ‘

(b) The lifetimes for the chemical exchange indicate about
1072~107%t see ; the chemical exchange of this H-bond
is rapid.

(¢) The activation energies due to the motion dominated by
the translational correlation time are 3~4 kcal/mole.

(d) The *H relaxation time corresponds to the correlation

LR

o | ©(113)



time from the viscosity of the pure proton-donor molecule.
Thus, a similar mechanism of motion (owing to the translational

diffusion ) is responsible for relaxation time and viscosity.
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SUMMARY AND GENERAL CONCLUSION

In the studies summarized in this thesis, the author
intended to understaﬁd the nmr parameters such as the chemical
shielding constants, coupling constants, and relédxation times
based on the perturbation theory. These parameters have been
shown to be quite sensitive to the local electronic structures
of molecules and subject to the environmental effecits.
Throughout present thesis, the author investigated the heavy
atom effect on the chemical shielding éonstant and the molecular
interaction befweeﬂlthe proton~donor molecules and a free
radical from the measurements of nmr contact shifts and nuclear
relaxation times.

Part I, by use of the third order perturbation method,

the new typed expression ( LS shift ) for the shielding
constant including the spin-orbit interaction was given in order
to interprete fhe abnormal upfield trend of the chemical shift
for the nucleus bonded to the heavy atom. As the application
of this theory,lthe‘proton chemical shift for the hydrogen
halides was calculated in detail. Thus. it is emphasized that
the Oy term canpot be neglected in comparison with CT;;ra’
and has an important contribution to the abnormal upfield
trend of the proton chemical shift in hydrogen halides.

From the studies given in Part II, the author showed
that the'lH and 130 nmr contact shifts are quite sensitive to

the presence of a small amount of a stable free radical and
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the resulting H and 136 contact shifts are very useful for
tﬁe studies of weak molecular interactions, In the course

of this study, the éﬁthbr mentions e correlation between -
contact shifts and 130—H nuclear spin coupling constants.
This correlation is explained in terms of finite perturbation

i3

theory of nuclear spin coupling constants in which the C-I

coupling constant is related to the electron spin density on

the 13

C nucleus induced when spin density is placed finitely
on the proton. The potential utility of this relation in

the prediction of sign an& magnitude of long-range 13C—H
coupling constants is described. Also in order to give

the fruitful informations on the nature of the H-bond for

proton-donor/DTBN radical system, the formation constants,

enthalpies, limiting lH and 130 contact shifts and spin densities
on the H and C atoms were determined from lH and 130 contact

shifts measurements at various temperatures. The I-bond exnergies
and spin densities on the X-H molecules were well reproduced

by MO calculations. As a. part of these continuing siudies on

the interaction between closed- and cpen-shell molecules ,

130 nmr contact shifts studies om DTBN...alkyl

he performed
halides interaction which are interpreted in terms of a charge-
transfer interaction.

In the studies given in Part III, the author dealed with

thé molecular interaction between the proton-donor molecules

| . i | .
and a free radical from the measurement of "I relaxation times.



in. analysis of proton relaxation data yielded the informations
about the dynamic behaviors in proton=denor/DTEN radical H-bond
system., Ior this Hubohd.system which belongs to the formation
of a labile complex,the relaxation mechanism is governed by

the translational dipolar magnetic interaction,but partially
characterized by the exchange coupling. The chemical exchange
is rapid.(This lifetimes are of the order of 10—9f~r10_ll sec.)
From the temperature dependence study, the activetion energies
corresponding to the translational motion indicate about 3 ~

4 keal/mole. Also the closest distance that the proton approaches
the odd electron was evaluated.

From the studies summarized in Part Il end III, it Is
expected that one may obtgin the worthy informations on the
interaction between the closed~ and open-shell molecules by
amr. These studies enable us to use the magnetic momeant of

a stable free radical as a probe to investigate the molecular

interaction in biological system.
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