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                 PREFACE  

     This article summarizes the studies on  the heavy atom effect 

on the chemical shielding cpnstant and the molecular interaction 

between the proton-donor molecules and a free radical 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 from the 

relaxation 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 interprete 

the phenomenon of the heavy atom effect;" The nucleus bonded to 

the heavy atom such as bromine or iodine resonates at abnormally 

high field". In Chapter 2-4, the new expression in simplified 

form with average excitation energy approximation is presented 

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

                     (i)



 constant is made clear. As the application of this theory, the 

proton chemical shift for the hydrogen halides is calculated 

in detail. 

   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 13C 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 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 stated. In section 4 

the author studies 1H and 13C contact shifts for various protic 

substances induced by the addition of di-tert-butyl nitroxide 

radical (DTBN). The formation constants, enthalpies, limiting 111 

and 13C contact shifts and spin densities on the H and C atoms 

are determined for the proton-donor molecule/DTBN hydrogen-bond 

interaction from 1H and 13C contact shift measurements at various 

temperatures. The theoretical studies on this closed- and open-

shell bimolecular system are also performed by unrestricted Hartree-

Fock SCF MO (INDO method) calculation. In Chapter 3, as a part of 
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these continuing studies on the interaction between closed- and 

open-shell molecules, the author performs 13C  nmr contact shift 

studies on DTBN...alkyl halides interaction which are explained 

                                                                                                                                                                                               • in terms of a charge-transfer interaction. 

   Part III deals with the 1H 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, 1H relaxation times in proton-donor solutions of 

DTBN 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-Connick 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 determined from 

the measurement of the 1H 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  IN  TRA14OLECULAR HEAVY 

ON THE NUCLEAR SHIELDING

ATOM EFFECT 

CONSTANT



Chapter 1. Introduction 

     Since Ramsey proposed the theory of nuclear magnetic shielding 

in molecules, there have  been a large number of studies dealing 

with various theoretical methods to calculate the shielding constant 

in molecules. The nuclear shielding constant has been interpreted 

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 cannot be 

explained by the first- and second-order terms. Thus the author studied 

the effect 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 

halides, HX, shows abnormal trend when X= Br or I. This is well 

illustrated in Fig. 11 which gives the plot of proton chemical 

shift vs. the electronegativity of X. The similar abnormal trend 

is also encountered for 13C chemical shifts for methyl halides, 

CH3X2. The upfield bias of the chemical shift for the nucleus

 (1)
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Figure 1. The  proton  chemical shifts of HX compounds 

against the electronegativity of •X'(see Ref . 2).
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bonbed to the heavy atom has been attracted by many workers3. 

These abnormal observations have been explained that two situations3 

contribute to the paramagnetic  term: 

(a) the nucleus bonded to the halogen atom are very anisotropic 

(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 

(cS) characteristic of the heavy atom. As to the effect of 

electron spin on the nuclear shielding constant, Ramsey '5 said 

in his original paper that, without accidental degeneracies, 

the magnetic shielding field from the electron spins should 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, through 

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 to such a spin-orbit interaction. They 

explained qualitatively substituent 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(Sis 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; 

       N 

ae_1_{2mVolt2p$k. (VKM + + V) 
(1) 

where V(ork) is the potential energy function, A lLK.$K ' is the 
spin-orbit coupling interaction, and KC9) is the vector poten-
tial acting on electron k, which is given by 

                              I 

 NOD-2(N1XQrK~90)~-(~~ax~ra  KraK ~ 

                                        (2) 

where 14 is a homogeneous magnetic field, d is an infini-
tesimally small dipole at the position of the atom A, irk 

denotes the position of,electron X, is a purely arbitrary 

constant and arises from the arbitrariness of the gauge of the 

vector potential, and &lcdenotes the position of electron k 
with respect to the atom A. With the function (pa) defined by 

 Clb (9) =+((HxCf!Jr) 
         (3) 

we used the following gauge invariant atomic orbitals 

g(K) =X(K) exp(i=ed)(9U—`) cat )1/- c) 
                                        (4) 

where al is the position of the nucleus and mo is the atomic



orbital in the absence of a magnetic  field. The orbitals X(K) 

are in accord with the choice of origin CI for the vector 

potential. Then the shielding constant of the atom A is obtained from usual third-order perturbation theory

} 

                                                                                                                                                                                                 • 

   _—a-,ff<O Iae f 0>--<o l2ein><n laelo>  CTkCaaloE n_ 

ZE 
<o1 ei 1><11a-ejiXmid-el o> 

1;0140 (E7—Eol(Em_ Eo) 

     <01a.elo>z <01a€11001'110>11) Y1140 En' Eo ) 
                                      (5) 

It is to be noted that the matrix elements «IaeI}r> are independent 

of the choice of origin for the vector potential. In order to 

calculate the matrix elements <JJ111>the phase factors exp(i. S)should 
be taken into account, but it is seen that for our choice of the 

origins in the Hamiltonian most terms which depend on 6 may 

be neglected; for a calculation of the one-center integrals the 

phase factors become 1, in the evaluation of the two-center 

integrals they 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 }-I1 

We make the assumption that the exact wave functions for the 

corresponding electronic states in Eq.(5) are approximately built 

from Hartree-Fock MO's. The wave functions9 for the ground and the 

                  (6) 
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lowest excited 

the form

states are written as a single determinant of

 ,1'o = (V,00( I^13)"' C`Pna)(Pn 3) 

                         .a._ (TOC)(~PP) ... (~~){~~-~(V{2 

Cpp')((Paa) - 
3= (o() (~p~)...(APL-~)No(40-1-(p)(94~~2 

             mopjp) -J

(q:,e)

where 1..E is the total wave function for the ground state, 
i g_7. denotes the total wave function for a singlet state, 

         is for a triplet state; the subscript i--.j labels 

excitation of a single electron from ft to (plc , and CP(K) is 

an eigenfunction of the Hartree—Fock operator h(k()with orbital 

energy EL

h (K) 1(K) Et,(PL,00.

In the case of the molecules XA t, the coodinate system will 

shown in Fig. 2, where we use a coordinate system with the 

on the nucleus X and the z—axis along the line XA and IR is 

distance between atoms A and X.

 (7) 

be 

origin 

the

(7)
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B. The First—order perturbation Term 

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

 N  ''-<i(K)1(1P
K—~<ladAc~)1c2mCk 

(a) 

This expression is divided into three parts: the first part 

which contains only atomic orbitals centered on the atom X, the 

second part which contains only AO's centered on the atom A 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 to facilitate the calculations. Therefore, in 

the first part the origin .s 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 

 a- — 31 (G)--c -±-- 03). 
                                      (9) 

Expand each molecular orbital as a linear combination of the 

gauge invariant atomic orbitals 

¶(K)_ CQK). (10) 

Then Vd2 is expressed as; 

                     occ 

               (K)3b   Qd;Q~CZ ECapCb~f<1~~Ak ,    3ab SAX 

       AK,7(11) 

                                                                                                                                                                                                                                                                                                               • 

                   (9)



where  Q( is the fine—structure constant. 

C. The Second—order Perturbation Term 

      For the second—order contribution we can obtain two shielding 

constants4 QandCipqrQ•The former is given as; 

occ occ 1_ --- -i
<TSK)1(1rAKx7)(~I~1`;c1a——~ke( ~ T(_Eo)/317"'~N> 

    x<1.(<)1((rk_ cil)x')400 -I-<icw1Or---gi)x73 J 

     x<<P ()1(1 KXM/rA}~ 1 (F (K)>3),(12) 
where 1E— E0 Ea—EL~~-}-2-is the singlet excitation 
energy from (p. i;0 pa 9 . 

Substitution of Eq. (10) into Eq. (12) yields 

CT:p;FX = - 0(2 Re(E~~t0(Q(K)1(1(~xx v3~/rAIxs*                         q, 

x< (K))((1rK-9)X7),1Xd(K)> -1-<Xa(K)1((1rK—g1)X Jxb(K> 

 ~yrl~(occ  un occ 
X<fr(~l  /(c(K)l(ItAKXVq)14/AK12(4)>ji

1.> ----J~—EJ)~CCb~.CosCq'3,                              =1 a 

                                          (13) 

For the latter, qv-4z , the second—order perturbation term, is 
written as follows;

2<  o 1del l 3I4--\3~c.+31 ~e 1 Il '' 1

------ az. 1—o

(14)

(10),



where  &A  Nl•s is the spin zeeman interaction, 3E- -is 
the triplet excitation energy from cp. to cp., and 

api -2 ] 3C\K•1raK)(11-AA• 16) 71-(~K°1~') 5(G)K=1 AKaK 

                          3 

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

netic molecules. Since the ground-state wave function 1
0is a 

spin zero function, all matrix elements of the spin Zeeman 

interaction in the z-direction to excited states vanish: 

       KeNosz— 

              

l 1> 
                                           (16) 

The ground state is therefore strictly decoupled from all other 

states as far as the spin Zeeman coupling is concerned: then gpsarla 

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 

0-1(1)i 0:S N(2)/ and J 1 (3) . For the first term C717(1) 
                                                                  the third-order perturbation expressions are written as; 

_ <T01 ae21%,X3.14X313E=4><Tividefl 110,› 
LS Ofik\—V3 —                 CE~o/`FAG~o)N=N=(17 )

ANN — a~gt-PHS----------------------------------- bia 1°T0
(3E -E0)CEit—Eo) =N=o (18)

(11)



 O-LS"(c) a1 ('To\aV'~ )(le  a€113-,_)(31_=
 VAc 

 14t(d)  (  a?  —  l
aM  aNK

 -E 0)(3Ei  fe -E
o)

 (<501111,-,,i)(f4a-e213,v)(3.,y1Deilo>  C'EiL-  E)(3.  t-Eo)

1,4:1-1=-0) 
   (19)

N--N=o
(20)

Upr(e)—Cas   a~;~~K(~~) <3.=da ~~';,%~><'v~a-131' ~o~
;, -- Eol e rte';; — Ja I

H=N=O

(21)

z 

a6aHk
Iae313_1;-4)(3fr,,,e7

where

a-€.2
K=1

(3

• S 
   Ki

-E 0)(3E,r^: - a) N

(22)

(23)

and 

es =(/c~ H)-(IL-9IXiPK)=Ct.1-11•(ark91)xiP     2mKK_, 

                                          (24) 

In the evaluation of the matrix elements of the perturbation 

Hamiltonian 64a 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

 s (co=- s0(x'4 

 o  C  un  occ 

    -fr 2 LL 
              ;In 

  In order to calcu 

 neglect overlap b 

 interactions of t 

 Thus the matrix e 

  as follows; a

occ w,occ f (x)I(I4),, 00)j.(01(1.4-
(5Ei, E0)(8 EE-,;— E0) 

,cPc,(K)I(L 1Pt(K)><tX)I(14 9i xIPi1NpcuoX(00016k)l`Pi(.0>

           OLC 1
..10:C‹ •             mud i(KKRAL—Ixtporicpinowuwksvw,09)  

                                           (25) 

  In order to late the third-order perturbation term, we 

 neglect overlap between different atoms, and consider only the 

  interactions of he valence electrons in the molecules XA n 

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

  as follows; 

<(K(llI(K)> tl)<C )N 

< R(1<)16 (1F (pk.0 )> — C ,, Cs„t SC4)I y etc, 
                                           (26) 

 Where the components of the vectorsv are the coefficients 
  of the corresponding pX ,, py ..'and /Dz. orbital in the atom X, 

   Cs.is the coefficient of the s orbital in the atom A, and jS(0)p~- 

    d 

 is the electron orbital probability density of the atom A at r K = 0. 

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

(3 L_a)(3E;,e o)

(13)



  N~'Q—2h zcccc (V,~xc o (cif)N or-L ocA3_3     3At 

 OCG  nnOCC (COXco
, (1/4E2c, xC)  Cs/4,?, cs ,  -7> 

; CEic—~)(3Ei_E0)                  d'VoJL~p/ 

°cc un6= (CsX4)(CmXI:-tc ACS2 
    +2-)  >2SCo)~ 

                                           (27) 

 The shielding constants a"~~r(b) , ... , O~SN<f) are derived as 
Gri-gce) is done. Therefore we obtain the expression for the 

shielding constant VCpra) , 
occ u)1occ 

O~~s"c1)=— 3---71)0216(0)la (ax C)r (xq) c cs~ 
a.a/ 

     11occu~occ  X((3E-E(3.,.(1P.. - - {{3) ±) >  (cc~xc0oti 

                                                     cc unOCC 

 XcAC'°4x 0~,m~Xi E• •- E)1L--(Cx) 

 x(CXXC'`)CS,CSi((v— Eb) (3 ENV)—Ft(~~~ E)C3EaV—~)1   Nad~ 

                       (14)



   CGunoCc --o~---Cv~x~a~NC~n~~1Xp~ 

   Md

 I 

Eq. 

The

  the derivation of the second tern 

    (16) and used the third—order 

Ile shielding constant uLSe(2)isexpressed 

 -rN~2~_ a2<'ola~l3~~~~<,~~  
 Lsaj"KaHK

 {C3E-Eo)('Es—E0)J-1 

r c3 =p0l_2 

                 (28) 

            , we considered 

                term. 

.s expressed as;

f
<Vol e41'c <1 c,1-1Yetli /tKia r,4j><3r_la/hell 0>

where 

mk 
x-1 

Expansion of the 

yields 

  YN A 
uLs (2)-------2—°(

4/11

(1

K--(RX1P))

V — TTp)(3Eej/ E0)

AAA • (Org -1R)K1PK)

AKY3  AKK=1 AK • 

wave functions in terms of the molecular 

occ u oc<<P
LQ1(Wel(k))<T(Kl(Pd,(K)><('0 ---

(29)

af
l  / 

  (30) 

orbitals

-(IRXIPk) 
rA

-E s)

(15)



 occoloct 

L1a,Y

KT,,( K)) (we (w) P K)>(j(K)I(LK-(Rx) UirM(I))

Lz1

<Twak-

  (3 

((xj0Ax

-E 0)('EJI

I aCK)x`P(K)

_E d)

..N

 uL

1r 
Cad - E3

'z;(1<)1,ft K)~<$ (k)I(1L

Substitution of 

ULS (2)=,\°(

(tE,J,—C)(3 , _ =o) 

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

occ  unocc, ------- 

JJ\ `1 

L21 d, e 4,b, Cd e,
CCabC~cCdd

(31)

Cd'eCf

46(I(14IXb(K) (,(c(K)14Of)><xe,(10)a K-t-(RxIF Pa/ k l XfQ <)>J 
OcC mow.,----- 

            ({(3EaC-7_0)(141;—:=1—dilCiA,CbC;;GCbi CdeC~S 
g4c,def 

   X<'.(WI(k,.~IxboG<xwixdo<xe(wlo-k Cikx10 , 1xf(i >) 
                                           (32) 

Where the Hermitian property was used. In the case os the mole— 

cules X, a calculation of 0-S4(2)  revealed that it is very 
small. The numerical calculation shows that the second term 

C410(2) is in the order of 10-9 for hydrogen iodide. There—

(16)



 ULs (3) - L9175rKI(S -
                                      e/ 

               • 

      CE127,(Pc !AN 

Each term of Q-LEV(3) contains 

order perturbation term and of the 

appears" twice in this third-order 

the third term OLSN(3) is 
neglected. In fact, even in the ca 

each term of as„) is smaller 
E. The Nuclear Shielding Constant 

     Combining Egs. (11), 

constant Q" is obtained 

                     ad;a.I  

In this form, the evaluation 

the coefficients C' . of the atom 
elements over the atomic orbitals

fore this term was neglected 

For the third term f r-1))~ 

ation theory. The shielding 

Y -.

 in the present treatment. 

we also used the third-order perturb-

constant Q r(3) is given as; 

rf,bL}n- --Mk(611))213-60(5,-;j/Ide21%)

                         cp>('Icia.e213.A,4,,x3,- ilx411.4 
                                          (33) 

ains the matrix elements of the first-

                                     spin-orbit interaction which 

perturbation expression. Thus 

relatively small so that it can be 

n the se of the hydrogen iodide, 

aller an 10-8. 

onstant 

and (28), the nuclear shielding 

ained as follows; 

fri,x7c t 

0 

                                           (34) 

n of T requires a knowledge of 

                        the is orbitals 2(2(h) , matrix 

bitals Xc(K) , and the excitation

-Eo)(3Ea,c,—E0)

(17)



energies. In Appendix, we employ the general equation to obtain 

a simplified expression for  J  (1)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 MO10) for all valence electron systems. The wave func— 

tions of the hydrogen halides are shown in Table I. 

          is given from Eq. (II) as follows; C~dIQ 

      1OCC----  alfg.—a2>  >-- CCR3NK1X3_'A~bf<Xa001—ni                                  K~Nk                       (,--1 a,b 

             <2<a)i-i-vgq(I. _1)                                NK 

The first term in Eq. (II-1) contains only 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 

halogen 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 Hk.

Molecule MO lit. s Pz PxPy E (eV)

  HF 

 a 

R(0.917A)

 HC1 
 a 

R(1.274A)

  HBr 
 a 

R(1.414A)

  HI 
 a 

R(1.609A)

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

1 

2 

3 
4 

5

 0.341960 

-0.380137

.0
.0 

6.859395 

.0.472576 

-0.349398 

 0.0 

0..809069 

0,.490182 

-0.377122

 0.0 

0 ..785812 

 0.538804 

-0.349578 

 0.0 

0.766827

0.934964 

0.229469

 0.0 

-0 ..270529 

0.853630 

0.413486

0.0• 

-0.319455 

0.836575 

0.456631

0.0 

-0.302705 

0.776785 

 0.558716 

o.,0 

-0.290589

-0.094336 

0.896013

0.0 

0.43,3884 

-0.222922 

 0.840803

 0.0 

 0.493311 

-0.244669 

0.805771

 0.0 

0.539323 

-0.326856 

0.752085 

 0.0 

 0.572306

0. 

0.

1. 

0. 

0. 

O.

U -

0 

090000 

0 

0 

O

1.000000 

0.0 

0.0 

0.0

1.000000 

0.0 

0.0 

0.0 

1.000000 

0.0

-40.465443-

 -16.465443 

-15.081669 

2•.771950 

-27.842008 

    i 

 -15.695439

-13. 

  2. 

-26. 

-14.

930910 

429752 

359921 

683530

-12.396140 

2.531140 

-21.901690 

-13.500885 

-11 .773998 

  1.859848

a. R is the H-X bond length.



 bation term two-center integrals are considered. 

    The second-order contributionr0.is obtained from Eq. (13) 
                              vp 

 Q`para=—2c e R~II 1XbGO> 
                                             abc,d 

                  OCC 
X<XCQ~1OrKxv)12GOD_>~~(,--~)_,CceC~C~-Cd;)b,—a~a . 

                                              (II -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 results11 (see Table III). All quantities which are 

required for a calculation ofvr0. are listed in Table IV. 
     For a calculation ofwe used Eq. (28) directly. All 

quantities which are required for the ,evaluation ofas(1) 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 the 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's11 and Musher's12 methods. 

     Especially in the case of the hydrogen fluoride the values 

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

9

(20)



Table  II. Intergrals which appear 

order perturbation term

in 

of

the 

the

formulae of the 

proton shielding

 first— 

 constant.

<nSxinSx> (nSx I nZx> (nZxJ nZx> <`nIx> <lhj nSx> <lh1 nZ

F 

Cl 

Br 

I

0. 

0. 

0. 

0.

027393 

055015 

082226 

105617

—0.135914 

—0.074792 

—0.031432 

 0.012862

-0 

-0 

C) 

 0 •

079398 

020010 

037315 

095961

0. 

0. 

0. 

0.

076688 

092528 

104682 

100445

0.366153 

0.345577 

0.323847 

0.309230

0 

0 

0 

0

371684 

434180 

396549 

442 876

Table III. The calculated values of gijara (PPmunit)

HF HCL HBr HI

Present 

Hameka's

result 

 result

—10. 

 —6.

45 

82

• —3 

  —4

.27 

.20

—3 

—3

'
4.03 

  .17

—2.29. 

—1.66

Table IV. Quantites which 

of (I— 
      Para'

are required for the evaluation

1
Ej i o (eV) nYx 1/r3HklnYx1

F 

Cl 

Br 

I

6. 

8. 

7. 

6.

95455 

19057 

74982 

73167

0 

0 

0 

0

182657 

061470 

039822 

023412

(21)
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Table V. Quantities which are required for a calculation of Crc1(i 

(eV)
1E

5-E1 (eV)
1E

5-E2(eV)1
E5-E

3,4(eV)
3E

5-E1 (eV)
3E

5-E2 (eV)
3E

5-E3 , 4 (ev)

F 

Cl 

Br 

I

0 

0 

0 

0 •

034 

073 

307 

632

34.37744 

23.86486 

23.38723 

19.33507

 9.16056 

10.59241 ' 

10.70583 

 9.73385

6 

8 

7 

6 •

95455 

19057 

74982 

73385

31.36235 

20.71661 

20.31057 

16.09366

7.02593 

9.26911 

9.33111 

8.32262

5 

7 

7 

6 •

84618 

43476 

10374 

25097



by non-empirical  SCF MO13. A11 the results are listed in Table VI. 

     The lii and 13C LS. shift for the halides are calculated 

by Eq(v-6) using "z1E approximation". In Table VII the results 

of 1H LS shift for the hyc3.rogen halides are given. The values 

of 1H LS shift which was calculated using L" 8eV are in 

satisfactory agreement with ones obtained from Eq. (28). 

    In Table VIII the values of 13C LS shift for the methyl 

halides 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 C13 LS shift 

is evaluated by semi-empirical SCF LCA4 MO10 for all valence 

electron systems. The calculated values are too small relatively 

to reproduce the trend of the experimental results of C13ch~mical 

shift for the methyl halides. However, &E values of 8eV and 

10eV appear to be somewhat large in view of the lowest excitation 

energy for CH3I(4.4eV)14' Therefore one should take less magni-

tude of LSE value (5eV, for example) which leads to more refined 

value of \Irs(1) (11.6 X 10-6).

(23)



Table VI. Calculated proton 

halides (ppm unit)

shielding constants for hydrogen

non-empirical 
         HF 

 Ca 10.38 

q1a,-16.09 

cup 0.07 
   total -5.64

HF

semi-empirical 
IIC1HBr HI

  5.06 

-10.45 

  0.37 

 -5.02

 6.35 

-3.72 

 0.59 

 3.22

8 

-3 

2 

8

88 

03 

98 

83

 9 

 -2 

  8 

 15

98 

29 

21 

90

Table VII. The 1H LS . shielding constants (

Exacta

8 ( ev)
LIE Approximation 

10(eV)

0s(1))•

HF 

HC1 

HBr 

HI

0.37 

0.59 

2.98 

8.21

0.28 

0.70 

3.32 

7.34

0.18 

0.45 

2.18 

4.69

a: Calculated 

Table VIII.

withourt 

The 13C

0 E' approximation. 

LS shielding constants (ppm unit).

CH3X
A E 

( 8 eV )
Approximation

(lo eV )

CH3 

CH3 

CH3 

CH3

F 

Cl 

Br 

I

0. 

0. 

2. 

4.

15 

48 

36 

56

0.10 

0.30 

1.51 

2.92

(24)



 N 

 v

Table IX. The proton chemical shifts of hydrogen halides

Hameka's 

results

Our

Relative to HF (ppm unit) 

 HC1 HBr HI

Relative to 

    HBr

Ob s .

HC1

results

a

(PPm 

HI

unit)

             3. 

f~para 2. 

total 6. 

cd is 1. 

G` "para 6. 

CLS 0. 

U total 8. 

 EX 2.

58 

62 

20 

29 

73 

22 

24 

95

 5.66 

• 3.65 

9.31

 3.82 

 7.42 

 2.61 

13.85

7.28

8.57 

 5.16 

13.91 

 4.92 

 8.16 

7.84 

20.92 

15.90

2.08 

1.03 

3.11 

2.53 
c 

0.69 

2.39 

5.61 

4.33

 5.17 

 2.54 

 7.71 

 3.63 

 1.43 

 7.62 

12.68 

12.80

e

a. Ref. 1..



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 HC1. For 

hydrogen halides there is no satisfactory wavefunction available 

except the HF and HC1 molecules, so we used the semi-empirical 

SCF-LCAO MO10 for all valence electron systems. However, it 

appears that the increase of the LS shift ( as ) 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 as (1) are 

as large as Qpara for HBr and 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 HCI, are 

smaller than the experimental ones. When we add the present 

value of Q(1)to the Hameka's theoretical value of O- 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,0s(0, 

cannot be ignored in comparison with (—)Wmue The LS shift 

appears to have an important contribution to the abnormal upfield

(26)
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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 as(1)  has already been explained by 

Nakagawa et al.6'7, our derivation (Eq.(1V--6)) will be amenable to 

see the physical.. meaning of Cts (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. In 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 interaction of a 

nucleus with electrons. Alternatively, this shift is interpreted 

in the sence that a'localized triplet exciton is induced on 

the heavy atom by the spin—orbit interaction, transmitting to 

the neighboring atom through the bond. Thus the LS shift arises 

on the neighboring atom through Fermi contact interaction of a 

nucleus with electrons. 

     Finally, we can consider that Eq.(Cv 6) includes the terms 

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

(28)



LS shift is 

shift on the

large, it won't give 

nearest—neighboring

only a 

atom,

 contribution to the 

but also on the near

chemical 

atoms.

(29)



 4'. Appendix 

      For the third—order contributions r"--.(1.) to the shielding 

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

  ~occ unocc ~~sc(])_—3~jo(2 L)  CCXCJ Vx(0)C~,r, 

X(E0)1—Ea)i + (' E0)'C3- E)-I)                         ~ L..0 
   occunOCC, 

i-1     (e8 --- d<C,1),  Csa C j, (c$x e)x((C. - E)('E.,. E)) 
   o

0cc, unocc —L/>--  (CcB,XC:)x(0-d<CICACs.(CE.—~a)~(3~,_Ej 
                  _occ unocc, _i_E   ('~"- V'(3E—moo)^'~—>  (Cx[ Cs~CS'~CBxC~,             ci_di,CV~X 

o Cckw 

X (C3q,Eo)('5`—Ed)-1± ------(CxCEjz 

X CCXE ,— )~) S(o)1? 
(IV-1) 

We now use the " AE approximation" by replacing all differences 

 3E
ji—E0by an average LE. Then each term in Eq. (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;

 0"--x?`  (1)
7(WIS(°)1

—pbsAQ213ZB

I

6(aE))-

-'Y13sA

~zasA

-2(R/1343(2285A  

—PBYgQ7

{.2f?BsA C1)13z13ry 
BSA

pBSaQXaYg aasA) ±

P

RsA
, 

t3SA F213sA)

'oCaSA

RY8 QYssA

—(PgsA

-1--T
s~z    AY~B

a2QZPSAQn3sA

~l  YSA

 — 'BYg `OLZgSA 0zsSA 

PBSA — PZgOrBSA pBSFl

Q2?XBI'A    26sA-13z      ~B PsA

WI3 SAQYBYe1?6sA

±1SAQYRSA11628

fsAQzBzB

JBsAiC2Y13sA

tSR

PBzB

) +2(R„

— I
SAQzsfl

Q213SARZ8,

PgzB)J
(IV-2)

where 

Qab is

Pab is 

defined

an element 

similarly

of 

for

the charge—bond—order 

unoccupied orbitals

 matrix 

as;

and

(31)



When  overlap  is 

     Rt, 
to express the 

MO's. Thus the 

as; 

X 
C~ )     LS 

_1Y 'BSA P BzB

Rb: 

Ow) 

 erlap 

 Pat)

occ 

2)  CC.bu/(IV-3) 

   uri.0c 

2 L C Cb(IV-4) 

          G neglected, we can use the relation 

~— =-2  Gab 
(iv-5) 

sums over unoccupied MO's as sums over occupied 

third—order contributions 0-64(1) is simplified 

—  7cAcel S(0)12 
        2P(A.::$sA p13z)3BsA 

$S~~Y-5s~~--P Pgs 
(IV-6)

(32)
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Chapter 3. Conclusion 

     In Part I of this thesis the theory on the nuclear shielding 

constant is studied by  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 contribution(5I °'o) of this shielding 

effect( —LS ) to the total shielding of the hydrogen iodide. 

Therefore, it is emphasized that the CS term cannot be ignored 

in comparison withQ"--par a,and has an important contribution 
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 shift arises on the 

neighboring atom through Fermi contact interaction of a nucleus 

with electrons.

(34)



PART  II 

THE INTERACTTION 

AND OPEN-SHELL 

BY NMR CONTACT

BETWEEN 

MOLECULES 

SHIFT

THE CLOSED-



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 o'f substances containing hydrogen atoms 

   attached to electronegative atoms. Since that time more and 

more application of the hydrogen—bond have been made, and more 

and more has been learned about 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 electro—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 distributions and most stable 

conformations. All these studies are associated with closed—shell 

molecules. 

      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/nitroxide radical system 

in view of static(tdme average) field. 

  In Chapter 2 (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)), 

                      (35)



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 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 13C contact shifts and 13C-H nuclear spin 

coupling constants. This correlation is explained in terms of 

finite perturbation theory of nuclear spin coupling constants 

in which the~3C-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 the relation in 

the prediction of sign and magnitude of long-range 13C-H coupling 

constants is also stated. 

  In section 3 SCF molecular orbital calculations using INDO method 

are performed for dimethyl nitroxide(DMNO) 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 reproduce& only.for the model where the hydroxyl proton 

is placed directly over the oxygen p-7Lorbital. 

  In section 4 1H and 13C Fermi contact shifts induced by the 

hydrogen-bond with DTBN radical are observed for various proton 

downfield 13C contact shifts of the donor molecules are interpreted 

in terms of the spin polarization mechanism of electron spin transfer 

from DTBN to the protic substances. The formation constants, 

enthalpies, limiting 1H and 13C contact shifts and spin densities 

on the H and C atoms are also determined for the protorrdonor/JTBN 

hydrogen-bond interaction from 1H and 13C 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 

Hartree—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 13C n m r. contact shift study 

of the electron donor—accepton interaction between halogenated 

molecules and the nitroxide radical. 13C n m r contact shifts 

induced by the addition of DTBN radical are observed for holomethanes, 

haloethanes, and halobenzenes. These results are interpreted in 

terms of the charge—transfer interaction between the DTBN radical 

and halogenated molecules in the manner of C—. DTBN interaction. 

Approximate values of the formation constants, enthalpies, limiting 

13C 
contact shifts, and spin densities on the carbon are determined 

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 carbon 

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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Studies on Nuclear Magnetic Resonance Contact 
Shifts Induced by Hydrogen Bonding with Organic 
Radicals. I. 'II and "C Contact Shifts of 
Protic Molecules in the Presence of the 
Nitroxidc Radical

Sir: 

 During the last 20 years considerable interest has 
been manifested in the study of the hydrogen bond (H 
bond).' A great majority of phenomena connected 
with the H bond can be explained if this bond is con-
sidered as describing an interaction in which the electro-
static charge-migration (covalent bond) as well as the 
short-range 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 stuJics 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 studies 
are associated with closed-shell molecules. In the 

present work we are concerned with the H bond be-
tween closed-shell and open-shell molecules which has 
been studied less experimentally and theoretically. 
We wish to report here preliminary results of nmr 
contact-shift 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-tert-butyl 
nitroxide (DTBN), the proton acceptor. We have also 
carried out unrestricted Hartree—Fock (Ui-IF) calcula-
tions using Pople's INDO method' for the above I-I-
bond system to substantiate the observed contact shifts . 
The observation of the XH proton contact shift is 
expected to reflect directly the electron 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-

 (I) (a) G. Pimentcl and A. L, McClellan, "The Hydrogen Bond," W. H. Freeman, San Francisco , Calif., 1960; (b) D. Hadzi, Ed., "H
ydrogen Bonding," Pcrgamon Press, Oxford, 1959; (c) S, Bratoz, 

Adran. Quantum Cheat., 3, 209 (1966). 
 (2) K. Morokuma, H. Kato, T. Yonezawa, and K. Fukui, Bull. 

Client. Soc. Jap ., 38, 1263 (1965); K. Morokuma and L. Pederson, J. 
Chem. Phys., 48, 3275 (1968); P. Kollntan and L. C. Allen, ibid., 51, 32

86 (1969); A. S. N. Murthy and C. N. R. Rao, Chem. Phys ., Leff., 2, 123 
(1968); W. Adam, A. Grintison, R, Hoffmann, and G. Zuazaga de 

Ortiz, I. Amer. Chem. Soc., 90, 1509 (1968), and other recent papers. 
 (3) To our knowledge, study of the nmr contact shifts of solvent, 

molecules in the presence of organic radicals has been quite limited 
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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 
molecule. 
 We have observed the effect on 'H and '3C resonance 
positions of several XH molecules upon addition of in-
creasing amounts of DTBN.S The hydroxyl proton of 
methanol, for example, in CC11 experienced an upfield 
shift and broadening when a small amount of DTBN 
was added, while methyl protons were almost unaffected. 
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).6 

 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?" 

[sec N. A. Sysocva, A. U. Stepanyants, and A L. Buchachenko, Zh, 
Strukt. Khint., 9, 311 (1968)1. Very recently, do Boer, et al., have re-
ported contact shift data for the solvent molecule (tetrahydrofuran) dis-
solving radical anions: E. do Boer, A. M. Grotcns, and J. Smid, 
J. Amer. Cheat. Soc., 92, 4742 (1970); Chem. Comm« n., 1035 (1970). 

  (4) J. A. Pople, •D. L. Beveridge, and P. A. Dobosh, ibid., 90, 4201 
(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 X 10_, M in 
CCI, solution. To this solution, DTBN was added drop by drop (from 
3.3 X 10-6 to 16.5 X 10-a M) until the XH proton signal was too broad 
to be observed. Natural-abundance ' C nmr spectra were recorded 
with a Jeolco C-601-IL spectrometer (15.1 MHz) using a complete 
proton-decoupling technique. 

 (6) Since the exchange of the proton donor molecules between 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 proportional to 
the concentration of the H-bonded species. Thus as DTBN is added, the proton resonances of the XI-I molecule 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 
shifts in this labile molecular interaction. 

 (7) This temperature dependence of the shift is, of course, partly 
caused by the temperature dependence of the equilibrium of the H-bond 
interaction. 
 (8) In the diamagnetic solution, the XH proton signal is displaced to 

lower field by H bonding ;t"." this usual downfield shift and upfield con-
tact shift occur simultaneously for the present H-bond systems. How-
ever, the contact shift appears to be predominant in the observed 
DTBN-induced shift; addition of a diamagnetic proton acceptor, in place of DTBN, to the solution of the XH molecule had no substantial 
effect on the XH proton shift. Therefore, DTBN-induced upheld 
shifts strongly suggest negative electron spin density on the XH proton 
induced by H bonding with DTBN, although the apparent values of the 
relative shifts obtained from Figure I are not quantitatively related to 
the relative values of the induced spin densities,



 inspection of Figure 1 shows that iI-bonding contact 
shifts fall generally in the order of proton-donating 
ability of the X-1-1 group, which is well established'"° 
by various spectroscopic methods. However, it is 
interesting to note that the C-H proton in chloroform 
experiences a substantial contact shift, comparable with 
that for other more acidic 0-14 groups. The acid 
strength determined by it spectroscopy (jhe.,shift of the 
X-1-1 stretching frequency) is in the order acetic acid > 
phenol > methanol > amine > chloroform.' °a 
Therefore, the large contact shift for chloroform appears 
to imply that the covalent character in the 11 bond is 
quite large for the C-1-i group, as compared with the 
N-H and 0-H groups.""t0 This is also seen in the 
sizable contact shift for the acetylenic proton in phenyl-
acetylene in comparison with diethylamine.tb is 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, which is less sensitive to the H bond. 

 In order to look at the manner of electronspin distri- 
bution on the variousparts of XHmolecule, we have 
observed "C contact shifts for CHCI,, CH2C12, CH3OH, 
and CSH5C=CH as well as proton shifts induced by the 
presence of DTBN (Table I)." Addition of DTBN

Table I. Proton and Carbon Contact Shifts and Spin Densities 

Induced by Hydrogen Bonding with DTBN

Molecule Nucleus

Obsd contact shift" 

Obsd, Rel 

ppm . value

Rel spin 
density

CH2OH

CH C13

CH,C1,

CIH6C,—C.H

OH 
CHI 
"C 

H 
"C 

H 
"C 

H 
"CI 
' IC,

+1.12 
—0.23 
—1.0 

+0.69 
—9.4 

+0.20 
—2.4 

+0.15 
— 2.21 
—0.40

+1.00 
 —0.205 
—0.893 

+1.00 
—13.6 

+1.00 
—12.0 

+1.00 
—14.7 
 —2.65

—1.00 

+0.205 

+0.148 
—1.00 
—2.31 
—1.00 

+1.99 
—1.00 
—2.44 
—0.44

  Measured as neat liquid in the presence or absence of DTBN 
(1 X 10-6 M).

shifts the "C resonances of these molecules to lower 

field, indicating positive spin density on the carbon. 
This "C downfield shift for CHCI3, CH2C12, and Cr,Ht,- 

C—CH is more pronounced in its magnitude than are 

 (9) (a) This order of acid strength determined by their frequency shift 
corresponds to that of the H-bond energy (sec C. A. Coulson, "Valence ," O

xford University Press, London, 1961); (b) the apparent contact 
shifts are affected by the shift of the H-bonded species and by the equi-
librium constant. Therefore, one should not take the observed shift as 
the shift directly proportional to the H-bond contact shift. However, 
one may be allowed to take the relative value of the shifts as propor-
tional to the H-bond shift. 

 (10) The contribution of the covalent bond structure in the XI-1- • • Y 
H-bond system has been theoretically shown to be 6% at most for the 
OH • • • O system.""." The above finding would be acceptable if the 
covalent bond contribution in the CHI • • • O system is more important 
than in the 01-i• • • O and the Nil • • • O systems. 

(I1) C. A. Coulson and V. Danielson, Ark. Fys., 8, 239, 245 (1954). 
 (12) Although the concomitant downfield shift of the XH proton due 

to H-bond formation is considered to reduce the apparent uptick' con-
tact shift, particularly• for protons more acidic than C-I-1 protons , the contribution of this downfield shift is minor , as evidenced by the dia-magnetic solution with corresponding concentration of the diamagnetic 
proton acceptor such as lrimclhylamine oxide or dimethyl sulfoxide. 

 (13) In order to obtain the relative magnitudes of the and "Coon.. 
tact shifts (Table I), we have measured 'H and "C spectra for near li
quids of these molecules in the absence or presence of DTBN. 
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Figure 1. Plots of the proton shift induced by di-Teri-butyl ni-
troxide (DBNO) vs. concentration of DBNO for various protic 
substances. The solute concentration is 2.5 X 10'' M in CC14.

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. This is 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 (65c/ASH) of the proton 
and "C are related to the relative value of the spin 
densities (psc/PsH) on the proton is and the carbon 2s 
atomic orbitals by the relation 

            Pee _ IC5SH(7H)I2 ASc 
PsH I'sc(7c)I2 AbH 

where IgsN(7N)I2 is the square of the Is or 2s atomic 
orbital at the nucleus N.' The relative spin densities 
obtained by this relation are also given in Table I. 
Nonlocal distribution of the spin densities on the pro-
ton and carbon atoms is clearly seen. 

 In order to substantiate the observed 'H and "C 
contact shifts, INDO calculations were performed for 
dimethyl nitroxide (DMN)-methanol 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 7 and v type, where the XH proton 
is directly over the p„ orbital of the oxygen atom with the 
X-1-I bond axis perpendicular to the N-O bond and in 
the v plane, respectively. The spin densities calculated 
for each 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-methanol 
and DMN-acetylene systems. The o model fails to 
explain the observed 'H and "C contact shifts in these 

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



Table  II. Results of INDO Calculations for Proton 
Donor... Nitroxide Systems

Proton Ro. . • n,' 
donor (A)

Calcd spin densities' 
and stabilization energies^ 

,r modela modcld

Methanol

Acetylene

1.50

1.75

Pott 
Pc 
AE, kcal/mole 
Pu, 
PC, 
Pc, 
Pn, 
AE, kcal/mol.

—0 .016 
,O.OpO 
 8.87 

—0.010 
 0.008 

 0.000 
0.001 
1.29

  0.002 
  0.000 
 10.10 

  0.002 
—0 .002 

 0.000 
 0.000 
1.20

   Obtained by energy optimization. 'Spin densities on the 
hydrogen ls'and carbon 2s atomic orbitals. . Energy differences 
between two conformations for finite and infinite separations of 
proton donor and dimethyl nitroxide. dCalculated for the model 
where LNO}1 = 120". ' Numbering of the atoms: (CH,),N-
0 • • • li,—C,—C,—H,.

two systems; the downfield "C contact shifts in two 
acetylenic carbons (C1 and C2) require the ir 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 density 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 electron 
spin density on another site (carbon) of the C--H bond, 
leading to a slight amount of unpairing of the electrons 
in the C-i-1 bond. This may also be the case for other 
XI-I • • • DTBN systems. As is inferred from the above 
discussion, polarization of electron 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 
itself in XH molecules is expected to follow the trend of 
nuclear spin coupling constants. The relative "C 
contact shift, i.e., the relative spin densities, for acety-
lenic carbons (CI and C2) in phenylacetylene (pc,/pc, =

 = 0.18) is well correlated with the relative values of the 
"C 1—H and "C2—C1—H nuclear spin coupling constants 
(Jc,tc_t1/Jc,_1t = +251/-}-49 = 0.20). This correlation 
appears to hold for the trend in the directly bonded 
"C—H coupling constants in CHCI, , CH2Cl2i and 
CSH,C=CH." 
  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 
examined the protorr nmr spectrum of 4-methylpiperi-
dine, for example, in the presence of DTBN. Quite 

 different values of the downfield contact shifts for 
 a-axial and a-equatorial 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 equatorial one (LIU 
Zl5c, = 5) is in accord with the conformation of the 
N-H group located preferentially 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 elsewhere.1e

 (15) I. Morishima, K. Endo, and T. Yonezawa, Chem. Phys. Lett., 
in press. 

 (16) T. Yonezawa, I. Morishima, and Y. Ohmori, J. Amer. Chem. 
Soc., 92, 1267 (1970); I. Morishima, K. Okada, M. Ohashi, and T. 
Yonezawa, Cheat. Commun., 33 (1971). 

 (17) I. Morishima and T. Yonezawa, J. Chem. Phys., in press. 
 (18) I. Morishima, K. Endo, and T. Yonezawa, Chem. Phys. Lett., 

in press.
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STUDIES ON THE NMR CONTACT SHIFTS INDUCED

  BY HYDROGEN BONDING WITH NITROXIDE  RADICAL  . 

A CORRELATION BETWEEN 13C CONTACT SHIFTS INDUCED 

        BY 13C-H... NITROXIDE HYDROGEN. BOND 

   AND 13C-H NUCLEAR SPIN COUPLING CONSTANTS

  1H and 13C NMR contact shifts have been observed for chloroform
, methylene chloride and phenyl-

acetylene in the presence of di-tertbutyl nitroxide radical (DBNO). Upfield and downfield contact shifts 
were observed for 1H and 13C NMR resonances, respectively. The relative values of 13C contact shifts 
with respect to 1H contact 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, XH, 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 
effectin the XH... Y hydrogen bonding. The ob- 
servation of the XH proton 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 shifts) on the XH proton is 
most Iikely 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 downfield shift 

 by hydrogen bonding. In this paramagnetic solution, 
 this usual downfield shift and the upfield contact shift 

 occur simultaneously. However, the contact shift 
 appears to be predominant in the observed DBNO-

 induced shift. This has been also confirmed from the 
 temperature dependence of the XH upfield 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 
 density.

the XH proton propagates through the bonds on 

the various nuclei in the XH molecule [2]. The 
modes of spin distribution through various types 

of a-bonds can thus be detected from the NMR 

contact shift measurements. Such contact shifts 

have been shown to have a potential utility in the 

studies of electronic and geometrical structures 

of the XH molecule [2]. 
  In the present work, we have examined 13C 

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 (1H) 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 (CHC13),
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methylene chloride (CH2C12) and phenylacetylene 
 (C6H5C  F. CH). 

  Proton and. 130 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 

presence of DBNO were made in 5 mm tubes for 1
H NMR and in 8mm tubes for 13C NMR in the 

same concentration of DBNO**. Since the ex-
change of the proton donor molecules between 
complexed (hydrogen bonded) and uncomplexed 
sites is rapid on the NMR time 'scale, 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 
proton 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 13C 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 
1H contact shifts which are of significant use in 

this case were obtained from the slopes of 
linear plots of the 1H 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(46 C/0 b H) are re-
lated to the relative value of the spin densities 
** The concentration of DBNO ranges from 1 x10-4M 

   to 1 x10-3M. The absolute shifts were -0.2 to 
   -0.5ppm for the proton resonances and 1 to lOppm 

for 13C resonances.

Proton and 13C contact shifts induced by C-H

CSC/PSH)on the protonis and the carbon 2s 
atomic orbitals by the relation: 

PSC ItSH(rH)I2 A5C  

2 PSH44SC(rC)IoOH

whereI~SN(rN)I2is the square of the is or 2s 
atomic orbital at the nucleus N [3]. The value of 
I OS0'H)I2/I OSC(rC)I2 (=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-H spin coupling 
constants in table 1. The induced spin densities 
on 13C nuclei in some molecules relative to 
CHC13 are in agreement with J13C H relative 
to CHC13. 

  The agreement between relative 13C 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 J18C g is proportional to the electron spin 

density induced on the 13C 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 DBNO. 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 ... DBNO hydrogen bonded system

     Table 1 
   DBNO hydrogen bond and 13C-H nuclear spin coupling constants

Contact shifts 
relative to H 

   shifts

Spin density 13C-H

Molecule Nucleus
relative 

 to H

 relative to 

13C in CHC1
3

Obs 
(Hz)

Relative 

 value

CHC13

CH2C12

C6H5-C2=C1-H

H 

13C 

H 

13C 

H 

13C 
  1 13

C 2

+ 1.00 

-13.6 

+ 1.00 

-12.0 

+ 1.00 

-14.7 

- 2.65

-1.00 

+2.26 

-1.00 

 1.99 

-1.00 

+ 2.44 

+ 0.44

1.00

0.88

1.08 

0.19

209 a)

178

+251 b) 

+ 49 b)

1.00

0.85

1.20 

0.24

a) 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

Structure of 
hydrogen bond  (A)

Calculated spin densities a)
Total 

energy 
(eV)PH1 P C2 PC3 P H4

rr-model 

a-model b)

( 1.50 

({ 1.75 
  1.50

- 0.0102 

- 0 .0030 

0.0023

0.0082 

0.0021 

- 0.0021

0.0013 

0 

- (L0001

 0.0013 

0.0003 

- 0.0003

-1682.322 

-1682.487 

-1682.357

a) The numbering for acetylene: ,N-O.. H-C •C-H. 
1 2 3 4 

b) Calculated for the model of N-O...I1 bond angle = 1200.

using Pople's INDO-UHF (unrestricted Hartree-
Fock) method [3]. The INDO calculation for 
DBNO shows that most of the spin density is 
placed on the oxygen p 1r orbital. The negative 
spin density on the C-H proton was reproduced 
only for the rr-model of the C-H... DBNO system 
in which the C-H group is directly over the 
oxygen atom of the N-O bond with the C-H axis 
perpendicular to the N-O bond (see table 2). In 
the r-model (fig. 1) the observed trend of 13C 
contact shifts for phenylacetylene is also repro-
duced although the calculated spin densities on 
the carbon 2s atomic orbital is too small (table 
2).

C

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

The other possible geometries of the C-H... 

DBNO system, such as the a model in which the 

C-H proton approach the oxygen lone-pair in the 

a 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 

pn 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 13C-H 
coupling in other protic molecules... DBNO 
hydrogen bond systems. From the observation 
of proton and 13C contact shifts for the protic 
substances in the presence of DBNO, 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). It 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 0.205 
and 0.148. Since the ratio of J13C _H and JHH 
values is related to the spin density on the 
carbon and proton s atomic orbitals, 

J13C-H VC I OSC(rC) I  ? P SC  

JH-H YH IC5SH(rH)I2PSH

the H-H coupling constant can be estimated from 

the relative value of pSC and PSH. Comparison 

of this result with those in table 1 allows us to 

expect + 16.4 Hz and + 7.8 Hz for 13C-O-H and 

H-C-O-H coupling constants. The latter is corn-

( 43)



parable with the observed value of  5.1  Hz [6]. 
The details on the MO theoretical studies for 

protic substances... DBNO hydrogen bond sys-
tem and application of the present method to 

other coupling cases, such as H-H, 14N-H, and 

long range 13C-H couplings will be presented 

elsewhere.
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AND NMR

MOLECULAR ORBITAL STUDIES 

CONTACT SHIFTS  IN  NITROXIDE

OF HYDROGEN BOND 

RADICAL/METHANOL SYSTEM

  SCF 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-7r orbital (r-hydrogen bonding). 
The stabilization energies for these open-shell electron systems were not so greatly different from 
those for usual closed-shell systems.

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-

liminary results of unrestricted Hartree-Fock 
(UHF) 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 molec-
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 LCNC, 120°. 
We assumed that the nitrogen, oxygen and car-
bon atoms were coplanar. The geometrical 
structures for hydrogen bond system adopted 
here are v- and 7r-hydrogen bond. In the former 
the hydroxyl proton of methanol is directly over 
the p7r orbital of the oxygen atom in DMNO with 
the O-H bond axis perpendicular to the N-0 
bond. In the r-bridge model, the OH group is 
over the center of the N-O bond. In the a-model 
the OH group is in the o-plane with the angle (6) 
between the N-0 bond and the O... H-O axis 
being varied from 0°, 60° and 90° (see fig. 1). 
We then systematically varied the O-H... 0 
length to obtain the geometry corresponding to 
the lowest energy of the system. Calculated spin 
densities on the s atomic orbitals and hyperfine
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Fig. 1. Hydrogen bond models for DMNO/methanol sys-
                           tem. 

coupling constants for DMNO and DMNO/metha-
nol hydrogen bond system are summarized in 
table 1, The table contains the results for rr— 
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 
methanol and stabilization energies for different 
hydrogen bond models are also given in table .. 
The energy curves for approach of the methanol 
molecule to DMNO are given in figs. 2- 4.

3. DISCUSSION 

INDO calculation for DMNO shows that most 
of the spin densities is in the p.R orbital on the 
oxygen (0.676) and on the nitrogen (0.302). As 
will be shown in what follows; this ir spin densi-
ty on the oxygen atom is the source of the spin 
density induced on the hydroxyl proton in the 
proton donor molecule. The calculated hyper-

-2025 .000

>. 
    rn 

      i     w

Fig.
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2026.000

         1 1.25 1.5 1.75 2.0 2.25 
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2. Energy curve for the motion of the whole mol-
         ecules in the It model.

fine coupling constants aN for various nuclei in 
DMNO are summarized in table 2 and are corn-

pared with the observed results. Although the 
calculated results are uniformly smaller than 
the experimental ones, the experimental trend 
is well reproduced. Recent MO calculations for

           Table 1 
Stabilization energies and span densities

Proton 

donor
Structure

a) R
O..:H (A)

Stabilization 
  energy 
(kcal/mol)

 Calculated spin 
 densities on the 

proton and carbon

CH3OH

C2112 b)

7t-model 

7r-bridge 
  model 

a--model 

(6660°) 

o-model 

 (9=90°) 

a--model 

(9=o°)

it-model 

a model 
(8=60°)

1.50

1.75

1.50

1.75°)

1.50

1.75

1.50

8.87

7.08

10.10

(-8.58) c)

9.89

1.29

0:81

H1 

-0 .0030

0:0023

  OH 

-0.0155

0.0030

0.0023

0.0008c)

0.0036

C2 

0.0021

-0:0021

C3 

0.0000

-0:0001

H4 

0.0003

-0.0003

a) The value at energy minimum. 
b) The numbering of the atom: (CH3)2N-O... H1-C2 
c) The system is not stabilized for this model.

C3-H4.
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Fig. 3. Energy curve for the motion of the whole mol-
          ecules in the r bridge model.

bis(trifluoromethyl) radical [7] and H2NO [8] 
have. shown that N-O and N-C (or N-H) bonds are 
not coplanar and deformation from coplanarity is 
accompanied by the increase of 14N hyperfine 
coupling constant. This would be the case for 
DMNO. Our 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 
r model is justified on the basis of the spin den-
sity on the hydroxyl proton. The other models

Fig.

-2025 .000

Cv 
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-2026.000

 a  Modet(8  6ff  )

500k--------------------------------------------------------4 
         1.0 1.25 1.5 1.75 2.0 2.25 

H.-6 Bond Length(A) 

4. Energy curve for the motion of the whole mol-
         ecules in the o model.

always yield positive spin density irrespective 
of the O... H-0 bond length and are therefore 
ruled out (see table 1). In the a-m ode l (9 = 90°), 
the DMNO/methanol system was not stabilized 
for RO H ranging 1.50 - 2.00 A where the in-
duced spin density on the hydroxyl proton was 
always positive. The it 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

Atom

Ps

Cala.
DMNO

aN a) 

(G)

Obsd. 

laN 
G)I Ps

DMNO... methanol 
     Calc. 

     aN a) 

     (G)

(or-model) b)

AaN c) 

 (G)

Obsd. 

A°N c) 

 (G)

H 

13c 

170 

14N

0.00838 

-0.00620 

0.01232 

0.01667

  4.52 

- 5.08 

10.95 

  6.32

12.3 [4] 

6.1 [5] 

19.7 d) 

15.2 [4]

0.00889 

-0.00646 

0.01225 

0.01827

 4.80 

-L 5.29 

10.88 

  6.93

+0.28 

-0 .21 

-0 .07 

+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. 
c) Change of aN'by hydrogen bond. 
d) The value for di-sec-butyl nitroxide, ref. [6].

(47)



 INDO calculations for the IT 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 positive spin density is 
residing on the oxygen pn orbital of DMNG, the 
spin transfer will preferentially involve an elec-
tron in the O... H-0 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 tableA are also given the calculated aN 
values folt DMNO in DMNO/methanol hydrogen 
b,ond system (Tr model). The variation of aN val-
ues by hydrogen bonding also follows the experi-
mental results for 14N coupling constant [9]. 
  The H... 0 bond length R for the most stable 

structure of 7T 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 kcal/mole) of 
the stabilization energy for the zr-model is 
slightly less than that (10.1) for the v 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 CNDO method, the currently well ac-

cepted method for the hydrogen bond system [1]. 
The change in charge distributions by hydrogen 

                                                                                                        •

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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Interaction between Closed and Open—shell Molecules. VI. 

 1H and 13C Contact Shift and Molecul
ar Orbital Studies on 

the Hydrogen Bond of Nitroxide Radical 

Abstract: 1H and 13C 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 13C 

contact shifts of the donor molecules were interpreted in 

terms of the spin polarization mechanism of electron spin 

transfer from DTBN to X—H molecule. The formation constants, 

enthalpies, limiting 1H and 13C contact shifts and spin densities 

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

hydrogen bond interaction from 1H and 13C contact shift 

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  points of view. As a part of our continuous 

investigation of this problem, we here report a full detail• 

of the nuclear magnetic resonance(nmr) and molecular orbital(140) 

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—H......0—N (t—Bu) 2 

spectroscopically and theoretically, there has been only 

a limited work on the H—bond of the free radical.2 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 a 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  13C contact shifts for various proton donor 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 donor 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 decoupled 13C nrnr 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 external locking mode at various temperatures. 

13C chemical shifts were determined on a expanded scale(18ppm 

per full scan) with the precision of 0.15 ppm. Samples were 

made in the neat or CC14 or C6H12 solution in the absence or 

presence of varying amount of DTBN in 5 mm(for 1H nmr) or in 
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 Figure 2. Curie law test of the proton contact shift for chloroform.

  90 

' 75

Cr) 

U 

z 

0

60

45

h-

 , 

T

0

30

15 

 0,

SO1 VENT: COL 
 SOLUTE  :  CHO-) 

 7J 

 DTBNc76X10-  M1t7 

  SQL9E: 2.1 mit 

0 SOLUT 8.3 

           o 

      o 

A

i

 

f 

i

y 

•

3.0

 0

3.5

11T c3

(53)



the 8 mm  sarnple tube. The DTBN—induced 1f and 13C contact 

shifts are the shift change from the diamagnetic solution 

to the paramagnetic one in the presence of a given amount of 

DTBN radical. 

                                                                                                                                                                                    • Results 

     Proton Contact Shifts. Addition of DTBN radical to the 

protic molecules shifted quite 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 

as 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, 

aH, for the X—H proton by the relation5 

A H __8iescs+l  
N—Q.H3~.T(1) 

Here aH is related to the electron spin density ,..t on the 
proton by the equation 

          58/6)Co~~~~H 
  3(2) 

The notations have their usual meaning.5 
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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.la The hydroxyl 

proton of phenol experienced signal broadening and upfield 

contact shift quite rapidly with the addition of DTBN. Therefore, 

1H nmr was not adequate for the study of phenol —DTBN 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....DTBN H—bond, 

we have determined the formation constants(K), enthalpies( H) 

and limiting shifts(A) for the H—bond complex formation 

—H + DTBN (3) 

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

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

V Pi S-- t lc,( 4 ) • 

where pf and pc designate the fractions of the free proton 

donor and•of H—bonded complex respectively and gf and Sc are 
the corresponding proton chemical shifts. Then 

-6S(XH- -DT BN) _  l~  'c _  _ (X HIao(5)          ~f 
and for the condition of (XH)>> (DTBN), 

     K_ (XH•..DTB)'L)..(6) 
(X HI (• DTBN)) 

whereL and are are observed and limiting contact shifts, 

 espectively and ( ). denotes the initial concentration. 

0 

                     (55)



     Figure  3 •
Plots 

shift

of the 

against

inverse of the observed proton 

 the initial concentration of

 contact 

proton

0.0307

0.025

7". 

a020 

U  1 

  <7. 

  -T" 

0015

0.010

     donor (chloroform) 

SOLVEE C C 

SOLUTE: CHCI.,-.,) 
er 

.DTBN (76X1C7
.4.M ) 

• 

• 

         

! . 

      

. ,               

• -. •   
. „ 

• •

V

(see Eq.(7)) at various  temperature..

/

 / 
o/

 0//c 
 00/ 
0/

)06 L-

 0

0.006

C

0

OF  CHCI
 1

 C ONCE  i  i  RA  i  ION 3 (M/



 Figure 4. Plots 

   shift

 of K v. s. 

s .ieasuments for

the and         and 

chloroform.

13C
contact

 Q
 c;, 

~1. 

sw--- • 

0 

U

U 
C)

 7

 (VNIf1)

ED) 
C€S

Cf 

C a< 

}-

v

C~

C7

(57)



 Figure

 -1.8

-1.6

3 ~~

V-) 

F-
U, 

 U. 
U-

U 
cx) 
a--

5. .observed i Q. contact, 

   the concentration Qf

shifts 

added

protted 

i. TBN

against

 SOLVE  NT:C6HI2 

SOLUTE: 1/40 M

CHI3r'^ 
           s'j 

 0

-1.2; t

-0 .8

 -0 .6

-0 .4 ~- 

            o 

 1/79;, 

                  o

0

0 

y/CH2Sr2 
/ zeVH2Ci" 
/ : • °CH;) 

          s°° '74)-"f%14 3 C H PA V *
.f.,......., 

P
®'•

12 3 

CO N CENTRATION OF 

(5th)

4 

DTBN

r 

5 (1.75X; O-5m UN} T )



Table 1. Formation Constants,  Enthalpies, 

Shifts and Spin Densities on the 

Bond Complex Formation with DTBN

1H Li
miting 

Proton for

 Contact 

Hydrogen

Proton 

Donor
IL(1/mol) d H(Kca1/mol)

Proton 
Liraitimg 
Shift, . 

(PPm)

Spin 
Density 
on the 

proton

CH3OH

1.26 + 

0.53 ± 

0.42 + 

0.27 +

0.07 

0.07 

0.08 

0.06

(-4°c) 

(+22°C) 

(+42°C) 

(+57°c)

-4.5 + 1.0

32 + 

30 + 

29+ 

29 +

2 -0.00077 

2 -0.00080 

2 -0.00086 

2 0.00086 

Av.-0.00082

CHC13

C6H5NH2

0.26 + 

0.23 

0.20 + 

0.18 ±

0.51 ± 

0.47 + 

0.42 + 

0.40 +

0.0(.(+25°C) 

0.06(+38°C) 

0.07(+48°C) 

0.06(+56°C)

0 

0 

0 

0

.06(+24°C) 

.07(+42°C) 

.07(+55°C) 

.07(±70°C)

-2.6 + 1.3

-1.1 + 0.9

35 

32 

32 

31

4. 

4. 

4. 

3.

+ 2 -0.00093 

± 2 -0.00089 

+ 2 -0.00093 

+ 2 -0.00091 

   Av.-0.00091 

7 + 0.7-0.00013 

6 + 0.7-0.00013 

3 ± 0.7-0.00013 

9 + 0.7-0.00012 

    Av.-0.00013
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Equation 6 can be written as 

 

1  (X H )0  
      o K C rBN)a~~}(DT8m'Jo(7) 

Using this equation we have determined K and Q o values from 

the measurement'of contact shifts with varying initial 

concentrations(UTBN)„ ().H ) for some typical proton donor molecules 

(see Figure 3). From the temperature dependence of K, we have also 

determined enthalpies( QH) 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 1:,-H proton 

using equations (1) and (2). With the relation of aH=379.34 51,6 
spin densities were obtained, as 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 Figure 1) results from 

quite small value of the limiting shift. 
     13C Contact Shifts . for the C—H proton donor molecules, 

we have studied 13C contact shifts induced by-the addition of 

DTBN. Figure 5 shows DTBN—induced downfield 13C contact shifts 

for various C—H proton donor molecules. Figure 6 exhibits 

the Curie law behavior of the DTBN—induced 13C shift. We have 

also determined the equilibrium constant(K), the limiting 13C 

contact shifts), the enthalpy(L1H) and spin density on the 

carbon(Y for for CHC13, CH2C12 and C6H5C CH by the method

(61)



Table II. Formation Constants, Enthalpies, 

    and spin Densities on the Carbon 

   Complex  Formation with DTBN

13C 

for

Limiting 

Hydrogen

Shifts, 

Bond

Proton 

Donor
K(1/mol) QIH(kcal/mol)

13c 

Limiting 

Shift(ppm)

Spin 

Density 

on the carbon

CHC13

CH2CL2

C6H5C=C-H

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0

56+0.03 (10°C) 

45±0.03 (20°C) 

35±0.03 (27°C) 

25±0.03 (45°C) 

23±0.04 (-5°c) 

20+0.03 ( 5°C) 

16+0.03 (20°C) 

14±0.03 (33°C) 

30+0.03 (10°•C) 

29±0.03 (20°C) 

28+0.03 (30°C) 

26±0.03 (40°C)

-3.5+1.5

-2.3±1.5

-1.0+0.6

-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 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0

• 00160 

00150 

00140 

00140 

00150 

00140 

00140 

00140 

00130 

00140 

00060 

00059 

00050 

00048 

00055

(62)
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 employed for the proton'contact shift study. The results are 

tabulated in Table II. For CHCY3we have determined thermodynamic 

data from both 11i and 13C contact shift data. However, for 

CH2C12 arid C6H5C-CH, the proton contact shifts were small 

enough to obtain K values at various temperatures: Therefore, 

13C contact shifts were used to evaluate K and p H v alues 

for these molecules. 

. Molecular Orbital Calculations for Proton Donor/Nitroxide

Radical System. In order to substantiate theoretically 

the observed 1H and 13C contact shifts of the proton donor 

molecules and to elucidate the nature of the X-H....DTBN 

H-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 DiNO are coplanar. 

The bond distances used are NO, 1.215 R and NC, 1.550 Fi and 

the CNC bond angle is assumed to be 120°. The molecular geometries 

for proton donor molecules were obtained from the Sutton's 

compilation.8 The geometrical structures for the H-bond 

bimolecular system adopted here are theZ.and O types, where 

the K-H proton is directly over the pi„orbital of the oxygen 

atom(71L(0) type), or of the nitrogen atom(7C(N) type) or over 

the center of the N-0 bond(7G(bridge) type) with X-H bond axis 

perpendicular to the N-0 bond, or in the Tplane(Q(8) type) 

(see. Figure 7). In theQ (6) model, we varied the angle 

(64)



Table  III.  Results of INDO 

(DMNO)

MO Calculations for Dimethyl Nitroxide

Nucleus

7C Radicala • 

c B.A. ~5 A.A.

aN(G) 
' d 1 
B.A. A.A.

~- Radicalb 

JS•C aN(G) 

d B.A.

aN(Exptl) 

(0)

1H 0 . 

13C-0. 

17N O. 

14N 0. 

Total 

Electronic 

Energy

00837 

00620 

01232 

01666

0.00540 

-0'.00205 

0.00416 

0 ,.00560 

    -1278.

 4.52 

-5.08 

10.95 

  6.32 

717eV

 2.9 

-1.6 

 3.5 

 2.1

-0. 

0. 

0. 

-0.

00155 

02210 

01557 

01763 

 -1276

-0.83 

18.12 

13.83 

-6.68 

.765eV

12 

6 

19 

16

•

3 

1 

7 

8

a. 

b. 

c. 

d.

Odd electron resides in the lowest unoccupied A: MO 

(the N-0 antibonding j7 orbital). 

Odd electron resides in.the highest occupied OM0(closely 

the highest occupied 9M0) and lowest vacant 7CM0 occupies 

a pair of electrons. 

Electron spin density on the s atomic orbital. 

B.A.= Before anihilation. 

A.A.= After anihilation.

below

(65)



Table  IV. Calculated Spin Densities on Dimethyl Nitroxide

A 0 0

Spin

N

Density

C

2s 

2px 

2py 

2pz

 0.0123 

 0.0032 

—0.0079 

0. 6760

0.0166 

 0.0149 

—0.0009 

 0.3018

-0. 

-0. 

-0. 

-0.

0062 

0105 

0065 

0099

(66)
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between the N-0. bond andthe 0°o bettyt...H ~ axis as ,-180,120, 

and g0` MO calculations were  perfomed for X—H...DMNO 

biuiolec,uls,p systems ,wi•th varying X—H...O(or N) H—bond length 

in each model. As the A—H distance ig fixed, it is equivalent 

to the X....O(or:N) distance variation. 

     Before entering. into X—H/DMNO bimolecular "system, we have 

to mention the electronic structure of DMNO.We have made 

INDO(UHF)•MO calculations for the two possible electronic 

structures of DMivO, the 7C radical and the Q' radical. In the 7C. 

radical odd electron resides in the lowest unoccupied7C..MO 

(the N-0, an.tibonding 7G orbit.al) and in the O'' radical odd 

electron occupies the next highest occupied C'id0(closely below 

the highest occupied7C M0) and the lowest antibonding 7C M0 

occupies a pair of electrons. The results are shown in Table III. 

Spin densities on the's atomic. orbitals and hyperfine coupling 

constants are given'together with the total electronic energy. 

Calculated aN values obtained for before anihilation in the 7Z„ 

radical agree with the observed trend. Also in light of the 

electronic energy the Z radical is preferable to the radical, 

as expected.. Hereafter we adopt the7C radical for the calculation 

of DMNO. Table'IV exhibits the calculated values of spin density 

on each atomic orbital of 0, N and C atoms in DMNO. 

Energy curves for limited examples of X—H/DMNO bimolecular 

systems with various configurations are given in Figures 8^-/2.. 

Table V summarizes optimum H—bond lengths, stabilization 

(72)



 energies(QE) and electron spin densities on the various X—H 

molecules for the configuration with the optimal stabilization. 

There is substantial difference in the configuration that gives 

optimal stabilization: We have performed detailed calculations 

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

X—H molecules, only passable models were examined for MO calculation. 

At a glance at the table, one is easily informed that the observed 

negative spin density on the X—H proton is reproduced by the 

calculation only for the7C model. The observed result of positive 

spin density on the carbon in CHC13 and C6H5CaCH are also explained 

theoretically in terms of the 77 model.Of the two "/L models, the? (0) 

model yields negative spin density on the hydroxyl proton in methanol 

more sensitively than theme (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 acetylene 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. MO calculation 

for methanol/DMNO system shows that the rmodel in which the hydroxyl 

proton interacts with th'e oxygen lone—pair is energetically 

comparable with or more favored than the 7C model. However, the 

                     (73)
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 induced.spin densities.on the hydroxyl proton for these two models 

are opposite in sign. Accordingly, quite a small value of the observed 

spin density may allow us to expect the substantial contribution 

of the or model which yields positive spin density on the proton . 

This is probably true for other proton donor molecules. 

Preference of the Q' model to the/ model is required to produce 

the observed spin density. This is substantiated by MO theoretical 

calculations of stabilization energy for the 7C. and J models 

(Table V),. In'methano./DMNO system, the Cr model is more stable 

than the7C model by 1 —._2 kcal/mol. From above discussion it follows 

that the 7CH—bond is responsible for the observed negative spin 

density on the X—H proton and positive spin density on the C—H 

carbon although the Y 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 7(0) model. The magnitude of the induced spin 

density on the X—H proton appears to be related to the optimal 

H—bond length. Figure 13 shows the plots of the calculated spin 

density on the X—H proton-vs. the H—bond length for methanol, 

acetylene and dimethyl amine. Calculated spin density varies quite 

sensitively with the H....O H—bond length almost irrespective of 

the nature of the X 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

(75)



Table V. Results 

Bimolecular

of INDO 

 Systems

MO Calculations for Proton Donor 

 with Various Configurations

 /DIN  o

Proton 

Donor
Configuration

Optimum 

H-bond 

Length 

(A)

Stabilization 

Energy,, E 
H(ls) 

(Kcal/mol)

Spin 

Donor

Density on 

Molecule 

0(2s)

the

C(2s)

CH3OH

/C(0) 1. 

7C (N) 1. 

7c(BRIDGE) 1. 

('(180°,x) 1. 

J'(120°) 1. 

Q'( 90°,y)

50 

60 

75 

50 

50

 +8 

+7 

+7 

+9 

+10

.87 

.33 

.08 

.89 

.10

-0.0154 

-0.0039 

+0.0030 

+0.0036 

+0.0023 

+0.0014

-0.0010 

-0.0003 

-0.0006 

-0.0004 

-0.0004 

-0.0002

-0 

+0 

+0 

+0 

+0 

+0

0003 

0002 

0001 

0001 

0000 

0000

7C (0) 

-C2-C1-H 7E' (N) 

(120°)

1.75 

2.00 

L.75 •

+1.31 

+0.85 

+1.63

H(ls) 

-0.0030 

+0.0001 

+0.0009

Cl 

+0 

-0 

-0

(2s) 

.0021 

.00003 

.0008

C2(28) 

+0.0000 

-0.0000 

-0.0000

3 

0 

4

:101 3 R (0) 1.50 +1.73

H(ls) 

-0.0121

C(2s) 

+0.0056

CH3) 2NH 

i3

(0) 

"7C (N) 

0- (120°)

1. 

1. 

1.

65 

75 

65

+4.52 

+3.11 

+4.12

H(ls) 

-0.0090 

-0.0008 

+0.0016

N(2s) 

-0.0004 

-0.00002 

-0.0005

(76)



(1.50  A) the hydroxyl proton senses largest negative spin density, 

while for acetylene(1.75 A) 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 length(1.50 .). Accordingly 

the observed trend of the limiting proton contact shifts in 

methanol, chloroform and aniline reflects the H-bond length, 

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

     It seems of interest to note that only the 7C (0) model 

produces negative spin density on the methyl carbon 2s A0 in 

methanol(see Table V). The observed downfield 13C contact shift 

of methyl carbon in methanol is not due to this cause but results 

from the H-bond between methyl proton and DTBN(H-O-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 13C 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 7C(0) model 

is important in the H-bond with DTBN. 

     It should also be noted that the observed spin density on 

the carbon in CHC13 is smaller than that on the proton, contrary 

to the MO theoretical result. This is probably due to the 

contribution os the C-Ci....DTi3N charge transfer interaction9'ld 

in addition to the C-H...DTBN H-bond, where both interactions 

induces positive spin density on the carbon.ld The greater downfield 

shifts of C1113r3, CH2Br2 and CH2I.2 compared with CHC13 and CH2C12 

(77)
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(see Figure 5) are most likely due to this cause.9 

     The observed H-bond energies(  D H) ranging from I to 5 

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

H-bond system. The MO theoretical value'of stabilization energy 

also follows this trend. As the odd electron occupies 4-4 7C 

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

to gain greater H-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 previously,1 electron spin transfers 

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

not by the spin delocalization mechanism which allows the direct 

electron spin delocalization from nitroxide radical to the antibonding 

orbital of the bond. The delocalization mechanism favors 

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

corresponds to the charge transfer interaction. The mechanism 

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

donor molecule is interesting in relation to the elucidation of 

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

more theoretical method.10 
i
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              Chapter 3 

 13C Contact Shifts and Molecular Orbital Studies 

on the  Charge—Transfer 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 shifts induced by the addition of the di-tert-butyl nitroxide (DTBN) radical were observed for 

halomethanes, halocthancs, haloethylcnes and halobenzenes. The sensitively induced downfield 13C contact shifts 
for the carbon bonded directly to halogen were of the order of I > Br > Cl. These results were interpreted in terms 
of electron donor—acceptor 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 1H 
and 13C NMR shifts are quite sensitive to the presence 
of a small amount of a stable free radical (the nitroxide 
radical, for example) and the resulting,1H and i3C 
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 downfield 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] . Mere 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— 
acceptor complex formation between halogenated 
methanes and electron 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-tert-butyl nitroxide radical 
(DTBN) to CC14 and CBrCI3 caused substantial down-

 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-6OHL 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 L 
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 
 positive spin density on the carbon. We have also ob-

 served downfield 13C contact shifts for CHX3 and 
CH2X2 where X = Cl, Br, and I are induced by the

* At the final stage of the present study, we noticed a paper 

 of Murata and Mataga 1121 dealing with ESR and optical 
 studies on the electron donor—acceptor complexes of 
 DTBN. Quite recently, a paper related to the present study 

 appeared 113].
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Fig. 1. Plots of 13C contact shifts versus the concentration of 

     added DTBN radical for various halomethanes.

addition of DTBN. Fig. 1 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 seen that the 13C contact 
shifts for halomethanes are of the order of X = I > Br 
> Cl. Previously we have reported [1]  DTBN-induced 
1I-1 and 13C contact shifts for C11C13 and CI 12C12 

which were interpreted in terms of the hydrogen bond 
between the C—Ii proton and the nitroxide oxygen. 
Negative 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 CHX3 and CH2X2 (X=I > Br > Cl) is op-

posite to the hydrogen donor ability of these halo-
methanes: As is easily seen in fig.,1, CBrC13 shows an 
even larger downfield 13C contact shift than the 
CH2X2 (X=C1 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 a)

CH3CH2-
X a b 

a b

(CH3)2CH-
a b 

a b

(CH3)3C-
a b 

a b

CI - 

Br -0.64 

I -0.58

-1 .50 
-1 .59

-0 .43 
-0 .43 
-0 .42

-0 .52 
-0 .62 
-0 .69

-0 .36 +0.18 
-0 .41 +0.13 
-0 .23 +0.04

a) 13C contact shifts arc given in ppm at the DTBN concentra-

 tion of 3 X l0-4M.

hydrogen 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 13C contact 
shifts, CBrC13 > CC14 (see fig. 1). However, when we 
compare the results for CC14 and CHCl3, the hydro-

gen bond with DTBN appears to be still important 
for the CHC13—DTBN system. For CHCX3 and 
CH2X2, 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 13C 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 
obtained 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 10-4 M obtained from the linear 

plots. For ethyl and isopropyl halides, the substituted 
carbon (Cb) exhibits the downfield 13C contact shifts 
in the order of I > Br > Cl as expected. However, the 
downfield 13C contact shift for methyl carbon has 
the opposite trend, Cl > Br > I. 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 t-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 of the-13C contact shifts versus the concentra-
tion of added DTI3N radical for 1,2-dihaloethanes and chloro-

                      ethylenes.

in the order of CI > Br > I. This implies that for t-
butyl halides the methyl C—I....DTBN hydrogen bond 
is preferentially important, which induces positive 
and negative spin densities on the methyl and tertiary 
carbons respectively by the spin polarization me-
chanism. This feature of t-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—I-I....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 C2 than C1 in 1-bromo-2-iodoethane 
(fig. 2). For 1-chloro-2-bromoethane; the preferential 
downfield shift of C2 was observed, as expected. 
Fig. 2 also shows the results for chlorinated ethylenes. 
The 13C contact shift for CCl2 carbon increases in the 
order of dichloro-, trichloro•, tetrachloroethylene, im-
plying the importance of the C—Cl....DTBN inter-
action. The preferential downfield contact shifts for
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  Ir 

DTBN

Fig. 3.

dI
T

H!' 'DTBN

CHCI and CH2 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 (CI) of iodobenzene sensitively exhibits greater 
downfield contact shift than other ring carbons 
(fig. 4). On the other hand, the C1 resonance of 
bromobenzene is quite insensitive to DTBN. In chloro-
benzene, C1 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 chloro-
benzenes the C2—H....DTBN weak hydrogen bond 
could be responsible for the small downfield or upfield 
contact shift of C1. 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-
stantial 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 C1 is possibly due to 
the negative spin (l) density induced by 
C1—C2—H....DTBN weak hydrogen bond interaction 
through the spin polarization mechanism. This inter-
action may reduce the positive spin (I') density in-
duced by the C1—Br....DTBN donor—acceptor inter-
action and leads to a small downfield contact shift 
for CI in bromobenzene. 

  From these 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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         Table 2 
13C contact shifts for halobenzenes a)

position X=H (benzene) Cl Br

1 

2, 6 

3, 5 

4

(-1.00) b)

+0.4 2 
-1 .80 
-2 .27 
-2 .12

-0 .49 
-1 .65 
-2.03 
-1 .77

-4.23 
-1 .48 
-2.11 

-1.84

P- C 

m-C

a) 13C contact shifts are given with reference to benzene. 
b) The observed value of 13C contact shift is 0.13 ppm at the 

DTBN concentration of 3 X 10-4 M (see fig. 3).

               Table 3 

INDO MO calculations for CH3X....dimethyl nitroxide 

             bimolecular system

ComplexR a) pEa) Calculated spin den- 
modelX (A) (kcal/mole) sity on CH3X 

PC(2s) PX(2s)

j_ C

   0 5 •10 IS 20 25 30 X10-5M 

                                         CONCENTRATIONOF DTBN 

Fig. 4. Plots of 13C contact shifts versus the concentration of 

DTBN radical for the benzene solution of iodobenzene.

1 rr(0)

II rr(N) 

III a

F 1.5 

Cl 1.5 

F 1.5 

F 1.5

20.3 

4.8 

6.0 

 4.3

 0.0369 0.0177 

 0.0249 0.0407 

 0.0298 0.0169 

-0 .0026 -0.0031

from DTBN directly to the unoccupied molecular or-
bital of the C-X bond. This is easily recognized by 
the parallel relation between 13C contact shifts and 
the polarographic reduction potential (E112) of halo-
methanes [9[. In order to substantiate theoretically 
the DTBN-induced 13C 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 (INDO method [ 10]) for the 
H3C-X....DMNO (dimethyl nitroxide) bimolecular 
system arranged in the three different geometries [4]. 
In models I and II, the C-X bond is placed perpendic-
ular to the pn orbital of the oxygen and nitrogen atom 
respectively, while in model III the C-X bond is placed 
on the a-plane and directed toward an oxygen lone-

pair orbital (the N-O-X angle = 120°). We have 
examined .fluoride and chloride for CI-13X in INDO 
calculations. Because of the difficulty of including the 
chlorine atom in the original INDO calculation for 
CH3CI, we tentatively used the input parameters (Ip, 
EA and p) of the chlorine atom in place of fluorine, 

                   •

a) AE = E - E,,, the energy of stabilization. The R 

 values are at the energy minimum.

and other variables such as various types of integrals 
were the same as in the fluorine atom. The results are 
summarized in table 3. The energy of stabilization, 
OE, was obtained at R (= X....O or X....N distance) = 
1.5 A for most of the bimolecular systems. The DE 
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 it 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 [11

(84)



in which negative and positive spin densities are in-
duced on the  I-I 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. 

VII. Carbon-13 Contact Shift and Molecular Orbital Studies 

on the Charge-Transfer Interaction between Halogenated 

Molecules and Nitroxide  Radical'

Abstract: 1'C nmr contact shifts induced by,the addition of di-tert-butyl nitroxide radical (DTBN) were observed 
for halomethanes, halocthanes, and halobenzenes. The downfield 13C contact shifts for the carbon bonded directly 
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 13C contact shifts, 
and 'spin densities on the carbon were also determined for this CT complex formation. Theoretical studies on this 
interacting system were also performed by the unrestricted Hartree-Fock SCF-MO (INDO method) calculations. 
The stabilization energies and spin densities on the acceptor carbon were well reproduced by the MO calculation. 
The positive spin density on DTBN is transferred directly onto the C-X antibonding orbital of halomethane by the 
spin dclocalization mechanism. Oh the basis of the present experimental and theoretical studies, the mechanism 
of halogen abstraction reaction was discussed briefly. 

                                                 •

10 ecently we have demonstrated' that the nmr contact    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 sensitively upfield and downfield 
proton and 13C contact shifts for proton donor mole-
cules.3n•b It has been shown that the spin densities 
on 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.. As 
a part of ou,r continuing studies on the interaction 
between closed-shell and open-shell molecules, we here 
report 13C nmr contact shift, studies.. on nitroxide 
radical-alkyl halide interaction which are interpreted 
in terms of a charge-transfer (CT) interaction. 

 There has • been much evidence of weak donor-
acceptor complex formation between halogenated 
urethanes and electron donor molecules from uv,4 
ir," and Raman' spectroscopic studies and from 
measurements of heat of mixing.' However, these 
studies were associated with the interaction between 
closed-shell molecules and there have been only limited. 
studies on the donor-acceptor interaction between

 (I) Presented at the 10th Nmr Symposium of Japan at Tokyo, Oct 
1971. Part VI: I. Morishima, K. Endo, and T. Yonezawa, J. Chen:. 

Phis., in press. 
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 (4) D. P., Stevenson and G. M. Coppinger, J. Amer. Chem. Soc., 
84, 149 (1962); R. Anderson and J. M. Prausnitz, J. Chem. Phys., 39, 
1225 (1963). 

 (5) P. Datta and G: M. Barrow, J. Amer. Chem. Soc., 87, 3053 
(1965). 

 (6) D. A. Bahnick and W. B. Person, ;J. Chem. Phys., 48, 1251 
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 (7) K. W. Morcom and D. N. Travers, Trans. Faraday Soc., 63, 2063, 
(1966).
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closed- and open-shell molecules.' The study of 
radical-induced nmr 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 molecules 
(electron acceptor). The use of 13C nmr spectroscopy 
appears to be relevant to the present study because 
tetrahalomethane is most appropriate to this work as 
an electron acceptor and 13(` nmr shift is quite sensitive 

• to the presence of the paramagnetic species . 3•' It 
seems also quite interesting to investigate the CT 
interaction between free radical and halogenated 
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-tort-butyl nitroxide (DTBN) as an 
electron donor free radical and halomethanes, halo-
ethanes, halobenzenes, and some other halogenated 
molecules as an electron acceptor. We followed 13C 
contact shifts induced by the addition of DTBN to 
the solution of halogenated molecules. The 19F nmr 
contact shift was also measured for some fluorinated 
molecules.

Experimental Section 

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

15C Nmr Measurement. Completely proton-decoupled "C nmr 

spectra were obtained at 15.1 MHz on a Jeolco C-601-IL s;'>ectrom-

 (8) Y. Y. Lim and R. S. Drago, J. Amer. Chem. Soc., 93, 891 (1971); 
Y. Murata and N. Mataga, Bull. Chem. Soc.Jap., 44, 354 (1971). 
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ibid., 93, 3922 (1971); I. Morishima, K. Okada, and T. Yonezawa, ibid., 
94, 1425 (1972). 

 (10) R. Briere, H. Lemaire, and A. Rassat, Bull. Soc. C:im. Fr., 
273 (1965). 

 (11) M. Simpson, Ber., 7,130 (1874).
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• Figure 1. Curie law test of the "C contact shift for CBrC13. 

eter equipped with the SD-HC heterospin decoupler _anti iS-60 
field-frequency synchronous sweep system of the proton irradiating 
frequency. 'Spectra Were measured With the external locking mode 
at various temperatures. "C chemical shifts were determined on 
an expanded scale (18 ppm per Tull. scale) with the precision of 
±0.10 ppm. Samples Were made in'lhe neat liquid or cyclohexane 
solution in the absence or presence of the given, amount of DTBN 
in the 8-mm sample tube. The "C chemical shift of cyclohexane 
was hardly affected by the addition 'of DTBN within an experi-
mental error and was used as an internal reference for "C chemical 
shift measurements of halogenated `molecules in the presence of 
DTBN radical. The susceptibility 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-
centrations. The concentration of added DTBN radical was 
varied from 0 to 2 X 10-' M. The DTBN-induced "C contact 
shift is the shift change from the diamagnetic solution to the para-
magnetic one in the presence of a given amount of DTBN. 

Results and Discussion 
 Halomethanes. The addition of DTBN radical to 

neat CCi., and CBrCi3 caused 'substantial downfield 
shift of the "C chemical shifts of these molecules. 
However, they were hardly affected by the addition of 
diamagnetic donor molecules such as pyridine and 
triethylaminc. The temperature dependence of DTBN-
induced "C shifts followed the Curie law behavior, 
characteristic of the Fermi contact shift (Figure 1). 
Therefore, the downfield "C . shift induced addition of 
DTBN is most probably .attributable to the Fermi 
contact shift, indicating positive spin density on the 
carbon s atomic orbital. We have also observed 
downfield 13C shifts induced by the addition of DTBN 
for CHX3 and CH2X2 molecules where X = Cl, Br, 
and J. The shifts were proportional to the concentra-
tion of added DTBN. Figure 2 shows the linear 
plots of the observed "C shifts of various halomethanes 
os. the concentration of DTBN at room temperature. 
It is generally seen that the 13C contact shifts for halo-
methanes are in the order of X = I > Br > Cl. How-
ever, slightly upficld proton 'contact shifts for CH2X2 
and CHX3 molecules were almost the same or in the 
opposite trend, X = CI > Br > I. Previously we have 
reparted3.i2 DTBN-induced 'H and. '3C contact shifts 

  (12) Paper VI: I. Morishima, K. Endo, and T. Yonezawa, !. Chem. 
Phye., in press. '
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13C contact shifts plotted against the con-

for CHCI3 and CH2Cl2 together with other proton 
donor molecules which were interpreted by the hydrogen 
bond between the C—H proton and the nitroxide 
oxygen or nitrogen.12 Negative and positive spin 
densities on the proton and carbon, respectively, are 
induced by the spin polarization mechanism.3,12 
However, the above trend of the 13C contact shifts for 
CHX3 and CH2X2 (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 seen in Figure 2, 
CBrC13 shows even larger downfield 13C contact 
shifts then CH2X2 (X = Cl and Br) molecules. Inter- 
action here cannot involve the hydrogen bonding with 
DTBN. Therefore, the above observations imme-
diately suggest the existence of an interaction between 
DTBN and halomethanes-that is quite independent of 
any hydrogen bond. The 13C contact shift 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 13C contact shift increases in the order 
CBrCI3 > CCI., as might be expected. However, when 
we compare the results of CCL, and CHCI3, the hydrogen 
bond with DTBN appears to be still important in the 
CHCI3—DTBN system. For CHX3 and CH2X2, 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 delocalization mechanisms 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



 -1.25

-1.00

a-0.75 

b-1(i.80

 SOLUTE: 2.0X162M

CH313CH21

CH3 3412Br

CH3CH213r

                                  13CH3CH21 
            -0.25- 

0.00 -------------------------------------------------------------------------1 
1 2 3 4 5 6 
CONCENTRATION OF DTHN ( 6.0510-'14 UNIT) 

Figure 3. Observed 13C contact shifts plotted against the con-
centration of DTBN for bronco- and iodoethanes.

-1.25

,:-0.75 

I 
 LL 

1-

 g-0.50 

   -0.26

SOLUTE: 2.0)(1d'2M

 13CH
2OCH2Br

CONCENTRATION OF DTpN ( 6.0X105M UNIT) 

Figure 4. Observed "C contact shift plotted against the con-
centration of DTBN for 1,2-dihaloethanes.

revealed previously.3•t2 Therefore, the carbon of 
halomethanes senses positive spin density induced by the 
hydrogen bond and the CT interactions as in the 
following way. 

DTBN• •'•H-C-X hydrogen bond (spin polarization) 
t t 

H-C-X• • •DTBN charge-transfer interaction 
I t 

                             (spin delocalizalion) 
In order to substantiate further the CT nature of 
DTBN • • • halomethane interaction, we have measured 
the '.9F and "C contact shifts of CFCI3 induced by the 
presence of DTF3N. The downficld shifts of both 
nuclei may support the CT interaction stated above. la 

Haloethanes. Figures 3 and 4 show the plots of 
DTBN-induced 'aC contact shifts vs. the concentration 

  (13) We have observed the DTBN-induced 19F rum contact shift of 
CFCI, in 50 mol % CCI4 solution using a Jcolco'PS-100 spectrometer at 
94.1 MHz. The addition of 1.5 X 10-, M DTBN caused 0.15 ± 0.05 
ppm downficld shift of the "F resonance for CFCIi. The "C contact 
shift for the corresponding paramagnetic solution was 0.60 th 0.10 
PPM downficld shift. 
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Figure 5. Observed 'JC 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 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 therefore more susceptible to the 

 hydrogen bond with DTBN than ethyl iodide. On the 
 other hand, the "C contact shifts in the methylene 

 carbon bonded directly to the halogen atom Follow the 
 trend encountered for halomethanes in the. order of 
 ethyl iodide > ethyl bromide. The preferentit.; inter-

 action of the C-I group with DTBN was also recognized 
 from the greater downfield contact shift of C. than C1 

in l-bromo-2-iodoethane (see Figure 4). For 1-
 chloro-2-bromoethane, preferential downfield shift of 
 C2 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. 

I-Ialobenzenes. We have also studied the 13C contact 
 shift for the halobenzene—DTBN system. Figures 5 

 and 6 show the DTBN-induced 13C contact shifts for 
 bromo- and iodobenzenes. The substituted carbon 

 (C1) of iodobenzene exhibits quite sensitively greater 
downfield contact shift than other ring carbons. On 

 the other hand, the C1 resonance of bromohenzcne 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. Observed "C'contact Shift' plotted against the con-
centration orDT13N for bromohenzre. 

C—I-I.• • •DTBN• hydrogen bond interaction is pre-
dominant.. The fh,ct.that'the; aromatic C—H group can 
act as a proton donor, to DTBN has previously been 
shown for various arbmatic hydrocarbons." The car-
bon of benzene exhibited substantial downfield '2C 
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 mechanism." The:substituted carbon of 
nitrobenzene in which the•niti•o group is inert to DTBN 
showed upfreld contact shift while other-ring carbons 
exhibited usual downfield contact shifts (Figure 7). 
This upheld 1TC contact shift for Cl in nitrobenzene 
is possibly due to the negative spin density induced by 
the C1—C2—H• •••DTBN interaction through the spin 
polarization mechanism (see below). Of course, in 
halobenzenes the C2—H • • •DTBN hydrogen • bond 
induces negative spin density on the substituted carbon 
and reduces positive spin density induced by the Cl— 
X• • •DTBN CT interaction. This is probably re-
sponsible for quite a small 'magnitude of downfield 
contact shift for CI of bromobenzene.

4 
xt~. 

DTBN 
charge 

  (spin delocalization) 

In chlorobenzene, positive and ru 
on CI induced .by both interacti 

pears 
slightly upheld 12C contact shift 
In fluorobenzene, DTBN-induced 
similar to those in nitrobenzene 
was shifted upheld and other c 
downfield. This finding iinplies

             

I~ tH 

                    b 

                            NO2
`DTBN

charge transfer interaction gen bond interaction 

  (spin delocalization)spin polarization) 

in chlorobenzene, positive and gative spin densities 
Dn CI induced .by both interactions cancel; this ap-
pears to be responsible for observation of a 
;lightly upheld 12C contact shift of the substituted C. 
in fluorobenzene, DTBN-induced 1'C shifts were quite 
iimilar to those in nitrobenzene; the substituted C 
was shifted upheld and other carbons were moved 
downfield. This finding iinplies the relative impor-
tance                            ogen bond compared 

interaction. In nitro- and 

Matsui, T. Yonezawa, and K. 
Goto, I. Chem. Soc., Perkin Trans. 2, 633 (1972). 
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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 C2—H bond is more acidic and susceptible to the 
hydrogen bond with DTBN, which induces negative' 
spin density on the C1. We have also measured 
the 'DF contact shift for fiuorobenzene. The 
observed downfield 'oF contact shift may suggest 
that there is still weak CT interaction between the 
C—F bond and DTBN. These findings for ha.ioben-
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]o >> [D]o, the following linear equation 
is obtained16 

1/0 = 1/K[D]oAo -}- [A]o/[Dj0 o 

where K is the formation constant, [A]0 and [D]o are 
the initial concentration of electron acceptor (halo-
methane) and electron donor (DTBN), respectively, 
Do the limiting "C contact shift for the pure complex 
relative to the 13C shift for the free halomethane, and 
A is the, observed 13C shift of halomethane in the 
presence of DTBN relative to the free halomethane. 
However, as shown by Person16 and Deranleau,17 
simultaneous evaluation of K and Ao 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. Fyfe, "Progress in Nmr Spectroscopy," 
Vol. 4, Pcrgamon Press, Oxford, 1969. 

  (16) W. B. Person, J. Amer. Cheer. Soc.., 87, 167 (1965). 
  (17) D. A. Deranleau, ibid., 91, 4044 (1969).
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Figure 8. Plots of the inverse of the observed '^C contact shifts 
against the initial concentration of CBrCI0 at various temperatures.

K and 6,0 requires special conditions that K is large and 
DTBN is completely complexed:'6.'7 However, this 
is rarely possible. In this respect; we carried out only 
order estimation of K and 4o values by the above 
standard procedure. Therefore, the results of K and 
the limiting "C contact shifts are not realistic•when we 
use these values for a quantitative discussion. 

 Figure 8 shows the linear plots of l/A vs. the initial 
concentration, of CBrCI3, as an example, at various 
temperatures. The K values at various temperatures 
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

Table I. Approximate Values of Formation Constant, Limiting 
"C Contact Shift, Heat of Complex Formation, and 
Spin Densities on the Carbon for CH2Br2 and 
CBrCI,—DTBN Interactions

Lirtiitirig 
iH, "C shift,° Spin density,d 

K, 1./mold kcal/mol4 ppmpc

 Me"

. d 7C (0). 
N '

 HH1

i

II re(N.)

 III 0'026)

Figure 9. Models of the CH,X• • •DMNO bimolecular system 
with various configurations.

T, °K

306 
293 
279 
268

308 
293 
277 
263

0.28 
0.38 
0.50 
0.63

0.12 
0.14 
0.17 
0.20

CH2Sr,

-3.8

CSrCI,

-1.7

-250 
-280 
-300 

-310

-650 
-710 
-740 
-810

0.00102 
0.00102 
0.00113 
0.00113

Av 0.00108

0.00270 
0.00280 
0.00280 
0.00290

Av 0.00280

^ Uncertainty of the K value is ±0 .20 1./mol at least. n Uncer-
tainty of the AH value is at least ±2.5 kcal/mol. ° Uncertainty of 
the limiting shift is at least 150 ppm. d Spin density on the carbon 
was obtained from the limiting 'aC contact shifts by using the 
equation, (OH/ !f = -ac(yeg/3S(S -{- 1)/y°3kT) where ac =-820.10-
Pc (see ref 12 and 19).

and Dcranleau; it is generally possible to make an 
error analysis of K and Ao. However, in our case 
where [Al, > [D]0 and the signal of A is observed, the 
equations of beranleau are not applicable. Therefore, 
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the results in Table I may have serious uncertair.ty.18 
Only order of magnitude is important. It is likely that 
the observed trend of 13C contact shifts for halo-
methanes results partly from the difference in K values 
and partly from the large difference in the limiting 13C 
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.4-7 

  A Theoretical Study on the Halomethane-Dirnethyl 
Nitroxide Bimolecular System by Molecular Orbital 
Calculations. In order to substantiate theoretically the 
DTBN-induced 13C 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)19 
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).20 In models I (7r(0)) and II 
(7r(N)), the C-X bond is placed perpendicularly over 
the pr orbital of the oxygen and nitrogen atoms of 
DMNO, respectively, while in model III (o-(120°)) the 
C-X bond is placed on the a plane and directed toward 
an oxygen lone-pair orbital (the N-O-X angle = 1200). 
We have examined fluoride and chloride for CH,X in 
INDO calculations. 

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

 (18) According to Deranleau,'7 the limit for accurate simultaneous 
determination of K and Ao constants is approximately 0.2 < s < 0.S 
where s is the saturation fraction and equivalent to (ADl/(Dlo in the 
present case. However, in the present study we cannot estimate the 
s value. 

(19) J. A. Poplc, D. L. Beveridge, and P. A. Dobosh, J. Chem. Phys., 
47, 2026 (1967); J. A. Poplc, 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 even 
though these undoubtedly play a significant role in reality.



Table  H. 1NDO-MO Calculations for the CH,X: • •Dimethyl Nitroxide Bimolecular System

• Complex 

 model X
pi.,^ 

R, A Kcal/11101

Calculated spin density on 

CH X 

PC(20 PX(2,)Pn(Ia)

ON,° 
Gauss Aqx` APcx(a-a)d Pcx(,-,)d

1 a(0) 

II ;r(N) • 
111 x(120°)

CI 

F 
F

1.5 20.3 0.0369 • 0.0177 
1.5 4.8 0.0249 0.0407 
1.5 6.0 0.0298 0.0169 
1.5 , 4.3 —13.0026 . —0.0031

—0 .0022 
—0 .0023 
—0.0007 

 0.0004

—3,15 +0.132 —0.291 
—2.50 +0.005 —0.007 
+4.21 +0.187 —0.267 
+0.58 +0.152 +0.142

—0 .013 —0.026 
—0 .059 +0.027 
—0 .004 —0.047 

+0.217. —0.046

 a pE _ E — E•0,, the energy of stabilization.. The R values are at the energy minimum. b The change of the aN value for DMNO caused 
by CHaX . .i• DMNO interaction. The plus and minus signs mean the increase and decrease in the aN value, respectively. aN was obtained 
by aN = 379.34pN(2.) (ref 12). ^ Age and Aqx denote the change in the total charge densities on the carbon and halogen atoms in CH,X. 
The plus and minus signs mean the increase and decrease in electron densities. d apox(o_,) and OPax(a-a) mean the change in the total p-a 
and s-s 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 2r(0) 
model).

X• • •O (or N) distance far methyl fluoride. The energy 
of stabilization, AE, was obtained at R (X...0 (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 it model is responsible for-the downfield 
"C contact shift of halomethane interacting with 
DTBN. ' This is also the case for the hydrogen bond 
with DTBN.3•12 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 for 
the case of the C—H • • • DMNO hydrogen bond in which 
negative and positive 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 ir(0) model of fluoromethane, compared 
with the other two models. However, when we use 
tentatively the input parameters (I,,, EA, and ,3)21 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 
stabilization energy (4.8 kcal/mol), comparative with 
the experimental ,value. Spin density, on the other 
hand, appears to be rather 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• • • O distance for CH,F bimolecular system (x(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 
CH3X. Quite a small value of observed spin density 
on the carbon (Table I), compared with the theoretical 
value for the ir(0) or the 7r(N) model, may allow us to 
expect the contribution of the a(120°) model in addition 
to the r model; the v model yields negative spin density 
on the carbon and diminishes the absolute value of the 
positive spin density. The importance of the a model 
has also been encountered for the hydrogen bond be-
tween proton donor and nitroxide radical.3.i2 However, 
it should be noted that the it 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, aN, in DMNO is substantially affected by 
halide—DMNO interaction. The experimental study 
on the solvent effect of aN showed that the aN value is 
slightly increased on going from cyclohexane to CCI4 
or to CBrCI3.22 This trend is reproduced by the caI-
culation for models II and III. Also in this sense, the 
contribution of the v model should not be ignored. 

 Table II 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 aN of DTBN in the various 
halomcthane solvents using Jcolco 3BX esr spectrometer with a 100-Kc 
modulation. The value of as increased slightly on going from CCI4 
(15.30 G) to CBrCI3 (15.40 0). In both solvents aN is larger than in 
cyclohexane (15.20 G). This trend of experimental results is in agree-
ment with the Drago's recent work (ref 8).



formation.  The results for the a model show that total 
charge densities on the F and C atoms increase and s-s 
and p-o bond order between C acid F atoms decreases. 
This indicates that in the above complex formation 
halomethane accepts the electron 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 
solution of CHi,, they reacted imniediately and no esr 
signal was observed. For CH212 solution; 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 briefly comment on the charge-transfer 
interaction between free radical and halomethane in 
light of the mechanism of the halogen abstraction reac-
tion. Recently it has been suggested23 that the transi-
tion state of the halogen abstraction reaction process 

produces anionic character on the carbon from which 
the iodine is being removed. 

b— b-f-
     R—I -l- •Rad [R,••1•••Rad] •R -I-1—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. Darien and D. G. Saunders, J. Amer. Chem. Soc., 91, 5924 
(1969); W. C. Darien and R. L. Winter, ibid., 93, 716 (1971).

of the R-X bond, causing the release of the C-X 
bond.24 The anionic character and release 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 13C contact shift of the 
CHI, -I- DTBN system may result from the strong 
CT interaction, leading to the iodine abstraction reac-
tion. It has been shown by Fukui, et a1.,2' that the 
polarographic reduction potential of haloalkanes is 
connected with the energy of their lowest unoccupied 
o level. The parallel relation between the DTBN-in-
duced 13C contact shift and reduction potential (E',.) 
[Ci-1Br3 (E11, _ -0.64) > CHCI, (-1.67), CH2I2 
(-1.12) > CH2Br2 (-1.48) > CH2C12 (-2.33))2a also 
shows that the lowest unoccupied orbital is important 
in the DTBN-halomethane interaction. 

  Acknowledgment. We are greatly indebted to Pro-
fessor H. Kato and Mr. K. Okada for helpful discus-
sions. Technical assistance of Mr. T. Matsui in the 
' C nmr measurements is also gratefully acknowledged.

  (24) A similar discussion along with the CT interaction has been 
 made on the photochemical halogen abstraction reaction of halo-
 methanes in the presence of amines using as the electron donor (see 

 ref 4). 
   (25) K. Fukui, K. Morokuma, H. Kato, and T. Yonezawa, Bull. 

 Chem. Soc. ^ap., 36, 217 (1963).
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Chapter 4. Conclusion 

  In  part II of the present thesis, the author aimed to show that 

the11'4. and13C n m r contact shifts are quite sensitive to the 

presence of a small amount.of a stable free radical and the resulting 
1H 

and 13C contact shifts are very useful for the-studies of weak 

molecular interactions. 

  In Chapter 2, the intermolecular interaction between the proton— 

donor molecules and the nitroxide radical was investigated by the 

n m r contact shifts measurements and molecular orbital calculations. 

In section 2:the author mentions a correlation between 13C contact 

shifts and i3C—H nuclear spin coupling constants. This correlation 

is explained in terms of finite perturbation theory of nuclear spin 

coupling constants in which the 1'3C—H coupling constant is related 

to the electron spin density of 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 was stated. In section 4, in order 

to provide fruitful information on the nature of the hydrogen bond 

between the proton donor molecules and a DTBN radical, 1H and 13C 

Fermi contact shifts induced by the hydrogen bond with DTBN radical 

were observed for various proton—donor molecules. The upfield 

1H 
contact shifts and dowmfield 13C contact shifts of the donor 

molecules are interpreted in terms of the spin polarization mechanism 

of electron spin transfer from DTBN to the protic substances. 

The formation constants, enthalpies, limiting 1H and 13C contact 

shifts and spin densities on the H and C atoms were determined for 

the proton donor/DTBN hydrogen bond interaction fromlHand3C 

contact shifts measurements at various temperatures. Also the 

theoretical studies on this closed—and open—shell bimolecular system 

are performed by unrestricted Hartree—Fock SC. iO(INDO method) 

calculations. (93)



The  hydrogen-bond energies and spin densities on the ?.-H molecules 

were well reproduced by MO calculations. 

  Chapter 3 described.13C n m r 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 DTBN radical and halogenated 

molecules in the manner of C-X...DTBN interaction. Approximate 

values of the formation constants enthalpies, limiting 13C contact 

shifts and spin densities on the carbon were determined for this 

C.T. complex formation.' Also MO calculations reproduced the 

stabilization energies and spin densities on the DTBN is transferred 

directly 'ontothe C-X antibonding orbital of halomethane by the spin 

delocalization mechanism.

(94)



PART  III 

       NUCLEAR  RELAXATT I ON 

OF THE HYDROGEN BOND 

IN PROTON DONOR/A FREE 

RADICAL SYSTEM



Part  III, 

Chapter 1. Introduction 

Since the experiment of Bloch, Hansen and Packardl for protons 

in: aqueous solution of Fed- ions, investigations on the proton 

relaxation time in various solutions of paramagnetic ions and 

solutions of organic 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 dynamic field. 

   The relations describing the spin—lattice and spin — spin 

relaxation 23 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) no chemical interaction, 

(b) formation of a labile complex, 

(c) formation of a nonlabile complex (i. e., one 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 dipolar component 

is modulated by relative translational diffusion.2 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 complex as 

a whole. (It is assumed that contributions from uncomplexed 

paramagnetic species are negligible.) 

                     (95)



    For proton-donor/a free radical hydrogen-bond system which 

 belongs to the case(b), the author considers that the  uncleus-

 electron relaxation has the dipolar rotational and translational 

contributions 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-donor/DTBN 

 radical hydrogen-bond system. Here the author aims to obtain in-

 formations about dynamic behaviors for this hydrogen-bond system, 

 by exploring the effect of a 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 described in Part II. 

Refernces 

 1. F.Bloch, W.W.Hansen, and M.E.Packard, Phys.Rev. 70, 474,(1946). 

 2. P.S.Hubbard,Proc.Roy.Soc.(London) A291,537(1966). 

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

     edited by J.S.Waugh(Academic, New York, 1965), Vol.l,Chap.3.
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Chapter 2.
 lH Relaxation of the 

Proton—Donor/A Free

Hydrogen Bond in 

Radical System.



1. Introduction 

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

on-the interactions between 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 intermolecular dynamic behaviors cannot be obtained 

from their studies standing a static view-point. Thus, here, the author 

attemptsto 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 n m r 

and nuclear-electron double resonance experiments.. Gutovsky 

et al.2studied the solvent-effects from measurements of 

the relaxation times by the pulse methods. They described that 

the. 1H relaxation mechanism for solvent free radicals systems 

was explained by nucleus-electron dipole-dipole interaction from 

a combination of translational and rotational motions. Kramers 

et al.3andDeweketal. pointed out that1from 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 translational random motions of 

the spin-carrying molecules. 

  In this thesis the author performs the 14 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/DTBN radical h-bond system . 

2. Experimental 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;1H spectra in wide temperature ranges were obtained 

at a Varian 114.220i-11iz spectrometer , All other 1H spectra in fre-

quency ranges were measured by Jeolco 60 and 100 MHz spectrometers. 

The spin-lattice relaxation time `1'1 was measured by a Jeolco pulsed 

F.T. spectrometer at 100 MHz.- The line shape of 1H spectra is 

assummed to be lorentzian type. All TEA were evaluated from the 

half widths which are full width at half height. 

3. Results and Discussions 

 a) Preliminary Studies 

   First, the dependence of the proton T2 upon the concentration 

of DTBN in proton-donor molecules was measured at room temperature. 

The observed values of 1/T2 for the DTBN solutions are plotted 

vs. concentration in Fig. 1. The linear relation found is well 

within experimental error over the concentration range studied, 

up to 4.2 X 10g; in DTBN,which predicts for relaxation governed 

by nucleus-free radical. interactions. 

   Then the frequency-dependence of `T`2 at room temperature was 

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

The experimental data was analyzed by Swift and Connick5 Lqs.~ 
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According to their theory, when the chemical exchange is rapid , 

the two following limiting cases are considered; 

 (a)  Zl`M >> Cc1~y » .^ TT.MZM;zP~.(l~f 1 
(b)T,M-cM( 2 ) 

                  T~,~TM/-~-~--/72 M 
where' M is the lifetime for the chemical exchange, L 4 is given 

by Bloembergen6, T214. the transverse—relaxation time which 

has-been considered by Bloembergen et al.7and Solomon8 

and.T2 means the observed transverse—relaxation time. 

For the four proton—donor molecules in Fig.2, T2 does not depend 

upon the frequency, so we can deal with the proton—donor/radical 

H—bond system as the case of (b). Therefore, T2 in this system 

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

condition t o<<J, the equation,(2)11 is 

1 _  1+1_i 1  C )rot( )trnsT2T2I)5X 
  _ 2(~S2h~Nn/3--------zc122z-------------a~~- i3------------- \     ~7l

~JJ      20r6!~/oratj-tGtTsZcJ3 pno3Zc-Gf1~^aEc~/ 

1  21 (L+  7.e~ 2  ) ( 3 ) 4-) No 
r,="the effective separation between the nucleus and the odd 

     electron. 

ro -=the closest distance that the nucleus approaches the odd 
      electron. 

:N.= the solute particles per milliliter-

No=. the solvent particles per milliliter. 

n= the number of solvent molecules in solvation sphere. 

Tc= the correlation time for the rotation. 

t '= the correlation time for the translation. 

"Le= the correlation time for the exchange coupling. 
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Figure 2. A log—log plot 
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Also, the spin—lattice relaxation time  TI is given as follows; 

  (111 )ex        rot()ns(T~ 
_ r-WIV/V7,1 (37t 27cA/Yr262z7-Cc, 

     1Orb~/o\3ZG t±(,)'S ZC~tism/3L3tc']+ 2Eci 

         ± (A2N n( :G~             2C)`1 +cue2)o(4)           NosZe 
 In addition, a search was made for T1/ T2 ratios using three 

solutions of CHC13, CH3OH and C6H5NH2. These values are summarized 

in table 1. It is shown that the T1/T2 ratios fall in the narrow 

range about 1.1e-,i1.2. 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 settler coupling and from the diffusional 

shortening of T2. 

 b) Relaxation by the exchange coupling 

     It can be seen from Egs.(3)and(4)that the T1/T7 ratio would 

differ significantly from unity if (A/r)2Te were comparable•to, 

 or larger than, the dipole—dipole contribution to 1/T1 and 

if s-7e >> 1. The value of.neis the sum of two terms 

1 /Ze — 1/-Cs + 1 /-~h,45) 

where-eh is the lifetime of the solvated complex characterized 

by the effective hyperfine interaction constant A, and --cs is 
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Table 1. Relaxation times  and chemical exchange 

           for proton-donor/I)TBN radical system at

           and 24.5°C. 

Proton-donor 

moleculesDTBN 

(0.5m1) (N) 

C1H0138.4 X 10-5 

CH301H 8.4 X 10-5 

C6H5N1H28.4 X 10-5

(10) l.Morishima, K,Endo 

Contact Shift 

off/H = -( ~ 4)1 )

T1 T2 

 (m sec) (m sec) 

19.6+1.3 16.9+0.9 

14.8+1.1 13.8+0.7 

8.4+0.8 7.5+0.3

and T .Yonezawa,

.s(s+1)AH/(3kT)

liftetimes 

 100 MHz

T1/T2   

1 

1 

1

16 

07 

15

J.Chem.Phys., in

 10) 
All 

(MHz) 

 1.3 

1.2. 

 0.18

press

(0 

(1 

1

(sec) 
n^4 

.9X10 

.7X10 

.0X10

(1973)
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the spin-lattice relaxation time of the odd  electron. 

In the free-radical solutions,t h <<7:s9 and Z e is governed 
by th. Thus the lifetime to (th) for the solvated complex 

(the chemical exchange) can be estimated by assuming that the T1AT2 

of 1.07--1.15 in table 1 differ from 1 because of the exchange 
            2 2 interaction and 661-s e >› 1. 

Upon combining this ratio with Egs.(3)and(4), we find for CHCI3/DTBN 

H-bond system, 

        0.16(1/T1)=1/4(A1/)2             —''(N/N o)nr,e(6), 

Here, the value for AH has already obtained from 1H nmr contact 

shifts10,and a reasonable value for n is 4 to 10.2 

In table 1,1:h for n= 4 was given . The results for CHC13 and 

CH3OH are too small,whichmakes(CJ s~e=1: these do not 
satisfy the condition of W.'2 ~ia>~1. However ,itmay be stressed 
that one can estimate the order of 7:h 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,'Ca can be given as-Ca t aexp( Va/RT), 
where V

a is the activation energy for the motion characterized 

by 7J a. Eqs.(3)and(4)indicate that,if the relaxation is governedy 
one motion, then 1/T2 will have an exponential dependence on 1/T 

only when ail2 >>1 or(,{J'2`~2.l..-•So we can learn 
s as 

something about motions from the temperature-dependence studies 

of T2. 
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Figure  3. Temperature dependence  of relaxation 

and viscosity-for CHC13 
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 Figure 4. Temperature dependence of 

   and viscosity for CH3OH
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T2  was measured for'the solutions of CHC13, CH30H and C6115NH2 

in wide temperature ranges ; this covers about 100°C. The results 

are plotted as log(the inverse of T2)vs. 1/T in Fig. 3 5, 

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(1/T2) vs. 1/T expresses 

the correlation time Z'a, it may be interesting to consider 

some correspondences to other macroscopic parameters describing 

the behaviours of liquids. If diffusion is proved to be the chief 

mechanism of motion , a comparison 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 fort ; 

         = 470a3/  3kT ,(7 ) 

where is the viscosity. 

   In Fig. 3' 5, r /T is plotted vs. the inverse of temperature. 

The viscosity data of the proton—donor molecules were taken 
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from the literature12 .  The similarities of the slope of 1/rT2 
and 'l /T in Fig. 3^,5 suggest that a similar mechanism is 

responsible for both T2 and 7 . The plots of log (1/T2) 

vs. 1/T and'log (11/T) vs. 1/T are nearly parallel. 

Therefore,using Z 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 if Q)s~c,<< 1, 
Eq. 3 becomes 

1/T2fl.f (471./3r)3)ULUS~N~c~.t 8 ) 

    The values of ro are shown in table 2. The results are too 

small, because e,(_ D is_caculated with the values of the 

viscosity of the pure solvent. Here, the rotational contribution 

was excluded , because ro < 1 (I) when the relaxation mechanism 

is governed by the rotational motion.
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Table  2. The correlation times from 

energies, and the closest 

the odd electron.

 the viscosity 

distance that the

the activation 

proton approaches

proton-donor 

molecules 

(0.5 ml) 

C1HC13 . 

CH301H 

C6H5N1H2

 DTBN 

 (N) 

4.2 X10-5 

8.4 X10®5 

8.4 X10-5

(27°C) 

(Pp sec) 
   1.3 

   1.2 

   7.6

(kcal/mole) 

3.0+0.8 

3.8+1.0 

3.2+0.7

(trans. term) 

(1} 

103 

   1.2 

   1.8



(1)

(2) 

(3) 

(4) 

(5) 

 (6) 

(7) 

(8) 

(9) 

(lo) 

(11) 

(12)

(13)
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       the closest distance means when the proton of the 

proton—donor molecule approaches the odd electron of DTBN 

in the closest separatic4 because of obtained from 
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the viscosity of 

the proton—donor 

larger than the 

 molecule.

 the pure solvent. For the correlation time of 

molecule which interacts with LTBi' will be 

correlation time of the pure proton—donor
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Chapter 3. Conclusion 

     The investigation  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. 

Part III dealed with the 1H relaxation study of the H-bond 

in the proton-donor/DTBN 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 mechanism, 

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 

    10-9eN•111            0 sec ; the chemical exchange of this H-bond 

    is rapid. 

(c) The activation energies due to the motion dominated by 

    the translational correlation time are 3--4 kcal/mole. 

(d) The14 relaxation time corresponds to the correlation 

                 • 

                     (113) 

. ,



time from the viscosity of 

Thus, a similar mechanism 

diffusion ) is responsible

the pure proton—donor  molecule. 

of motion (owing to the translational 

 for relaxation time and viscosity. 

                                                                          •
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 SUMMARY AND GENERAL CONCLUSION  

     In the studies summarized in this thesis, the author 

intended to understand the nmr parameters such as the chemical 

shielding constants, coupling constants, and relaxation 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 effects. 

Throughout present thesis, the author investigated the heavy 

atom effect on the chemical shielding constant and the molecular 

interaction between the. 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 the abnormal upfield trend of the chemical shift 

for the nucleus bonded to the heavy atom. As the application 

of this theory,the,proton chemical shift for the hydrogen 

halides was calculated in detail. Thus. it is emphasized that 

the Q rS term cannot be neglected in comparison with  pare, 

and has an important contribution to the abnormal upfield 

trend of the proton chemical shift in hydrogen halides. 

From the'studies given in Part 11, the author showed 

that the 'H and 13C nmr contact shifts are quite sensitive to 

the presence'o.f a small amount of a stable free radical and 
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the  resulting1H and13C contact shifts are very useful for 

the studies of weak molecular interactions. In the course 

of this study, the author mentions a correlation between 13C 

contact shifts 'and 13C-H nuclear spin coupling constants. 

This correlation is explained 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 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, limiting1H and 13C contact shifts and spin densities 

on the H and C atoms were determined from 1H and 13C contact 

shifts measurements at various temperatures. The H—bond energies 

and spin densities on the X—H molecules were well reproduced 

by MO calculations. , As a. part of these continuing studies on 

the interaction between closed— and open—shell molecules , 

he performed 13C nmr contact shifts studies on DTBN...alkyl 

halides interaction which are interpreted in terms of a charge— 

transfer interaction. 

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

the molecular interaction between the proton—donor molecules 

and a free 'radical' from the. measurement of 1II relaxation times. 

i 
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 An analysis of proton relaxation data yielded the informations 

about the dynamic behaviors in proton—donor/DTBN radical H—bond 

system. For this H—bond, 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 10-9 sec.) 

From the temperature dependence study, the activation energies 

corresponding to the translational motion indicate about 3-e, 

4 kcal/mole. Also the closest distance that the proton approaches 

the odd electron was evaluated. 

From the studies summarized in Part II and III, it is 

expected that one may obtain the worthy informations on the 

interaction between the closed— and open—shell molecules by 

nrnr. These studies enable us to use the magnetic moment of 

a stable free radical as a probe to investigate the molecular 

interaction in biological system.
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