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THE CALCULATION OF THE ESR HYPERFINE COUPLING CONSTANTS 
01' SUBSTITUENT METHYL AND HETHYLENE GROUP PROTONS 

Donald H. Levy* 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
Department of Chemistry 

University of CaliforniA, Berkeley, California 

ABSTRACT 

October 1965 

Two formulae have been derived relating the ESR hyperfine coupling 

constant of methyl and methylene group protons in aromatic radicals to 

the pi-electronic structure of the rr,dical. The derivation of these 

fornrulae ·assumes that the principal (~oupling mechanism is hyperconjugation 

but includes a small spin polarization tenn. The formulae have been used 

to calculate theoretical methyl and rrJethylene coupling constants in 

several radicals whose J!SR spectra hnve been measured . 

* Present Address: Department of ThP.oretical Chemistry, Cambridge UniTersit7. 
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I. INTRODUCTION 

The electron spin resonance (ESH) spectra of pi-bonded radicals 

contain a rich hyperfine structure caused by the interaction of the 

unpaired electron with any magnetic nuclei in the molecule. When this 

hyperfine structure is caused by prm;ons attached to pi-bonded carbon 

atoms it can be analyzed theoreticaLly by simple and straight-forward 

means. The well known formula1 

H 
Ai "" Q CH pi ( 1) 

2 
first proposed by McConnel and simih'r more detailed formulae have been 

invaluable in the understanding and jnterpretation of complex ESR spectra. 

These simple formulae may be easily utilized in the routine analysis of 

such spectra and have been of consid~rable help both in the assigning 

of new spectra and in the understandjng of the hyperfine pattern in 

terms of the electronic structure of the radical. 

Unfortunately when the hyperfine structure is due to protons attached 

to aliphatic substituente such as methyl or methylene* groups these simple 

* Of course we are here referring tc· sp3 bonded methylene carbons and 

2 not to sp carbons which are a part of the pi-system such as in butadiene. 

formulae are no longer valid. The use of a formula of the form of Equa-

tion 1 presumes that the coupling arises by the same spin polarization 

mechanism that is responsible for hyperfine coupling in aromatic radicals. 

It has recently been shown314 that the principal coupling mechanism in 

aliphatic substituents is hyperoonjugation and that spin exchange polar!-

• zation such as would be accounted for b,y Equation 1 pl87s only a minor 
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role in this coupling. The fact that Equation 1 will, with the proper 

choice of Q, occasionally account for aliphatic proton splittings is 

due to the fortuitous coincidence the,t in some molecules the hypercon-

jugation part of the coupling constant is roughly proportional to the 

spin polarization part. However a formula similar to Equation 1 is 

neither generally applicable3 nor th~oretically justifiable
4 

for ex-

plaining aliphatic proton coupling cc-nstants. 

Using a hyperconjugation theory we have derived two simple formulae 

relating methyl and methylene coupling constants to the unpaired spin 

density distribution in the radical end have shown that these formulae 

successfully predict aliphatic coupl:l ng constants in a large number of 

radicals whose spectra have been mear-ured. These formulae may be utilized 

in the interpretation of aliphatic cr•upling constants in the same way 

that Equation 1 has been utilized in the interpretation of aromatic 

coupling constants. 

II. DERIVATION OF OOUPLING CONSTANT FORMULAE 

Once one has calculated the electronic wave function of a free 

radical using a hyperconjugation model5 there remains the problem of 

calculating the hyperfine coupling constants for comparison with experiment. 

4 
Colpa and deBoer nave considered this problem and have obtained excellent 

results for certain specific molecules. However, they have given no 

formulae that are generally applicable. We have used their method to 

provide specific general formulae for the coupling constants of methyl 

and methylene protons. 

We first consider the case of methylene protons. The methylene 

group consists of one hydrogen atom ~bove the nodal plane of the pi-

system and one hydrogen atom below the nodal plane. If we denote the 
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normalized ls atomic orbitals centered on these two atoms as ~~s and 

¢L . ls respectively we can combine them to form one pseudo atomic orbital 

of the correct symmetry to combine with the pi-orbitals of the rest of 

the molecule. This pseudo atomic orbital is 

(2) 

where the normalization constant N 1~ given by 

II • [2( 1-BvL) J -1
/
2 

• 0.834 (3) 

The overlap integral SvL is taken from the tables of overlap integrals 

6 of Mulliken et al. and assumes the bond lengths and angles shown in 

Fig. 1. 

In the LC AO approximation the molecular orbital in which the un-

paired electron moves is given by 

( 4) 

where the 'f:'t s are the atomic orbitals including the 2pz orbitals on 

each of the carbons and the pseudo atomic orbital flH on the hydrogens. 

Then the spin density at either of the methylene protons is given by 

P(p) *'" ~ C c 'f:'i. (p) '!'m (p) J.m ol om ( 5) 

Using the Slater atomic orbitals listed in Table I and the bond lengths 

and angles in Fig. 1, an expression for the total spin density at the 

proton can be evaluated. In order to convert this to a coupling constant 

one must multiply the total spin density by 

(6) 

• 
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The only important terms in the series expressions given b,y Equation 5 

are those involving the coefficients of the pseudo orbital (CH), the 

methylene carbon (C ), and the two carbons to which the methylene is c . 
2 2 

attached (C
0

, and Cc"). 01' these terms the cc, and cc" terms are also 

negligible. In addition to the hyperconjugation contribution we must 

add on the spin polarization contribution. This takes the form 

A • Q P a Q (c2
, + c2

n) sp sp sp c c 

3 We will assume that the sign of Q
8
P is negative and that Qsp• -3.09 gauss. 

Thus the formula for the total methylene coupling constant is 

. 2 2 2 2 ) 
A th l •327CH+l9.8C +l61C CH+(5.9~CH+I.46C )(C ,+C n)-3.09(C ,+C n gauss me y ene c c - c c c o c 

The theory of methyl group coupling constants is similar to that of 

methylene except that the lack of symmetry with respect to the nodal plane 

of the pi system complicates things somewhat. These complications have 

been worked out quite explicitly by Chesnut? who has accounted for the 

chemical equivalence of the methyl protons b,y averaging over various statio 

configurations of the methyl group. We have used Chesnut's method to pro-

vide a formula for evaluating methyl group coupling constants from a 

knowledge of spin distribution. Our values for the significant r matrix 

elements (defined in Reference 7) are given in Table II and the formula to 

which they lead is 

Am th l • 219.8CH
2

+13.17C
2

+107.7CHC +3.997CHC ,+ 0.973C C ,-3.09c
2

, gauss (8) e. y c c o o o o 

The last term in Equation 8 is the contribution of spin polarization • 

III. CALCUlATION OF COUPLING CO:NSTANTS 

In order to test the above formulae the methyl or methylene proton 

oaupl111g constants of several radical anions were calculated. For each 

(7) 



't 

-5-

molecule we have done a simple Huckel hyperconjugation calculation both 

including and neglecting overlap and a McLachlan approximate self con-

8 sistent field calculation. The hyperoonjugation model used was that of 

Mulliken5 with the overlap included by the method described by Colpa and 

IJ 
deBoer. In all of these calculations we have started with the methyl 

parameters of Coulson and Crawford9 which are given in Table III. The 

results for the three different calculations are given in Table IV.* 

* The computer program used in these calculations and the molecular 

orbitals calculated are listed in Reference 10. 

The methyl substituted benzenes (toluene and the xylenes) present 

an additional complication. It is well known that the six-fold symmetry 

of benzene requires that the first two anti-bonding molecular orbitals 

be degenerate. In this case the molecular wave function of the unpaired 

electron can be ,described only by a linear combination of the two degener-

ate orbitals. The methyl group in taluene and the ~lenes can be looked 

upon as a perturbation on the six-fold symmetry, .and the effect of this 

perturbation is to lift the degeneracy of these two levels. The magnitude 

of the perturbation is such, however, that the two levels are not split 

very much (e.g., 0.02~ in toluene) ~nd there is still a vibronic mixing 

of these two near degenerate states. For simplicity we have ignored 

this additional mixing. One effect 0f the closeness of these leve~s that 

cannot be ignored however is the fact that any small perturbation neglected 

in this calculation is likely to in vert the order of these two levels. 

11 Lazdins and Karplus have shown that~ the inductive effect of the methyl 

group is sufficient to invert the tw•J near degenerate levels in toluene 

and th~s ss.me reasoning ma.y be applied to the other methyl substituted 



benzenes. We have therefore in eacll ease chosen the orbital that gives 

the best fit to the experimental da.1.a not only at the methyl groups but 

at the various ring protons. It ttn·ns out that there is never any ambiguity 

as to which is the "best" orbital. The implication of this is that while 

the simple calculation cannot predict which orbital is lower there is 

still not very nmeh mixing, and that one of the orbitals still gives a 

fair approximation to the true wave function. 

The only exception to this is the self consistent field calculation 

on toluene and paraxylene. These tl<'O molecules to a first approximation 

have nodes through the methyl groupr and the inclusion of electron-electron 

interactions leads to two near deger1erate orbitals such that neither of 

them provide even an approximate dercription of the unpaired orbital. In 

this case only, we have calculated the methyl group coupling constant 

from e. wave function ~ where 

and ~l and ~2 are the two near degenerate orbitals. These approximations 

represent a simple approach to a ~1ite complicated subject that has been 
. 2 

considered in detail elsewhere. 

IV. DISClTSSION 

When one considers that in the above calculation no parameters have 

been adjusted, the results listed in Table IV are quite gratifying and 

indicate that the simple Huckel theory is capable of predicting not only 

ring coupling constants but also those due to methyl and methylene protons. 

Of the cases considered with simple Huckel theory none are wildly in error 

and mos~ provide better agreement with experiment than would be expected 

• from such a simple theory. It is interesting to note that with but one 
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exception the Ruckel theory predicts coupling constants slightly larger 

than those actually observed. This indicates that the calculation could 

be fUrther improved by altering the parameters of Coulson and Crawford 9 

to reduce the extent of the h.ypercon,Jugation somewhat. This is not 

terribly surprising since these parameters are quite arbitrary and would 

be expected to be somewhat in error. The utility of the theory lies in 

the fact that it is not very sensitive to the choice of matrix elements, 

and that any reasonable selection can be expected to lead to reasonable 

results. An example of this may be Aeen in the fact that even with this 

inaccurate choice of matrix elements the calculation is very successfUl 

in predicting the relative mgnituden of coupling constants in several 

pairs of similar molecules (e.g., ortho and meta xylene, methyl and 

dimethyl antru::acene, methyl and dime1:;hylbutadiene, pyracene and acenapthene~ 

The inclusion of the effect of electron-electron repulsion in the 

McLachlan aalculB.tion does not seem to lead to a .significant improvement 

in agreement. Here again the effects of hyperccnjugation seem to be 

somewhat overemphasized and adjustment of the parameters so as to scale 

dm~ this effect would probably be in order. The one case in which the 

McLachlan calculation does offer a s::i.gnificant improvement over the 

oimple Ruckel theory is that of d:imethylbutadiene where the McLachlan 

calculation more nearly predicts the quite small methyl coupling constant. 

We have also calculated theoretical coupling constants far these 

. 13 
molecules using the method of Bolton et al. As predicted by Colpa and 

4 
deBoer this method predicts methyl nnd methylene coupling constants 

far lower than those observed experir11entally. Thus if one wishes to in-

elude the effects of overlap the on~' effective method appears to be the 

• complete overlap calculation includD1g the unsaturated carbon atoms. 



-8-

However, the principal effect of overlap is accounted for by the cross 

terms in Equations 7 and 8 and any attempt to include overlap in the 

calculation of wave functions seems to add little if not actually making 

matters worse. This has generally been the case for purely aromatic 

calculations and seems to carry over to the case of hyperconjugation • 

• 
The author fs indebted to Professor R. J. Myers for me.rq helpful 

discussions of this_ problem. This work was performed under the auspices 

of the United States Atomic &lergy Commission • 

• 
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Table I. Slater Atanic Orbitals 

• r. 
1l'::'""' e o .. 

-3.08 r sin e ... q. 3 2 r a in e e 

, 

Table n. Important r Matrix 7 Elements 

1 2 

1 O.OOOTT 0.00207 

2 0.056 

• 

3 

0.0085 

0•229 
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Table III. Methyl Group Parameters , 

Coulson and Crawford's Value9 

2.00 

0.76 

4.0 



Table IV. Calculated and J·~erimental Methyl and 
Methylene Coupling Constants for Radical Anions 

Huckel Huckel 
Radical a without McLachlan with Expt. 

'v Anion overlap overlap 

2,3 dimethyl 1.200 3·57 1.80 4.17 
butadiene 

Isoprene 3.42 3.69 1.92 4~37 

1,3 cyc1o- 11.114 14.20 17.87 16.86 
hexadiene 

Toluene 0.79 15 o.oo (0.57)b o.oo 

Cyc1ohexa• 4 
dieny1c 47.7 53.66 51.03 53.51 

o-xy1ene 2.00 14 2.34 3.53 3.16 

m-xylene 2.26 15 2.51 2.57 3.48 

p-xylene 0.10 15 o.oo ( ·52)b o.oo 

Acenapthene 7·53 
4 

6.89 8.28 7.74 

Pyracene 6.58 
4 

6.55 8.08 7·38 

9-methy1 4.27 13 5.16 6.31 5.7'1 
anthracene 

91 10 dimethyl 3.88 13 4.99 6.16 5.52 
anthracene 

a) Superscripts give reference number. 

b) Computed f.rom P = p + p Antisymmetric symmetric 

T,· c) Not an anion 

'fl 

',' 
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FIGURE CAPTIONS 

Fig. 1. Bond lengths and angles in the methylene group. 

,_, 

• 



·-:,·· 

I 

ll 

-· 

-;-.) 

,_ 

-14-

' co 
N 

u ,. 
'\tJ 

I./)' ., ..., ... 
I 

.:r: 

u ~ u 
' 

·-···---



This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 

or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As used in the. above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






