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2 SPECTROSCOPY
L1 INTRODUCTION

The triplet states of molecules form bands in molecular crystals and the
study of the states of these exciton bands yields information about the wave-
functions of the molecular excited states, spin-dependent interactions, and
the interactions between molecules in the crystal. The molecular si- -let
stitles that can be reached by clectric dipole transitions when there are fiti.
sho'l ground states form singlet excitor bands in the molecular crystal in
which the energy spread of the states - deterniined by the extent to which
the intermolecutar potential I cun induce the excriation energy to move
from one molecule to another. If the excitation (*) is located on molecule 1,
the energy associated with excitation exchange from ¢,*¢, ... to ¢, d,* . ..
53
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This 1s the so-calied Coulomb interaction and its evaluation can either be
based on a multipole expansion of the potential or on an explicit computa-
tion starting from a knowledge of the molecular wavefunctions'. In the
former case the excitation exchange interaction is understood to be caused
by ‘through space’ interactions between molecular transition multipoles.
Such interactions vanish identically for pure triplet states and the Coulomb
contribution to the triplet exciton band is only recovered to the extent that
the singlet states having transition multipoles with the ground state are
spin-orbit mixed with the triplet. On the other hand, there is an additional
contribution to the excitation exchange interaction for triplets (and singlets)
if the indistinguishability of crystal electrons is taken into account?”*, The
energy associated with the transfer of excitation from A(é,*¢,...) to
Aldyp* .. is
CA( TV by byt

where A is the operator antisymmetrising the crystal wavefunction to inter-
molecular electron exchange. This quantity does not vanish for pure triplet
excitation and it is termed the eleciron exchange interaction. There have been
many attempts to calculate the energy spread of the triplet exciton band
slates and an important object of optical experiments on crystals is to
investigate the validity of these calculations and hence the correctness of the
critical features of the assumed wavefunctions.

On the assumption that there is no relative motion of the molecules in the
lattice, the wavefunction ¢ -~ 4(x, Q) is quite closely a Born-Oppenheimer
product state that depends on both the electronic (x) and nuclear coordinates
(Q) for a molecule. Thus the excitation exchange interaction can be approxi-
mated as the product of an electronic interaction at a fixed nuclear con-
figuration times a nuclear position dependent integral or Franck-Condon
overlap factor. The excited states of the crystal, on the other hand, are not
Born-Oppenheimer states unless the excitation exchange interactions are so
large as to separate the band states, that mix with one another when the
nuclet have kinetic energy, by much more than molecular vibrational
frequencies® ¢. Since the electron exchange interaction is usually quite small
it is customary to observe splittings (of molecular states) that are very much
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less than molecular vibrational frequencies; hence the triplet excitons are
generally not describable as Born-Oppenheimer states. Instead they are
superpositions of the form:

A" 2. ) L Alid*. )+ ..

such that each molecular Born—-Oppenheimer level forms its own exciton
band of states in the crystal, the exciton bandwidth being determined by the
electronic part of the interaction and a vibrational overlap factor for the
particular molecular vibronic state.

-

1.2 TRIPLET STATES OF MOLECULAR CRYSTALS

When considering the properties of quasi-stationary states of aggregates of
excited triplet states of molecules having singlet ground states, it is first
necessary to consider the effects of three interactions: the total spin-spin
dipolar coupling (Hp), the total spin-orbit coupling (H.,), and the inter-
molecular coulomb potential (V). The splitting of the three triplet sublevels
(fine-structure) of a space-fixed molecule is determined by the part of (H,, -+
Hp) for that molecule, and the probability of the excitation jumping with
characteristic time r between molecules is determined by matrix elements
of V. If the fine-structure splitting is large compared with #/t, then each spin
sublevel forms its own exciton band” or localised state with characteristic
spin quantisation determined by the form of the eigenstates of (H,, + Hp)
for each molecule plus smaller effects of (H,, ~ Hp) between differant mole-
cules. In the limit of large excitation transfer matrix elements the observed
fine-structure is now a property of a delocalised state and the spin-quantisa-
tion is determined by the nature of the anisotropy of V. Both of these situa-
tions occur in practical systems, the former in dilute chemically or isotopic-
ally mixed crystals, and the latter in neat molecular crystals. There may be
molecular crystals for which the former or an intermediate .case arises, but
none of these interesting cases have yet been characterised. Typical fine-
structure splittings are ca. 0.1 em™ ', whereas commonly observed excitation
exchange splittings are in the range 1 cm ™! or greater. Of course, whenever
splittings are apparently absent there arises the opportunity for an inter-
mediate coupling situation.

In the Frenkel exciton approximation the excitation transfer matrix
elements for a triplet state are determined by matrix elements of V between
single molecule eigenstates of Hy + H,, + Hp, where H, is the spin-free
molecular Hamiltonian. In this form the Frenkel basis states contain singlet
and triplet components and the excitation transfer matrix elements may be
both long-range, through the singlet components, and short-range through
the triplet components. It is frequently assumed that the long-range effects
€an be neglected and indeed this may be a satisfactory picture for molecules
without heavy atoms. strong spin-orbit interactions or nearby states, but
perhaps not in thest instances. There is a direct fong-range effect between
excited triplet states through the total Hy, that will contribute very slightly to
the energy, though perhaps more significantly to spin-lattice relaxation, but
i most theory related to conventional spectroscopic measurements it is
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usually assumed that the crystal contains only one exciton or excited state.
The interactions between excitons has been studied in detail® but will not be
dealt with here.

Different eigenstates of H, « H,, - H, for each molecule, and also for
different molecules, are coupled by } 1o give also the second-order (with
respect to H, - H,) crystal field effects. Because the fine-structure axes of
molecules at different sites may not coincide, the crystal field coupling of
different orbital states of H, - H,, - H,, can modify the magnetic axes of
a triplet state and introduce optical spectral intensity into transitions to spin
substates that might not otherwise be observed’. These effects work both in
dilute mixed crystals and in neat crystals, but they are not yet well charaeter-
ised either by optical or e.p.r. spectroscopy.

The states of neat crystals are characterised by an exciton band index &
that measures the number of nodes per unit length (¢cm~') in the exciton
wavefunction. The A 0 state of u cyclic lattice corresponds to the band
state with no nodes and it is the energy region E(k) =~ E(0) that is exposed
by conventional optical spectroscopy. Other band states may be caused to
appear 1f the lattice is disturbed by vibrations, defects or impurities. The
fatter two flaws are probably responsible for the inhomogeneous contribu-
tion of ¢u. 0.5 3.0 cm” ' to the linewidth of most organic solid state spectra.
Bandstates other than those in the region & 0 can be artificially exposed
by studies of band-to-band transitions'®" (see below) and spectra of heavily
doped isotopic mixed crystals ' in which the crystal structure is main-
tained but there is energy disorder. For triplet states not having very strong
spin orbit coupling and for which the transfer matrix element is large com-
pared with spin-sphttings. the energy dispersion is given by simple formulae
that depend on the crystal structure and number of molecules per unit cell.
Not many of these formulae have been tested against experiment and their
validity s based on the expectation that a restricted Frenkel limit'S will
apply to triplet excitons it is.also the expectation for triplet sta‘es having
small /., that their crystal states may be described in the weirk vibronic
coupling limit in which the transfer matrix clement is small cor .pared with
the molecular vibrational spacings. Then the excitation transfc: p.rameter
fiy of a vibronic state is related to ffy. for the Born-Oppenheimer c.ectronic
state. through its Franck - Condon Factor F, for transitions to the Z2ro-point
level of the ground state: that is #, F, /4. An important implication for
spectroscopy s that the parameters of F(h) for cach vibronic state must be
hiiown before molecular excited state vibrational frequencies can be measured.
Molecular vibrational levels in a crystal with weak coupling usually mmply
the set of fevels that would arise if no excitation transfer were occurring,
afthough few such data exist

1.2.1 The effects of the crystal field

Molecules in solids., be they in mined crystals or neat erystals, are constrained
by the mtermolecular interactions with neighbouring molecules to adopt
equilibrium contigurations whose symmetries are environmentally deter-
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mined. Although the actual molecular states can at best be classified in terms
of site symmetry group representations, it has become customary to discuss
spectra in terms of idealised symmetry groups that refer to the equilibrium
disposition of the nuclei in an isolated space-fixed molecule. The implicit
assumption behind thf§ procedure is that the crystal field perturbations
induce only slight mixing of the idealised wavefunctions. For a triplet state
the expectation values for a property may become different in each of the
spin substates due to crystal field effects, and if interference can occur amongst
the property amplitudes — such as in a Zeeman effect experiment — the
results may become even more noticeably different from those of the unper-
turbed system®. The crystal field can mix states having different molecular
spin orientation because the spins are quantised by H,, and ail molecules in
the crystal do not have the same orientation. Thus even in mixed crystals
the guest triplet level substates will display properties inappropriate to the
ideal symmetry®. An extreme example of this is the external heavy atom
enhancement of the intensity of singlet-triplet transitions. The conclusion
from this discussion is that selection rules involving spin-operatars, such as
optical transitions permitted through spin-orbit mixing, are expected 1o be
modified by crystal field effects and an appropriate symmetry group for both
space and spin states is that of the crystal site. The site symmetry of a guest
in a chemically mixed crystal will also depend on distortions of the lattice
by the guest molecule.,

1.2.2  Singlet-triplet optical transitions

When considering triplet states of molecules interacting with radiation it is
appropriate to start with eigenfunctions of the Hamiltonian H,, + Hy +
H,,, where H, is a Born-Oppenheimer electronic Hamiltonian whose eigen-
states are the ¢, having species [, in the point groups of the nuclear con-
figurations specified in the function ¢,: each eigenstate of H,, + Hy, + H,, isa
spin-electronic state ¢,0 having a definite symmetry species in this point
group, but the spin is not an eigenstate of Hp. In the harmonic approxima-
tion the vibrational wavefunctions F,. can be symmetry classified in the point
group of the equilibrium nuclear configuration to species 7.°. For a given
I, > I,° the species of the three triplet substates are I, < I, x I, where
o assumes the species of the three axial vectors. The eigentunction, however,
cannot be written as a product ,,, of the vibronic and a spin part, but is
instead
Voo = Z Aevolev'sYwoy; =T, < IL° xT,
&y

where 5 includes the eigenstates of Hy —a,, 0, and 7, — as well as the
singlet spin function s. The intensity of an electric dipole transition from
Wooo 10 an excited state y,,, for light plane polarised in the space-fixed
direction « is obtained from:

@ (YWogo!Or i We, > =
(000 | 000) cfero | 000) Hoo 00 ' @ (l.13)

+ (000 | ev0) cero €v0) fer. v @ {1.1b)
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The first two terms (1.1a) and (1.1b) are those involving the permanent dipole
moments of ground and excited states'®; the term (1.1c) describes the contri-
bution from singlet-singlet transition amplitudes due to spin-orbit coupling
with singlets; terms (1.1d) and (I.1f) only occur beyond second order; in
term (}.le) the source of transition amplitude is the triplet-triplet absorption.
The ordinary Herzberg-Teller coupling between states of the same spin is
included by expanding the wavefunctions #, and 4,. about an equilibrium
nuclear configuration, and in a categorisation introduced by Albrecht'” the
transitions that are due to the parts linear in the displacement are named
vibronic-spin-orbit terms. The symmetry of the vibrational coordinates that
can appear in the spectrum are restricted to those for which 7,° = I,° x
r,.° <r,.°<r,°(f they exist'®)in the point group of theequilibrium configur-
ation where I',-.° is the species of some state other than ¢,.° to which thereisa
dipole transition from ¢j. Since I,° and I,° are understood to be specified
by the problem, the possible values of I, are readily tabulated. Common
forms for (1.1) are obtained by using approximate sum-rules over vibrational
states, and first-order perturbation theory'’.

1.2.3 The & -= O states of a triplet Frenkel exciton®

As discussed above, the exciton bands of molecular solids are dependent not
only on the matrix elements of the intermolecular potential as in spinless
states of crystals but also on the internal magnetic interactions between
unpaired spins and between spin and orbital motion. Since the energies
depend on all these interactions it is not obvious, a priori, how to choose the
principal directions of the fine structure tensor. The spin quantisation axes
or planes are dependent on the excitation jump time and the molecular fine
structure energies. The linewidths for low temperature crystal electronic
(zero-phonon) spectra are usually in the range 0.3-3.0cm™~! at 4.2 K. Many
molecular crystals show no factor-group splitting, so in these cases the zero-
field splitting and the intermolecular interactions are both less than the line-
width and it is no longer obvious whether the triplet level will behave in
external fields as a dilute mixed crystal or as an exciton.

We consider the general case of a crystal having n molecules (u, v, . . ., 1)
per unit cell. These molecules are interchanged by certain of the factor-group
symmetry operators, R,. R,...., etc., with R, as the identity. The spatial
eigenfunctions > for a crystal excited state are readily constructed for
k - 0 in terms of the » site functions | g}, * v), ..., "#H)

bio-on b2 EII(R)R1‘U)
R

Ruiw) = tu); Rvig) = iv)etc.
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The irreducible representations of the factor group are labelled by the index
i. x{R) is the matrix of the operator R in the irreducible representation /.
The effect of the rotation operators (R) on the site functions is as shown.
For a triplet level we can follow the same procedure as above but utilise the
zero-field spin states of the site functions as the basis. Thus for spin com-
ponent & (== x, y or z, chosen to coincide with the principal axes of ( Hp )
of a molecule at one of the sites) we have

lig> = """ > y(RIR | us)
R

where | 1) is an p-site triplet state having a spin function o, (a = Xpr Yy
or z,), with S,0, = 0. There are n representations i (where n is the order
of the interchange group) and three spin possibilities for each, so there are
3n different states | ia ). If there were no interactions between the sites then
the energy of | iz > would not depend on i. The matrix of the Hamiltonian
containing ¥ (the intermolecular potenu,al) and the fine structure interaction
in the | i > basis is now readily written down using only symmetry:

iw |V + Hp lfy> .
- {Z 2RV ,s:ry (Oalt | GFE> — Dagubay} 61y

All of the (3n)? matrix elements are obtained from this formula. The 32 x
3n is already blocked by symimetry into n 3 x 3 matrices, one for each
factor-group representation. The elements that lend physical insight are
those involving the excitation exchange interaction V., between molecules
at u sites and those at Ry sites. The effect of this interaction on the energy
levels depends critically on the spin alignment in the two sites. In general
the quantity ~a,* | g,%* > is not zero, it represents the projection of an a
spin of the u site on to a f§ spin of the Ry site. It follows that if V, .z, is
large, and if (@, | o, is non-zero for some a, B, Ry, then a new set of
principal axes for spin arise —namely the triplet exciton principal axis
system. D..is a principal value of the fine structure tensor for the direction
« in the molecule. When D, is small compared with the matrix elements of
V, the triplet exciton picture described by Sternlicht and McConnell” is
recovered. In this limit the intermolecular interaction is large enough to
ensure that in zero-field the triplet spins are quantised with respect to crystal-
lographic symmetry directions. An application of this theory to the case of
crystals having two molecules per unit cell is given in the appendix of Ref. 22.
The detailed band structure, its spin properties and the energy transfer
processes will depend in the projections of the spin quantisation planes of
one molecule on those of another and on the anisotropy in the matrix
elements of the intermolecular potential.

1.2.4 Properties of triplet magnetic substates

For the purposes of conventional optical spectroscopy of solids the sphttmg
of the spin states of the vibronic level ¢,F,, can be described by a spin
Hamiltonian
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where H, is the a-component of a laboratory magnetic field, g, is the
g-tensor for the given vibronic levelfuctor, gy theelectronic Bohr magnetonand
S, the operator for the electron spin. The effect of H,, in mixing states of
H, - H, having different spin accounts for the difference between g, and
the g, 4. D, is an element of the fine structure tensor that is determined
in theory by spin spin interactions (Hy,) and second order spin orbit (H)
energy shifts of the states ¢ F, 0.

i) Le)

D,y - < FoiDy(R) Fo
where D', ,(R) is the calculated value of D,, at nuclear configuration R
in Burn-Oppenheimer electronic state ¢,, and F,. are the anharmonic
oscillator solutions to the Born-Oppenheimer nuciear motional equation,
so that:

lgr.-) D(F)(R ) Dy f R E | ('sz‘l
2 1 i " v [ t N

4 a it ‘R, o H ¢ R#ZJ o
i F VRGP FL,

The various derivatives of D should often be amenable to a simple theoretical
evaluation: for example, if these tensor elements are due to spin-spin inter-
action they may bc calculated from a point charge model and using constant
spin densities to obtain an explicit dependence on the nuclear coordinates.
Such calculations are needed in order to understand the temperature depen-
dence and isotope effects on zero-field splittings. In the harmonic approxi-
mation only the even terms remain. The variation of spin density with R
finds a description in conventional vibronic coupting theory in which wave-
functions are understood to be expandable in terms of R dependent super-
positions of the complete set of equilibrium clectreonic distributions. In cases
where the two electronic states are nearby or there is a near degeneracy, a
rather strong dependence of all spin dependent properties on the nuclear
motion is expected.

In a discussion of the optical properties of space oriented triplet states in
high magnetic fields it is useful to work with the spin basis functions o,
ag. a, corresponding to the achievable space-fixed directions a, £, 7, such
that S,0, = 0, 5,0, = ig,, ctc.; then assuming gfH > | D |, the off-diagonal
couplings through §,5,D,,. etc., can be treated using perturbation theory.
For a magnetic field along a, the spin wavefunction of the unshifted line

(m, == 0) 1s:
G, - Za. ‘a i@, - 2 0,c08 0,
i i

in terms of the molecular frame axes i~ x, y and z. The lines shifted by
+ gfH correspond to the spin-states:

27 oy ¢ da] - 271 D g, [cos Dig + icos O]
t

Electronic transitions from an equilibrated distribution of molecules in these
spin states, say to a ground state ; 0v0 -, have transition amplitudes [via
equations (1.1)] determined by which molecular axis components of the
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spin can couple with singlet states that can interact with the radiation field.
For example. if only one molecular component state 7 radiates, the ratio of
intensity in transitions from m,  --land m, 0 is:

I,y = [ - cos? 0,02 cos? 0,,] exp (gBHKT)

For low-temperature absorption spectra the Boltzmann factor is unity. If
more than one i-state i1s involved there is interference amongst the component
amplitudes. The- Zeeman spectra of separated branch crystal states (k - 0)
are simpler in practice since %, ff and y can be chosen parallel to the principal
magnetic axes of the triplet exciton just by orienting a crystal in the magnetic
field. Since the crystal spin states are superpositions of the ;s for different
molecules, even in the absence of external fields the intensity pattern of thé’
transitions to the & - 0 levels of different branches depends on which terms
in equations (1.1) are operative in the molccule. Thus the radiative power of
electronic transitions to the various molecular spin states can be determined
directly from the field free absorption spectra of crystals that display a Davy-
dov splitting?°~2. When there is no Davydov splitting the various branches
overlap within the optical resolution and the patterns of the optical spectra
in magnetic fields revert to those expected for dilute mixed crystals.

Optical spectroscopy is also useful for determining the ordering of zero-
ficld substates®, and is most useful for this purpose when one component of
D, is much larger than the others, in which case its energy relative to the
other two can be obtained to an accuracy of ca. 0.04 cm~! even if the spectral
linewidth is ca. 1 cm~'. At intermediate high fields, when gfH =~ 10 D,
the refative intensity of transitions to the nearly m, +1 states for field
orientation H, (y  x, v or ) provides the sign and approximate magnitude
of the zero-field splitting, from:

’¢I
1

L« QUHU QH )

where the Q(H_)are given by [AE, /(4gfH, - 2D. )] for an energy separation of
AE., between the x and f spin substates. The errors involved in this method are
large and despite earlier optimism it 1s not recommended unless D is large
or unless it is just the sign that is needed. Of course, this technique can be
applied o higher excited vibronic states for which conventional e.p.r. or
optically det:cted magnetic resonance is not yet possible.

Many details of the radiative and non-radiative properties of the substates
of the zern-point vibrational level of the lowest triplet are known from
optically wetected magnetic studies of crystals and mixed crystals at low
temperature. This field grew considerably®® after the innovative work of
van der Waals?* showing how the independent radiative properties of the
substates can be obtained by cooling crystals to the point where the spin-
lattice relaxation is stowed down relative to radiative lifetimes. Subsequent
microwave studies have contributed to the spectroscopic assignments of
both the emitting states and the vibratonal levels of the ground state. The
vibrational assignments can be made from /7.0 72 - " ') since g and
¢ are often both identfied by the experiment dssuming the observed radiative
power derives from spin-orbit coupling. Of course, information about
radiative coupling mechanisms is readily and quickly obtained from optical
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Zeeman effect studies of absorption or luminescence transitions on the basis
of this same assumption.

-

1.2.5 Electric field effects on triplet states in sohids?? #*

In the first approximation a uniform external electric field does not mix
different eigenstates of the spin Hamiltonian: ¢ Hyp + H,, . The complete
contributigp to the energy due to field sources outside the crystal is

H = —et ry ~e{Tue)ruty

It has not yet proved possible to obtain /aboratory field gradients large
enough to bring out effects due to the quadrupole moments of excited states,
although the non-uniform fields of charges from nearby melecules undoubt-
edly contribute to spectral shifts in solid state specira. The energy shift of a
spectral line due to the field £, at the molecule is:

AE = —¢g By, — be 60 Bay, + .0

Thus electric dipole moment and polarisability changes occurring on excita-
tion may be measured by optical spectroscopy. In centrosymmetric crystals
there can bemo net energy change linear in the ficld, but a splitting isobserved:
one half of the molecules in a given state have their energies raised and the
other half are stabilised by an equivalent amount. The perturbation H, also

‘mixes states that have different parity, thereby providing a means of discover-

ing otherwise unseen states. Fields up to ca. 10°V cm~' can be achieved in
molecular crystals and energy shifts of at least ca. 102 cm ™! can be measured

- by means of modulation techniques. Thus dipole moment changes of as

little as 10~* D and polarisability changes as little as ca. 3 ~ 1072 cm?
can be measured®.

The states of the crystal spin Hamiltonian may be severely modified by

the presence of a uniform electric field in the crystal. This is readily seen by

considering the states of just two molecules related by symmetry (i.e. physic-
ally identical) but not having equivalent orientations in the laboratory
frame. When the excitation exchange interaction exceeds the fine structure,
splitting, the spin is quantised along symmetty directions common to both
molecules and the fine structare comstants are different from those in the
molecular principal axis system even if there are yio spin-dependent inter-
actions between molecules. Now imagine an electric field to be directed
along a laboratory axis that intersects the molecules differently, e.g. the field
may be ngarly parallel to the dipole moment (er) of one molecule but nearly
perpendicular to the dipole moment of the other. If ere exceeds the excilation
exchange interaction then the'system becomes essentially that of two nearly
isolated molecules and a measurement of the fine structure constants would
vield principal axes and values typical of those for the isolated molecule. The
effective excitation exchange interaction becomes (V> {ere and the
molecular fine structure pattern is slightly perturbed. In a crystal the effect
of the electric field will be to isolate not an individual molecule but trans-
lationally equivalent sets of molecules. Thus the electric field will alter the
effective topalogy of the energy transfer in the crystal. '
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1.2.6 Luminescence spectra

An important aspect of the spectroscopy of triplel states in crystals is the
recognition that the inequalities regarding the excitation exchange inter-
actions and the fine structure constants do not necessarily apply uniformly
over the triplet exciton band. Time reversal symmetry requires the degeneracy
of exciton levels at specific values of & in the first Brillouin zane?®, so for
most three-dimensional molecular crystals the spin quantisation scheme will
vary with the k-state. The property is not important for the study of & =0
absorption spectra, but it is important for luminescence work because during
the lifetime of the molecular excited state there is usually ample time for
scattering into a range of k-states, some of which may be close to the zone
boundary or other point where the branches are degenerate in the absence
of magnetic forces. In luminescence spectra such processes occur with a
relative probability determined as well by the density of exciton states at
these special points in the zone.

At finite temperatures and weak exciton-phonon interactions the lumines-
cence can manifest the various thermally accessible k-states of the excited
electronic level, owing to the possibility of transitions on to the k-states of
vibrational exciton levels of the ground state. Accordingly, at finite tempera-
tures there are lineshape and linewidth variations expected for luminescence
transitions involving different ground vibrational states.

1.3 SINGLET-TRIPLET TRANSITIONS OF CRYSTALS OF
AROMATIC HYDROCARBONS

1.3.1 Benzene

Benzene is expected to have two triplet states at lower cnergy than the lowest
singlet state: °E,, is calculated to be in the region just to lower energy than
1B,, of the isolated molecule, and *B,, is expected in the near ultraviolet
around 3400 A. The well known condensed phase phosphorescence spectra
of benzene presumably marks the 3B,, state, whereas the O ,-perturbed
crystal spectra of Colson and Bernstein?” most likely display the *E,.

1.3.1.1 Crystal structure and selection rules

Benzene crystals are orthorhombic, Phca. with four centrosymmetric mole-
cules per unit celi?®. One of the three inequivalent C—H directions is nearly
paraliel to the p-axis. Since the site symmetry is C;, all degenerate states are
crystal field split into the site representations A, or A,. The spatial factor
group states for the A, site state are the B, (a). B,, (b), B, (¢) and A, type
representations of the D,, factor group®”. There are therefore twelve spin-
orbit states. obtained from the spatial representations (orbital part) after
multiplying by the triplet spin representations b, 0,1 bag, 03 and b,,, g..
Of these 12 states, transitions to nine are allowed in the electric dipole
approximation, whereas transitions to the states A, (a), A, {7,) and A, (a.)
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are forbidden. In th¥ notation the spin-state is designated in parenthesis
after the direct product of the spatial and spin parts of the factor group
state?? (i.e. the factor group spin-—orbit state). As was discussed earlier, these
wavefunctions are appropriate whenever the intermolecular interactions
leading to exciton exchange are large compared with the splitting of the
molecular spin substates at zero magnetic field. One must consider the spin-
sphttings to be those for a molecule at a crystal site (1.e. ; symmetry) in
the absence of excitation exchange interactions: thus bath the D and F spin
Hamiltonian parameters must exist 1 the case of the benzene crystal triplet
states.

1.3.1.2 The benzene *B,, state

The factor group states of the ?B,, state of benzene have been observed by
Burland, Castro and Robinson®® by means of high-resolution phosphor-
escence excitation spectroscopy. Prior to that work no absorption attribut-
able to the 3B, state of benzene had been observed other than diffuse oxygen
induced absorption?”-*', The Franck-Condon allowed portion of the spectra
of CoHg and C4Dy (ie. the part that would be missing in the gas phase)
shows a splitting in the crystal of each vibronic level into at least four tran-
sitions. Such a pattern is expected on theoretical grounds if the D and E
parameters are very smail (see e.g. Ref. 32) compared with the excitation
exchange interactions; since the 0-0 transition (at 29 674 cm ™! for C4H,
and 29 851 ecm~! for C¢Dy) is split into four components ranging from
—8.1cm~! to +6.0cm~! from the centre of the band, there is little doubt
that this inequality is realised.

The polarisation of the singilet-triplet absorption of the benzene crystal is
consistent with an out-of-plane transition moment®. If it is assumed that

Table 1.1 Partitioning of intensity amongst the benzene *B,, exciton states

Spatiaf Spin-orbit Relative intensities for three polarisations* - Total

state Jfactor group state 1, N I intensity %
A, (0,) 0 0 4]

By, B, (o) 0 0 Q.0115 39
B.. (o) 0 0.0277 0
B, (a.) 0 0 0.1885

B:, A, (o)) 0 0 0 46.7
B, (00) 0.2785 0 0
B.. (0.) 0 0.0211 0

B, B, (6y) 0.0130 0 0 34
A, (c)) 0 0 0
Blu(ca) 02124 0 0

A, B, (o) 0 0.0013 ] 46.1
B, (o) 0 0 0.2471

*The relative intensity for a transition to a substate T'(0,) is given by cos?l, cos?l,, where @, is the angle
between the x-axis {the polarisation direction, perpendicular to the molecutar plane) and the polar axis of the
crystal that transforms like I'. 0,, 1s the angle between ) and i. These angles are obtained from crystallographic
data by choosing the z-axis as the C--H direction nearly paraliel 10 b.
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the effect of the crystal field is to open up intramolecular spin-orbit coupling
pathways that are forbidden in Dg, symmetry and that the ‘effective’ mole-
cular symmetry for such pathways is Dy, (with axes as defined in the mixed
CHs and C,Dy crystal experiments described below), then the intensity
distribution and Zeeman effects of the factor group components can be
theoretically predicted?® from the crystal structure. The predictions, given
in Table 1.1, are that there should be observed four transitions (assuming
small unobservable spin-splittings), two of which (the B,, and A, factor
group bunches) have about equal strength and carry about 93 % of the total
intensity. These predictions involve restriction of spin—orbit coupling to all
but the g, state of the benzene triplet; if coupling to g, is also permitted
(in a D,, model the z-axis is taken through the atoms) the additional effect
is felt in the B,,, By, and A, factor group bunches to about the same extent;
thus there is a clear prediction from this analysis that the A, factor group
bunch of states give the most intense transition from the ground state. For a
proper analysis there are more subtle effects of interference amongst transition
amplitudes, but their inclusion will require a knowledge of the phases of the
spin-orbit coupling induced transition moment amplitudes. Unfortunately
there have been no spectroscopic assignments for the benzene triplet factor
group states since no Zeeman effect work has been done on the Franck-
Condon allowed part of the spectrum. From figure 4(a) of Ref. 30 it appears
as if the lowest energy factor group component is the most intense and the
next one, near the band centre, is just slightly less intense. The remaining
lines appear considerably weaker. If the lowest energy line were assigned to
the A, bunch, then the ordering of the states would be inverted from that
predicted by recent theoretical calculations by Craig and Sommer®!, so there
remains considerable uncertainty in the status of the benzene crystal lowest
triplet state that may only be resolved by e.p.r. or Zeeman effects of the
zero-point level exciton, Table 1.1 predicts definitive polarisation and
Zeeman behaviour that can be readily used to assign all the component
states as long as direct spin—-orbit coupling within each molecule is causing
the intensity of the singlet-triplet transition of the exciton. ,

The portion of the spectrum that is Franck—Condon forbidden shows no
factor group splitting, as expected, and since the zero-field splitting para-
meters of the triplet spin Hamiltonian are not known for any vibronically
excited states of benzene, the proper spin coupling scheme for these levels is
not known. The transition 8 dominates the spectrum, with'vg’ = 250 em~!,
vg" = 1600 cm~!, and Burland, Castro and Robinson®® associate the drop
in frequency with the predictions of van der Waals, Berghuis and de Groot*
regarding the involvement of vg in a pseudo Jahn-Teller coupling of the
3B,, and *E,, states. -

The Zeeman effect of the 8) absorption of the benzene crystal®*% has
confirmed the assignment of the doublet at 0 + 230cm~' to two com-
ponents of an e,, vibration (presumably vs). The scheme of Figure 1.1
describes the Zeeman effect of 8} with a magnetic field down the b-axis of
the benzene crystal. The molecular axis (x, y, z) designations for the spins
are appropriate in this case because the spin splittings are less than the line-
widths. Other transitions, such as 6} (at 0 + 575 cm™*), have been studied
by means of the Zeeman effect™:**~7 and it is clear that the equilibrium
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Figure 1.1 Scheme of states for the level involving one quantum of vy’ (€,,) in the
3B,. state of benzene in the presence of a magnetic field along the b(x) axis

symmetry of 3B,, benzene in the benzene crystal is not higher than D,,.
The splittings of the e,, modes that occur in the *B,, state also occur in the
1B,. state of the benzene crystal®®, although to different extents. However,
the C—H direction nearly parallel to the b-axis is a principal molecular axis
for both !B,, and ®B,,; these splittings are thought to manifest the asym-
metry of the crystal field. The distorting effect of what is probably a similar
crystal field is also evident in the (spatially non-degenerate) zero-point level
of the 3B,, state from e.p.r.?®, ENDOR®, optical* and optically detected
magnetic resonance*? studies of the phosphorescent state of C¢Hy at low
temperatures. Hutchison and Goncalves*® have shown that in the zero-point
vibrational level of C¢Hg (®B,,) in a C4D¢ host the symmetry manifested is
at most Cj, consistent with site symmetry, although magnetic resonance??-4®
and optical*' data are consistent with an approximate ‘quinoidal’ structure
in which two nearly paralle! bonds are longer than the remaining four.

1.3.1.3 The benzene *E,, state

Colson and Bernstein?’ identified an oxygen-sensitive absorption of the
benzene crystal at ca. 2700 A which they attributed to *E,, « 'A,,. Because
E,. has orbital angular momentum, the additional terms B,L, and the
crystal field effect must be included in the Hamiltonian used to describe the
spin states of the crystal in the presence of a magnetic field. There are
expected to be two potential curves along the v coordinate due to a Jahn—
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Figure 1.2 ‘The effect of crystal field mixing and spin-orbit coupling on the fine-
structure of triplet exciton levels of benzene in 3E,.. (a) Crystal effects dominate.
Only the ¥ = O levels of the exciton bands are shown. All & = 0 levels will show a
first-order Zeeman effect at fields for which gBH exceeds the fine structure split-
tings. (b) Spin-orbit coupling dominates. Only the & = 0 levels of the bands are
shown. Note that only two of the bunches of states will exhibit a first-order

Zeeman effect
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Teller effect®®4*44 and these are inequivalent in the crystal field since the site
symmetry does not contain a reflection plane. Thus there is a site splitting
into two sets that are each subject to excitation exchange interactions. In
addition, the ?E,, spin multiplets are determined by first-order spin-orbit
coupling as well as spin-spin and second-order spin-orbit interactions in
rather a similar fashion to a *E"’ state of Dj, symmetry*. There are therefore
24 states associated with the zero-point level of *E;, in the benzene crystal
and 48 with each level involving a degenerate vibration. Theory* predicts a
very small Jahn-Teller effect for the *E,, state, and the expected states of the
crystal are shown in Figure 1.2 for the case when the crystal field splitting
exceeds the factor group splitting of the levels. For this case the fine structure
splitting, assumed small compared with the excitation exchange interaction,
is different in those factor group states arising from different crystal field
components because of the symmetry allowed spin-orbit interaction through
L,. Evidence that the crystal field splitting will be significant is obtained from
the aforementioned observation of splittings of the e,, vibrational states of
both !'B,, and 3*B,,. The conceivable situation with spin-orbit interactions
exceeding all other effects is also sketched in Figure 1.2. Colson and Bern-
stein?’ located two very broad transitions at 36 947 and 37496 cm™! for
C4H4 which they ascribed to a °E,, « 'A,, molecular transition. The
presence of a triplet state of benzene corresponding to the Colson-Bernstein
system was confirmed using phosphorescence excitation,- and a magnetic
sensitivity of the absorption was observed®:¢ as a line broadening in a
Zeeman effect experiment at H, = 105 kg.

1.3.2 Naphthalene

The lowest triplet state of the naphthalene crystal corresponds to the *B,,
molecular state with the spatial wavcfuncuon transforming like the short
in-plane polar vector. The crystal symmeéry is P2,/a with two centrosym-
metric molecules per unit oell44. All molecular u-states become A, site states,
and each A, site state maps on to the representations A, and B, of the C,,
factor group. The spin functions of the crystal transform like the a, and b,
(c.*, o.*) representations of the factor group, so transitions to all six of the
triplet exciton states are allowed, those of type A, (o) being polarised along
the b-axis and those of type B, (o) polarised perpendicular to b:

All six of the states of the factor group have been observed in the Zeeman
effect experiments*’. The A, and B, bunches of states were first obscrved by
Hanson and Robinson*®; later polarisation measurements by Castro and
Robinson*® using phosphorescence excitation gave results consistent with
the overall pattern of intensities predicted from theory?®. The Zeeman results
are not in perfect agreement with the calculation (see Table 1.2) based on
only one radiative state (o,) presumably because of the weak radiative power
of at least one other substate of the molecule, but the agreement is qualita-
tively correct and the assignments of the spatial parts of the lowest triplet
exciton states of the crystal are secure. The high-resolution photoexcitation
spectrum of the naphthalenc crystal*® exposes the vibrational structure of
the first triplet. The strong Franck-Condon allowed part of thk spectrum



