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The problem of spin—orbit coupling (SOC) of exciton bands in molecular crystals is considered. In
addition to the usual intramolecular SOC terms, intermolecular SOC terms are obtained if the exciton
Bloch functions are properly antisymmetrized and if finite overlap of nearest neighbor molecular functions
is accounted for. The magnitude of the intermolecular terms depends on the exciton wave vector k.
Numerical calculations on the first triplet exciton bands of 1,2,4,5-tetrachlorobenzene crystals indicate
that intermolecular SOC terms are approximately 2} 10~ as large as allowed one-center intramolecular
terms. This is comparable in magnitude to vibronically induced SOC which is important in many isolated
molecules. The effects of triplet exciton intermoleécular SOC on intersystem crossing, radiative relaxation,
and nonradiative relaxation are discussed for mar* triplet exciton bands.

i. INTRODUCTION

The nature of the pathways for populating and depopu-
lating the first excited triplet state of pure molecular
crystals (triplet Frenkel excitons?) is a problem of con-
siderable importance which has received little attention
although the pathways involving triplet excitations local-
ized on guest molecules in host crystals have been stud-
ied in detail. Intersystem crossing from excited singlet
states?® and relaxation to the ground singlet state
through both radiative®™ and nonradiative?® channels
are processes governed by spin-orbit coupling (SOC)
between the singlet and triplet manifolds. Since in gen-
eral the extent of SOC differs for the three triplet spin
sublevels, the intersystem crossing rates and decay
rates will also vary among the levels. In most instances
the isolated molecules which have been investigated be-
long to point groups of high symmetry, and differences
in the symmetry properties of the spin sublevels have
played an important role in determining the SOC routes ?
Experimentally, the isolated molecule problem has been
successfully attacked using optically detected magnetic
resonance (ODMR) to obtain the ratio of spin sublevel
rate constants for intersystem crossing and radiative
relaxation. ®

The theory of excited state delocalization and trans-
port in molecular crystals is based upon the presence of
small intermolecular interactions. Due to these inter-
actions the stationary states of a erystal are not equiv-
alent to the isolated molecule stationary states, but
rather are wavelike linear combinations of the isolated
molecule eigenstates. ! Because the crystal excited
state wavefunctions are delocalized, the symmetry se-
lection rules which govern their interactions are those
of the crystal space group rather than the molecular
point group. Thus for a crystal made up of highly sym-
metric molecules there is a reduction in the symmetry
of the excited state in going from the isolated molecule
to the crystal, and processes that are symmetry for-
bidden in isolated molecules may become allowed in the
crystal. It is thus necessary to investigate the nature
of spin—-orbit coupling between delocalized exciton
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states. The many-molecule nature of the exciton wave-
function permits the existence of intermolecular spin—
orbit coupling routes which are not available to the
isolated molecule.

Because intramolecular matrix elements involve
short-range (one-center) interactions, they are expected
to be much larger than intermolecular matrix elements,
which involve two-center integrals. But in cases where
the intramolecular interactions are forbidden by molec-
ular symmetry, the intermolecular coupling routes
must be considered. In aromatic hydrocarbons, for
example, the isolated molecule spin-orbit coupling be-
tween all low-energy singlets and triplets is either zero
by symmetry or involves three-center integrals, as was
first pointed out by McClure.* Thus intermolecular
SOC may be important in pure crystals of aromatic hy-
drocarbons.

In this paper the theory of intermolecular spin-orbit
coupling is developed. It is determined that in the ab-
sence of overlap between molecular wavefunctions cen-
tered on different lattice sites, the exciton spin-orbit
coupling problem reduces to the isolated molecule prob-
lem. In the general case where overlap exists, addi-
tional intermolecular terms are found. Numerical esti-
mates are made of the intermolecular terms and they
are compared fo intramolecular matrix elements of
representative aromatic molecules. The intermolecular
terms are considerably smaller than allowed one-center
intramolecular matrix elements, but are comparable in
magnitude to vibronically induced spin-orbit matrix
elements® which are important in 77 excited triplet
states. Finally, the results are applied to radiative and
nonradiative processes in pure molecular crystals.

H. THEORY

Consider a pure molecular crystal composed of mole-
cules with wavefunctions 8°, where s labels the molecu-~
lar eigenstate. These wavefunctions are taken to be
eigenstates of the entire molecular Hamiltonian exclud-
ing the SOC term. The molecular wavefunctions can
be used to construct wavefunctions for the entire crystal.
The ground state crystal wavefunction x° is the anti-
symmetrized product of the ground state molecular
wavefunctions at every crystal site:
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where p, is an intermolecular electron permutation
operator, subscripted such that v is even for even per-
mutations and odd for odd permutations. There are M
of these permutation operators. The index j labels a
particular molecule within the crystal and N is the num-
ber of molecules in the crystal.

If the molecule at site b is in excited state s, the
crystal excited state wavefunction is given by

M
x§=M'”2§ (—D”m["ﬁgf’?] - )

Intermolecular interactions mix the N degeherate X5 and
the resulting crystal wavefunctions are bands of Bloch
states ¥°(k) characterized by a wave vector k

PS(k) = N-1/2 sz}ei[k-r] , (3)
5

where r is the position vector of excited lattice site j.
These wavefunctions are eigenstates of the static crys-
tal Hamiltonian!® excluding the SOC term.

We wish to examine the spin-orbit matrix element S
which arises from the coupling of pure-spin singlet and
triplet crystal excited states.

S=(e(e) |35 |pf ")) . “)

The spin—orbit Hamiltonian 3°° is a sum of one-elec-
tron operators6 {neglecting spin-other-orbital coupling)
so grouping the electrons by molecules, 3¢5° can be
written as a sum of operators on individual molecules.

Nl
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3¢, is itself a sum of the one-electron operators asso-
ciated with molecule ;. Writing S in terms of the mo-
lecular wavefunctions and the single-molecule operators
we have
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In the lowest level of approximation, the overlap be-
tween molecular wavefunctions located on different mo-
lecular sites is neglected. This is equivalent to taking
the molecular function to be the true orthogonalized site
function (Wannier function’) when forming the delocal-
ized Bloch states. This is a useful starting place for
many types of exciton calculations.!®™ However, for
this problem it will be shown below that neglect of inter-
molecular overlaps reduces Eq. (6) to intramolecular
terms only, and the exciton spin—-orbit coupling prob-
lem becomes identical to the associated isolated mole-
cule SOC. When intermolecular overlap of molecular

wavefunctions is included, additional intermolecular
SOC terms are found in Eq. (6). The magnitudes of
these terms are estimated in the next section.

Equation (6) involves a sum over the electron permu-
tations v on both the right and left sides of the matrix
element. The largest terms will be those where v =v’,
since these will involve no intermolecular integrals.
Neglecting all other terms yields
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Because different molecular wavefunctions on the same
site are orthogonal, (7) will be zero unless the excited
state is on the same site on the right and left of the ma-
trix element, which forces j=m, and v=7'. Also ¥
must couple 6 and 9;. This coupling will be strongest
when I = m because of the short range nature of the SOC
Hamiltonian. Thus (7) simplifies to
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Each of the matrix elements in the sum in (8) is identi-
cal, so the sum over the exponential factor will be zero
unless k=k’. This eliminates the exponential factor,
and performing the summation yields

s:<9; S EHEATH H93> : 9)
n#i ntj

Integration over all coordinates except those on site j
yields

S=(9%]3c,|8%) . (10)
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This is equivalent to the isolated molecule case. The
approximations that have been made in arriving at this
expression are the neglect of intermolecular exchange
terms and the neglect of terms arising from the coupling
of excited singlets and triplets on a common site by an
operator centered on another site. These approxima-
tions retain all the one-center integrals while elimi-
nating most of the terms in Eq. (6).

For compounds where the intramolecular SOC is or-
bitaily allowed, the terms of Eq. (10) will be dominant
and the SOC characteristics of the crystal will not differ
from those of the isolated molecule. But frequently
intramolecular SOC to particular states, such as those
responsible for intersystem crossing, is orbitally for-
bidden. For example this is the case for wr* states of
aromatic hydrocarbons. For these compounds the terms
in Eq. (10) are small and it is important to consider
other terms in (6). To simplify notation, we shall con-
sider the case where the intermolecular interactions are
one dimensional. Physically this arises in crystals
where the molecular stacking is much more compact
along one crystal axis than the other two. Experimental-
ly studied crystals which have basically one-dimen-
sional intermolecular interactions include 1, 4-dibromo-~
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change terms in (6). is considered in the op-
tical electron approximation™™ it is a two-electron
wavefunction. Then for each permuation v in (6) there
are four permutations v’ which exchange a pair of op-
tical electrons with the adjacent site on each side of the
excited site in xj. For clarity we explicitly label the
exchanged electron coordinates with Roman numerals.
For a one-dimensional system r =aj, where a is the
lattice spacing. With these substitutions we have

If each 67

naphthalene® and 1, 2, 4, 5-tetrachlorobenzene.® Ex- 5
b

tension to the three-dimensional case is straight-
forward.

The intermolecular SOC exchange terms arise when
y#v' in (6). The largest of these terms are those for
which v and v’ differ by the exchange of one pair of elec-
trons between adjacent molecules along the one-dimen-
sional axis of the crystal. Let S’ denote all such ex-

]
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Performing the summation over v and extracting the exponential yields
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When 6° and 0° are the same parity (inversion symmetry)
the two matrix elements are equal, and using e'*® + g™
=2coska results in

=-8coska <6’s (1) 6%, (II) 9?

35|
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If 8° and 8* are of different parity the two matrix ele-
ments in (13) will be the negative of each other, and
using e**® - e**9 =9 ginka gives

S"= -8 sinka <9‘; (1) 8%, (1)
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These expressions can be simplified by considering only
the j+1 term in 35°° =3, 3¢,, which will dominate the
coupling. Making this substitution and integrating over
all nonexchanged electrons yields

S’ =~ 8 coska(83 (1) 03, (1) 3,4, | 63 (1) 65,1 (1))
=-8 coska(9 |3(3ﬁ1| ej"l> <0 01193>

(15)

(16)
and similarly for Eq. (15).

Equation (16) is the intermolecular SOC interaction

—
due to electron exchange. It is important to note that
S’ is k dependent. The SOC matrix element in (16) in-
volves two-center integrals that can be estimated in a
straightforward manner. The intermolecular overlap
factor can also be computed. In the next section the
magnitudes of these brackets are discussed.

In addition to the intermolecular exchange SOC there
is another intermolecular SOC pathway arising from
terms in Eq. (6) in which the excitations represented
by the right and left sides of the matrix elements are on
the same site but the SOC operator is centered on an
adjacent site. This results in two-center integrals
such as {6513¢,,,1 6%). This type of coupling term does
not involve electron exchange and thus there is no inter-
molecular overlap factor as in (18) to scale down the
interaction. However, due to screening effects this
type of two-center integral may be much smaller than
the one arising from exchange terms. This intermo-
lecular SOC coupling term must be kept in mind as a
possible contribution to SOC in pure crystals, but be-
cause of the computational difficulties associated with
screening effects, we will restrict our attention to the
intermolecular exchange SOC.

IH. NUMERICAL ESTIMATES

In this section the magnitude of the intermolecular
SOC factor, S’ of Eq. (16), will be estimated. In a later
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section these values will be employed to discuss the
possibility of observable effects due to the intermolec-
ular SOC interaction. 1, 2,4, 5-tetrachlorobenzene
(TCB) will be used as a model system for this estimate.
The TCB triplet state has been extensively studied in
both mixed*® and pure crystals® and the pure crystal
intermolecular interactions are basically one dimen-
sional. In TCB the molecular stacking is very compact,
with only 3. 3 A separating adjacent molecular planes. !
This small interplane separation is comparable to that
of many molecular crystals of planar aromatic com-
pounds, and results in relatively large intermolecular
overlap and intermolecular SOC factors.

The TCB intermolecular overlap factor (6% 6J,;) can
be approximated by the overlap of two benzene 7 MO’s
spatially oriented as in the TCB crystal. The 7 MO’s
employed are linear combinations of carbon 2p, AO’s
with coefficients on each carbonnormalized for all intra-
molecular overlaps. This gives the overlap of the MO’s
located on adjacent molecules as the sum of 36 terms
consisting of overlaps of atomic orbitals at various
distances and orientations. These can be evaluated
using Mulliken’s tables of atomic orbital overlaps.'?
The atomic orbital wavefunctions used were the three-
term Slater orbitals as given by Mulliken. This pro-
cedure yields a value of 0. 10 for the overlap of a pair
of lowest energy m# MO’s. The MO that must actually
be considered is the ground state MO of the optical elec-
trons, which is the highest occupied MO. A simple
Hiickel calculation (including Cl substituents) predicts
that the HOMO is of B;, symmetry, with a node passing
through the two unsubstituted carbons. This node re-
duces the overlap somewhat, and the resulting value of
(69169, is 0.05. Although delocalization of the 7 elec-
trons onto the Cl atoms will add additional terms and
increase the overlap slightly, we will use 0.05 as an
estimate of the intermolecular overlap term.

The intermolecular SOC integral 6,13¢,,,| 6,,;) is more
difficult to calculate, but a numerical integration for a
representative pair of carbon 2p, orbitals gives a crude
estimate of its size. This is equivalent to considering
the entire MO to be concentrated on one atomic center.
The one-electron SOC Hamiltonian is

’:‘Csoz l 3U('r) (17)

LY A

vy dr

Where U(y) is the electrostatic potential due to a nucle-
ar charge, and £, , , is the x, y, or z component of or-
bital angular momentum about that nucleus. If U{r) is
coulombic, then aU(r)/dr x 2, and3Cxrg, .
£,,, ¢ as no radial component, and acts on p orbitals
by extinguishing them or rotating them by 90°.% Here
we only want to consider the effect of the intermolecular
separation between 6, and 8,,,, and so the angular part
of 1¢5° can be neglected for a suitably chosen pair of
orbitals. Thus we approximate 3¢5 "3, and the effect
of the intermolecular separation will be estimated by
comparing the one-center integral (2p,173% 2pp to the
two-center integral { 2p,1#7% 2pp, where 7, is the dis-
tance from center 1. The orbital 2p, is translated along
the orbital axis by 3.5 A. This is the optimal angular

orientation for this integral, and results in an alge-
braicly simple form. The atomic orbitals used were
the three-term Slater orbitals given by Mulliken. The
integrations were computed numerically, and the accu-
racy was checked by comparing the numerical result
for the one-center integral to the analytical result. The
ratio of the two-center integral to the one-center inte-
gral is 0.005. The actual intermolecular SOC factor
for a pair of TCB MO’s could be larger or smaller than
this for several reasons. Most of the SOC terms re-
sulting from an interaction between a pair of LCAO
MO’s will be smaller than that considered here because
of unfavorable orientations. But the large number of
atomic orbital pair terms (36) will in part compensate
for this. Also delocalization of the 7 electrons onto
the chlorines will lead to terms involving chlorine
atoms. 3C5© increases rapidly with increasing nuclear
charge (the heavy atom effect!®) and SOC is 20 times
stronger for a 3p Cl orbital than a 2p C orbital. Thus
a favorable intermolecular SOC interaction with the Cl
substituents could dramatically enhance intermolecular
SOC. As discussed in detail below, the magnitude of
the intermolecular spin-orbit interaction is compara-
ble to vibronically induced spin—orbit coupling. Vi-
bronic coupling matrix elements have been calculated’
for benzene and naphthalene. Since we wish to compare
the results obtained here to the vibronic calculations
which do not include heavy atom substituents, we have
restricted our attention to the carbon-carbon interac-
tions in the TCB system. Because of these factors

0. 005 must be considered an order-of-magnitude esti-
mate of the intermolecular SOC factor.

Putting the intermolecular overlap factor and the
intermolecular SOC factor together with the factor of 8
(for the number of exchange terms) we have a rough
estimate of 2x10°® for the ratio of the intermolecular
exchange SOC matrix element in TCB to the matrix ele-
ment for an allowed one-center SOC interaction.

1V. DISCUSSION

From the discussions in the last two sections, it is
clear that intermolecular spin—orbit coupling can occur
in triplet exciton systems and that the extent of this
coupling is small relative to allowed intramolecular
spin-orbit coupling. In this section the possible influ-
ence of intermolecular spin-orbit coupling on three
processes associated with the lowest triplet state of
molecular exciton systems will be discussed. These
processes are: (A) intersystem crossing to Ty, (B)
radiative relaxation from T, to the ground singlet state,
Sy, and (C) radiationless relaxation from T; to S,.

A. Intersystem crossing

At low temperatures, intersystem crossing usually
takes place from the lowest vibrational level of the first
excited singlet state into the triplet manifold. 14 If there
are no triplet states with energy in the interval between
T, and S,, intersystem crossing will occur directly into
the vibrational manifold of T;.2® This requires admix-
ture of the S; and T electronic states via the spin—orbit
interaction, #®
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Determination of the extent of S, = T, coupling in iso-
lated molecules is a complex problem which must be
treated on a molecule by molecule basis. However,
certain generalizations can be made. For example,
molecules with n7* T, states may have nr* S, states.
In this situation, El-Sayed'® pointed out that direct SOC
between T, and S, is orbitally allowed, and the matrix
elements involved are intramolecular one-center inte-
grals. Thus the coupling can be substantial. In con-
trast, isolated molecules with 7#* T, and S, states,
such as naphthalene, do not have direct strong coupling
between S, and 7y. In naphthalene and similar planar
molecules, two of the triplet spin sublevels (in-plane)
can couple to S; only by an indirect vibronic coupling
route® and the third 7, sublevel (out-of-plane) can cou-
ple only via very small terms involving three-center
integrals.? When considering spin-orbit coupling in
triplet exciton bands of pure molecular crystals, the
nature of SOC in the isolated molecule which forms the
crystal is of primary importance. As pointed out in
Sec. II in connection with Eqs. (6) and (10), if allowed
intramolecular SOC exists, these terms will dominate
the intermolecular terms and the exciton SOC will be
virtually identical to the isolated molecule case.

From the above considerations, intermolecular spin-
orbit coupling should have little effect on intersystem
crossing in nn* T, exciton systems if S; is 77* in char-
acter. However, since n7* systems have weak intra-
molecular coupling between 7, and S,, it is necessary
to consider the relative size of the intermolecular and
intramolecular terms in more detail. The primary nr*
intramolecular pathway involves direct SOC of T, to high
lying om* singlet states S;, and vibronic mixing of S; and
the S; (or similar pathways involving high lying triplet
states). This indirectly results in an admixture of S,
and the in-plane sublevels of 7. The first attempt to
estimate the magnitude of the vibronic coupling was by
Siebrand et al.,®% who attributed the vibronic coupling
to non-Born-Oppenheimer terms in the molecular Ham-
iltonian. Siebrand reported that the resulting second-
order SOC interaction in naphthalene is 5x10°* as big
as a one-center interaction. More recently, Siebrand
and Zgierski®® employed another approach to estimate
the intramolecular SOC matrix element in benzene which
was found to be on the order of 1.5%10°? as large as an
orbitally allowed interaction. Metz and co-workers at-
tributed the vibronic coupling solely to adiabatic Hertz-
berg-Teller coupling and building on Siebrand’s early
work arrived at a vibronically mediated SOC matrix ele-
ment for naphthalene only 1.2x 102 down from a one-
center interaction.®‘’ Most recently, Fujimura and
co-workers obtained a SOC matrix element for benzene
8x10°* down from an allowed SOC interaction,®®

The numbers cited above are comparable in magni-
tude to the intermolecular spin-orbit coupling matrix
elements calculated in Sec. III for the 1, 2, 4, 5-tetra-
chlorobenzene triplet exciton system. The intermolec-
ular terms permit direct coupling between the TCB T,
and S, states due to the reduction in symmetry resulting
from the extended nature of the exciton states. For the
two in-plane spin sublevels which utilize vibronic cou-

pling in the isolated molecule as part of the T;-S; cou-
pling mechanism, it is possible that in a given crystal
the intermolecular terms will enhance the T,-S; inter-
action and therefore increase the intersystem crossing
rate.

The out-of-plane spin sublevel, which in the isolated
molecule couples only to 77* singlet states via very
small three-center terms has additional SOC pathways
opened in 77* exciton systems. The intermolecular
terms couple this spin sublevel to high lying on* states,
which in turn must be vibronically coupled to S, to pro-
duce the necessary coupling between T and S;. {Again
we have been assuming that there is no other triplet
state T, lying in the energy interval between 7, and S,.)
The vibronic—-intermolecular coupling between T; and S,
will be on the order of 1078 of allowed one-center intra-
molecular coupling matrix elements. The vibronic—
intermolecular terms are probably smaller than the
intramolecular three-center terms and therefore should
have little effect on intersystem crossing into the out-
of-plane sublevel.

B. Radiative transition probability

Phosphorescent emission from the first triplet state
of aromatic molecules to the ground singlet state is de-
pendent on the SOC admixture of singlet states into 7
to remove the T,-S, spin orthogonality.2® The radia-
tive transition probability is determined both by the ex-
tent of spin~orbit coupling between T; and the various
singlet states S; and by the §;-§, oscillator strengths.

To illustrate the role of intermolecular spin—-orbit
interactions we will again discuss molecules such as
naphthalene whose low lying excited states are w7 * in
nature. In the isolated molecule, the two in-plane T,
spin sublevels can couple directly to high lying on*
states. Thus there is a reasonably large admixture of
these states into T,. However theoretical results in-
dicate that the or* singlet states are very weakly radia-
tive, and experimental attempts to observe these states
have been unsuccessful.'® The out-of-plane triplet spin
sublevel in the isolated molecule couples to low lying
nn* singlet states. However, this coupling is so weak
that there is insufficient admixture of the highly radia-
tive mn* singlets to give significant radiative character
to this spin sublevel., Thus for an isolated molecule
such as TCB, two of the spin sublevels are moderately
radiative while the third level is weakly radiative.

In triplet exciton systems the intermolecular spin~
orbit terms provide an additional mechanism for induc-
ing oscillator strength into the T, state. As discussed
in the previous section, intermolecular spin-orbit inter-
actions in 77* triplet exciton states induce direct cou-
pling between the in-plane sublevels and low lying wn*
singlet states. These coupling matrix elements are ap-
proximately three orders of magnitude down from the
allowed one-center intramolecular ¢m* matrix elements,
This difference is somewhat offset by the smaller ener-
gy denominator associated with the coupling between 7T,
and the closely adjacent 77* singlet states. However,
the intermolecular spin-orbit terms will only contrib-
ute significantly to the overall radiative transition
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probability if the oscillator strengths of the or* singlet
states are two or more orders of magnitude weaker
than the singlet #7* oscillator strengths. If this is the
case, the intermolecular terms may enhance the radia-
tive transition probabilities of the in-plane sublevels.

A much more sensitive indicator of the SOC route
which induces oscillator strength into T, is polariza-
tion of the phosphorescent emission relative to the mo-
lecular plane. Coupling of 7, to on* states will pro-
duce phosphorescence polarized perpendicular to the
molecular plane, and for molecules isolated in mixed
crystals this is the observed polarization. But cou-
pling of T, to nm* singlet states results in phosphor-
escence polarized parallel to the molecular plane.
Thus the emission induced by intermolecular SOC is in
principle experimentally distinguishable from emission
caused by intramolecular SOC, and might be detectable
even if the intramolecular coupling dominates, provided
crystal depolarization effects and other experimental
problems are not too severe.

The out-of-plane triplet spin sublevel is coupled via
the intermolecular spin-orbit interaction to om* singlet
states, whereas in the isolated molecule it is only cou-
pled to m7* singlet states via very small three-center
terms. Judging from the small amount of intersystem
crossing to the out-of-plane sublevel in aromatic hydro-
carbons, * these three-center terms are smaller than the
vibronically mediated SOC matrix elements that cou-
pled S; to the in-plane sublevels of 7;. This implies
that the three-center intramolecular SOC matrix ele-
ments are more than three orders of magnitude smaller
than an allowed SOC matrix element, and thus the out-
of-plane spin sublevel intramolecular coupling to mm*
states is probably smaller than its intermolecular SOC
to om* singlet states. If the oscillator strength of the
om* singlet states is not much smaller than that of the
mm* singlets then the out-of-plane sublevel will have en-
hanced radiative activity due to the intermolecular
terms. Note that the condition for increased out-of-
plane spin sublevel oscillator strength is the opposite of
that for increased in-plane oscillator strength. Thus in
general the intermolecular SOC will have an effect on
the relative radiative strengths of the three spin sub-
levels. If the om* singlets’ oscillator strengths are ap-
proximately equal to those of the 77* singlets, the out-
of-plane sublevels’ radiative transition probability will
be greatly enhanced. In contrast, if the om singlets’
oscillator strengths are several orders of magnitude
weaker than those associated with 77 singlet states, the
in-plane T, spin sublevels will have enhanced radiative
transition probability.

C. Radiationless relaxation

The effect of intermolecular spin-orbit coupling on
radiationless relaxation from a #7* T, state to a high
lying vibrational level of the ground electronic state S,
is analogous to the effect on intersystem crossing dis-
cussed in Sec. IV.A, Electronic coupling between T,
and S, is required. The dominant routes in the isolated
molecule involve vibronic coupling of S; to an excited
singlet state S; which directly spin-orbit couples to

T:.2® In exciton m7* systems intermolecular terms
couple T, and S, directly. Following the same line of
reasoning used in Sec. IV.A. One can conclude for the
two in-plane sublevels that the intramolecular terms are
comparable to the intermolecular terms, and therefore
in some 77* triplet exciton systems radiationless relax-
ation may be enhanced. For the out-of-plane exciton
spin sublevel which is very weakly coupled in the iso-
lated molecule, intermolecular spin-orbit interactions
will not substantially increase the T,-S; coupling.

D. Observables

In the previous sections the effects of intermolecular
spin—orbit interactions on the electronic coupling be-
tween states involved in the various processes asso-
ciated with the lowest triplet state were discussed. Di-
rect experimental comparison of the role that SOC
plays in isolated molecular systems and in exciton sys-
tems is difficult for several reasons. First, in all the
processes discussed above, in addition to electronic
coupling, vibrational overlaps (Franck-Condon factors)
are important. There is no reason to assume that de-
localized exciton states and localized isolated molec-
ular states will have identical Franck-~Condon factors.
Therefore, if, for example, intersystem crossing rates
are measured for both a triplet exciton system and for
the triplet state of the corresponding isolated molecule,
observed differences could not be uniquely attributed to
intermolecular spin-orbit interactions. Second, for
the isolated molecular systems which have been studied,
it is not possible to measure the absolute size of param-
eters such as intersystem crossing rate constants or
radiative rate constants for the individual spin sub-
levels. Rather, ratios of the parameters associated
with each of the three triplet spin sublevels are deter-
mined.? Finally, a molecule in a host lattice is not
really isolated. The host lattice can cause significant
perturbations of the guest molecule, e.g., the external
heavy atom effect® or lattice induced molecular distor-
tions.

However, it should still be possible to experimentally
investigate the importance of intermolecular SOC in
triplet exciton systems. When the ratio of rate con-
stants is determined, the effect of Franck-~Condon fac-
tors divides out since the same Franck—-Condon factor
is associated with each of the triplet spin sublevels of
a particular triplet state. Therefore comparison of
‘solated molecule ratios with the corresponding triplet
exciton ratios can be used to gauge the importance of
intermolecular spin-orbit coupling in triplet exciton
systems, provided care is taken in choosing the host
crystal to avoid severe perturbations of the guest mole-
cules. In addition, under appropriate experimental
conditions, phosphorescence polarization studies can
also be a sensitive probe of intermolecular spin-orbit
coupling.

V. CONCLUSIONS

Spin-orbit coupling among the delocalized exciton
states of pure molecular crystals has been considered.
It is determined that intermolecular spin-orbit matrix
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elements occur in the exciton problem in addition to the
usual intramolecular terms present in the isolated mol-
ecule case. The magnitudes of the intermolecular
terms depend both on the extent of overlap of the ground
state nearest neighbor molecular wavefunctions and on
the strength of the intermolecular spin-orbit interac-
tion. Numerical calculations of these quantities for the
one-dimensional triplet exciton system in 1, 2, 4, 5-tetra-
chlorobenzene crystals indicate that the intermolecular
spin—orbit coupling terms are approximately 2x 10-?
smaller than allowed intramolecular coupling terms.
This is comparable in magnitude to vibronically induced
spin-orbit coupling which is important in isolated mole-
cules in situations where molecular symmetry consid-
erations cause allowed inframolecular coupling terms

to vanish. Since the intermolecular terms are governed
by the lattice symmetry rather than the molecular point
group symmetry, intermolecular spin-orbit interac-
tions provide additional coupling pathways.

As an example, a 77* first triplet exciton band was
examined. The effect of intermolecular spin-orbit
coupling on intersystem crossing to the three 7'y spin
sublevel exciton bands, radiative relaxation from the
three exciton spin sublevels, and nonradiative relaxa-
tion from the exciton spin sublevels was considered. It
was found that the intermolecular terms can affect each
of these processes and in systems with appropriate
physical properties the effects can be significant. Fi-
nally, experimental observables associated with the
intermolecular spin-orbit coupling problem were brief-
ly discussed.
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