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Abatraet-Zero-field splitting (zfs) tensors and g tensors are reported for two phenyl-benzoyloxyl radical pairs 
(PBSK and PBlSK) and two benzoyloxyl-henzoyloxyl pairs (BBlOK and BBZSK) in photolyzed single crystals of 
dibenzoyl peroxide. The g tensors show that in three of the pairs a benzoyloxyl radical has undergone in-plane 
rotation by about 40”. In PBlSK this motion relieves steric repulsion from a CO, molecule, and it is suggested that 
motion in the BB pairs relieves repulsion between radical oxygens in a ground-state triplet radical pair. Spin-orbit 
coupling is necessary to explain the zfs of PBSK. This explanation requires that the triplet of the electronically 
excited radical pair lie below the corresponding singlet by an amount which is significant in comparison to the 
excitation energy. The source of singlet-triplet splitting is discussed briefly and simple VB calculations are shown 
not to support the above interpretation, although the ST03G and 4-31G basis sets employed are very likely 
inadequate. Atomic coordinates are reported for crystalline dibenzoyl peroxide. 

We previously reported observing a number of radical- 
pair species in single crystals of dibenzoyl peroxide 
(BPO) after low-temperature photolysis in an EPR spec- 
trometer and after subsequent warmingI Among others 
these included three differently arranged pairs of phenyl 
with benzoyloxyl (PB) and two differently arranged pairs 
of benzoyloxyl with benzoyloxyl (BB). The observations 
are summarized in Scheme 1, where the name of each 
radical pair includes the temperature at which it ap- 
peared. Thus, PBlSK denotes a phenyl-benzoyloxyl 
radical pair which appeared at 15 K. 

We noted four peculiarities in this system? (1) Al- 
though one would anticipate that BB should represent a 
more primitive stage of decomposition than PB, its 
spectrum appears only after photolysis at a higher tem- 
perature. (2) While the persistence of the PB pairs may 
be attributed to interposition of a COZ molecule between 
them, there is no obvious reason why the BB pairs 
should not easily recombine, even at very low tem- 
perature. (3) During the growth of the PB24K spectrum, 
there is no decrease in the intensity of the PBlSK signal, 
even when this is the only signal present. This suggests that 
X, which must be a radical pair to yield PB24K thermally at 
such a low temperature, has no EPR spectrum. (4) The 
zero-field splitting (zfs) tensor of PBSK is unusual for a 
radical pair in showing very large departure from the axial 
symmetry expected for localized radicals separated by a 
substantial distance. 

Because at that time we were unsure of the electronic 
structure of ground state benzoyloxyl radical, we 
attempted no detailed interpretation of the structural 
information present in the g and zfs tensors of these 
radical pairs. Subsequent analysis of “0 hyperline split- 
ting has shown the ground state to be a delocalized sigma 
radical of ‘Bz symmetry.3 In this paper we report ac- 

BP0 hv SK) PBSK+X’“PBIJK+X 

PBIJK + PB24K 

Scheme 1. 

curate g and zfs tensors for PBSK, PBlSK, BBlOK and 
BBZSK, and our attempt to interpret them. 

Although our interpretation remains incomplete, it 
suggests that all of the peculiarities mentioned above 
may be explained in terms of varying ground- and 
excited-state spin multiplicities of the radical pairs. Spin 
multiplicity is one of the most important properties of 
molecular biradicals and of radical pairs. While a number 
of conjugated and non-conjugated molecular biradicals 
are known to have triplet ground states,’ it is commonly 
assumed that radical pairs have singlet ground states, if 
their separation is small enough for the singlet-triplet 
designation to be appropriate? At greater separation the 
singlet and triplet are so nearly degenerate that they mix, 
and the resulting pair-of-doublet states provide a more 
appropriate description of the system.‘*’ Most CIDNP 
observations have been consistent with singlet ground 
states, at least for the time-average interaction within a 
pair of mobile radicals. 

Even if radical pairs are ground state singlets, the 
splitting may not be large on the scale of bond energies, 
because the radical-pair and biradical mechanisms of 
CIDNP require singlet-triplet mixing by weak magnetic 
interactions. The observability of radical-pair EPR spec- 
tra at very low temperature confhms that the singlet does 
not lie far below the triplet in many static pairs, and it 
raises the possibility that the triplet may sometimes be 
the ground state.8 Indeed Flossman, Westhof, and 
Mueller used a fortuitous degeneracy between S and T,, 
at the field for 9GHz EPR absorption in an elegant 
demonstration that the triplet lies 0.31 cm-’ 
(0.9cal/mole) below the singlet for a pair of radicals 
separated by about 6A in x-irradiated 1-methyluracil at 
95 K? This seems the strongest evidence for existence of 
a radical pair with a triplet ground state. Other workers 
have found systems in which the singlet is favored by a 
similarly small margin.” 

Since we will propose that singlet-triplet splittings in 
some of our radical pairs are substantially larger than 
this, we should review briefly the quantum mechanical 
basis for singlet-triplet splittings.” The most important 
sources of electronic energy in atoms or molecules are 
the kinetic energy and the coulombic energies from 
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electron-nuclear attraction and from electron-electron 
repulsion. The first two of these are one-electron pro- 
perties, while the third obviously depends on correlation 
in pairs of electron positions. 

In a one-electron system only the tirst two sources are 
relevant, and the ground state electronic wave function 
assumes a shape which minimizes the energy by balanc- 
ing electron-nuclear attraction (which is improved by 
contracting the wave function toward the nucleus in an 
atom, or toward the nuclei and into the overlap region in 
a molecule) against electron kinetic energy (which is 
lowered by spreading out the wave function, so as to 
reduce its curvature). 

When there are several electrons in a system, cou- 
lombic repulsion keeps them apart. It thus reinforces 
kinetic energy in tending to spread the wave function 
away from the nucleus in an atom or away from the 
nuclei and the overlap region in a molecule. Two elec- 
trons cannot stay apart from one another if they are both 
concentrated near the same point. 

In systems with closed-shell ground states the one- 
electron energies for various electronic wave functions 
are so different that the Pauli principle must be 
satisfied by coupling spins into an antisymmetric singlet 
state so that all electrons may profit from this difference. 
When the one-electron energy differences do not stron- 
gly favor the singlet state, however, the spins may couple 
into a spin-symmetric triplet state. The resulting spatial 
antisymmetry of the two-electron wave function reduces 
electron-electron repulsion. When, as in atoms, the spa- 
tial orbitals which contain one electron are orthogonal, 
spatial antisymmetry can reduce this repulsion without 
affecting either the kinetic energy or the electron-nuclear 
attraction (but see the discussion of second-order effects 
below). This is the source of the increased stability of 
high-spin states, which is expressed in Hund’s Rule. 

The preceding time-honored rationale for Hund’s 
empirical Rule has recently been brought into question 
by recognition of an apparent paradox.‘rb*’ Good atomic 
wave functions, such as those for excited helium atoms, 
show that electron-electron repulsion is in fact greater in 
the triplet than in the singlet state for a particular elec- 
tronic configuration. This observation is, however, easily 
reconciled with the truth that the fundamental source of 
greater stability for triplets is the tendency of electrons 
to stay apart in an antisymmetric two-electron function. 
The reconciliation can be based on qualitative con- 
sideration of the physical model or, equivalently, on 
perturbation theory and the Virial Theorem, as we show 
in the following two paragraphs. 

Since spatial antisymmetry tends to keep electrons 
apart in the triplet state, electron repulsion is less 
influential than in the singlet in spreading the wave 
function away from the region of favorable nuclear 
attraction. Thus to achieve balance among the three 
sources of electronic energy, the triplet wave function 
must be more compact than that of the corresponding 
singlet. The triplet must have higher kinetic energy and 
more electron-nuclear attraction. It is easy to imagine, if 
difficult to predict, that in achieving balance the triplet 
may shrink to the point that repulsion is greater than it 
would be in the expanded singlet. Still, the reason the 
shrinkage takes place at all is that the triplet’s electrons 
tend to stay apart, other things being equal. 

The standard rationale for Hund’s Rule considers only 
first-order perturbation and assigns the singlet and triplet 
different repulsion but the same kinetic and nuclear 

attraction energies. This cannot be correct since the Virial 
Theorem links average kinetic energy with average poten- 
tial energy, so that two states cannot have the same kinetic 
energy and different potential energies. When, in second 
order, the form of the triplet wave function is allowed to 
change, the kinetic energy increases and the first-order 
stabilization from reduced repulsion is transformed into 
increased nuclear attraction. The first-order stabilization is 
very close to the true singlet-triplet difIerence, and its 
ultimate appearance in an unusual guise should not cloud 
the fact that the fundamental difference between the 
singlet and the triplet is the spatial antisymmetry of the 
latter, which keeps electrons apart, other things being 
equal. 

When electrons are confined to different regions of 
space, their mutual repulsion is already small, so that the 
triplet can gain little over the singlet by reducing the 
repulsion further. This is so in molecular systems, like 
cyclobutadiene, where the degenerate molecular orbitais 
share no atoms,4b”2 and also in radical pairs, where in 
the important valence-bond wave functions the two odd 
electrons are on different radicals. 

The singlet-triplet splitting in a radical pair depends on 
the exchange integral.” The one-electron contribution 
comes from kinetic and nuckar attraction energies in the 
overlap region and is scaled by the overlap integral. The 
two-electron contribution comes from repulsion between 
electrons in the overlap region. Although the nuclear 
attraction term usually dominates, both the one-electron 
integrals and the scaling factor approach zero as the 
radical orbitals approach orthogonality, while many 
repulsion integrals persist. Thus for appropriate radical 
orientations it is usually possible to have a triplet ground 
state, although the splitting may be small, and the orien- 
tations narrowly circumscribed. 

llEsuLTs 
The X-ray and single crystal methods used in this work 

were described in our previous report,2 but detailed 
results were omitted because the structure was not dis- 
cussed. The space group of BP0 is P2,2,2,, u = 8.992(2), 
b = 14.322(3), c = 9.446(2) A. Fractional coordinates for 
the atoms of one molecule (the asymmetric unit) are 
given in Table 1, with the previous numbering scheme.13 

ZFS and g tensors for PBSK, PBlSK, BBlOK and 
BB25K were determined by least-squares fitting of from 
85 to 193 observations made by rotating two crystals 
mounted in different general orientations. The mounting 
angles were refined on the basis of agreement among the 
zfs tensors of four symmetry-related BB pairs in the 
orthorhombic crystal.2 ZFS splittings were weighted both 
for error in measurement and for sensitivity of the 
splitting to mounting errors, while g shifts (from DPPH) 
were weighted only for measurement error. The data 
were fit by the Hamiltonian H = /?HgS t S.D*S, using 
an iterative technique described previously.6 Errors in 
eigenvahtes and in eigenvector directions for each tensor 
were estimated by refinement in a coordinate system in 
which the tensor is diagonal, according to a procedure 
devised by Walter.” 

The observed zfs tensors are presented in Table 2, and 
the observed g tensors in Table 3. The Cartesian coor- 
dinate system is based on the a, 6 and c crystallographic 
axes. For interpretation it is useful to separate the 
experimental g tensor into contributions from the in- 
dividual radicals. This is possible because the g tensor of 
a radical pair is simply the average of the individual g 



Radical pairs in crystalline dibenzoyl peroxide 

Table I. Fractional crystal coordinates (X 10’) for BPO” 

Atd X Y 9. 

Cl 1213(4) -2741(2) 3746(4) 

c2 2164(S) -2326(2) 4715(5) 

c3 2272(4) -1345(2) 4741(4) 

c4 1473(4) -0627(2) 3774(3) 

c5 0561(4) -1261(2) 2815(4) 

c6 0454(4) -2236(2) 2614(4) 

c7 1540(4) 0225(2) 3669(43 

CB 3572(4) 1887(2) 3915(4) 

c9 4524(5) 4334(2) 2925(5) 

Cl0 4492(5) 3369(3) 2962(S) 

Cl1 3567(4) 2917(2) 3932(4) 

Cl2 2669(4) 344513) 4827(4) 

Cl3 2745(4) 4405(2) 4763(5) 

Cl4 3650(4) 4636(2) 3825f5) 

015 2445(3) 0550(l) 4770(3) 

016 0946(3) 0705(l) 2656(3) 

017 2453(3) 1551(2) 4745(3) 

016 43970) 1365(2) 3274(3) 

t Estimated standard deviation of the final digit given in parentheses. 

Rbtd) - 5.4% for 801 3a reflections and 163 parameters. see References 

2 and 13. 
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tensors.‘” In the PB pairs separation is easy, because the 
g tensor of the phenyl radical is known and nearly 
isotropic,” and its approximate orientation is known 
from hydrogen hyperfine splitting in PBSK? The first 
two entries of Table 4 give the g tensor eigenvectors for 
the benzoyloxyl radicals of the PB pairs. The ben- 
zoyloxyl eigenvahres for PBSK and PBlSK are closely 
similar (although the difference is beyond our estimated 
error), and the isotropic values (2.0109 and 2.0122) 
bracket those of BBlOK (2.0116) and BB25K (2.0115). 

Separating the g tensors of BB is more difIicult 
because both constituents are strongly anisotropic and 
neither has a known orientation. The similarity in iso- 
tropic g values suggests strongly that both BB pairs 
consist of radicals with the same g tensor found for 
benxoyloxyl in PBSK and PBlSK. In principle one could 
adjust six parameters (three eulerian angles describing 
the orientation of each radical in the crystal frame) to 
make two g tensors, of known magnitude, combine to 
give an average tensor with the observed magnitude and 
orientation. In practice it is much simpler to adjust the 
three angles which orient one radical relative to the 
other, average their g tensors, and diagonalixe, until the 
eigenvalues match those observed. It is then possible to 
find four rotations of the rigid pair which give agreement 
between calculated and observed eigenvectors. One is 
left with the problem of identifying which rotation is 
appropriate for the system at hand. 

When this approach was applied to BBlOK and 
BB25K (assuming benzoyloxyl eigenvalues of 2.0238, 
2.0080 and 2.0030, the average of PBSK and PBlSK), 
mutual radical orientations were found which fit the 
observed eigenvectors with r.m.s. errors of less than 
0.0001. The correct rotation was readily identified as the 
only one which did not require one or both of the 2.0080 
eigenvectors (normals to the carboxyl planes) to lie 
closer than 56 degrees to the crystallographic b axis. The 
true 2.0080 eigenvectors should be about perpendicular 
to the b axis, since b is very close to the local C2 axis of 
each radical in the BP0 precursor. With the correct 
choice of rotation the angles to b were 72 and 89 degrees 
for BBlOK and 70 and 86 degrees for BB25K.16 

The correctly chosen g eigenvectors for the individual 
radicals in BBlOK and BB25K are entered in Table 4. 
For most departures from these arrangements the r.m.s. 
deviation between calculated and observed BB eigen- 
vectors more than doubles with a rotation of 4 degrees or 
less. However the deviation is less sensitive to one type 
of rotation: namely, the one which changes the direction 
of the 2.0030 and 2.MNO eigenvectors of the first radical 
in the BBlOK and BB25K entries in Table 3 without 
appreciably redirecting its 2.0238 eigenvector or any of 
the eigenvectors of the other radical in either pair. For 
the eigenvectors indicated by an asterix in Table 4, a 
rotation of some 15 degrees about the 2.0238 eigenvector 
is required to double the r.m.s. deviation. 
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Table 2. Radical pair zerofield splittings 

P&C No. Ohs.' PaS ErLk Trace c value 2 - Eigsnvector d---l 

a a s. 

PBlSK 134 1.9 0.1 

BRlOK 193 2.1 -3.4 

BBZSK 181 

PSSK 85 1.5 0.6 

2.9 -2.8 

-156.8(2) .33S5 .9409 -.0069 

36.A(2) .7826 -.2775 .5572 

120.6(l) -.5224 .1941 .a303 

-109.8(2) .5338 .a113 .2306 

52.0(l) .2333 -.4125 .SSO6 

57.9(2) .8128 ,--4144 -.4094 

-440.7(3) .7542 -5522 .3554 

96.6(E) -.6180 .4136 .6686 

341.7(4) .2222 -.7238 -6532 

-421.4(S) .7679 -4736 .4316 

103.1(5) -.6353 -4754 .6086 

315.4(7) .0831 -.7414 .6659 

'Nmber of observed splittings included in fit. 

b Root mean sauare difference between calculated and observed splitting qonstants 

in gauss. 

C-Trace of the rfs tenM)I in gauSS. Since the trace should vanish, this value is 

an independent measure of aigenvalue error. 

d Eiqenvalues of the splitting constant in gauss with estimated standard deviation 

of the final digit qiven parenthetically. The spectral line separation is three 

times the snlitting constant. 

SDirection cosines. All anqular errors were estimated as cl* except for the 

nearly deqenfrate eiqenvectors for PRlSK, which had 3' estimated error. 

DISCUSSION 

The PB pairs. Studies of the g and I70 hfs tensors of 
the methyl-benxoyloxyl radical pair in acetyl benxoyl 
peroxide have shown that the 2.024 eigenvector of the 
benxoyloxyl radical connects its two oxygens? The 2.888 
eigenvector is normal to the carboxyl plane, and the 
2.003 eigenvector is the radical’s long axis. The g tensors 
of the PB pairs thus reveal the orientation of their 
benxoyloxyl radicals. 

If we assume provisionally that the center of the 
phenyl group of benxoyloxyl coincides with its center in 
intact BPO, and that the bond distances and angles 
within the radical are normal,” we may deduce the 
oxygen locations relative to the precursor molecule 
which are shown in Fig. 1 and Table 5. In PBSK the 
benxoyloxyl radical has undergone in-plane rotation by 
8” in the direction which would relieve the CO&en- 
zoyloxyl repulsion between the oxygens which initially 
constituted the peroxide group. At 15 K the radical 
rotates by 41” in the opposite direction. It seems to push 
past the CO*, leaving behind a space in which that 
molecule can more comfortably lodge. During this rota- 
tion the direction of the normal to the carboxyl group 
changes by only 7”. The methyl-benxoyloxyl pair from 

acetyl benxoyl peroxide shows this same type of in-plane 
rotation.“3 

The well known magnetic dipolar interaction between 
the spins of two radicals gives rise to zfs, which can be 
used to infer the distance and direction between them.rb 
The zfs tensor of PBlSK is closer to axial symmetry 
than one might expect for a pair including a benxoyloxyl 
radical in which most of the spin density resides on two 
oxygens separated by about 2.1 A. By chance the O-O 
vector of benzoyloxyl lies only 31” from the unique 
(negative) axis of &he zfs tensor (Fig. 1). Since the three 
spin centers of the radical pair are near a common line, 
delocalization does not disturb the axial symmetry ap- 
preciably. 

In PBSK however the O-O vector is 85” from the 
negative zfs axis, and the zfs tensor is far from axially 
symmetric. In fact it is too far. This may be appreciated 
by considering a simple model in which the phenyl spin 
is placed at the base of a T and the benzoyloxyl spin is 
evenly divided between the tips of the cross. To match 
the observed xfs the T must be 3.73 A high and the O-O 
distance must be 4.01 A, about twice what would be 
realistic. Changing the shape of the T or distributing spin 
unevenly between the oxygens only increases the 
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Table 5. Atomic coordinates for models” 

PBSK c7 1.495 0.264 3.913 

016 0.775 1.051 3.259 

015 2.332 0.719 4.721 

Cl1 2.128 5.500 3.964 

PB15K c7 0.040 -0.130 2.630 

016 -0.794 -0.152 1.695 

015 0.352 0.964 3.154 

Cl1 2.812 5.438 3.935 

BBLOK c7 -0.270 -0.368 2.493 

016 -1.169 -0.573 1.645 

015 -0.028 0.601 2.871 

C8 2.401 2.854 3.304 

016 2.766 2.201 2.306 

017 1.645 2.314 4.144 

BBZSK c7 -0.199 -0.359 2.416 

016 -1.233 -0.561 1.739 

015 0.209 0.812 2.590 

C8 2.165 2.916 3.602 

018 2.413 2.155 2.637 

017 1.441 2.509 4.539 

‘In cartesian coordinates based on the crystallographic axes. 
bUsing the numbering of Sax and McMullan.* C7 is the carboxyl 
carbon near the viewer in Figs. l(b) and 3(b). C8 is the remote 
carboxyl carbon. 015 and 017 are near and remote peroxy oxygens 
in BPO. Cl1 is the substituted carbon of the remote phenyl ring. 

required G-G separation. Increasing both oxygen spin 
densities and compensating with negative spin density on 
the carboxyl C (positioned above the T, 0.65 A from the 
crossing) decreases the G-G separation. But even with 
an unrealistically large carbon spin density of - 1.0, the 
G-G separation is 3.351(, which would require C-G 
bonds 1.93 A long. Dividing the spin of each oxygen into 
halves centered in the lobes of its p orbitals does not 
help the model. A spin density map for HCO*, based on 
a 631G unrestricted open-shell SCF calculation,‘* shows 
very similar amounts of spin in the p-lobes of each 
oxygen. 

We have reluctantly concluded that it is not possible 
that the zfs of PBlSK is due solely to the spin-spin 
magnetic dipolar interaction between phenyl and ben- 
zoyloxyl. 

Spin-orbit ZFS in radical pairs. Spin-orbit coupling 
can also give rise to zfs.” But it is less commonly 
invoked in organic systems than spin-spin coupling, and, 
as we shall show, there would appear to be a good reason 

to neglect it in the case of radical pairs. The scalar 
coupling between spin and orbital angular momentum 
operators can be approximated as a sum of scalar 
products of the corresponding local operators at each 
atom with an appreciable spin-orbit coupling constant.20 

The orbital angular momentum operator of a radical 
mixes its ground state with particular excited states, and 
the spin angular momentum operator of one radical in a 
pair mixes the triplet spin functions with one another and 
with the singlet spin function. The effect of the scalar 
product of these operators can be understood with 
reference to the example of the PBSK pair shown in Fig. 
2. 

The energies of & and To, the singlet and triplet states 
for the PBSK pair with benzoyloxyl in its ground elec- 
tronic state (u,‘B*), and of S, and T, for the pair with 
benzoyloxyl in its lowest excited state (?r, ‘AZ) are shown 
schematically at the left of Fig. 2. We have neglected zfs 
and assumed provisionally that triplets lie below singlets. 
Even though the excitation energy of the benzoyloxyl 
radical is small (perhaps 10 kcal/mole)‘, we have 
assumed that it is much larger than the singlet-triplet 
splitting, as indicated by the break in the vertical scale. 

The spin-spin splitting of the triplet levels is shown at 
the right of Fig. 2. Since the largest component of the 
spin-spin distance is along the interradical vector, which 
we label z, T, is raised in energy while T, and T, are 
lowered. Because there is a larger component of spin- 
spin distance in the direction (x) of the G-O vector of 
benzoyloxyl than in the direction (y) perpendicular to its 
plane, T, lies at slightly higher energy than T,. As 
mentioned above, the difference in spin-spin energy be- 
tween T, and T, should not be very large for the PBSK 
pair, whereas experiment shows that TX lies almost 
midway between T, and T,. 

The vertical arrows in Fig. 2 connect levels which are 
mixed by spin-orbit coupling. Only the x component of 
orbital angular momentum can mix the u(‘B2) with the 
d2A2) state, so in the scalar product LS we need 
consider only L,S,. S, mixes T, with T,, and T. with the 
singlet. The spin-orbit coupling can be treated as a 
second-order perturbation which lowers the energy of 
the T,, and So states. The matrix elements are of identical 
magnitude for all four pairs of levels being mixed. Thus 
the only source of a selective lowering of certain To 
sublevels would be a difference in the energy gap for the 
states being mixed. 

Since the observed difference in energy between Th 
and Toy is less than 0.03 &/mole, and the difference 
between Tt, and T,, should be similar, the energy gaps 
should differ by only about 1 part in 16, and spin-orbit 
perturbation should lower To. and Toy by virtually iden- 
tical amounts. If the splitting between S, and T, were 
also small, one would expect that the x sublevel of To 
would be lowered by about the same amount, so that 
spiwrbit coupling would not contribute to the zfs of To. 
Small S-T splittings are the reason that in general one 
would expect negligible spin-orbit conbributions to 
radical-pair zfs. 

The fact that experiment places Tax about midway 
between Tar and Toy suggests that singlet-triplet splitting 
in the PBSK* pair (with a s benzoyloxyl radical) must be 
significant in comparison to the u-1~ energy difference 
and that the triplet lies below the singlet. Only in this 
way can the energy gap between Tax and S, be large 
enough that Tax should be lowered less than To, and Tov. 
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(a) 

Fig. 1. Stereo pair views of the PB models superimposed on the framework of their BP0 precursor. Large 
half-tilled circles denote oxygens of the benzoyloxyl radical, and small ones denote the phenyl carbon with a free 
valence. PBSK circles are darkened on the left; PBlSK circles, on the right. Orientations have absolute 
signit?cance., but translations have only relative signiticance. fn the upper view the crystallographic b axis lies in the 
plane of the page and points up, while the c axis is inclined by 50” to the right from pointing toward the viewer. In 
the lower view the z axis lies in the page and points to the right, while the c axis is inclirmd by 45’ toward the page 

top from pointing toward the viewer. 
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Fig. 2. Schematic energy levels for PB radical pairs in a “T” 
geometry. The energies of pairs with ground (u, *Bs) and with 
excited (n, *As) benxoyloxyl radicals, but without xfs, are shown 
at the left as ?&-To and Sr-TI, respectively. At the right is shown 
the effect of spin-spin xfs, where z is the interradical axis, and x 
is the O-O direction within benzoyloxyl. Vertical arrows connect 

states which are mixed by the L,S, spin-orbit interaction. 

Interpretation of the PB ZFS tensors. A zfs tensor has 
five independent elements. We have adjusted the follow- 
ing four-parameter model to give least-squares 
agreement between calculated and observed zfs tensors 
for PBSK and PBlSK. 

The phenyl radical was approximated by two point- 
spins positioned to represent an spa-hybridized Slater 
orbital on the radical carbon pointing along the b axis 
toward the benzoyloxyl radical?’ These were 0.771 spin 
in the larger lobe at 0.572 A from the carbon and 0.229 
spin in the smaller lobe 0.642A from carbon.** The 
benzoyloxyl radical was approximated by five point- 
spins on a framework oriented by the g tensor. The 
carboxyl C was assigned -0.24 spin,*” and the balance 
was distributed evenly among four points representing 
the p lobes of the 0 atoms, each 0.49A from 0 in the 
direction indicated by “0 hfs of the radical.’ 

The spin-spin portion of the zfs was varied by adjus- 
ting the a, b and c components of translation between 
the phenyl and benzoyloxyl radicals. The spin-orbit por- 
tion of the zfs was assumed to be axially symmetric 

about the direction of the G-G vector and was adjusted 
with a single scaling parameter. 

Refining this model for PBSK gave a weighted r.m.s. 
deviation between observed and calculated tensor ele- 
ments of 6.3G. Table 6 presents the observed and cal- 
culated zfs elements and the spin-spin and spin-orbit 
contributions to the latter. When spin-orbit is ignored the 
r.m.s. deviation rises to 18.7G. Diagonalizing the spin- 
orbit portion shows a maximum contribution of 64.6G. 

For PBlSK the maximum spin-orbit contribution is 
only 12.8G, and the change in r.m.s. deviation is only 
from 0.85 without spin-orbit to 0.03 G including it. This 
is not surprising, because in this case the singlet-triplet 
splitting may well be smaller, so that spin-orbit zfs is 
reduced and the spin-spin model alone suffices. 

The calculated positions of the radical C of phenyl 
relative to benzoyloxyl for PBSK and PBlSK appear in 
Table 5 and are shown by the small circles in Fig. 1. 
These points are 1.73 and 1.34 A, respectively, from the 
position of the corresponding atom in intact BPO, but 
they are only 0.69 A from one another. This shows that 
the phenyl radical and the center of benzoyloxyl are 
further apart in the radical pairs than in BPO, but that 
the relative displacements are similar in the two radical 
pairs. We emphasize that the phenyl displacements are 
relative to benzoyloxyl, and could be achieved through 
absolute motion of phenyl, or of benzoyloxyl, or, most 
probably, of both. Examining Fig. 1 shows that the sense 
of the relative motion of the radicals is what one might 
reasonably expect from cramming a non-bonded CO2 
molecule between them. Our earlier, provisional 
assumption that the center of benzoyloxyl’s phenyl 
group retains the position it had in intact BP0 is prob- 
ably not strictly correct, but not far wrong. 

By assuming that the triplet PBSK* pair lies well 
below the singlet we can explain the unusual shape of the 
PBSK zfs tensor, the fourth peculiarity mentioned at the 
beginning of this paper. There is nothing special about 
the fact that PBSK* happens to be electronically excited, 
the triplet would also have lain below singlet had r(‘A*) 
been the ground state of benzoyloxyl. 

The apparently large gap between singlet and triplet is 
as striking as the ordering of these states. If triplet can 

Table 6. ZFS tensor elements for PBSK’ 

Element Ohs. ca1c. Spin-Spin Spin-Orbit 

aa 37.5 46.6 58.7 -12.1 

bb -131.4 -127.4 -147.4 20.0 

cc 94.6 SO.8 08.7 -8.0 

ab -70.2 -74.8 -82.0 7.2 

ac -35.9 -37.1 -5.6 -31.5 

b-c 14.8 14.7 8.0 6.7 

5 In ga"s*. when the tensor is transfoormd to a mordin*te syeta in 

which 5 is the high-field direction, the ObserYti apr line separation 

is three times the z elament. The final two colImls give the mpin- 

spin and spin-orbit contributions to the 81-M which is calcu1at.d 

from the tie1 described in the text. 
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(a) 

Fii. 3. Stereo pair views of the BB models analogous to Fig. 1. BBlOK circles are darkened on the left* BBlSK 
circles, on the right. Only the radical orientations are sign&ant, and in radicals nearer the top of either bw only 

the directions of the O-O vectors are experimentally well determined. 
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lie well below singlet, then the converse should be pos- 
sible, and there should be molecule-separated radical 
pairs with singlet ground states, where the triplet is not 
thermally accessible at cryogenic temperature. This sug- 
gests an explanation of the third peculiarity. X, the 
precursor of PB24K, may be such a ground state singlet 
PB pair, which undergoes a motion at 24 K that alters the 
exchange integral to give a ground state triplet. 

The BB pairs. Figure 3 and Table 5 present models of 
the benzoyloxyl orientations in the BBlOK and BB25K 
pairs, which were constructed from the g tensor in- 
formation in the same way as for the PB pairs. The most 
notable features of these models are that one of the 
radicals is oriented very similarly to the benzoyloxyl of 
PBlSK and that the other radical has rotated toward its 
partner. We believe that the first feature is quite reliable, 
but the second is probably an artifact from unscrambling 
the averaged g tensors. As mentioned above, the O-O 
vector of the second radical is well defined experiment- 
ally, but the direction of its two-fold axis may be in error 
by l&15”. We suspect that in fact the remote radicals in 
Fig. 3(b) have only undergone small rotations about their 
long axes, which themselves retain the direction they had 
in the molecular precursor. 

The models suggest a simple explanation of the first 
peculiarity, that BB pairs appear only after photolysis 
above 10 K, while PB pairs appear at lower temperature. 
PBSK pairs are made persistent by the intervening CO*, 
even though the radicals have not moved much from 
their original positions. Unmoved BB pairs, however, 
recombine quickly unless one of the radicals can rotate 
into the more stable position which PB pairs achieve at 
15 K. Only above 10 K is there enough thermal energy to 
allow benzoyloxyl rotation to compete with recom- 
bination.” 

The only remaining peculiarity is that rotation can 
make the BB pairs persistent. We suggest that the radi- 
cals are held apart by non-bonded repulsion between 
their 0 atoms. At first this seems unlikely, since the 0 
atoms are the centers of radical reactivity. But if BB 
pairs in this arrangement are ground state triplets, their 
interaction should indeed be repulsive. Only when the 
singlet state becomes thermally populated, or when the 
pair shifts to a new arrangement with a singlet ground 
state, would recombination be possible. 

We had hoped to use the zfs tensors of the BB pairs to 
derive information about relative translation of the radi- 
cals. However in these pairs there are two different 
excited states which should contribute to zfs by mixing 
with the ground state. The only difference between them 
involves which of the benzoyloxyl radicals is excited to 
the 1~ state. Because no symmetry relates the radicals, 
the singlet-triplet gap could be quite different in these 
two states. It would not be surprising if the triplet were 
lower for one excited state and the singlet for the other. 

A model for calculating the zfs tensors needs at least 
five parameters (three translations and two spin-orbit 
scaling factors) to fit five experimental observations. In 
practice we have found that least squares refinement of 
these models can exhibit instabilities. Further definition 
of the BB geometries will require more experimental 
evidence. 

Reservations. Although the hypothesis of large singlet- 
triplet splittings of variable sign in radical pairs can 
explain the four peculiarities mentioned at the beginning 
of this paper, we advocate it reluctantly. There is a 
disconcerting ad hoc flavor to the explanations for the 

persistence of the BB pairs and the epr invisibility of X. 
If radical pairs can hide as singlets and subsequently 
become observable as triplets, it is surprising that this 
behavior has not been found in many previous epr stu- 
dies of radical pairs in organic solids. 

In a naive theoretical attempt to estimate the plausi- 
bility of large splittings and of triplet ground states we 
have performed simple valencebond calculations using 
the overlap, one-electron, and two-electron integrals be- 
tween 2p orbit& on oxygen atoms separated by 2.5- 
3.25A. We tried integrals from both ST03G and 4-31G 
orbitals of the GAUSSIAN76 program.*’ In the 4-31G 
case we fixed the ratio of the outer and inner con- 
tributions to the p orbital at the value for SCF solution of 
the triplet 0 atom. Over this range of distances the 
integrals for both orbital types decrease by one to two 
orders of magnitude, and the ST03G integrals are an 
order of magnitude smaller that those for 4-31G. In all 
cases the exchange contribution from one-electron 
potential energy is about an order of magnitude larger 
than that either from one-electron kinetic energy or from 
the most important two-electron integrals. 

Using the 4-31G results with the geometries for 
BBlOK and BB25K shown in Fig. 3, we estimate singlet- 
triplet gaps of 13 and 10 kcal/mole, respectively, favoring 
the singlet. This would suggest that the splittings can be 
large, but, as mentioned above, we suspect that the 
radicals are too close together in Fig. 3. Because the 
one-electron contributions can be so large relative to the 
two-electron contributions, triplet ground states are pre- 
dicted only when the radical orbit& are very nearly 
orthogonal. This would make it unlikely that the two 
different BB arrangements should both have triplet 
ground states. 

The orbitals used in our calculations are surely far 
from optimum, and we look forward to more reliable 
calculations on these systems. 

In closing we reemphasize that our strongest evidence 
for a triplet ground state is our inability to reconcile the 
experimental zfs of PBSK with spin-spin zfs calculated 
for any reasonable model of spin distribution in the 
phenyl and benzoyloxyl radicals. This requires invoking 
spin-orbit zfs, and thus singlet-triplet splitting significant 
on the scale of the electronic excitation energy of the 
benzoyloxyl radical. The sign of the necessary correction 
to the spin-spin zfs tensor requires that the triplet of 
PBSK* lie below its singlet. 

If through-space coupling is unlikely to be so large for 
these radicals, it may be that they communicate through 
the CO, molecule between them. 
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