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I. INTRODUCTION 

A. SCOPE OF THE REVIEW 

It is now well known that paramagnetic fragments 
(radicals) can be trapped in a crystal matrix. The 
trapped species may be introduced by doping processes, 
or by radiation damage of the host crystal, and may be 
studied by the technique of electron spin resonance. 
Fortunately, the trapped radicals are almost always 
oriented; that is, they lie in a limited number of 
precisely aligned orientations connected by the crystal 
symmetry. 

Recent articles (13,67) have reviewed the information 
obtainable from the spectra of randomly trapped radi- 
cals and from radicals in solution, and it is the purpose 
of the present work to discuss the spectra of oriented 
radicals trapped in single crystals. 

A great deal of data has been amassed on the e.s.r. of 
radiation-damaged organic crystals, mostly the di- 
carboxylic acids and the amino acids. A review of this 
subject will be followed by a discussion of paramagnetic 

(1) N.R.C. No. 8067. 
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fragments trapped by doping or radiation processes in 
inorganic crystals. With the exception of a short sec- 
tion on oriented triplet-state radicals, attention will be 
confined to doublet systems, Le.,  those possessing a 
single unpaired electron. 

B. THE ELECTRON SPIN RESONANCE METHOD 

The theory and practice of electron spin resonance 
has been extensively treated (38, 104), and the present 
discussion will be confined to essentials. 

that is, its spin angular 
momentum is 1/2(h/27r) .  The magnetic moment p s  
associated with the spin of electron is given by 

M.3 = -gDS (Eq. 1) 

where p is the Bohr magneton and g, the magnetogyric 
ratio of the electron, is equal to 2.0023. 

In a hoinogeneous magnetic field, the component 
of the spin angular momentum in the field direction is 
restricted to =k1/2(h/2a) ,  allowing a parallel or anti- 
parallel alignment of the spin magnetic moment in the 
field. The two configurations correspond to the Zee- 

An electron has a spin X of 
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man levels of the unpaired electron, and their energies 
are ~ l / ~ ( g p H ) .  The resonance condition for a transi- 
tion between the two Zeeman components is therefore 

hv = gbH (Eq. 2) 

where g = 2.0023 and p = 1.39967 Mc./sec./gauss. 
With a magnetic field of several thousand gauss, the 
electron spin resonance may be induced by suitably 
polarized microwave radiation, the Boltzmann dis- 
tribution of the spins between the two states ensuring a 
net absorption of the microwave energy. In practice a 
microwave cavity containing the sample is placed in a 
homogeneous magnetic field. An e.s.r. spectrometer 
is essentially a device for supplying microwave power 
to the cavity and for detecting changes in its Q. The 
resonance is sought by slowly varying the magnetic 
field through the value indicated by Eq. 2, and the 
signal may be displayed either on an oscilloscope or by 
means of a recording potentiometer. 

In general, however, e.s.r. spectra do not consist of 
a single absorption line, as might appear to be indi- 
cated by the above discussion. The detection of 
many lined spectra leads to the conclusion that the 
magnetic field H experienced by the unpaired electron 
is 

(Eq. 3) H = Hn + H’ 

where Ha is the field due to the spectrometer magnet 
and H’ is a perturbing field originating in the sample 
itself. Usually, H’ is a measure of the “hyperfine” 
interaction between the unpaired electron and nearby 
magnetic nuclei. In the case of a radical trapped in a 
crystal matrix, H’ is anisotropic with respect to the 
orientation of the crystal in the main magnetic field Ho. 
For example, the spectrum of OH radicals in yir- 
radiated ice crystals a t  77°K. varies with the angle 
between Ho and the 0-H bond (82).  

In general, the perturbation H’ is tensorial, and 
the extraction of the component tensor elements and 
their interpretation is the chief task of the e.s.r, spec- 
troscopist. The tumbling motion undergone by radi- 
cals observed in the liquid phase averages the anjsotro- 
pic part of H’ to zero, and analysis of the spectra 
yields only its trace or isotropic component. On the 
other hand, it may be difficult to extract the principal 
elements of the H’ tensors from the spectra of radicals 
trapped in glassy, amorphous, or powdered matrices. 
This is because all possible radical orientations are 
present, and the resulting spectra are, except in simple 
cases, difficult to analyze (3, 113, 124). Kowever, the 
study of radicals trapped in single crystals can yield 
both the isotropic and the anisotropic part of H’, and 
the analysis of the spectra is simplified by the exact 
overlap of the signal from similarly aligned radicals 
(127, 128). 

-It-MODULATION (1.3 Mc./s.) 
-H(inc.) 
H 50 Mc./s. n 

I I CH(CO2H12 
Fig. 1.-First derivative e m .  spectrum of CH(C02H)t and 

CH2( C02H) radicals in 7-irradiated malonic acid. 

11. THE ELECTRON-NUCLEAR HYPERFINE 
INTERACTION 

A. GENERAL REMkRKS 

The orbital of the unpaired electron in a paramag- 
netic species will, in general, extend over several of the 
atoms of which the radical is composed. The inter- 
action between the electron and a nuclear magnetic 
dipole (I > l / J  gives rise to the hyperfine splitting 
commonly encountered in e.s.r. spectra. At sufficiently 
high magnetic fields, the components of the electron- 
and nuclear-spin angular momenta in the field direc- 
tion are definable by M s  and MI,  where M s  = *1/2 

and MI can have the 21 + 1 values between +I and 
-I. The hyperfine interaction energy results in a 
splitting of the electronic Zeeman levels (defined by 
M s )  into sublevels defined by M I .  This hyperfine 
splitting is exhibited by the absorption spectrum, which 
is governed by the selection rules AM,  = 1, AM, = 0. 

Hyperfine splittings due to protons are frequently 
observed in e.s.r. spectra. A single proton (I  = l/.J 

splits each Zeeman level into two sublevels, resulting in 
a two-line spectrum. Such a spectrum is exhibited by 
the radical CH(COzH)2 in y-irradiated malonic acid 
(78). Two protons interacting with the unpaired 
electron result in a further splitting into a four-line 
spectrum-for example, the radical CHz(CO2H) also 
trapped in irradiated malonic acid (57). The spectra 
of both these species are shown in Fig. 1. Three pro- 
tons give rise to an eight-line spectrum (51, 991, and, 
in general, the hyperfine interaction of n nuclei of spin- 

will give rise to a spectrum consisting of 2” equally 
intense lines. If two or more equivalent ~p in - ’ /~  nuclei 
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Fig. 2.-Energy level diagram for S = I/’, I = I/z, and the 

allowed high-field transitions. 

interact, superposition of some of the lines results in a 
spectrum of n + 1 lines (to first order) of binomial 
intensity distribution; for example, the 1 : 2 : 1 type of 
spectrum (74) due to two equivalent fluorine nuclei 
(I = 1/2) exhibited by the radical CFzCONHz; the 
1 : 3 : 3 : 1 spectrum (48) of the radical CH&(C02H)2; 
and the 1 : 6 : 15 : 20 : 15 : 6 : 1 spectrum (60) of the trapped 
radical (CH&C(CO2H). 

Commonly encountered nuclei of spin I = 1 are N14 
and the deuteron H2. Hyperfine interaction with such 
nuclei contributes to the spectrum a triplet of equally 
intense, equally spaced (to first order) lines correspond- 
ing to the MI values - 1, 0, and + 1 (66, 87,94, 95). 

B. THE SPIN HAMILTONIAN 

An effective spin Hamiltonian describing the inter- 
action between a nucleus and an electron in a magnetic 
field Ho is 

X = @S.g*Hc + S*T*I  (Eq. 4) 

The first term represents the energy of interaction of the 
electronic magnetic moment with the magnetic field, 
and the second the interaction between the electron and 
the nucleus. A term involving direct interaction be- 
tween the nuclei and the magnetic field (-7Ho.I) 
has been neglected since its effect, which is primarily to 
relax the selection rule AMI = 0, is rarely encountered 
at X-band frequencies. 

If the orbital angular momentum of the unpaired 
electron were completely quenched the second-rank 
tensor g would be equal to 2.0023 (the free-spin g- 
value) times the unit tensor. In  other words, g would 
be isotropic and equal to 2.0023, as discussed in section 

I. However, small deviations from the free-spin g- 
value have been observed and interpreted (65, 79) in 
terms of spin-orbit interaction between the ground 
state and excited states of the radical. The tensor g 
is, however, symmetrical and its principal values are 
always close to the free-spin g-value. 

The second term in Eq. 4 represents the hyperfine 
interaction between the electronic spin S and the 
nuclear spin I described by the second-rank tensor T. 
Insofar as g is nearly isotropic, the hyperfine tensor T 
will be a symmetrical 3 X 3 matrix which can be di- 
agonalized and resolved into isotropic and anisotropic 
components. The effective Hamiltonian X’ for the 
hyperfine interaction energy can be written (1) 
X‘ = (8ng6r/3)$’(0)S*Z - g@r[S*Z*r-8 - 3(S.r)(I .r)~-6]  

(Eq. 6) 

where y is the magnetogyric ratio of the interacting 
nucleus. The eigenvalues of X’ are the principal values 
of T, and the isotropic and anisotropic components of T 
correlate with the first and second terms, respectively, 
in Eq. 5. 

I .  The Isotropic Hyperfine Interaction 
The first term in Eq. 5 gives rise to a nonzero hyper- 

fine splitting only if there is a finite probability of find- 
ing the unpaired electron at the interacting nucleus, as 
indicated by the factor J,2(0). For this reason the 
isotropic interaction is usually called the “contact” or 
Fermi interaction (36). 

In  zero field the electronic and nuclear spins couple 
to form the resultant F such that 

F+ = Z + ‘/a or F- = I - 1 / 2  

The two values of F define states between which there 
is a sero-field splitting of 

AI37 = [‘/z(21 + 1)1~g@ri l . ’ (O)  0%. 6) 

In  a magnetic field HO the spin Hamiltonian includ- 

(Eq. 7)  

ing the isotropic hyperfine term is 

where 

The solution to Eq. 7 is (12, 101) 

X = @S*g.Ho + A8.Z 

A = 2AW/(21 4- 1) = ( 8 n g @ ~ / 3 ) $ ~ ( 0 )  (Eq. 8) 

where x = gPHo/AW, and M p  is the magnetic quan- 
tum number of F. 

The form of the hyperfine interaction is shown in 
Fig. 2 for the case I = l / ~ .  At low (x < 0.1) and inter- 
mediate (z = 1) magnetic fields, transitions are gov- 
erned by the selection rules AF = 0, i l ;  AMP = 0, 
k l .  At higher magnetic field strengths (x > 3), F 
and M p  are no longer good quantum numbers. The 
electronic and nuclear spins precess independently 
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about HO (Paschen-Back effect), and the four energy 
levels are defined by the quantum numbers M s  and M I ,  
both of which can be f 

W M ~ M ~  = gBHofifs + AMIMs (Eq. 10) 

Electron spin resonance transitions between these 
energy levels are governed by the selection rules A M s  = 
*l, and AM, = 0. The hyperfine interaction con- 
stant A determines the separation between hyperfine 
lines corresponding to successive MI-values. 

It will be apparent from Eq. 8 that the isolropic 
hyperfine interaction A will only be nonzero if 1)~(0) is 
nonzero; that is, if the orbital of the unpaired electron 
has s-character. I n  fact, it is possible to estimate the 
s-character of the orbital of the unpaired electron by 
comparing the experimentally determined A with a 
parameter A. calculated as if the unpaired electron 
were wholly in the ns-orbital of the nucleus concerned. 
Values of 1)2(0) may be computed for s-orbitals of 
various nuclei using s.c.f. wave functions (19, 85, 122, 
123), and multiplication by the factor (8ngpy/3h) 
yields the parameters A0 listed in Table 1. 

Particularly when the s-character of the orbital of the 
unpaired electron is small, the significance of the experi- 
mental isotropic hyperfine parameter A is somewhat 
reduced because of the possibility of inner-shell polari- 
zation (7)- However, when the orbital has appreciable 
s-character, for example, an sp3-orbital (58) ,  relatively 
greater significance can be attached to the ratio A/Ao. 

2. The Anisotropic Hypeilfine Interaction 
The second term in Eq. 5 imparts to the effective 

Hamiltonian X' an anisotropic or direction-dependent 
character. The experimentally determinable tensor(s) 
T can be resolved into the isotropic part discussed in 
the previous section and a traceless, anisotropic part 
deriving from the second term in Eq. 5 .  The trace- 
less tensor describes the hyperfine interaction energy 
consequent upon the classical interaction of the elec- 
tronic and nuclear dipoles. The anisotropic hyperfine 
energy is (40, 134) 

where r is the distance from the nucleus to the unpaired 
electron, a is the angle between this line and a prin- 
cipal axis of the tensor, e the angle between H o  and the 
same principal axis. W' clearly represents an aniso- 
tropic hyperfine energy, because of the (1 - 3 cos2 e) 
term; on the other hand, W' xi11 only be nonzero if the 
unpaired electron has p- or d-character, since the value 
of ((1 - 3 cos2 a)+) is zero for s-electrons. In  fact, 
it is possible to estimate the p-character of the orbital 
of the unpaired electron by comparing the observed 
anisotropic hyperfine splitting B with a parameter 
Bo obtained from s.c.f. wave functions. 

TABLE I 
ATOMIC PARAMETERS ~zn8(0) AND ( ~ - 3 ) ~ ~  (A.U.) AND 

ONE-ELECTRON HYPERFINE COXSTANTS (M.c.P.s.) 
Nucleus n SZn,(O) Ao ( ~ - 8 ) ~ ~  Bo Reference 

H' 1 1420 
B" 2 1.408 2020 0.775 53 19,85,100 
C'S 2.767 3110 1.692 91 15,19,85 
"4 4.770 1540 3.101 48 15,19,85 
0 17 7.638 4628 4.974 144 19,100 
F'Q 11.966 47910 7.546 1515 19,27 
Si28 3 3.807 3381 2.041 87 100,122 
Pa1 5.625 10178 3.319 287 15,122 
S 7.919 2715 4.814 78 15,122 
cis5 10.643 4664 6.710 137 15,122 
As75 4 12.460 9582 7.111 255 75,100, 123 
Xe'eQ 5 26.71 33030 17.825 1052 85,97 

The hyperfine interaction between an unpaired 
electron in a p-orbital of an atom and the magnetic 
nucleus of that atom is usually found to be an axially 
symmetric tensor of the form A + 2B parallel to the p- 
orbital direction, and A - B perpendicular to it. 
Thus, A is the isotropic parameter associated with s- 
character, and B is the anisotropic parameter associ- 
ated with p-character. An estimate of the p-character 
of the orbital of the unpaired electron may be ob- 
tained by comparing the experimentally determined 
B with a theoretical BO, where BO = (2gpy/5h)(r-a),p. 
Values of (r-9,, have been computed from available 
(19, 85, 122, 123) wave functions and are included in 
Table I together with the corresponding value of Bo. 

111. SOME EXPERIMEXTAL CONSIDERATIONS 

A. THE SPECTROMETER 

In  an electron spin resonance experiment the sample 
is placed in a microwave cavity held in a homogeneous 
magnetic field. The magnetic field is modulated a t  
some frequency usually between 400 C.P.S. (2) and 120 
kc.p.s. (10). As a result of an electron spin resonance, 
microwave power is absorbed by the sample, and the 
change in the microwave level is detected by a silicon- 
tungsten crystal. The output from the detector has a 
component at  the modulation frequency, and further 
amplification at  this frequency is carried out with a 
phase-sensitive detector. In  general, sensitivity is 
higher a t  higher modulation frequencies because of the 
"l/f" nature of the noise a t  the crystal detector. Spec- 
trometers operating with modulation frequencies as 
high as 455 kc.p.s. (72) and 975 kc.p.s. (110) have been 
described. An alternative technique is that of super- 
heterodyne detection (52,  116). 3licrowave power 
reflected from the sample cavity is mixed with that 
from a local oscillator klystron and detected at  an inter- 
mediate frequency of 30 1Ic.p.s. or higher. In such 
spectrometers modulation of the magnetic field and 
final signal amplification can be at  a low audio fre- 
quency. 
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Most electron spin resonance spectrometers can easily 
be adapted to single crystal work. The crystal may be 
rotated about an axis perpendicular to the magnetic 
field of the spectrometer with the aid of a single-circle 
or a two-circle (106) goniometer. The low-loss char- 
acteristics of Teflon make it a suitable material for 
construction of those parts of the goniometer which go 
inside the cavity. An alternative procedure, of course, 
is to rotate the magnet about the crystal. However, 
care must be taken to see that the modulation field 
rotates with the main magnetic field, since the two 
must remain parallel a t  all times. Low frequency 
modulation coils may be attached to the magnet pole 
faces, but high frequency modulation coils, which are 
usually an integral part of the cavity, must rotate with 
the magnet. Such a device is probably rather more 
satisfactory than a goniometer for studying samples a t  
liquid nitrogen temperature, although a goniometric 
device has been described for use a t  liquid helium 
temperatures (33). 

B. CRYSTALLOGRAPHY 

It is a fortunate circumstance that paramagnetic 
species trapped in a single crystal, whether as a result 
of doping or radiation damage, occupy a limited number 
of sites usually obeying the symmetry operations of the 
host crystal. In general, the spectra from the different 
sites will not superimpose unless the magnetic field 
of the spectrometer is parallel to some special direc- 
tion in the unit cell, such as a unique axis. The 
tensors describing the hyperfine interactions and g- 
values of the paramagnetic species should refer to aright- 
handed, orthogonal axis system xyx and it is usually 
preferable to  identify these axes with crystallographi- 
cally unique axes, if possible. In  the case of triclinic 
crystals, however, the xyz-axis system is chosen with 
respect to external features of the crystal (57). If it 
becomes necessary to compare directions in the xyx- 
axis system with bond directions in the crystal, the 
relative orientation of the xyx- and the crystallographic 
abc-axis systems must be known. For a monoclinic 
crystal, it is convenient to use either the a*bc- or abc*- 
axis system; no ('site-splitting" will occur when the 
magnetic field is parallel or perpendicular to the two- 
fold crystallographic b-axis. However, when the 
magnetic field explores planes containing the b-axis, 
magnetically distinguishable sites may be apparent. 
The two sites have opposite signs in the corresponding 
off -diagonal tensor element (94). The obvious orthog- 
onal set of axes to use in the case of a crystal having 
orthorhombic symmetry is the abc crystallographic axes. 
In  this case there is usually no site splitting for Ho 
parallel to a crystallographic axis, but two sites may be 
apparent for HO perpendicular to a crystallographic axis, 
and four sites observed for a skew direction such as 
(3-'/~, 3-'/2, 3-'/~). As also in the case of a mono- 

clinic crystal, the spectrum for such a skew orientation 
is useful in establishing the relative signs of the three off- 
diagonal elements (96). 

In  the hexagonal crystals of ice the OH radicals (82) 
were trapped in six sites with their bonds perpendicu- 
lar to the unique axis, thus conforming to the sym- 
metry of the host crystal. Paramagnetic centers trapped 
in cubic crystals of LiF a t  low temperatures include (69) 
the radical F2- and the nearly linear radical F3-2. 
These species are oriented so that their internuclear 
axes are parallel to the face diagonals of the crystal. 

It will be apparent from the above remarks that elec- 
tron spin resonance in crystals cannot be undertaken 
without giving some consideration to the crystal struc- 
ture of the substance under investigation. It is essen- 
tial to know the crystal symmetry, and desirable to 
know the space group, unit-cell dimensions, and the 
number of molecules per unit cell. If the atomic co- 
ordinates are known, these can often be correlated with 
principal tensor directions in order to discover the rela- 
tive orientation of radicals and host molecules. 

C. DETERMINATION O F  TENSOR ELEMENTS 

The anisotropy of the e.s.r. spectrum of a radical 
trapped in a single crystal can be described by a sym- 
metrical g-tensor g and, if hyperfine splitting is appar- 
ent, by one or more symmetrical hyperfine interaction 
tensors T. When the magnetic field explores the xy- 
plane, the off-diagonal element cyzy (a = g2 or P )  is 
defined positive or negative according as a has a maxi- 
mum or a minimum value in the quadrant bounded 
by 120 parallel to +x and H o  parallel to +y. If a is 
plotted against angle 6' in the xy-plane (arbitrary zero) 
then the magnitude of azy is given by 

4aZua = Aa - (az2 - ayy)a (Eq. 12) 

where A is the full amplitude of the sinusoidal curve ob- 
tained. The accuracy of azy can best be gauged by 
plotting against e the function 

f(e) = 1/2(~u. + aYu) + 1/2(az2 - cyvy) cos 28 + aZy sin 28 
(Eq. 13) 

and comparing f(0) with the experimental curve. If 
necessary azy may then be adjusted to give an improved 
fit to the experimental points. If magnetically dis- 
tinguishable sites are apparent when No explores the 
xy-plane, the two sites correspond to positive and nega- 
tive signs of azy, and if more than one off-diagonal ele- 
ment has such a sign duality, then their relative signs 
must be established. This may be done by compar- 
ing the observed spectrum for the orientation (3-'/8, 
3-'/2, 3-'/3) with the spectra predicted as a result of 
different relative signs in the off-diagonal elements. 

Having established the relative signs of the off- 
diagonal elements, the tensors are transformed (83) 
into the diagonalizing axis system in order to extract 
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the three principal values and their direction cosines 
referred to the xyz-axis system. 

Since, in general, the tensors g and T are not diagonal 
in the xyx-axis system, it is more rigorously correct (42, 
53) to plot g2 and t 2  than it is to plot g and i! against 0. 
The principal values of gz and T2 have the same direc- 
tions as, and are the squares of, the principal values of 
g and T. 

IV. THE E.s.R. SPECTRA OF TRAPPED RADICALS 

A. a-ELECTRON RrlDICALS I N  RADIATION-DAMAGED 
ORGANIC CRYSTALS 

A considerable literature has accumulated on the 
subject of the e.s.r. spectra of radiation-damaged or- 
ganic crystals. Naturally, the work has predominantly 
covered those materials from which single crystals are 
easily obtained, and these are the saturated dicarboxylic 
acids and their salts, the sinipler amino acids, and cer- 
tain unsaturated acids. Analysis of the spectra from 
radiation-damaged crystals of these materials is pri- 
marily concerned with the identification of the trapped 
radical(s) via the interpretation of the proton hyperfine 
interaction. In  certain cases, NI4 and Cla hyperfine 
interactions have been studied, and it appears that a 
widening of the field to include the fluoroorganics is 
beginning (27,28,74). Most of the work which will be 
discussed has been carried out on crystals which were 
irradiated and examined a t  room temperature. It 
appears that in certain cases different radicals are 
trapped if the crystals are irradiated and examined a t  
liquid nitrogen temperature ; and further, subsequent 
warm-up does not necessarily result in the detection of 
the same radicals as resulted from room temperature 
irradiation. More work on this aspect of radiation 
damage is needed. 

One type of radical which is commonly detected a t  
room temperature in radiation-damaged organic crys- 
tals is a ?r-electron radical centered on a carbon atom. 
In such a radical the unpaired electron occupies what is 
predominantly a carbon Bp-orbital directed perpendicu- 
larly to the plane trigonal skeleton of th2radical. Since 
the 0 2  nucleus has zero spin, the hyperfine splitting of 
the spectra of u-electron radicals in organic crystals is 
due to interaction between the unpaired electron and 
a-protons (&Ha) and/or 6-protons (GC-HD). Hyper- 
fine interaction with the central atom has been studied 
in crystals enriched with C1a ( I  = or in the case of 
certain nitrogen-centered .Ir-radicals (N14, I = 1). 

1. Hyperfine Interaction with a-Protons 
In spite of the fact that an a-proton in a nelectron 

radical lies in the nodal plane of the orbital of the un- 
paired electron, an isotropic hyperfine interaction be- 
tween the proton spin and the electron spin may be 
inferred from the spectra of such radicals. The iso- 

Fig. 3.-Schematic representation of the origin of negative spin 
density at a-protons. 

tropic hyperfine interaction observable in the spectra 
of aromatic radicals in solution (13) and the isotropic 
component of the proton tensor in radicals of the type 
HCR& trapped in organic solids are now widely held 
to be due to spin polarization in the G H  bond and the 
consequent small, negative, spin density at  the proton. 
Thus, in Fig. 3, the unpaired electron in the 2p,-orbital 
of the carbon atom causes (76, 126) spin polarization in 
the sp2-bonding orbital. According to Hund’s rule of 
maximum multiplicity, there will be a net positive spin 
density in the carbon orbital, and a net negative spin 
density in the hydrogen 1s-orbital in accordance with 
the Pauli principle. Experimentally, it has been con- 
firmed that the spin density at the a-proton in the 
radical HC(C02H)2 k negative (78), and, by observa- 
tion of HC1a(C02H)2 signals (77), that the spin density 
at  the central carbon atom is positive. The isotropic 
hyperfine interaction of - 60 Mc.p.s. determined (78) 
from the spectra of CH(C02H)2 trapped in irradiated 
malonic acid can be regarded as a typical value for 
radicals of the type HCR1R2. As will be seen from 
Table I1 a number of such radicals have been identi- 
fied, and their isotropic hyperfine interactions are re- 
markably constant in view of the different nature of the 
various substituents. The isotropic proton hyperfine 
interaction (aH) is proportional to the spin density on 
the central atom ( p )  according to the now widely ac- 
cepted equation (76) 

aa = QP (Eq. 14) 

where Q is a “constant” equal to approximately -60 
Mc.p.s. 
ALSO included in Table I1 are data from the few nitro- 

gen-centered ?r-radicals known to date. It appears that 
the isotropic hyperfine interaction of an a-proton in 
such a radical may be slightly greater than for a carbon- 
centered radical, but there are insufficient examples to 
make the evidence conclusive. 

It will be apparent from Table I1 that in addition to 
the isotropic interaction just discussed, a-protons in 
trapped r-electron radicals exhibit a characteristic 
anisotropic interaction. As anticipated in section IIB 
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Radical 
HC(C0zH)z 
H2C( COzH) 

HCCHa( COz -) 
HCNHa+( Con-) 
HCOH(C02H) 
HCF(C0NHz) 
HC(C0zH) 

I 

TABLE I1 
HYPERFINE INTERACTIONS WITH (u-PROTONS 

--Hyperfine interaction, lv1c.p.s.-- 
Crystal Isotropic --Aniaotropic- 

&C(COzI-I)z - 59 $31 $1 -32 
HzC( COzH 12 -59 $29 $4 -33 

- 63 $26 $4 -30 
CHaNHs+CH( CO,-) - 54 +30 $6 -36 
NHI +CHz( COz-) - 62 $35 -5 -30 - 29 

CHz( C02H 1 - 60 +30 $1 -31 
+: -32 

CHzOH( COzH) - 57 $27 
CHzF(CONH2) - 63 +32 

I 

(2), the anisotropic interaction tensor is traceless, and 
typical principal values are $30, 0, and -30 Mc.p.s. 
Anisotropic a-proton interactions were first inter- 
preted by Ghosh and Whiffen (44), who studied the 
radical HCNHs+C02- in irradiated glycine, and whose 
treatment is followed in the present discussion. Con- 
sider a planar HCRZ fragment in which the unpaired 
electron occupies the carbon 2p n-orbital. Symmetry 
requires that the three principal directions of the trace- 
less tensor be parallel to the H-C bond, perpendicular 
to the radical plane, and the mutually perpendicular 
direction in the plane but perpendicular to the H-C 
bond. In Fig. 4a the magnetic field HO is parallel 
to the H-C bond, and it will be seen that the unpaired 
electron density is largely in that volume for which 
(1 - 3 cos2 0) is negative and the hyperfine interaction 
is positive taking into account the negative magnetic 
moment of the electron. The $30 Mc.p.s. principal 
value of the traceless tensor can therefore be associated 
with the orientation Ho parallel to the H-C bond. 
Similarly, in Fig. 4b, where Ho is in the plane of the 

\ / '",= c '., b( (a) , ,H; I - ~ C O S ~ ~ Z O  

/' '\ 

t 

Reference 
24,25, 78 
57,59 

s9,9s 
44,127 
5 
28 
51,105 

- 60 $32 $3 -35 54 - 65 $34 $2 -36 94 
- 64 $39 +4 -43 109 

radical but perpendicular to the H-C bond, spin den- 
sity is largely in the region where (1 - 3 cos2 6) is posi- 
tive, and this direction is therefore to be associated 
with the negative principal value of the hyperfine ten- 
sor. Finally, as in Fig. 4c, when H O  is perpendicular 
to the radical plane, the average value of (1 - 3 cos2 0) 
will be approximately zero and this direction should be 
associated with the third (smallest numerically) prin- 
cipal value. 

The elucidation of the anisotropic a-proton inter- 
action of the radical HCNHB+C02- trapped in ir- 
radiated glycine was followed by a similar treatment of 
the radical HC(C02H)2 in irradiated malonic acid (78), 
and since then by numerous examples, some of which are 
listed in Table 11. The nature of this interaction can 
by now be regarded as diagnostic of an a-proton in a r- 
radical, and it has been used to infer radical geometry 
in a few instances. Thus, the radical H2C(C02H) 
trapped in irradiated malonic acid (57) contains two a- 
protons, and from the relative directions of the principal 
values of their hyperfine tensors it was deduced (a) 
that the p-orbital direction was perpendicular to both 
H-C bonds, and (b) that the HCH angle was 116 i 5". 

Certain features of the geometry of other radicals 
were deduced by a comparison of the anisotropy of an 
a-proton interaction with that of P-protons and that 
of the central atom. Examples will be discussed in the 
following sections. 

2. Hyperf ine Interaction with P-Protons 
The observation of hyperfine interaction between the 

unpaired electron and both a- and @protons in the 
ethyl radical (46) and many other radicals has been 
rationalized by valence-bond (80) and molecular-orbital 
(17) calculations. On the one hand, consideration is 
given to the admixture of states such as 

H\ .H 
\ 

H /Ca=cb-H 'H 

into the ground state of the ethyl radical, and, on the 
other hand, (hyper)conjugation is invoked between the 

Fig. 4.-The origin of anisotropic hyperfine interaction with 
a-protons: (a) HO parallel to  C-Ha bond, (b) HO perpendicular 
to C-Ha and to p-orbital, (c) Ha perpendicular to  radical plane. 
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TABLE I11 
ISOTROPIC HYPERFINE INTERACTIONS WITH  PROTONS (l4c.p.s.) 

Radical Crvstal 81 8% BS B¶ Reference 
CH&( C0zH)z CH3CHiC0zH)z 

CH&H( COz-) 
I 

CHaCH(COz-) 

CH(C0nH) 
I 

71 
70 

120 
100 

112 

71 
70 

76 
80 

74 
I I 

CHzC( C0zH)z CHzCH( C0zH)z 70 57 
(CHz)a(COzH) 

I I 

CH,CHz( C02H) 

71 
70 

14 

142 
140 (300°K.) 

122 (77°K.) 
121 

127 

48 
88 

56,89 
51,105 

99 

84 or 254 108 

%3+CHz(CO~-) 53 53 53 106 44 
tIH3 
NHa+CH(COz-) 
N(CHa)a+ N(CHsIaC1 75 75 75 150 117 

2p,-orbital of C, and a pseudo-n-system of the methyl 
proton group orbitals. In both cases a positive spin 
density on the methyl protons is predicted, and @- 
proton interactions are now widely accepted as being 
of opposite sign to those of a-protons. In contrast 
to the high anisotropy of a-proton interaction, the 
interactions of @-protons are almost isotropic. The 
principal values of the traceless (anisotropic) tensor 
rarely exceed 10% of the isotropic hyperfine interaction, 
and for this reason anisotropic components are not 
included in Table 111. 

Several radicals are known in which the pres- 
ence of a methyl group dominates the appearance of 
the spectrum, contributing three @-protons to the 
hyperfine pattern. Rotation about the H3C-C bond 
renders the three protons equivalent a t  room tempera- 
ture, and the methyl group contributes a quartet of 
intensity 1 : 3: 3: 1 and splitting -70 b1c.p.s. to the 
spectrum. Three equivalent protons p through a 
C-N bond have a somewhat smaller hyperfine inter- 
action (53 Mc.p.s.) in the radical NHsfCHC02- 
trapped in irradiated glycine (44). 

With the exception of rotating methyl groups it can 
be seen from Table 111 that the hyperfine interaction 
with a 0-proton may vary from approximately 14 
1fc.p.s. to over 130 hfc.p.s. It appears that methylene 
groups fixed in the radical can be disinguished by elec- 
tron spin resonance via their different @-proton hyperfine 
splittings. For example, the spectrum of the radical 
(H02C)CHCH2(C02H) trapped in succinic acid (51, 
105) consisted of eight (23) lines, demonstrating the 
distinguishability of the 0-protons. The wide range 
of values of the interaction with @-protons has been 
interpreted in terms of the variation in angle (e) be- 
tween the C r H ,  bond and the p-orbital direction, pro- 
jected perpendicular to the C,-CB bond. A relation- 
ship of the form 

H(2, (@z) since the projection of C-H(I, is more nearly 
perpendicular to the radical plane than that of C-H(z,. 
The protons of a rapidly rotating methyl group have a 
hyperfine interaction of 70 i 2 Mc.p.s. which appears 
to be independent of the radical and of the host crystal. 
Therefore, since 

& ~ 0 2 r t , @ ) d ( S )  = Bo + I/& ‘v 70 Mc.p.s. (Eq. 16) 

and since BO is certainly small and may be zero, B z  
should be approximately 140 Mc.p.s. and independent 
of the nature of the radical. Values of B2 have been 
determined for a number of radicals containing the 
-CHz- linkage, and some of these are listed in Table 111. 
With the exception of the radical CH3CH2C(C02H)2, 
the B2-values so obtained are slightly smaller than the 
anticipated value of 140 Mc.p.s. This may be due to 
the neglect of a small, positive Bo. The anomalous re- 
sults obtained from the above radical (108) are not 
understood. 

3. The Radical C H E H R  in Irradiated a-Alanine 
Certain results summarized in the previous sections 

merit discussion in further detail. These concern the 
radical CH3CHR (R = C02- or C02H) trapped in 
irradiated a-alanine, CH3CH(NH3+) Cot-, and the 
radicals trapped in irradiated glycine, NH3+CH2- 
C02-, to be discussed in the following section. 

t 

tB(e) = B~ + B~ cos2 e (Eq. 15) 

has been suggested (112) where B1 >> BO, and BO 
may be 0 to +10 Mc.p.s. (56). Thus, in Fig. 5 proton 
H(l) has a larger interaction (PI) than that of proton Fig. 5.-Isotropic hyperfine interaction with p-protons. 
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50 Mc./s. .+  MOD, 4Mc./s. CH,CH(CO,H) 

Fig. 6.-Second derivative e.8.r. spectrum of CH,CH( COzH) in 

The radical CH3CHR was first detected in X-ir- 
radiated a-alanine by nliyagawa and Gordy (88). 
They observed and accounted for interesting first- 
order-forbidden transitions which had appreciable in- 
tensity a t  24 k3Ic.p.s. The anisotropy of the spectra 
has been studied further (98), and it was shown 
that the three ,&protons of the CH3 group had a 
slightly larger hyperfine interaction when the magnetic 
field was parallel to the H 3 G C  bond (76 1lc.p.s.) than 
when it was perpendicular to it (67 3lc.p.s.). This 
anisotropy, together with the usual a-proton anisot- 
ropy, proved that the radical skeleton was planar, and 
the Hac-C-H angle was 121 f 3". 

Interesting changes in the spectra of CH3CHR have 
been detected (55, 56, 89) as the host crystal is cooled to 
77°K. (Fig. 6). These changes are associated with the 
slowing down of the methyl group rotation, which at  
300°K. is lo9 C.P.S. or greater, giving the three 0- 
protons equivalent hyperfine interaction of 70 Mc.p.s. 
At 77"K., the methyl group rotation having slowed to 
10' C.P.S. or less, the spectra indicate that the three /3- 
protons can be distinguished, and their respective 
isotropic hyperfine interactions were = 120, p2 = 76, 
and p3 = 14 Mc.p.s. From these results and eq. 15, 
it was possible to deduce that Bo = +9, B2 = +122 
Mc.p.s.; el = 18, e2 = 138, e3 = 258". In  other words 
the "non-rotating" methyl group has taken up a "skew" 
configuration with respect to the CCH, plane of the 
radical. 
At intermediate temperatures (lOCr200 OK.) , the 

transition between the low and the high temperature 

y-irradiated a-alanine at  (a) 300°K. and (b) 77°K. 

spectra took place (55, 89). From the broadening of 
some of the lines of the spectrum, it was possible to 
estimate the activation energy of the methyl group 
rotation, a value of approximately 4 kcal. being ob- 
tained. This figure must be regarded with caution, 
however, since it has been shown (48) that in the same, 
or the very similar, radical CH&HCOzH in methyl- 
malonic acid the methyl group was still rotating at  4°K. 

Miyagawa and Itoh (90, 91) have also shown that 
there is an exchange between hydrogen atoms of the 
trapped radical and deuterium atoms of the deuterated 
amino acid host crystal, in the case of irradiated alanine 
and certain other amino acids. For example, the reac- 
tion between the radical CH3CHR trapped in CHBCH- 
(ND3+)C02- proceeds slowly at  room temperature, 
but a t  150" has gone to completion in 1 hr. The final 
spectrum indicated that the radicals had been fully con- 
verted to CD3CDR. The rate of exchange between the 
deuterium atoms and an CY- or a P-hydrogen atom was 
equal within the experimental errors. There is no doubt 
that the exchange does not take place between the amino 
acid molecules but only between the radicals and the 
molecules. It will be apparent from these results of 
Miyagawa and Itoh that caution must be exercised when 
radicals are identified by means of deuteration studies 
(vide in f ra ) .  

4. The  Radicals Trapped in Irradiated Glycine 
The spectra of radiation-damaged glycine (NH3+- 

CH2C02-) have caused some controversy since the first 
experiments in 1955 (45). It was variously suggested 
that the broad triplet which dominates the spectrum 
of powdered glycine was due to CH2NH3+, CH2C02-, 
or NH2 (43, 45, 114). It was eventually realized that 
two radicals were present (118), and Ghosh and Whjffen 
(43, 44) concluded that they were KHz and KHa+- 
CHC02-. This interpretation was recently challenged 
by Weiner and Koski (125), who concluded that the 
radicals were CH2C02- and ISH4. It was eventually 
shown (93) that both radicals exhibited CI3 hyperfine 
interactions, and that the two radicals were CH2C02- 
and NH3CHC02-. It is interesting to ask, however, 
what were the reasons for the previous misidentifica- 
tions. 

It appears (125) that normal glycine NH3+CH2C02- 
and D2-glycine NH3+CD2CO2- crystals yield virtually 
identical spectra, and this observation led to the con- 
clusion that one of the radicals was, not NH3+CHC02-, 
but NH,. The presence of NH3+CHC02- in crystals 
of NHP+CD2C02- can be due only to an exchange 
of the type discovered by Miyagawa and Itoh in ir- 
radiated a-alanine (vide supra). Protons of the NH3+ 
group of the host molecules exchange with deuterons of 
the C-D group of the "initial" radical. 

NH*+CD&Oz- + NHq+CDCOz- -C NHp 'CHqOz- 
(host crystal) (initial radical) (obsd. radical) 
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TABLE IV 
CENTRAL ATOM HYPERFINE INTERACTION I N  a-ELECTRON RADICALS 

-Hyperfine interaction, Mc.p.a.----- 
Radical Crystal Isotropic -Anisotropic-- 

CH(C0zH)z CHz( COzH )z $93 $120 -70 -50 
CHz(COg-) NH3 +CHz( COz -) + 124 $97 $9 -106 
CHNH3+(COz-) NH,+CHz( COz-) + 127 $127 -60 -37 
CH(S03-h CHd SO3K)z $126 $134 -64 -70 

s( SO3-)2 NH( SO& $37 $69 -37 -32 
NH+< (NHdzHPOa $45 $56 -35 -21 
NH(SO,-) NHzSOaK +38 $60 -32 -28 
NHz +( SO3-) NH3f( SO3-) $51 $52 -34 -18 
NH3 + N H 4 C 10 4 +55 +7 -1 -6  

Central 
at,om 

C’3 

N14 

Reference 

24,77 
93 
93 
54 

54 
94 
107 
109 
22,64 

A similar reaction, namely exchange between deu- 
terons of the ND3+ group of Drglycine and C-H pro- 
tons of the “initial” radical CHeC02- to yield the 
radical CDzC02-, appears to account for Ghosh and 
Whiffen’s observations and their consequent conclusion 
(43) that this radical wm NE2. 

NDa+CHzCOZ- + . CH,C02.- .-+ CDzCO?- 
(host crystal) (in~tial mdicd) (obsd. radcal) 

5. Central Atom Hyperjine Interaction in n-Electron 
Radicals 

In  Table IV are listed the isotropic and anisotropic 
components of Cla or NI4 hyperfine interactions in cer- 
tain n-electron radicals. The isotropic hyperfine 
interaction of approximately 120 Mc.p.s. in the case of 
C%entered a-radicals and 45 Mc.p.s. for N14-centered 
%-radicals is a measure of ls- and 2s-character in the 
orbital of the unpaired electron. The calculated values 
of A0 (Table I) being 3110 and 1540 Mc.p,s. for CIB and 
N1*, respectively, it will be seen that even neglecting 
ls-polarization, 2s-spin density ir, only a few per cent. 
Theoretical treatments of the mechanism of the iso- 
tropic interaction between the unpaired electron and 
the central nucleus in a n-electron radical are avail- 
able (39, 81). 

The anisotropic hyperfine interaction is expected 
(section IIB) to be of the form Bo(3 cos2 8 - l) lpl,  
where p is the spin density in the 2p-orbital of the cen- 
tral atom and 0 the angle between HO and the 2p- 
orbital density direction. According to Table I, BO 
is 91 Mc.p.s. for C13 and 48 Mc.p.s. for W4. The 
traceless hyperfine interaction tensor should therefore 
possess axial symmetry, its principal values being 
+2Bo parallel to the p-orbital density direction, 
and -Bo perpendicular to this direction. The ob- 
served central atom hyperfine interaction conforms 
reasonably well to the expected pattern, and it has been 
shown for nearly all the examples listed in Table IV, 
that the largest principal value of the central atom 
hyperfine interaction is perpendicular to the X-H bond 
direction determined from the a-proton interaction. 

The largest principal value of the traceless tensor of the 
central atom interaction does not attain the expecta- 
tion value of 2B0 anticipated in Table I, and a 2p-spin 
density ( p )  of approximately 0.67 would appear to be 
indicated. 

It will be apparent from Table IV that there is 
deviation (to varying degrees) from the axial sym- 
metry anticipated above in the central-atom interaction. 
With the exception of NH3+ (22), which is tumbling in 
the lattice a t  room temperature, the u-bonds of the 
central atom are not identical, and it has been sug- 
gested (54) that differing spin polarizations in these 
bonds could account for the loss of axial symmetry. 
However, calculations indicate (76) that the differ- 
ence between the two in-plane principal values would 
not exceed 0.3 Mc.p.s. as a result of such an effect. 

Experiments a t  77°K. indicate (107,109) that a t  this 
temperature, the anisotropic N14 interaction tensor of 
the radicals NH(SO,-) and NHa(S08-) approaches the 
axially symmetric form anticipated and that the devia- 
tion from axial symmetry at  300°K. is due to hindered 
rotation of the -NH2 and the -NH group about the S-N 
bond. The radical CH2(C02-) in irradiated glycine 
is also undergoing hindered rotation at 300”K., and low 
temperature experiments should cause similar changes 
in the C13-hyperfine interaction. 

6. Radiation Damage in Unsaturated Compounds 
Radicals trapped in the irradiated aliphatic com- 

pounds discussed in the previous sections were usually 
the result of C-H bond rupture, with the formation of a 
7-orbital consisting primarily of the carbon atom 2p- 
orbital. It has been shown t h t  the orbital of the 
unpaired electron in radicals trapped in irradiated 
olefinic compounds is frequently a delocalized ?r-orbital 
for example, the allyl-type radical ( H a c )  CH=CH=CH- 
(C02H) trapped (50) in irradiated glutaconic acid, 
(H02C)CH=CHCH2(C02H). As expected for this 
type of radical, the spin density on the central carbon 
atom (C(2)) was smaller in magnitude and opposite in 
sign to that on the adjacent carbon atoms (C(I~, Cp)). 
The principal values of the proton hyperfine interaction 
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tensors were, for H(2) +17, +12, +7 Mc.p.s., and for 
Ha) and H(3) -53, -36, -18 Mc.p.s. 

Another example is that of the radical (0,C)CHzCH- 
(COz-) trapped (49) in irradiated potansium hydrogen 
maleate, (HOZC)CH=CH(COz-)K+. In  this case 
the unpaired electron occupies a molecular n-orbital 
extending not only over the two central carbon atoms, 
but also into the terminal carboxylate groups. The 
principal values of the proton tensors were -28, - 19, 
and -6 Mc.p.s. 

It is interesting to note that on irradiation of fumaric 
acid (trans isomer of maleic acid) a quite different 
radical was trapped. It appears that a radical RCH, 
(C02H)CH,(C02H) is formed (26), the nature of R 
being uncertain. Typical hyperfine interactions with 
Ha and H, were observed. 

Examples are also known of radicals resulting from 
hydrogen addition a t  a double bond of the unsaturated 
compound. Irradiated single crystals of itaconic acid, 
CHZ=C(CO2H)CH2(CO2H), have been shown (41) 
to contain the radical CH3C(CO2H)CH~(CO2H), and, 

in the case of irradiated furoic acid HC=HC-HC=C- 

(C02H), the cyclic radical HzC=HC-HC+rC(COeH) 
is trapped (29). The spectra of the latter radical are 
also interpreted in terms of a delocalized orbital for the 
unpaired electron. 

! - - - - O F  

r-i 

7. g-Tensors of ?r-Electrola Radicals 
The origin of the deviation of the principal g-values 

in r-electron radicals from the free-spin value 2.0023 
is now reasonably well understood (79). The g-shifts 
are associated with spin-orbit interactions between the 
ground state and excited states of the radical. If the 
orbital of the unpaired electron is primarily a carbon 
2p,-orbital, the competing g-shifts for Ho perpendicular 
to x are due to: (a) promotion of a u(bonding)-electron 
to pair with the odd electron in the r-orbital, giving a 
positive g-shift of approximately 2{/n (t is the spin- 
orbit coupling constant); (b) promotion of the odd 
electron from the r-orbital into an antibonding u*- 
orbital, giving a negative g-shift of approximately 
-2r/v2. 

TABLE V 
PRINCIPAL VALUES OF g-TENSOR IN T-ELECTRON RADICALS 

Perpen- 
dicular 

to plane 

HC(C0zH)z 2 .  oO26 

HC(OH)( COzH) 2.0017 
H N + <  2.0026 
(OzC)CH-CH( Cot-) 2.0032 
CHaC(C0zH)z 2.0026 

Radical (881) 

HzC(C0zH) 2 * 0020 

-In plan- 
(Pzz) (Bug) 

2.0035 2.0033 
2.0042 2.0034 
2.0053 2.0038 
2.0089 2.0048 
2.0052 2.0051 
2.0034 2.0044 

Refer- 
ence 

78 
57 
4 

94 
49 
48 

In  general the promotion energy v2 will exceed v1 and 
so gzz and gYY are expected to be greater than the free-spin 
g-value. A few typical examples are listed in Table V, 
and it will be seen that this is the case. 

The value of g,, can only be affected by promotion of 
a cr(bonding)-electron to a u*(antibonding)-state. 
The high frequency of this transition means that gzz 
will be close to the free-spin g-value, 2.0023, and is ex- 
pected to be the direction of minimum g for the radical. 
This prediction is also confirmed by the data in Table V. 

B. TRAPPED INORGANIC RADICALS 

This section will deal with the somewhat simpler and 
more symmetric fragments which may be trapped in 
inorganic crystals either as a result of radiation damage, 
or by doping processes, Emphasis will be placed on a 
comparison between isoelectronic species, and on a 
correlation between the e.s.r. spectral parameters and 
the anticipated shape and symmetry of the molecule. 
Where the identification of the radical is dubious, the 
discussion will be restricted to those results which best 
correlate with theoretical predictions. 

1. Diatomic Inorganic Radicals 
Table VI lists the principal g-values and, where ap- 

plicable, principal values of the hyperfine tensors of 
various diatomic radicals identified by e.s.r. in crystal- 
line matrices. With the exception of Fz-, XeF, and 
KrF which are u-electron radicals, all the species listed 
are n-electron radicals. This may be inferred from the 
schematic term scheme of Fig. 7, in which molecular 
orbitals are constructed from the 2p-orbitals of the 
separated atoms (not applicable to OH), the crystal- 
line field lifting the degeneracy of the r-orbitals. 

Expressions for the principal g-values of trapped 
diatomic radicals having partially quenched orbital 

T a m  VI 
PRINCIPAL VALUES OF HYPERFINE INTERACTION (Mc.P.s . )  

AND g-TENSORB OF DIATOMIC RADICALS 

Radical oryatal 22 2121 e 9  References 

Ns- KNB B 1.984 2.001 2.001 61,131 

Host 

N14 11 11 18 

Or+ KCl 2.010 2.042 2.003 66 

01- KC1 1.9512 1.9551 2.4359 70,71 

Fz- LiF 0 2.0230 2.0230 2.0031 14,68,130 
FIQ 165 165 2320 

OH H:O 0 2.008 2.008 2.013 82 
HI 99 89 150 

XeF XeF4 B 2.1264 2.1264 1.9740 34,97 
Fl* 526 526 2637 
Xe129 1224 1224 2368 

KrF KrF4 0 2.068 2.068 2.000 35 

PF* NHtPFs Q 1.999 (isotropic) 92 

FlO 759 759 3531 

F'Q 1952 (isotropic) 
P'l 470 (isotropic) 

* Interatomic axis. 
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1 

A Tg2P 
t 

Fig. 7.-Schematic energy-level diagram correlating molecular 
orbitals of a diatomic molecule with the 2p atomic orbitals. 

angular momeiitum TTere derived by Kanzjg and Cohen 
(71). 

X t  
8.. = go + 2(m)1'21, 

where go is the free-spin g-value 2.0023, 1 the effective 
orbital angular momentum about the internuclear axis 
z, and x the direction of the atomic 2p-orbital. E is the 
energy separating the states between which there is the 
spin-orbit interaction. Kanzig and Cohen (70, 71) 
deduced from the above equations and the data for 
Oz- the values A/A = 0.23, X/E = 0.0025, and 1 = 1.04. 
For the remaining radicals listed in Table VI (with the 
possible exception of OH), it may be presumed that 
orbital angular momentum is quenched (1 = 0) since 
g,, N go (2.0023). The spin-orbit interaction causes 
gzz or gYU to deviate from go, according to the following 
rule: if rotation about an axis j belongs to that repre- 
sentation which is the product of the representations of 
the ground and excited states, then g j j  will deviate from 
2.0023 as a result of the spin-orbit interaction between 
the two states. In  the group Dmh (which includes 
homonuclear diatomic molecules), the operations R, 
and R, (rotation about x and y) belong to the represen- 
tation 11,, which is the product of X u  and II, or of 2,  
and II, (129). 

Referring to Fig. 7, the positive value of Aguy in Ozc 
is probably associated with spin-orbit interaction be- 
tween the states u,17ru47r02, 2X,, and ug27ry47rg1, 211,. 

On this basis, however, the isoelectronic radical Nz- 
(61, 131) should also have a positive Ag for Ho per- 
pendicular to the internuclear axis. Possibly the 
dominating spin-orbit interaction in this case connects 
the ground-state and an excited state such as 2pug2- 

The radical F2- (14, 68, 130) has a u~2~u47r,4uu1, 2, 
ground state, and the positive value of Agl has been 
associated (20, 65) with spin-orbit interaction between 
the ground state and the ug27ru3~g4uu2, excited state. 
In  this case the calculations were carried to second 
order in A/E. Similar considerations were applied to 
the radical XeF (34, 97), although in this case both 
211-states (u27r*37r4~*2 and U ~ T * ~ R ~ U * ~ )  interact with the 
%ground state. The second-order terms also to some 
extent account for the negative value of Asaz. 

The hyperfine interaction in the radicals Fz-, KrF 
(35), and XeF throws some light on the nature of the 
antibonding u-orbital occupied by the unpaired electron. 
From the data in Table VI it may be calculated that the 
isotropic hyperfine interaction A(F) is 883 Mc.p.s. 
in Fz-, 1243 h1c.p.s. in XeF, and 1683 Mc.p.s. in KrF. 
Compared with Ao(F) = 47,900 Mc.p.s. (Table I), 
it will be apparent that in each case the isotropic inter- 
action corresponds to a very low spin density in the 
fluorine 2s-orbital. On the other hand, B(F), the anisot- 
ropy parameter, may be calculated to be 718, 703, 
and 924 h1c.p.s. for Fz-, XeF, and KrF, respectively. 
Compared to the estimated value of Bo(F) of 1515 
pt!Ic.p.s., these figures correspond to a spin density 
in the F 2p,-orbital of 0.47 for Fz- and XeF, and 0.61 
for KrF. From the value for of 17.825 a.u., 
Bo(Xe129) was calculated to be 1082 Mc.p.s., so that the 
observed B(Xe129) of 382 R.lc.p.s. corresponds to a 
spin density of approximately 0.36 in the xenon 5p- 
orbital. 

The above discussion reveals that both A(F) and B(F) 
are higher for KrF than for XeF. This observation is 
consistent with those on other isoelectronic sequences 
(e.g. ,  NOz, COz-; c103, SO3-, P03-2) and is associated 
with higher rare-gas-atom character in the bonding 
orbitals of KrF than in those of XeF, as anticipated 
by the higher electronegativity of krypton. 

The radical PF' has been detected in irradiated 
crystals of NHiPFe and KPFe (92). Unfortunately 
this radical is tumbling in the lattice a t  room tempera- 
ture, and appears to take up random orientations on 
cooling, so that its anisotropic spectrum has not been 
elucidated. 

2pT,4 3 ~ ~ ~ 1 ,  22,. 

2. Triatomic Inorganic Radicals 
The triatomic species under consideration are C02- 

(84, 102, 103) and NO2 (86, 132, 133), which possess 
17 valence electrons; the 19-electron radicals CIOZ (23) 
and NOz+ (66), and the 23-electron radical Fa-2 (21). 
The e.s.r. spectral parameters of these radicals are given 
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Radical 

coi - 

KO2 

N02-2 

ClOZ 

Fa -2 

TABLE VI1 
PRINCIPAL VALUES OF HYPERFINE INTERACTIONS (MC.P.5.) AND g-TEN50RS OF TRIATOMIC RADICALS 

Host 
No. of e-  oryatal 

17 HCOzNa 

CaCO3 

17 iYaNOz 

KKot 

19 KCl 

19 KClOr 

23 LiF 

g 
C'S 

g 
C'3 

B 
h-14 

B 
"4 

9 
N14 

9 

FI9 
(central) 
(outer) 

c135 

0 Perpendicular to plane. * CZ axis. Identified a8 NO in ref. 66. 

in Table VII. In this tabulation the zyx-axis system 
is defined as follows: z is the C2 axis of the (bent) 
radicals, z is perpendicular to the radical plane, and 
y is the mutually perpendicular direction through the 
terminal atoms. The symmetry operations of bent 
triatomic molecules (119) are C2(z), a rotation of 180" 
about the x-axis, and u,(y), a reflection in the zz-plane. 
Type al-orbitals are unchanged either by C2(z) or 
a,(y); a2-orbitals are unchanged by Cz(z) but change 
sign upon uD(y) ; &orbitals change sign upon C2(z) 
but are unchanged by u,(y); and b2-orbitals change 
sign upon both symmetry operations. 

The operations R,, R,, and R, belong to the repre- 
sentations Bz, B1, and A2, respectively (129). 

a. The Radicals COP- and NOZ 
The valency shell orbitals of AB2-type molecules 

have been discussed by Walsh (120) and are tabulated 
by Ovenall and Whiffen (103) together with an ap- 
proximate description of the various orbitals. In 
radicals containing 17 valence electrons, such as COZ- 
and NO2, the unpaired electron is expected to occupy 
the totally symmetric 4al-orbital, the ground state 
being 3b22 4a11, 2A1. This orbital is primarily a cen- 
tral atom 2p,-orbital, but each oxygen 2p,-orbital and the 
carbon 2s-orbital may contribute to it. From the data on 
C02- it was concluded that the spin density in the 
carbon 2p,-orbital was 0.66 and in the carbon 2s-orbital 
0.14. From these figures and Coulson's equations 
(30), a bond angle of 134" was deduced. It would ap- 
pear from the more recent calculations (100) sum- 
marized in Table I that spin density in carbon 2p, would 
be better estimated as 0.50. With 0.14 carbon 2s- 
spin population, a bond angle of approximately 128' is 
inferred. A similar calculation using the data (133) for 
NO2 trapped in NaNOz a t  77°K. yields a bond angle of 

ZZQ 

2.0032 
43 6 
2.0032 
377 
2.0057 
138 
2.0055 
137 
2.0038 
87 
2.0036 
204 

715 
224 

VU 
1.9975 
422 
1.9973 
368 
1,9910 
131 
1.9932 
141 
2.0099 
14 

2.0183 
- 44 

3146 
1060 

zr6 
2.0014 
546 
2.0016 
497 
2.0015 
190 
1.9996 
176 
2,0070 
20 
2.0088 
- 34 

504 
398 

Reference 
102,103 

84 

133 

31, 86,132 

66C 

23 

21 

135 O ,  in excellent agreement with the value 134 O deter- 
mined for gaseous NO2 (8). 

It will be seen from Table VI1 that there is a close 
correlation between the principal g-values of C02- 
and NOz. The largest deviation from 2.0023 occurs 
when the magnetic field of the spectrometer is parallel 
to the y-axis (the O**.O direction). Since R, belongs 
to the representation B1, and the product of A1 (ground 
state) and B1 is B1, it is states belonging to the repre- 
sentation B1 which affect Agyu via the spin-orbit inter- 
action. Ovenall and Whiffen concluded that the 
negative value of Ag,, was due to spin-orbit inter- 
action between the states ... 4a1° 2b11, *B1 and the ground 
state ... 4al* 2b1°, 2 A ~ .  

The positive value of ASzz in KO2 and C02- must be 
due to interaction between the ground state and a state 
of bz symmetry, most probably ... 3b21 laz2 4u12, 2B2. 

It appears that the unpaired electron has more cen- 
tral-atom (2s and 2pJ character in C0,- than in NO,. 
This is because, nitrogen being more electronegative 
than carbon, the inner bonding orbitals will have more 
central-atom character in NO2 than in COz-. This 
trend will be reaffirmed for the series C103, SO3-, P03-2: 
in an isoelectronic series of radicals as the electron af- 
finity of an atom X decreases, its share of the unpaired 
electron increases. 

b. The Radicals CIOz and X02-2 
These 19-electron radicals are also expected to be 

bent (120), and gaseous C102 is known to  have a bond 
angle of approximately 117.5' (32). According to 
Walsh (120) and the tabulation of Ovenall and Whiffen 
(103) the unpaired electron in Cl02 and r\'02-2 occupies 
the 2bl-orbital, giving the molecule a 2B1 ground state. 
These radicals are therefore a-electron radicals, the 
molecular 2bl-orbital comprising chlorine 3p,- and 
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oxygen 2p,-orbitals directed perpendicular to the 
radical plane. Cole (23) appears to have assumed that 
the unpaired electron in CIOz occupies an orbital of al 
symmetry and defined his axis system accordingly. 
On the basis of the above discussion the principal direc- 
tions of the C13j hyperfine interaction tensor and g- 
tensor of (310.2 mere redefined to  conform to the defini- 
tions given above. Thus the maximum Clas hyperfine 
interaction (204 1clc.p.s.) is assumed in Table VI1 
to define the x-axis, Le., the perpendicular to the 
radical plane. With a ... 3bz2 laZ2 4alZ 2b11, zB1 ground 
state, Agzz, is affected by spin-orbit interactions with 
zAz states, Ag,, with zA1 states, and Ag,, with 2 B ~  states. 
The low-lying ... 4uI1 2b12, 2A1 state is expected to give a 
large, positive Agyv, and the principal g-value 2.0183 is 
therefore assumed to define the y-axis. Smaller, but 
positive values of Aszz and Ag,, are also expected and 
observed as a result of spin-orbit interaction between 
the ground state and ... 3bZ2 lazl  4a12 2blZ, zA2 and ... 3bz1 
laz2 4alZ 2b12, 2B2 states, respectively. 

The spin population of C1 3p, in ClOZ is easily esti- 
mated from the anisotropic C136 hyperfine interaction 
to be approximately 0.41, so that there is considerable 
spin density in oxygen 2pz-orbitals. There is also a very 
small positive spin density in the chlorine 3p,-orbital. 

Jaccard (66) claims to have identified NOz-z in KCl 
crystals doped with KNOZ, but comparison of his re- 
sults with those of Zeldes (132, 133) leads one to suspect 
that Jaccard's radical is NOz. On the other hand the 
radical identified by Jaccard as NO has parameters 
which could be associated with N0z-2, by correlation 
with the data for C102. In  agreement with Symons 
(1 13) , therefore, Table VI1 giva NOz-z the parameters 
ascribed by Jaccard to NO. 

c. The Radical Fa-z 
This 23-electron radical is formed in LiF crystals 

X-irradiated at 77°K. and its e.s.r. spectrum may be 
observed (21) below 40°K. In  its ground state such a 
radical would be expected to be linear (120), the un- 
paired electron occupying an antibonding, or u,-orbital. 
Somewhat surprisingly, the radical was found to be 
slightly bent, although this is probably due to environ- 
mental effects. More surprising was the postulate that 
the unpaired electron occupied an al-orbitaI of the 
(bent) molecule. The isotropic hyperfine interaction 
with the central nucleus was found to be positive, 
and it had been concluded that core polarization could 
yield only a negative isotropic component. The ob- 
served isotropic hyperfine interaction was, therefore, 
thought to be due to admixture of central atom 2s- 
character into the orbital of the unpaired electron. 
This possibility could be allowed (by symmetry) only 
if the unpaired electron occupied an al-orbital, and not 
if it occupied the bz(u,, if linear)-orbital. 

Symons has pointed out (115) that core polarization 

can and does give rise to positive isotropic hyperfine 
interactions (cf. Fz-, XeF) and that although large 
numerically (1500 Mc.p.s.), the central atom isotropic 
hyperfine interaction is very small compared to Ao(F), 
which is estimated (Table I) to be 47,900 Mc.p.s. 
Assuming, then, that core polarization accounts for the 
positive isotropic hyperfine interaction, the spectra 
can be equally well interpreted (115) in terms of a 2B2 
ground state, in agreement with the expected electronic 
configuration in such a molecule. 

As will be seen from Table VII, the F19 hyperfine 
interaction tensors deviate somewhat from axial sym- 
metry, the principal values of the anisotropic con- 
tribution (along 5, y, and z, respectively) being -746, 
+1649, -903 Mc.p.s. for the central atom and -337, 
+499, -163 Mc.p.s. for each outer nucleus. These 
tensors can be written (115) as the sums of pairs of 
symmetric tensors, the major components corresponding 
to spin population in the 2p,-orbitals of 0.56 for the 
central atom, and 0.18 for each outer atom, and the 
minor components to spin populations of approximately 
0.04 in 2p, of the central atom and 2p, of the outer 
atoms. 

3. Tetraatomic Inorganic Radicals 
In  this section radicals derived from the trioxides of 

the second and third row elements will be discussed. 
According to Walsh (121), XOa molecules possessing 23 
valence electrons, such as CO3- and Nos, should be 
planar with symmetry Dah, whereas the 25-electron 
radicals N03-2, POS-~, A s O ~ - ~ ,  so3-, and C103 will be 
pyramidal with symmetry. 

The unpaired electron in the 23-electron system 
occupies an a'-orbital, which is an out-of-phase com- 
bination of the in-plane oxygen lone-pair orbitals. 
Since there can be no contribution from central atom 
2s- or 2p-wave functions to such an orbital, the central 
atom hyperfine interaction in NO3 and COa- is zero to 
first order. As will be seen from Table VIII, a small 
C13 interaction was observed for C03-, but this was 
probably due to negative spin density in the carbon 1s- 
or 2wrbitals as a result of spin polarization in the C-0 
bonds. It has been suggested (16) that the deviation 
from axial symmetry in the g-tensors of COS- and NO3 
is due to an in-plane distortion of the molecule giving it 
effectively Czo symmetry and a ZB2 ground state. Spin- 
orbit interactions with zAz and BB1 excited states would 
then account for the positive values of ASzr and Agvg, 
respectively. 

The remaining XOa radicals listed in Table VI11 
possess 25 valence electrons and are predicted to be 
pyramidal with Ca, symmetry and a 2A1 ground state. 
The unpaired electron occupies a totally symmetric al- 
orbital which may assume considerable central atom ns- 
character. 

For example, if the isoelectronic series C108, SO3-, 
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TABLE VI11 
PRIPjCIPAL VALUES O F  HYPERFINE INTERACTIONS (MC.P.S.) AND 8-TENSORS OF TETRATOMIC RADICALS 

No. 
of e -  
23 

23 

25 

25 

25 

25 

25 

Host crystal 

KHCOa 

Urea nitrate 

NH,+SOa-, etc. 

NH4ClOd 

KNa 

In XOa molecules, z is perpendicular to  OS plane. 

9 
C'3 

9 
&TI4 

9 
NI4 

8 
Pal 

g 

8 
5 3 3  

9 
C135 

8 
P31 

H' 

8 
Each NIP 

PO3+ is considered, Table IX indicates that spin popu- 
lation in the central atom 3s-orbital is approximately 
0.1 in each case, but that it increases with decreasing 
electronegativity of the central atom. Such a trend, 
already noted for NO2 and COz- and complemented 
by the observations on KrF and XeF, is also apparent 
in the 3p-spin populations listed in Table IX. These 
observations reflect a decrease (with decreasing electro- 
negativity) in the central atom character of inner 
bonding orbitals of the molecule, the reduced shielding 
imparting an increasing central atom character to the 
orbital occupied by the unpaired electron. 

Similar arguments may be applied to the pseudo- 
isoelectronic series N03-', P03-', A S O ~ - ~ ,  and the rele- 
vant parameters are included in Table IX. The ex- 
pected increase in central atom character of the orbi- 
tal of the unpaired electron with decreasing electro- 
negativity of the central atom is apparent, except that 
B/Bo for is too large. This throws further 
doubt on an already tentative identification (132). 

The radical HPOz- is of some interest (95) since the 
proton hyperfine interaction is exceedingly large. 
This is one of the few examples (another (3) is HCO) of a 
radical in which there is positive spin density on a pro- 
ton attached directly to the radical center (an a-pro- 
ton). In  valence bond language, the large proton 
hyperfine interaction may be due to admixture of a 
state Ha + .POZ- with the canonical ground state 
HP02-. This concept is strengthened by the fact that 
the radical HP02- reacts with a neighboring H2P02- 
ion with the elimination of a Hz molecule and formation 
of a dimer-radical 02P-PH02. 

22" 

2.0066 
- 38 
2.0066 
<7 
2.0015 
178 
1.9994 
1967 
2.004 
2033 
2.004 
428 
2.007 
429 
2.0019 
1698 
227 
2.005 
8 

YY 
2.0184 
-28 
2.0203 
<7 
2.0057 
89 
2.0011 
1514 
2.005 
1590 
2.004 
316 
2.008 
323 
2.0035 
1228 
238 
1.997 
8 

22 

2.0086 
- 28 
2.0114 
<7 
2.0057 
89 
2.0004 
1513 
2.005 
1590 
2.004 
314 
2.008 
323 
2.0037 
1228 
224 
2.002 
26 

References 
16 

16 

66,132 
31 

47,58 

75 

15 

22 

95 

111 

TABLE IX 
CENTRAL ATOM SPIN POPULATION I N  PYRAMIDAL XOa RADICALS 

ClaSOa S'aOa- PalOa-2 NOa-2 POs-2 AsOi-2 
A" 358 353 1665 119 1665 1738 
Ae" 4664 2715 10,178 1540 10,178 9582 
~ ( 3 8 )  0.08 0.13 0.16 0.077 0.16 0.18 

152 148 B 35 38 152 30 
Bo" 137 78 287 48 287 255 
p (3p) 0.25 0.48 0.53 0.62 0.53 0.57 
In Mc.p.8. 

Finally, it appears that the radical N4- has been 
detected in ultraviolet-photolyzed potassium azide (1 11). 
The radical exhibits hyperfine interaction with four 
equivalent N14 nuclei, and was presumed to be linear 
(1 11). However, Symons has suggested (1 15) that the 
radical is square-planar. 

4. Pentaatomic Inorganic Radicals 
The radical PK detected (92) in irradiated NH4PFe 

presents some interesting features, although, since it is 
"tumbling" in the crystal lattice a t  room temperature, 
it should not be classified as an oriented radical. The 
spectrum is chiefly notable for the breakdown of the 
"binomial intensity" rule for equivalent spin-l/z nuclei. 
Thus the spectrum of PFI does not consist of a pair of 
1:4:6:4:1 quintets, since there is a splitting of the 
lines of intensity 4 into doublets of intensity 1 ;3 and 
also of the line of intensity 6 into a triplet of intensity 
1 ;3,2. Analysis of such second-order splittings in the 
spectra of transient alkyl radicals has been carried out 
by Fessenden (37). If I represents the total spin of the 
equivalent nuclei, with M I  being its component along 
Ho, the first-order splitting is defined by M I ,  and the 
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, for Ho parallel to z, and 1510 and 630 
F 13E11, for HO parallel to 2 and y, 

Fig. &-Energy level diagram for the triplet state of naphthalene 
with Ho perpendicular to  the molecular plane. 

subsplitting by the values of I available to a particular 
MI.  

The large P31 hyperfine interaction in PF4 was 
thought to suggest that the unpaired electron occupied 
essentially the P 4s-atomic orbital, and if so then this 
radical is of a similar electronic configuration as NHI, 
HBO, and their derivatives which have been predicted 
(6, 9) to be thermodynamically stable but have not yet 
been observed. 

C. ORIENTED RADICALS IN THE TRIPLET STATE 

1. Phosphorescent Aromatic Molecules 
The phosphorescence of organic molecules such as 

naphthalene is now know-n to be associated with a 
metastable triplet state of the molecule, which is 
reached via absorption to an excited singlet state fol- 
lowed by a radiationless transition to the lowest triplet 
state. The comparatively long lifetime in the triplet 
state was postulated (73) to be the result of the highly 
forbidden nature of the triplet + singlet transition to 
the ground state. 

Electron spin resonance spectra of orientated mole- 
cules in the triplet state were first observed by Hutchi- 
son and Magnum in 1958 (62, 63). Single crystals of 
durene containing small amounts of the phosphor (naph- 
thalene) were studied a t  77 OK. while simultaneously 
populating the triplet state by ultraviolet irradiation. 
The host crystal had to be (a) transparent to the excit- 
ing radiation, and (b) capable of orienting the phosphor 
molecules. The spin-spin interaction lifts the de- 
generacy of the three states of the S = l system, so 
that even a t  zero field the energy of the M s  = 0 state 
differs from that of the mean of the M s  # 0 states by D 
cm.-1. In addition there may be a zero-field splitting 
between the M s  # 0 states of 2E cm.-l. Of course, 
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exhibit spin correlation effects characteristic of a 
singlet ground state and a thermally populated triplet 
state. As in the case of triplet naphthalene, the three 
parameters of the Hamiltonian, g, D, and E were deter- 
mined. For Ph3PCH3+(TCNQ)2- and Ph,AsCH3+- 
(TCNQ)2-, g was almost isotropic and equal to 2.003, 
ID/ was 0.0062 em.-’ (66 gauss), and ]El was 0.00098 
cm.-l (10.5 gauss). The rather lower values of /Dl 
and IEl in these salts than in triplet naphthalene pre- 
sumably reflects the fact that the electrons are con- 
strained to be closer together in naphthalene than in the 
TCNQ salts. 

3. Ground-State Triplet Molecules 
The electron spin resonance spectrum of oriented 

diphenylmethylene (C,jH~-C-C&&) in its ground, trip- 
let state has recently been observed (11). Crystals of 
benzophenone containing 0.2 mole % diphenyldiazo- 
methane were cooled to 77°K. and irradiated with 
visible light. Photolysis of the diphenyldiazomethane 
yielded diphenylmethylene in its ground, triplet state. 
The parameters of the spin Hamiltonian were g = 

2.0017, D = k0.405 em.-’, and E = ~ 0 . 0 1 9  cm.-l. 
Hyperfine interaction with the central C13 nucleus was 
also observed, and was shown to be consistent with the 
proposed structure (linear C-CI3-C), the unpaired 
electrons occupying orthogonal 2p-orbitals of the cen- 
tral carbon atom. 
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