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Spin Exchange in Biradicals* 

D. C. REITZ AND S. I. WEISSMAN 

Washington University, St. Louis, Missouri 

(Received February 1, 1960) 

The electron spin resonance spectra of four isotopically labeled biradicals have been observed. The hypcr­
fine splittings demonstrate independence of the halves. 

----~ -----------

MOST paramagnetic organic molecules contain an 
odd number of electrons. Their magnetic proper­

ties are well accounted for by the contributions from a 
single electronic spin, i.e., their ground electronic states 
are almost pure doublets. The small number of even 
electron paramagnetic molecules have not, on the 
other hand, been so sharply classified. The even elec­
tron paramagnetic molecules are, for the most part, 
formed by joining together two odd electron molecules 
in such a way that the features of the structure re­
sponsible for the stability of the orginial odd electron 
molecules are preserved. Studies have been made of the 
static magnetic susceptibilities of such biradical 
molecules and of the catalysis of the interconversion of 
ortho and para hydrogen. 

Since the development of the method of magnetic 
resonance, new information not accessible to the older 
methods has been obtained for several biradicals. 
Hutchison and co-workersl demonstrated that the in­
tensity of the resonance absorption of hydrocarbon I at 
room temperature corresponded to about 4% of the mole­
cules being paramagnetic. Sloan, Jarrett, and Vaughan2 

showed that the magnetic resonance spectra of liquid 
solutions of a series of biradicals exhibit proton hyper­
fine splittings, and that the spectra suggest strongly 
that the two halves of these biradicals are "uncoupled." 
A simple explanation of the small magnetism is that the 
paramagnetic state is a thermally excited triplet. How­
ever, classification as a triplet state implies a degree of 
coupling between halves not compatible with the hyper­
fine splittings. 

Our investigations include measurements of CIa 

hyperfine splittings, determination of variation of 
spectra with temperature, and estimates of the absolute 
intensity of the absorption. 

We consider first how the hyperfine splittings and the 
coupling between the halves of a biradical are related. 
As a particularly simple example we may think of a 
pair of one-electron atoms with nuclei of spin! main­
tained at various fixed distances from each other. In 
the extreme case where the atoms are close together, 

* This work was supported by the U. S. Air Force through the 
Air Force Office of Scientific Research of the Air Research and 
Development Command under contract. Reproduction in whole 
or in part is permitted for any purpose of the U. S. Government. 

I C. A. Hutchison, Jr., A. Kowalsky, R. C. Pastor, and G. W. 
Wheland, J. Chern. Phys. 20, 1485 (1952). 

2 H. S. Jarrett, G. J. Sloan, and W. R. Vaughn, J. Chern. Phys. 
25, 697 (1956). 

the system will be in either a singlet or a triplet elec­
tronic state. The former has no resonance absorption. 
This latter would yield a symmetrical hyperfine spec­
trum of three lines with intensity ratio 1: 2: 1. When the 
atoms are far apart the hyperfine spectrum is simply a 
pair of lines-the spectrum of isolated atoms. 

The set of states appropriate for coupled two-electron 
systems may be used for the description of the separated 
atoms. The states in which both electron spins of the 
separated atom are in the same spin state are pure 
triplet, but the two states in which one spin is up and 
the other down are the sum and difference of the corre­
sponding singlet and triplet functions. While such 
mixtures are not good stationary state functions for 
a system consisting of only two electron spins, they are 
appropriate in the separated atom limit where the 
electron-nuclear hyperfine interactions dominate in 
determining the spin configuration. 

We now give a simplified account of the magnetic 
resonance spectrum of a pair of electrons coupled to a 
pair of nuclei of equal charges. 

The orbital interaction of the electron may be ex­
pressed in the familiar way as a spin interaction; only 
the isotropic part of the hyperfine interaction will be 
considered. Designate 0"1 and 0"2 as the Pauli spin opera­
tors for the two electrons; I A and I B the spin operators 
for the two nuclei. Let Ho be the spin-independent part 
of the Hamiltonian, with solutions 

CPA is a space function associated with nucleus A, CPB is 
an equivalent function for nucleus B, and a and fJ are 
the two spin functions. The functions are normalized 
and antisymmetrized with respect to exchange of the 
labels of the electrons. Each represents a particular 
orientation of electron spin in the neighborhood of each 
nucleus. 

Now consider the effects of electron exchange and of 
hyperfine interactions. The former may be represented 
as J 0"1' 0"2. For our purposes it is convenient to use the 
operator O"A 'O"B in which O"A and UB are the spin operators 
for the occupants of CPA and CPB, respectively. 

The hyperfine interaction is 
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J = 0 
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FIG. 1. Splittings for two electrons coupled to one nucleus with 
1 =i and one with 1=0. 

In the approximation in which CPA vanishes at rB 
and CPR vanishes at r A and the overlap between CPA and 
CPR is neglected, the hyperfine term becomes 

a(O'A '!A+O'B'!R) 
where 

and IJ.. and ILn are the magnetic moments of electron 
and nucleus, respectively. 

The total Hamiltonian is now 

We consider three cases: (a) Neither nucleus has spin. 
(b) Nucleus A has spin! and nucleus B has spin zero. 
(c) Nuclei A and B have identical moments and spin!. 
The solutions for case (a) are obvious. They are the 
familiar singlet and triplet functions. 

The triplet states are split in an external field and 
yield a single line (anisotropic spin-spin interactions 
are neglected). The solution for case (b) when J«a, 
i.e., for spin-exchange rate small compared with hyper-

J=O 

o}J} 0 

J)}o 

FIG. 2. Splittings for two electrons coupled to two nuclei each 
withl=!. 

fine frequency, lead to a spectrum consisting of a sym­
metrical triplet with intensity ratios 1: 2: 1. The 
central line arises from spin transitions on the side of 
the molecule which does not have a nuclear spin; the 
two outside lines from the spin transitions on the side 
which contains a nuclear spin. As the exchange rate 
increases the lines split (with splitting of order J), and 
finally when .J»a the spectrum becomes a doublet 
of half the splitting of the original spectrum. Each spin 
spends half its time on the side of the molecule which 
contains the nuclear spin. The details of the change 
from one spectrum to another are given in Fig. 1. 

For the case when each side of the molecule contains a 
nucleus of spin!, the spectrum consists of two lines for 
slow exchange (each electron remains in the vicinity 
of one nucleus) and of three lines with intensities 
1 : 2: 1 when the spin migrates rapidly from one side of 
the molecule to the other. Details of the changes in the 
spectrum are given in Fig. 2. 

EXPERIMENTAL PROCEDURES AND RESULTS 

The radicals here discussed are: 

I 

II 

TIl 

(0)2COO((0)2 
(0 ),C-O-O--O-C( 0), 
(0 ),C-O(CH,),(=>-C( 0), 

IV (o),C/O"C(O), 

I, II, and III were labeled at both methyl carbons 
with C13. The procedure (to be described below) yielded 
a mixture containing 16% of unlabeled material (case 
a), 48% with one C13 (case b) and 36% with two C13 

(case c). The spectrum for such a mixture should 
have consisted of five lines with intensity ratio 

9: 24: 34 : 24: 9 in the limit of rapid exchange and of 
three lines with ratio 3:4:3 for slow exchange. IV was 
labeled in only one position so that 40% of the mole­
cules contained no C13 and 60% contained one C13. 

The expected spectra are one of three lines with half 
the usual C13 splitting in ratio 3:4:3 for fast exchange 
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FIG. 3. Spectrum of I at 297°K (top); 265°K (center); 221°K (bottom). 

FIG. 4. Spectrum of II at 26.3°K (top); 21SoK (bottom). 
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FIG. 5. Spectrum of III, 297°K, 
60% C13, low resolution. 

and one of three lines with the usual Cla splitting in 
ratio 3: 14:3 for slow exchange. 

Preparation of Labeled Biradicals 

Compound I was prepared by the following sequence 
of reactions: 

OMgBr+~"003OaH~030C! 

nn. Oc"OC\ 083rv-\830 
\.....I\J AICl. ,CSz \.....I\J 

o 0 H H 
OCI300CI3 0 OMgB~ (0)lI300g3 (0)2 

H H 
(0)28r0Oga(O)2 CH.COC!. (O)2g~o::f}{O)/j-I 

II and III were prepared by analogous reactions 
through the benzoylation of diphenylether and di­
phenylethane, respectively. 

Compound IV was labeled with Cla at only one of 
the methyl positions. It was prepared as follows: 

In the case of compounds I, II, and III, the inter­
mediate dike tones were isolated and crystallized; for IV 
the diester was isolated and crystallized. The dihalogen 
derivatives were not isolated as crystalline solids in 
the preparation of the labeled compounds. Preparation 
of the biradicals from unlabeled compounds by a 
procedure identical with those used for the labeled 
compounds resulted in biradicals with the same mag­
netic resonance spectra as those which were obtained 
from large scale preparation with isolation and purifica­
tion of the intermediate dihalides. Our unlabeled 
biradicals were identical in their magnetic and optical 
properties with those described by Jarrett, Soan, and 
Vaughn.2 

Conversion of the dihalides to biradicals was carried 
out under high vacuum conditions by the techniques 

described by Lewis, Lipkin, and Magel.a The radicals 
produced by such techniques are far more stable than 
those prepared by the more conventional methods. A 
sample of I, stored in the dark, has been stable for one 
year. 

Magnetic Measurements 

Magnetic resonance spectra of dilute liquid solutions 
under conditions of the highest resolutions available 
to us were recorded. The solvent in each case was 
either toluene, dimethoxyethane, or tetrahydrofuran. 
The spectra were the same in all solvents. Most of the 
measurements were made in a small magnet with mag­
netic field inhomogeneity of about 0.3 oe over the 
sample. Repetition of the measurements with an im­
proved instrument which permitted resolution of 
about 0.03 oe revealed a complex hyperfine structure, 
each radical possessing its distinctive spectrum. At 0.3 
oe resolution the resonances of I, II, III, and IV are 
hardly distinguishable from each other. 

Figures 3 and 4 show the resonances of I and II 
(normal isotopic abundance) in toluene at several 
different temperatures. The sharpening of lines with 
decreasing temperature is more marked than for most 
other radicals. Figure 5 shows the resonance of III 
with 60% Cla in the methyl position. 

Crude measurements were made of the variation in 
intensity of the resonances with temperature, of the 
absolute spin susceptibility of I and III, and of the 
variation of spin susceptibility with concentration at 
constant temperature. 

Relative to Cla splitting, the spectra in each case 
corresponded to independence of the two spins: J < A = 
7 X 107 sec1• Since the proton spliUings have not been 
analyzed it is not impossible that J may be in the range 
of the proton splittings, i.e., J could be as high as a few 
megacycles per second. 

All resonance diminished in intensity with decreasing 
temperature. Because of the rapid decrease in line 
breadth with decreasing temperature (Figs. 3 and 4) 
accurate measurements of dependence of susceptibility 
on temperature are difficult. The variation of intensity 
with temperature corresponds to an energy interval of 
2 to 3 kcal/mole between the magnetic state and the 
normal paramagnetic state. The estimates of total spin 

3 G. N. Lewis, D. Lipkin, and T. T. Magel, J. Am. Chern. Soc. 
66.1579 (1944). 
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susceptibility correspond to energy intervals in the 
same range. 

Absolute susceptibilities were measured by com­
parison of the integrated absorptions of solutions of 
biradical and peroxylamine disulphonate of known 
concentrations. Cavity Q, filling factor, microwave 
power, and modulation amplitudes were made equal for 
the biradical solution and the standard samples. 
Microwave power levels were sufficiently low so that no 
appreciable saturation was observed. 

DISCUSSION OF THE RESULTS 

Our results require for each of the molecules de­
scribed here an energy level scheme consisting of a 
singlet normal state and a singlet and triplet effectively 
degenerate with each other about 1013 cps above the 
normal state. The situation is markedly different from 
the one existing in single crystals of cupric acetate 
where an excited triplet state exhibits a tight spin 
coupling compatible with the singlet-triplet separa­
tion.4 

Since the results for the biradicals are unexpected and 
not easily explained, we have had some suspicions con­
cerning the chemical identity of the substances whose 
resonances we have studied. In order to eliminate the 
possibility that a small percentage of the dihalides from 
which the hydrocarbons are made were only half 
reduced, we carried out the reduction of IV with an 
excess of sodium to produce a diamagnetic solution of 
dinegative ions. The biradical was regenerated by re­
moval of the sodium with mercury. The spectra ob­
tained by this treatment were identical with those 
obtained by normal reduction with silver amalgam. 

The correspondence of the intensities of the hyperfine 
components in each case to the abundance of C13 in the 
C1a0 2 used in the preparation supports but does not 
conclusively prove that the syrithesis proceeded ac­
cording to the sequences indicated in the section on the 
preparations. For compounds I, II, and III both 
methyl carbons originate in the carbon dioxide with 
which a Grignard intermediate is treated. In com­
pound IV, one of the methyl carbons originates in the 
CRa group of meta-bromo toluene while the other comes 
from carbon dioxide. Nevertheless, the intensities of 
the hyperfine components indicated that the two 
methyl carbons originating from the two different 
sources have identical roles in the biradicals. 

4 B. Bleaney and K. D. Bowers, Proc. Roy. Soc. (I.ondon) 
A218,451 (1952). 

A polymerization process which leads to large mole­
cules with spins effectively at the ends or a dissociation 
which leads to an ordinary radical is not excluded. 

We should note that the hyperfine splittings from the 
biradical porphyrindine indicates independence of the 
two halves,S while the temperature dependence of 
susceptibility of the crystalline material shows that the 
magnetic state is 0.6 kcal above the normal state.6 

A satisfactory explanation (if we have not made a 
chemical blunder) of the phenomena must account not 
only for the position of the magnetic state of the 
biradicals some 2013 kcal above the normal state but 
for the mixing of the singlets and triplets. We have no 
explanation which is completely acceptable to us or to 
the many people with whom we have discussed the 
problem. We note a few of the suggestions which 
have arisen. One is that the normal diamagnetic state 
should be represented as a resonance hybrid between 
the two ionic states in which one-half of the molecule is 
a carbanion, the other a carbonium ion. Because of the 
approximate equality between ionization potential and 
electron affinity of odd alternant radicals, no great loss 
in stability results on formation of the ionic species. 
Resonance between the forms RaC+RaC- and RaC-RaC-'­
could lead to stabilization. This assignment of the 
structure of the normal state fails to explain the close 
degeneracy between singlet and triplet of the excited 
state, but at least it does not preempt the states neces­
sary for forming the degenerate set. 

Another suggestion has been that the excited mag­
netic states should be identified with Pariser's7 an- and 
1£2- states. Pariser has shown that within the approxi­
mations of his treatment of alternant systems a de­
generacy between certain triplets and singlets exists. 
It has not been demonstrated, however, that for the 
molecule here described these should lie only 2 or " 
kcal above the normal state. 
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