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I. Site Effects and Exciton Structure in Molecular Crystals — Benzene.

II. The First and Second Triplet States of Solid Benzene.

by Elliot R. Bernstein
Abstract

The effect of intermolecular coupling in fnolecular energy levels
(electronic and vibrational) has been investigated in neat and isotopic
mixed crystals of benzene. In the isotopic mixed crystals of CgHj,
C¢H,D, m-C,H,D,, p-C,H,D,, sym-C;H,D;, C;D;H, and C;D; in either
a CgHg or C,D; host, the following phenomena have been observed and
interpreted in terms of a refined Frenkel exciton theory: a) Site
shifts; b) site group splittings of the degenerate ground state vi-
brations of CgH;, CzD;, and sym-C.H,;D;; c¢) the orientational effect
for the isotopes without a trigonal axis in both the leu electronic state
and the ground state vibrations; d) intrasite Fermi resonance between
molecular fundamentals due to the reduced symmetry of the crystal
site; and e) intermolecular or intersite Fermi resonance between
nearly degenerate states of the host and guest molecules. In the neat
crystal experiments on the ground state vibrations it was possible to
observe many of these phenomena in conjunction with and in addition
to the exciton structure.

To theoretically interpret these diverse experimental data, the

concepts of interchange symmetry, the ideal mixed crystal, and site

wave functions have been developed and are presented in detail. In the
interpretation of the exciton data the relative signs of the intermolecu-

lar coupling constants have been emphasized, and in the limit of the
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ideal mixed crystal a technique is discussed for locating the exciton

band center or unobserved exciton components. A differentiation be-
tween static and dynamic interactions is made in the Frenkel limit
which enables the concepts of site effects and exciton coupling to be
sharpened. It is thus possible to treat the crystal induced effects in
such a fashion as to make their similarities and differences quite
apparent.

A calculation of the ground state vibrational phenomena (site
shifts and splittings, orientational effects, and exciton structure) and
of the crystal lattice modes has been carried out for these systems.
This calculation serves as a test of the approximations of first order
Frenkel theory and the atom-atom, pair wise interaction model for the
intermolecular potentials. The general form of the potential employed
was V(;r;) = Be-Cr - A/rs; the force constants were obtained from the

potential by assuming the atoms were undergoing simple harmonic

motion.

In part II the location and identification of the benzene first and

second triplet states (B, and *E;q) is given.
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Electronic and Vibrational Exciton Structure

in Crystalline Benzene¥*

ELLIOT R. BERNSTEIN, STEVEN D. COLSON,
RAOUL KOPELMAN,T and G. WILSE ROBINSON

Gates and Crellin Laboratories of Chemistry, t
California Institute of Technology, Pasadena, California 91109

(Received 10 April 1967)

ABSTRACT

Although much work has been done on vibrational
‘and electronic excitons in crystalline benzene, emphasis in the past
has mostly been placed on "splittings' rather than on the
magnitudes and relative signs of the intermolecular
interaction energies (i.e., matrix elements or coupling
constants) causing these splittings. Not only do the
splittings and associated polarization studies in neat
(pure) crystals shed light on these interaction energies,
but also important in this regard are band-to-band (g:\ o Q)
transitions in neat crystals; and orientational effects,
- site splittings, shifts,and resonance pa_ir spectra in -
isotopic mixed crystals. Using a diversity of these kinds |
of complimentary experimental results, we shall in

future papers present new information about magnitudes

and relative signs of many of the pertinent coupling

* Supported in part by the National Science Foundation.

T Present address: Department of Chemistry, University of Michigan,
Ann Arbor, Michigan 48104.
¥ Contribution No. 3512,
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constants for vibrational and electronic excitons in
crystalline benzene. The purpose of this particular
paper is to lay a consistent theoretical framework
for the discussion of these experimental papers. -
Emphasis will be placed on K 9 states, isotopic
mixed crystals, and translationally equivalent inter-
actions, as well as the Davydov splittings. The inter-

change group cohcept is introduced in order to-simplify

the theoretical analysis. From the four possible
interchange groups D,, ,C\za{,, (}\2}?‘,, 92%, the D, group
is found to be the most convenient for the classifica-
tion of benzene exciton functions. A differentiation
between s_té_ti_c_:_ and dynamic interactions is made in

the limit of Frenkel excitons, and the concepts of site

distortion energy and the ideal mixed crystal are intro-
duced to aid in this distinction. Data pertaining to site shifts
~and splittings and resonance and ciuasiresonance'. inter-

- action terms for the leu electronic exciton band and

the vibrational v,,(by), v15(bou) and vyg(e;y) exciton

bands are discussed in order to illustrate. the theoretical

concepts.
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I. INTRODUCTION

The benzene molecule has long served as a prototype for the study of
7-electron systems. The benzene crystal has been of similar importance in
the study of intermolecular interactions. The experimental investigation of
vibra.tionza.l1 and electronic2 transitions in solid benzene paralleled the
theoretical development of symmetry consideration53 and exciton theory4
for molecular crystals. Several review articles discuss much of this past
work. S More recently, a powerful approach to the investigation of exciton
interactions, first mentioned by Hiebert and Hornig, 6 using off-resonance

techniques in isotopic mixed crystals, has been utilized7 in the study of the

electronic exciton structure of benzene.

Certainly for vibrational excitons and probably for those electronic
excitons associated with the lowest singlet and triplet states of benzene,
the Frenkel limit applies. | Even though the theory of Frenkel excitons has
been discussed many times before, both in general and with particular
reference to the benzene crystal, the presently available literature on this
subject has many shortcomings for our purposes. Not only is there the usual
wide range of notational differences, but unfortunately there have been a num-

ber of confusing or incorrect statements made. Most confusion seems to arise

in the symmetry classification of the crystal wave functions,
the Davydov "D-term", the approximations leading to closed-form expressions
- for eigenfunctions and eigenvalues of 1{\ o Q states and transition probabilities
involving these states, the meaning of site-group splittings, and the causes of
breakdown of oriented-gas quel polarization properties. It is partly for this
reason that we undertake to redevelop and extend the subject. In doing this we

develop the concepts of the ideal mixed crystal and the site distortion energy,

and clarify the méaning of the Davydov D term. We further emphasize the

possible shortcomings of a first-order theory.
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One of the specific purposes of this paper is to emphasize the import-
ance of discussing exciton interactions in terms of precisely defined exciton
coupling constants rather than splittings, band shapes, or overall bandwidths.
While it is possible to derive uniquely these characteristics of the exciton
band from the coupling constants, the converse is not generally true. In ‘
particular, for the case of benzene, merely giving the splittings among the
observed three Davydov components, as has been done for both electronic
and vibrational bands, in no way fixes the magnitude or relative signs of the
excitation exchange interactions responsible for this splitting. This is so '
because one transition from the totally symmetric ground state to one of
the Davydov components is dipole-forbidden. It should be further noted that
the relative signs of the coupling constants have significance only if the
convention used in defining the crystal wave functions is given explicitiy.

The interchange group concept is introduced for this purpose. Not only do

the magnitudes and signs of the coupling constants uniquely define the Davy-
dov splittings, but they also give detailed information concerning the
directional properties of the excitation exchange interaction. This provides
a much more sensitive test of theoretical calculations, which in the past
have been compared only to overall splittings, and thus presents a means

of determining the origin of these interactions (i.e., in the case of electronic
excitations, mixing with ion-pair exciton states, 8 octopole-octopole inter-
actions,4b exchange interactions,7 ete. ).

Using the theory we iliustrate, with specific examples from the benzene
crystal spectra, how to extract the exciton coupling constants. The band
structure of the 'B,, electronic state and a few ground state vibrational bands
of C;Hg are discussed in detail. While the magnitudes and relative signs of

the exciton coupling constants (see Sec. II-F) can be obtained from studies
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with unpolarized light, assignments of each coupling constant to an interaction
among a specific set of molecules in the crystal requires polarization proper-
ties of the transitions to be known. Because of the difficulty of identification
of crystal faces in benzene, in addition to depolarization caused by cracking
and straining at low temperatures, polarization assignments‘ are more apt to
be unreliable than those in other crystals of aromatic molecules. It is hoped
that unambiguous polarized light experiments can be carried out in the near

future, in order that reliable assignments of the coupling constants can be made.

II. THEORY

A. Sitez Interchange, and Factor GrouE Sxmmetrx

The symmetry of crystals can be considered as made up of the follow-

ing types of operations: (1) site operations, describing the local "point"

symmetry, where the "point" of interest usually is the center of the molecu-

. lar building block; and (2) transport operations, carrying a given molecular -

unit into a physically identical location and orientation. The transport opera-

tions can be classified further into two categories: (a) the translational

operations; and (b) the interchange operations. The latter includes both proper

 and improper rotations, screw rotations, and glide reflections. The so-called
static field interactions are related to the site symmétry, while the dynamic
interactions are related to the transport symmetry. Dynamic interactions
: héve gone under names such as excitation exchange, resonance, or exciton
interactions, or by the term '"the coupling of oscillators".

In the case of the benzene crystal the space group is D;i (Pbca)’ and
there are four molecules per primitive unit cell occupying sites of inversion
symmetry9 (see Fig. 1). The site group is therefore Ei‘ The four sets of

translationally inequivalent molecules corresponding to the four sites
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per unit cell are labeled I, II, III, IV. The interchange operations in the

‘ benzene crystal are the screw axis rotations Cza, Czb, and Czc; and the glide
plane reflections o* (= iC2), e (= iCzb), and ¢° (= iC,°). Considering the
translations as interchange-identity operations E, certain sets of the above
mentioned operations generate groups of order four®? which we call inter-

change groups. The four interchange operations associated with an inter-

change group permute the four sets of translationaliy' inequivalent molecules
among themselves. There are four possible interchange groups for the
benzene crystal: 923 ={E, C2, orb, o 13 923,) ={E, o2, Czb, ¢“}; 92‘? =
{E, &, ob, Cf}; and D, = {E, ¢>. Czb, Czc}. The particular set {E, C2,
Czb, Czc}: is unique in that it has the virtue that the right or left handedness

of a coordinate system attached to a site is preserved upon such permuta-

tions. We therefore call the set 92 the proper interchange group for the

benzene crystal.

The factor group D, for the benzene crystal is generated as

mthemdirect rproduct of the site group and the interchange group, D, X Qi for
the particular case of the proper interchange group. This relationship among
site, interchange, and factor group symmetry holds, however, for all inter-
change groups, proper as well as improper. The space symmetry of the
crystal is generated from the factor group symmetry and the translational
symmetry; or, alternatively, from the site and transport symmetries, or
~ the interchange and site-translation symme try §(a1) defined by Vedder and
Hornig. ob The correlation among the benzene molecular point group and the
site, interchange, and factor groups in the benzene crystal is depicted in
Fig. 2. It should be noted that the only non-trivial symmetry of the molecule

that is carried over to the site, and therefore to the factor and space groups,

is inversion.
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B. Generation of Exciton Functions

In the limit of the tight-binding (Frenkel) approximation for a crystal
containing N molecules with four molecules per unit cell, we construct
antisymmetrized functions representing localized electronic or vibrational

excitation f on a particular molecule at a given site in the crystal,

N/4 :
fiR 1

where £ is the electronic antisymmetrizing operator, n labels the unit
cell, q labels the site (I, II, III, IV) in the unit cell, and X nq is a crystal
site function (see below). From these functions one can generate the one-site

exciton functions in the Bloch representation, S@

N/4

0509 = v F T explicRog) g (2)

where R__ denotes the position of the center of a molecule located at the
qJ-ch site in the nm unit cell with respect to a common crystal origin, and

k is the reduced wave vector. It is convenient to write,
R_ =Y +7 ' (3)

with - N defining some convenient local origin in the nm unit cell and Inq

. being a vector from this local origin to site q (=1, I, I, IV) in this same

unit cell. Note that because of translational symmetry, Tnq is identical
for all n. Therefore, we shall hereafter drop the subscript n.

Before going further one must be specific about the site numbering.
One scheme is as good as another, but it is ‘important to be consistent and

always to state explicitly which convention is used, since the appearance



9
" of the results depends on the numbering scheme used. Using the operations
of the proper interchange group D,, we define the numbering scheme for
benzene as in Table I such that for k = 0 11, ¢ qu(O) —> cpH(O) C qu(O) —>
¢§II(Q); and C§¢§(Q) —> ¢frv(9). In the same way CZ "interchanges" sites III
“and IV, CE "interchanges' sites II and IV, while Cf "interchanges' sites II -

and III. This is the same numbering scheme as used by Cox but is different

from that of Ref. 4b and Ref. 7.

C. The Crxstal Hamiltonian

We now proceed to determine the Hamiltonian matrix elements for the‘
_specific case of the benzene crystal. The manner in which one divides up the
total crystal Hamiltonian H into a zero-order part and a perturbation Hamil-
tonian part depends upon the representation to be employed. In the tight-binding
limit, where excitation is localized primarily at the site, it is convenient to

divide H into a one-site Ha‘miltonian H and an intersite interaction Hamiltonian

L G
| N/4 IV
B = ), 2 H(a) | 4)
n—l q=1
N/4 IV N/4 IV - : :
B N 8 ) H/(Q30’q’) (5)
n=l q=1 n’=l .4 ®nn’ °qq -
~where § =1 for n=n’ and q = q’ simultaneously, and zero otherwise.

nn’éqq
The e1genfunct1ons of H° (nq) are ]ust the crystal site functions - ngq introduced

in Eq. (1). It should be emphasized that Eq. (4) does not provide for multiple

- excitations of two or more sites, and therefore places at least a part (for
example, the R° part) of the van der Waals energy in H’. Mixing with Wannier
exciton states or ion-pair states must also come from H” when using the tight-

binding representation.



Since the translational subgrotcx)) of the space group is Abelian, only
one-dimensional irreducible representations occur. 12 Thus, as is well
known, in the Bloch representation the Hamiltonian matrix describing the
energy levels associated with a set of translationally equivalent molecules
in a crystal contains no off-diagonal elements. The matrix is therefore
diagonal in the reduced wave vector k, each diagonal element being charac-
terized by one specific value of this ""quantum number". If only a single
non-degenerate excited state of the molecule is considered and if the crystal
structure is such that there is only one molecule per unit cell, i.e., if all
- N molecules in the crystal are translationally equivalent, then the NX N
Hamiltonian matrix simply consists of N diagonal terms of the type
(f,I}\]Hlf, k), where f,k represents the function (and its complex conjugate)
f——— of Eq.(2) for a single g, and where H = H® + 1.

If two molecular states, say f’ and f”, in such a crystal are considered,
then the Hamiltonian matrix consists of 2N diagonal terms, (f’,lfg[H]f’,E) and
(f”,k|H|f", k) . Since in general gb(fl(g) need not be an exact eigenfunction of H .
because of the choice of Xfxq’ there may be 'configuration interaction' terms
(f',/lg]H]f”,/lg) , giving rise to a matrix consisting of N 2 X 2 blocks along tHe
main diagonal. Many such singly excited configurations f’, f”, f’”-++ may
have to be considered. In addition, again depending upon the choice of

representation, there may be multiply excited configurations of the ci*ystal

. that must be included for energy or intensity calculations. For example,

the doubly excited configurations constructed from localized excitation functions,

N :
flf” 5 f’ fll 0 ,
¢n', n” = é.xn, Xn N Jnl,, i Xn (6)
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(for one molecule per unit cell) may be very important in the consideration

of van der Waals energies and spectral shifts through the matrix elements
(£'£7,k|H|00,k) and (f'f,k|H|f0,k) .

When there are 4 molecules per unit cell (4 different sets of transla-
tionally equivalent fnolecules) and the possibility exists of doubly degenerate
molecular states, as in the benzene crystal, the Hamiltonian matrix is a

little more complicated. Considering only a single, non-degenerate excited
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state f, the full N X N Hamiltonian matrix consists of N/4 4 x 4 Hermitian
submatrices, each submatrix labeled by a unique k, along the main diagonal.
Off-diagonal elements within each submatrix arise because of interactions
among the four sets of translationally inequivalent molecules (i.e., sites).
Matrices of higher-order than four would have to be considered if f described
a doubly degenerate molecular state (in which case the N/4 submatrices are

8 X 8) or if interaction of the f B configuration with other singly or multiply

excited configurations were to be included.

D. First-Order Frenkel Theorz

Using the one-site exciton functions of Eq. (2) as zero-order functions,
the first-order Hamiltonian matrix elements for the éxcited state of crystal-

line benzene, corresponding to the ! excited state of the molecule, are,

N/4 X
atqél (k) = : nl'\_\:l exp ik (Iq' "Zq) exp ik (ﬁn"rn)
g £* f '
X (an H(,bnrql dR. (7)

It is convenient in Eq. (7) to separate the k independent terms, for which

- g=q andn ;.nf; ‘from the k dependent terms, and write,

~

Lodw=(+Dho+ L), | (8)
‘where

= [of wel ar | (9)

o
£ £ o 1
D' = fqbanH bq 4R - (10)
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Using an approximate Hamiltonian matrix, in which certain non-nearest

<y PR

translationally equivalent interactions are assumed negligible, the

normalized crystal eigenfunctions \Iffa(l,g) may be expressed in terms of

the representations @ of the D, interchange group. They are:
v =1 D 2%l @ (11)

where the a(‘lx are coefficients corresponding to the gm representation of D,. For
a=A4A, ac‘f“ = +1, +1, +1, +1 when q = I, II, OI, IV, respectively. Similarly,

a?l = +1, +1, -1, -1; anz = +1, -1, +1, -1; and ac}133= +1, -1, -1, +1. In

the particular case of k = 0 one need not call upon the above approximation, and

Sl in our firét?order tight?bindihg limit; the eigenfunctions may be written exactly:

¥ (g)

HAQ + 41 + e + g
#B(Q) = H6{Q + 91 (© - 9O - o)
168@ - 5@ + o i@ - e f@)
¥P0) = 36{(Q) - 97(® - ¢ + Hy(Q)

—~

(12)

The functions \I,faz (Q) map into gerade or ungerade functions of the ch
f

factor group depending on whether X

is gerade or ungerade. The
complete correlation diagram is given in F1g 2.

Itis important to note that the k = 0 crystal function transformations
under D, are independent of the symmetry g or u of the site
function xf. This is not the case for the other three possible interchange
groups, all of which contain two glide-plane reflection operations that change
the sign of u functions but not of g functions, if right handed coordinate sys-
tems are used throughout.10 This is an example of the kind of ambiguity
that may arise when an imprc:)per interchange group is used. Group theo-

retically such improper groups are correct',' but they can certainly lead to
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confusion in practice. In any case, both for those who use the proper inter-
change.group and for those who insist on using improper ones,it is important
in molecular crystal spectroscopy that the convention, whatever it is, be
stated explicitly. Even though the difference of results is only a matter of
phasing, in order to compare calculated and experimental quantities it is
important to know just what phase relation is used by any particular author!
It should perhaps be pointed out how not to form interchange or factor
group representations. Symmetry elements present in the molecule but
absent in the site have no significance in the crystall Using them to find
the interchange or factor group representations is definitely incorrect in

principle and, at best, misleading in practice. This procedure, introduced

by Davydov (see p. 43 of Ref. 4a), has consistently given wrong or

inconsistent results for the benzene crystal; though usually the rresu_lts have
been correct for systems such as naphthalene and anthracene where there
are only two molecules per unit cell. For instance, Davydov (p. 56 of Ref.
4a) gives only a pair of factor group components (and different ones at that!)
for B and B, electronic states of benzene even though he employs four
molecules per unit cell. The reason that Davydov obtained incorrect results

e that he employed the old crys-

for benzene was not, as is often stated,
tal structure, since that had the correct space group. It was because he
tried to make use of the molecular point group operations in the crystal,

where, except for those preserved by the site, they have no meaning.

In the paper of Fox and Schnepp, i an attempt was made to follow
Davydov's method of constructing factor group representations by using
molecular point group operations. Theée authors did, however, use care-
fully selected coordinate systems on each molecule in conjunction with the
refined crystal structure data of Cox. 0 They correctly found four factor

group components for each nondegenerate state of molecular benzene in
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agreement with Winston3d; but the crystal functions they obtained for the
molecular B,y state belonged to different factor group representations than
those for the molecular B,, state! Both B,y and Byy stat_és , and for that
matter all u states of benzene, have identical site and factor group repre-

- sentations and should therefore all be described by the same type of crystal
wave function insofar as symmetry is concerned. It is_ easy to see from
what we have presented here and in Section II-A that the treatment of Fox and
Schnepp actually amounts to the use of the 925) interchange group for the
le molecular electronic state,and the Qﬂ? interchange group for the
anu state. The use of such conventions is mathematically correct, but,

- unless they are stated explicitly, the meaning of the factor group wave

functions and the relative signs (vide infra) of the coupling constants be-
come obscure. ' :

One last thing should be pointed out. The use of projection'operat:ors14
does indeed guarantee that the crystal functions are eigenfunctions, but does
not specify a convention, unless the phases of the functions used in this

~method are explicitly identified with certain interchange operations. i

E. Site Functions

For small site distortions, like those for crystalline benzene,distin-
guishing between site functions and molecule functions is not expected to make
large differences in energy. It is, however, extremely important to differ-

entiate between site functions and free-molecule functions when considering

.intensities and polarization properties of transitions. A breakdown of the
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oriented gas model for intensities can occur because of site distortion even
in the absence of large energy perturbations by intersite interactions. This
model, for example, would be obviously inappropriate in cases where a weak
or forbidden gas phasé transition is greatly enhanced in the crystal.
Such enhancement.can occur even though the intermolecular forces causing
the intensity enhancement are so weak that they do not cause a measurable
breakdown of the first-order Frenkel limit with respect to energy.

Unfortunately, the concept of the site function as introduced by Winston

3d is somewhat ambiguous.

and Ha,lfordgC and further discussed by Winston
These authors envisioned the distortion at fhe site as arising from a general
"crystal field". This sort of language is convenient for many problems, and
"in particular for the diséussion of the vibrational states of crystals, with
which Winston and Halford were primarily concerned. For the vibrational
problem it is easy to separate crystal field effects in H from interaction
terms in H’. One merely considers in H a molecule in the crystal where
‘not only the nuclei but also the electrons have been distorted. This leads to
different equilibrilim nuclear pos}itions and different (intramolecular) forcé
éonstants than in the free molecule; H’, which also has the symmetry of the
site, is written in terms of ihtermolecular force constants coupling these
distorted molecules. For the electronic exciton problem, however, the .
'crystal. field idea does not allow a very clear separation of 4 and H'.
. Which intermolecular interaction terms in H should be considered p.art of
the "crystal field" and which should be included in H’ ?
: Threé possiblg choices of electroniq basis functiohs Xfx q come to mind:
1) the Xfxq could be eigenfunctions of a free, undistorted benzene molecule;

.2} Xflq could be eigenfunctions of a distorted benzene molecule in some '""average

field" of all the other molecules in the crystal; or 3) xi q could be eigenfunctions
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of a free benzene molecule whose nuclear framework has been distorted to
match that of the molecule in the crystal. .

The first choice is undesirable since the symmetry of the terms in Ho
are higher than that of the crystal site. Terms in H’ would have fo contain-
the effect ofi the nuclear distortion on the electronic energies in addition
to the usual interaction terms. The advantage of this approach, however,
lies in the relative simplicity of the basis functions. It is the one that .Has
‘ been used in theoretical calculations. We shall not use this model here
since one of our objectives is to emphasize the consequences of the low
symmetry of the crystal site functions. It should be emphasized that the
higher order éffeéts of configuration interaction and van der Waals energy
must be taken care of separétely in this approach. Thus, a strictly first=-
order theory may be inadequate to explain "shifts" and other contributions to
the crystal energies. Such contributions are expected to be particularly
important for electronic excita:tion. s

The secofxd type of basis.,function may lead to the kind of ambiguity
| mentioned earlier since terms in H0 representing the "crystal field" co‘ntain
intermolecular interelectronic interactions usually included in H”. It Would_
be desirable to choose Ho to be an "effective Hamiltonian" such that the
eigenvalues (0 l H0 lO) and (f ]Ho lf ) already include the k-independent
configuration interaction and van der Waals terms. HoWever, such an
- effective Hamiltonian cannot be written down in terms of one-site functions
as in Eq. (4); and to include multisite functions in Howould destroy the useful
Frenkel exciton formalism upon which the above theoretical resulté are
based. We therefore abandon this extreme approach in the case of
’;ribrational afxd low-lying electronic states of benzene, which we feel -

' lie very close to the Frenkel limit. -
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To employla less extreme érystal field model, where only one-site
terms appear in K is possible, but difficult to prescribe precisely. Quali-
tatively the electrons and nuclei at the site are distorted by some effective
‘electrical field caused by the rest of the crystal, the field being chosen so
as to minimize contributioﬁs from higher-order effects. The van der .Waals :
terms and terms arising from configuration interaction with, say, Wannier

~ or ion-pair states of the crystal must be taken into account separately by

perturbation theory.

A still less extreme crystal field model would be the third one above ==
the distorted nuclei model. It would again give rise to van der Waals and
configuration interaction contributions since the electronic eigenfunctions
of a free molecule, even though its nuclei have been distorted, are not
necessarily equivalent to eigenfunctions of any of the zero-order
Hamiltonians in the second model. Thus, the distorted-nuclei model gives
rise to the same kind of energy contributions as the Dy, model, but the value
of each energy contribution differs for the two models. Even the k-dependent
energies differ for the three models. One therefore must realize that, | just
as in other problems, individual terms in a total energy e:xpression havé
different values depending upon what representation is used, and the terms

add up to the true total energy only in the highest order of approximation.
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T Band Ener'rrE ies

The k-dependent energies of the exciton band can be obtained in closed
‘form to first-order in crystal site wavefunctions from the approximate

Hamiltonian matrix discussed in Ref. 13. This first-order energy,

expressed in a manner similar to the original Davydov form,4a is

B = EREy - g 2 e p i 1B T
When higher order effects are taken into account Eq. (13a) becomes
E) = ¢+ D+ O + W+ w (). L

In these equations £ fa (k) and &° are, respectively, the excited and ovround

state energles of the crystal = ef - € Where ef and e are the excued a,nd

grOund state energ1es of a molecule at t‘le site Whose ewenfunctlons lelq re
specified by some particular site representation; D = Df - D is a k-mdependent
band shift term; and Lfa(g) is the k-dependent energy ass001atea with the ozt—h-
irreducible representation of the interchange group. The quantities ef and
Df were defined in Sec. II-D; eo' and’ D’ are analogously defined e:kcept that
ground state site functions qb;q are employed. To firét. order, the k-dependent
energy Lfa(k), which isr of primary imporfance in the consideration of the

e:ac1ton band structure, is a function of the k-dependent matnx elements

,(k) defined in the last section:
el of o AP S Frin. L0y £5,
) o TR e By pl) ¥ el & Ay Lyl i)

We have dropped the subscripts on the diagonal element Lg q(lg) since the:
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" approximation from which Eq. (14) is derived rests on the fact that

L = Lpf0 = Lppl = Ly, - @)

for eachk. Equation (15) is not an approximation, of course, for some

special values of k such as k = O.4g

-~

The quantities W and w‘(’lg) ' in Eq. (13b) represent the contributions
from higher-order k-independent shift terms and higher-order k-dependent
energies, respectively. Again, it is to be emphasized that, while the value
of EIY (k) in Eq. (13b)'is independent of representation, the values of the
individual parts vary with representation. If free-molecule eigenfuncfions
are used for the site functions'xfl Q thén € is the free-molecule excitation A
energy, the D and L integrals are written in terms of free-molecﬁlé functions,
and W and w(k) must contain not only the usual configuration interaction
and van der Waals terms, but also terms, both k-independent and k-dependent,
arising from energy changes caused by nuclear distoftions at the crystal
site. If the xflq represent functions for a free molecule whose nuclei have
been distorted, then €, D, and pia (k) all have different values than if
determined from undistorted fre_e-molécule functions; and W and w (k)
are also different, ' % ' |

Rather than specifying any particular r.epresentation in this paper,for ;
the purpose of fitting the experimental data we shall simply 'aidopt the form
of Egs. (.1 3a) and (13b) with the understanding that the theoretical values of
the parameters depend upon the particular represéntation chosen. '

It the higher-order l{\-dependént terms W(}S) are negligible., the simple
form of Lfa(g\) discussed in the preéeding sections is preserved. We shall

assume this to be the case for vibrational as well as low-lying eiectronic exci-

~ tations in crystalline benzene, and Sha.ll show in this and subsequent papers that
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such an assumption does not conflict with experimental evidence. .Even
though the higher-order k- dependent terms must be ignored to preserve
the simple form of our equations, for the purpose of fitting experimental
data all the higher-order k-independent shift terms, such as the van der
"~ Waals terms, may be included Without difficulty. Neglecting the w(k),
p————a good appreximation when perturbing bands are far removed from

" the Frenkel exciton band under study, we rewrite Eq. (13b) as,
fa _ - fo : : ' '
E%k) =€+ L%) +a, (16)

where

A=€-€+D+W.
The quantity € is just the gas phase excitatien energy. In some of our future
papers it will be. convenient to introduce a ''site distortion energy'" P =¢ -.'e'.v
. In Eq. (16) the quantities 'Lfa(;g) and A can be imagined by the experimentalist
as the k-dependent . energy and site shift term that give the best fit
~ of the observed exciton band energies relative 'to the free-molecule ene'rgy,
and by the theorist és quantities to be calculated using first- and higher-
order perturbation theory starting with the best a‘_/ailable site functions .Xfl q
It is possible further to decompose A for degenerate states into a shift term
and an intrasite resonance shift contribution. This approach will be taken in‘
a future paper from this laboratory concerning crystal site effects .for the
* benzene system. 15 Knowing Efa(lc\) and €, ex;i)erliments can generally shed |
light only on the overall values of Lfa(}g) and A, nof on the source of these

16
terms

It is necessary to make a final comment upon the D- term in A. The
reader should noté that the D-term does not contain contributions from site

states other than the ground and particular excited state with which one is -
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dealing, and is representation-dependent. There has been some ambiguity
in the literature about this D-term. Some workers, while using a definition
of D similar to ours,and free-molecule basis functions, have tried to equate

it to the total experimental gas-to-crystal band shift for the transition. This,

of course, is a highly erroneous kind of correlation, especially for electronic
excitations, because of the possible presence of relatively large second-order
shift terms and the difference between D at the site and D calculated with molecular
functions. In some Cases,a'buf not benzene ,there is also the possible presence
of large k = 0 shift terms Lf(Q), that = cause the mean value of the k = 0
Davydov components not to be related to the mean energy of the whole band.
Still other workers have tried to equate the entire gas-to-crystal shift to

the k = 0 shift terms. The reader should note that the shifts in neat crystals,
in isotopic mixed crystals, and in chemical mixed ci‘ystals (i.e., benzene

in hexane) are often all of similar size and direction. The effect of
resonance interactions is nearly lost in the second case and completely lost

in the latter case, - indicating that résonance interactions must give a
relatively minor contribution to the shift. For some molecular crystal
transitions, where the exciton interactions are strong, such correlations
between experimental and theoretical band shift terms may be more nearly
correct than _for the benzene transitions discussed here. However, even in
these cases, neglect of site distortion energy and in particular second-order

contributions to A is probably not justified. (See Fig. 3.)

e Al e e e o
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G méougrlirig” Constants and Davxdov Sglittings

4b, 4£,7 concerned with the exciton structure of

: first-order > g
crystalline benzene expressed/energies in terms of coupling constants, Ma’

Some earlier papers

' Mb’ Mc’ MI e MI I’ and M v dropping th.e superscript £, whence,

\

Li(0) = 2M_(0) + 2M,(0) + 2M,(Q)
Lt (@) = M 10 '

; * (17)
Ly (@ = 4Mp Q)

Lt (@ = 4M; y(0)

. there being an identical set of translationally equivalent interaétions along

each positive and negative crystallographic direction a, b, and ¢ and a set -
of four identical interactions between any molecule and its translationally
inequiiralent neighbors. While Ref. 7 considered the M's in Eq. (17) to be
nearest-neighbor interactions, they are really summedv quantities over all

members of each set in accordance with Eq. (7). Since translationally
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equivalent interactions lying skew to the crystallographic axes have been omitted, &
the energy contribution Lf(Q) in Eqs.(17) is approximate even for k = 0.
However, for the leu and 3Blu electronic states of benzene, and undoubtedly
also for vibrational states of benzene, the approximation is an excellent one
because of the smallness of the omitted terms (vide infra).
For the particular case of k = 0, the resulting four energy levels
.associated with each nondegenerate molecular state are the Davydov components.

These are important since they are the only ones that can be reached by inter-

S—

action with radiation from the k = 0 ground state of the crystal. '.In terms
~ of the coupling constants, and with respect to a common orig_in,'

€ +'A'+_Lf(,0) , the k =0 energies are:

: E(A) = 4(+M; + My qp + M; 1)

. s (18)

where it is understood that': the qu,'s refer to ,15 = Q These equations are
“exact for the Frenkel model, It should be noted that the
mean value € + A + Lf(Q) of the Davydov components lies at the mean value
‘€ + A of the exciton band only in the case where all k-dependent translationally
equivalent interactions are negligible. Lf(Q) will be referred to as the k =0

-~

shift (dr the translational shift). This point is important in the analysis of

isotopic mixed crystal data, since it is € + A,not € + /A + Lf(,Q),' that deter-

mines the position of the guest energy levels in the ideal case (vide infra).

!



H. Site Group Sglittinzgsand the Ideal Mixed Crystal
Direct ma.nifestation‘ of the reduction in symmetry of molecular
~quantities in the site is the site group splitting. Symmetry arguments show
that degenerate states of the molecule often map into nondegenerate irreduci-
_ble representations of the site group. This is true in benzene where the
molecular symmetry is much higher than the site symmetry (see Fig. 2).
Degeneracies present in the molecular state can therefore be removed by

the site. The splitting has been called site group Splittingsa and has been

primarily studied in the vibrational spectrum of molecular crystals, but is

certamly not lmuted to V1brat1ons alone

SO

s pook e man o

In order to be able to discuss site group sphttmg without comph-
cations due to interchange group splitting it is suggested that site group
splitting be defined phenomenologically as the splitting obtained for the

guest in an ideal mixed crystal. The ideal mixed crystal is defined as one

“in which: (a) the guest is infinitely dilute; (b) the only'difference between

. guest and host is one of isotopic substitution; (c) guest and host have the
same symmetry and dimensions; (d) quasi-resonance interactions between

~ guest and host and the effecfs_ of isotqpic substitution on A are negligiblef
Isotopic mixed crystals approximate fairly ciosely this defini.tion.A In addi-
tion small correction terms to be discussed 'later can be applied to bring -
the isotopic mixed crystal even closer to the concept of the ideal mixéd

- crystal. The phenomenological definition of the ideal mixed crystal brings into
agreement, as close as is thought possible, the observed site group split-
ting in isotopic mixed crystals and the original idea.3;’1 that site group
splitting is the result of the static field (E-independent) interactions at the .site.

In the ideal mixed crystal thg site group splitting of a degenerate gas phase

 band will therefore be
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quantitatively identical to the difference in the A terms of the originally
degenerate components. Symbolically this can be written as (Ax - Ay),
where x and y designate the degenerate components.
In the neat crystal there are additional resonance contrxbutlons to the

splitting of free-molecule degenerate states. Excitation exchange interactions

will couple not only site group components of one kind (say x) among different

sites, but may also couple site group components of different kinds (x and y)

among the various sites. The last statement is certainly true when both 'kinds"
belong to the same site group species (benzene!) but also in some cases where

the two "kinds' belong to different site group species. ' In other words, any
degenerate or nearly degenerate levels present after the static interactions have
been introduced may be further coupled together by the dynamic (E-dependent) inter-
actioﬁs in the neat crystal, or by quasiresonance interactions in the mixed crystal (Vi
infra). This statement holds whether the near degeneracy arises from site

group splitting or from accidental degeneracies present in the system. The
latter case when applied to vibrational levels resembles Fermi resonance. &
It is different from typical Fermi resonance in that the effect is an inter-
molecular one and that anharmonicities of the usual type need not be present

to effect the interaction. (See Fig.3.)

The essence of the last paragraph is that whenever site group

splitting and interchange group splitting are expected together, the total effect

cannot be handled even conceptually as a simple superposition of two independ-

ent effects. For the benzene crystal, the full 8 X 8 submatrix must be considered

leading to ten independent offédiagonal coupling constants, whose values are

not determinable from the limited experimental data obtainable. A separation
of the two effects would be justified as a first approximation only if: (a) The

site group interaction is an order of magnitude larger than the resonance
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interactions, or (b) the site group components are of different symmetry

(see, however, footnote 17).. Except for these two cases, the so-called

site group splitting in a neat crystal will contain contributions not only from
the phenomenological site group splitting in the ideal mixed crystal but also
from resonance interactions usually discussed within the space group. |

The ideal mixed crystal is also a useful concept for discussing non-

degenerate states. If, for a real mixed crystal, the deviations from the
idealizing conditions can be evaluated quantitatively, the mean value € +A

of the exciton band can be found from the mixed c'rystal energy. This techrﬁque
~ allows one to evaluate Lf(Q) if the mean value € + A Lf(Q) of the Davydov
cbmponents is independently known. Similarly, if Lf(Q) is known to be negligible,
the ideal mixed crystal level cgn.be equated to € + A. For the case of benzene
vibrations where the Lf(Q) are expected to be small, this .provides a technique
for finding the position of the '"forbidden'' Davydov cbmponent. While these

‘ concepts wére implicitly utilized by Nieman and RobinSon7for the determina-
~ tion of the Davydov structure of the lo_west:excited electronic states of the
benzene crystal, their usefulness was . neglected in the concurrent
15e

interpretafion of both electronic and vibrational®" exciton structure.
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OI. EXPERIMENTAL METHODS AND RESULTS

The experiments of Nieman and Robinson7 on the leu electronic
exciton band were repeated. These results will be discussed in some detail
to illustrate the theory and to derive the exciton coﬁpling constants using the
D, interchange group. Infrared transitions in neat and isotopic mixed benzene
crystals were also obtﬁined and a few .of these spectra will be discussed ‘for

further illustration.

The deuterated benzene was obtained from Merck, Sharp, and Dohme,
Ltd., Canada, and was vacuum. distilled before use. The C,H; was obtained
from Phillips Petroleum Co. (99.89 mole % pure) and Was used without
further purification. The neat crystals for the infrafed experiments were
- made by piacing liquid benzene between two Csl windows, which were pressed
together in a sample holder. The holder was made from brass and was fitted
with indium in order to apply firm, uniform pressure to the soft salt windows.
A few drops of benzene were placed on the CsI window, émd the sample holder
was assembled and attached to the boftom of a '"'cold-finger'" helium dewar in
a dry nitrogen atmosphere. The dewar was then assembled, and the sample
was frozen to liquid nitrogen temperature (77°K) while the dewar was being

evacuated. At this temp.erature one could see through the sample, and even
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upon subsequent cooling to 4. 2°K the sample remained clear. Sample thick-
ness, estimated from measurements of absolute absorption intensities ° in
the infrared, was about 5-10 u. For the ultraviolet experiments, a tech-
nique similar to that used by Nieman and Robinson7 was employed.

The concentration of the isotopic mixed samples was about 1% guest
in 99% host. This low concentration was used in order that complete isolation
of the guest in the host crystalline lattice could be effected even though to
detect infrared absorption this meant that larger, less convenient sample
thicknesses were necessary. The thicker samples were made with a' 0. 050
inch indium wire gasket placed between the CsI windows. When compressed,

- this spacing was approximatély 0.75 to 1. 0 mm thick. The gasket was not

made into a closed c'ircle, allowing an entrance into which the liquid sample
could be introduced. However, indium "tails", with which the sample holder
could be sealed after it is filled with benzene, were left attached. The well- .
mixed = sample was then placed in the holder, sealed, and solidified as
discussed above.'. After céoling to 77°K the sample was heavily cracked,

. although it was possible to see through somé portions of it. Some of the infra-
red spectra were taken at 77°K and some at 4. 2°K with no apparent differences
observed. These data are presented in Table IO and in Figs.4,5,6, and 7. The -
-neat crystal infrared spectra are virfually identical with those already re-

ported in the literature. s

IV. DISCUSSION OF EXPERIMENTAL RESULTS

As explained in the Theoretical Section, in order to understand fully
molecular crystalline interactions, it is necessary to sfudy botﬁ neat and
isotopic mixed cfystals. With the data obtained from mixed crystals it is
possible to isolate and to study separately crystalline mteractmns arising from

dlfferent "sources"By varying the xsotopxc substitution, guest energy states
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in such samples can be brought into near resonance with host levels. There-
fore, it is not only possible to gain knowledge about the static field inter-

actions but also about the dynamic interactions.

L 1
A. CgHg Electronic Band - B,

The interchange group structure of tﬁis state, as obtained from neat '

and isotopic mixed crystal absorption spectra, is given in Table III and Fig.
8. In neat crystalline CiHg, the 0-0 line of the 'Byy - JLA1g tr;msitionz*1 has .
been observed both in absorption and emisSion Because of the interchange
group selection rules for these processes (Ak 05 By~ By; B, = By
B, — B,; A — B,, B;, B;), only the k = 0 components of the B;, B,, and

B; bands can be observed for transitions involving the totally symmetric |
k=0,A ) ground state of the crystal. Thus the E(A) level, or alternatively
the mean value of the Davydov components, must be located by an indirect .
method to obtain the M values in Eq. (17). -

The 0-0 component in emission is found to be coincident within
5 cm”" with the lowest interchange group component observed in absorptmn
therefore

From the selection rules, one can/conclude that the lowest interchange com-
ponent has B symmetry and that its k = 0 level is at or near the bottom of the bahd
If a state of B, symmetry were not the lowest factor group component, or,‘

if the k = 0 level were not its lowest state, we would not have observed the 0-0

transition in emission, but would have observed only transitions terminating in .

13

vibrational exciton bands of the ground electronic state. (In agreement

with this expectation is the fact that only a slight increase in temperature is
. necessary for complete removal of the 0-0 band in emission. 13) Without
making extensive polarization studies, it is impossible further to assign this

state to any one of the three possible B levels (Blu , B Bsu). The assign=-

20
ment of the lowest level to one of the B levels is consistent with the .

conclusions reached by Nieman and lftobixison.fz ¥ e
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As mentioned above, in order to obtain the M values from the experi-
mental data, either the position of the A level or the mean value of the Davydov

i
__components must be known. Following the method of Nieman and Robinson, and

providing the ideal mixed crystal limit can be approached in this way,
the latter quantity can be evaluated from isotopic mixed crystal data to which
small corrections due to quasiresonance shifts and the k = 0 shift term Lf(O)
have been applied. First,the supposed ideal mixed crystal value of the transition

- energy (€ +A)is obtained by correcting the observed 0-0 transition of the isotopic

- mixed crystal CgHg 'i_n C¢D; for the quasiresc_inance shift, 1

6 .~ 48%/AE | i . (18)
where, | ; . A
8% = M+ M + My + (M2 + M2 +' M), (19)
The 8 of Nieman and Robinson is used, i.e., 8 =18 cm". The k = 0 shift is
then determined such that the 8 calculated from the splitting and shift terms
e [Lfa(Q)] agrees with the measured value; Using the D, interchange group and
accepting with reserva_Ltions the interchange groﬁp assignments of the observed
levels obtained from polarized absorption experiments?zf-c with reservations as .'
discussed in Ref. 7, we then calculate from Eq. (17), :

Myqg=+ 6.9 c':m'l""

s
My = +11.7 e

+12.4 cm

This calculation is outlined in Tables III and IV. The site shift term

A.= -224 cm can be found from the ideal mixed crysfal 0-0 transition energy
L (37, 862 cm™'), determined as above, and the gas phase 0-0 transition energy (36, 086 cn
Thus we find that the average §-ihdependent crystal binding energy is about 6. 0%
larger for an excited state molecule than for a ground state molecule in the |

normal crystal. b should be noted that the calculated M values differ in

sign from those of Nieman and Robinson, who give -6.9 cm"l, -12.4 cm‘l,
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and +11.7 cmq, as they did not use the D, interchange group but instead used

4b

the method of Fox and Schnepp ™ "in the determination of the symmetry of

their wave functions. 23

More recent data are apparently inconsistent with the interpretation of
Nieman and Robinson. Data on the reverse isotopic mixed drystal, CeD, in CH,,
and on band-to-band transitions seem to suggest a total exciton bandwidih only
about 1/3 that given by the above M values. This discrepancy, thought to be
caused by an isotope effect on the electronic Aterm, is presently the object of

further investigation. The new results, which indicate that in benzene the ideal
mixed crystal cannot be approximated accurately by the technique of isotopic
substitution, will be discussed in a‘separate paper. 24 All translationally
equivalent interactions are found to be small, justifying the assumptions made .

above and in R.ef. 13.

B. Ground State Ungerade Vibrations

Ungerade vibrations can be observed in infrared absorption. In the
gas phase only a'zu and e;u vibrations are dipole-allowed within the D '
symmetry group of benzene. In the crystal, because of the loss of exact Dy,
symmetry, a partial relaxation of the selection rules occurs, and vibratiohs
-of original molecular symmetry a,y, by, by, €y, and e, are observed.

One degenerate (e,,;) and two nondegenerate vibrations (one b;; and one by,)

will be discussed in detail below.

Degenerate Vibrations -- We have defined site group splitting as the
~ splitting that occurs in degenerate vibrations of guest fnolecules in an ideal
mixed crystal. In order to approach the ideal as closely as possible, the real
mixed crystal should be an isotopic mixed crystal in which the guest-host
quasi-resonance interactions are reduced to a minimum (i.e., for our case,
C.H, guest in a C4D, host or vice versa). Such a choice essentially eliminates
.contributions from resonancé interactions to the observed site splitting. Using

- this mixed crystal, a 3.8 cm ' site group splitting in crystalline benzene for
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the e, vibration v,y is observed. See Fig. 4. Since the interchange splitting
for nondegenerate ungerade vibrations is about 10 cm'l, a quantitative treat=-
ment, using site group and interchange group concepts of the degenerate vibra-
tions in the neat crystal does not appear possible. The neat crystal spectrum

of the e,,(v,s) band is given in Fig. 5.

Nondegenerate Vibrations -- For these vibrations, in which no site

group splitting occurs, the mixed crystal data can b_e used, as in the case of
the 1B.‘,u electronic band, to aid in the interpretation of the pure crystal spec-
trum. Dilute  mixed crystal experiments, 15 using solvents of isotopically
modified benzene other than CgH; and CsDg, indicate that the quasi-resonance
corrections are negligible (less than 1 ¢cm ') and that A is small and inde-
pendeht of the isotopic substitution of the host. Recent calculations of the

25,26 that are successful in

Davydov structure of benzene vibrational bands,
predicting the correct order of magnitude of the overall splittings would predict

negligible interactions between the translationally equivalent molecules. Thus, as a

first approximation, we assume the mean value of the Davydov components in
the pure crystal to be the value of that vibration in the isotopic mixed crystal.
With this assumption, the three ‘observed B levels allow a calculation of the
complete interchange group structure (see Figs. 9and 10). Using, with
reservations, the polarizatidn results of Zwerdling and Halfordle we can find
My, My, and My y for both the byy(v,s) and byy(v,,) vibrational bands.
The calculated energies, M values and 8 values [Eq.(19)] are given in Table IV,
‘ and the interchange structures are présented in Figs. 9 and 10. It should be
as will be reported later, 27
noted,/that the factor group structures corresponding to the same normal mode
in crystals of C4Hy and C;,D,; are nearly identicai. : From the calculated 8 values
it is now possible to check the assumption that the quasi-resonance correction

’;o the mixed crystal data, used to obtain the band centers, is indeed small.

Applying Eg.(18)one finds that the quasi-re sonance correction is less than the
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experimental error, as was assumed. A discussion of the interaction terms

will be given elsewhere. 19, 88,41

V. SUMMARY

The major points made in this paper are:

1) The concept of the interchange group is introduced and is applied

to the molecules in the primitive unit cell. This grbup provides a
convenient and unambiguous way of discussing the relative signs of the

exciton coupling constants.

2) The s_ite distortion energy P a.nd'band-shift term A are infroduced,

and together with the D-term are discussed relative to the experimental

band-shift.

f

3) It is emphasized that site wave functions x nq’ and not molecular

wave functions, are the ones of greater significance.

. 4) Static and dynamic interactions are distinguished and are associate‘d " ;

respectively, with k-independent and lﬁ-dependerit terms of the Davydov
energy equation. These interactions are associated with site operations

and transport operations, respectively.

5) The ideal mixed crystal is defined and its importance in the determination

. of site splittings, band shifts, and forbidden Davydov components is emphasized.
6) The exciton structure of molecular degenerate, or nearly degenerate,
states cannot be described simply as site group splitting plus interchange

group splitting. We have therefore used the term site group splitting to

describe the splitting of molecular degenerate states associated with

guest molecules in an ideal mixed crystal.

7) Experimental data, interpreted within the framework of the fore-
going theoretical ideas, are presented for the B2u electronic exciton band

and for a few vibrational exciton bands in the electronic ground state.
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8R.Silbey, S. A. Rice, and J. Jortner, J. Chem. Phys. 43, 3336 (1965).
E. G. Cox, Rev. Mod. Phys. 10, 159 (1958); E. G. Cox, D.W.J. e
Cruickshank, and.J.A.S. Smith, Proc. Roy. Soc. (London) A247, 1 (1958);
G. E. Bacon, N. A. Curry, and S. A. Wilson,. Proc. Roy Soc. (London)
A279, 98 (1964). Yo | '
105, Kopelman, J.Chem. Phys. 00, 0000 (1967).
11These relations do not hold for all values of k

(a.) E.P. Wigner, Group Theory (Academxc Press, New York, 1959),

p. 59; (b).G. F. Koster, Solid State Phys. i, (1957), reprinted by Academic
Press, N.Y.; C.Kittel, Quantum Theory of Solids (John Wiley and Sons, Inc.,
New York, 1963), Chap. 9. _ .

8 MR Gotson; R, Kopeiman and G.W. Robinson, J. Chem. Phys. 00,
0000 (1967). KO AL '

1“{*Ref 12(a), p. 118
15

E.R. Bernstein, manuscriptvin preparation.

16’I‘his point is dis¢ussed by T. "Thirunamachandran [ Thesis (University
College, London, 1961)]. He points out that the importénce of the octapole-
octapole interactions in determmmg the Davydov splitting can be evaluatea by

determmmg the polanzatmns of the Benzene exciton components.
17 P

“This will happen when one or more symmetry operations of different,'

physically equivalent sites are not parallel. This points out the usefulness of

st e iy s = bow i
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the interchange group, as some interactions "allowed'" by the interchange group

appear to be forbidden by the factor group. This apparent contradiction arises

because similar but non-parallel operations of different sites may all map

: into the same class of operatiens of the factor group. It should be remembered *

. that the site group is only isomorphous with a subgroup of the factor group,

not identical with it. ___

135, Kopelman, J. Chem. Phys. 44, 3547 (1966) and references therein,

19
‘'W. B. Person and C. A. Swenson, J Chem. Phys. 33, 233 (1960)

J. L. Hollenberg and D. A. Dows, J. Chem. Phys. 39, 495 (1963).
20Poorly mixed samples of 1% guest in 99% host and a well mixed
sample of higﬁer concentration were studied. The absorptions,' while not
having the complete exciton  structure of the neat crystals, were not as
sharp as those of the low concentration isotopic mixed crystals and some
bands even exhibited residual splittings. This tends to indicate that, in gen-

eral, mixed crystal studies, designed to eliminate guest-guest inferactions,

3 E should be carried out at guest concentrations of less than 2%. The concen-

- trated (5-10%) mixed crystal spectra of J. L. Hollenberg and D. A. Dows

i _ [J. Chem. Phys. 39, 495 (1963)] appear much like-the above-mentioned
" poorly mixed samples. .

. :21As the molecular symmetry is not coxﬂseryed in the site, the use of

D h designations for the symmetry of crystal'states is not really correct.

However we will retain the notation here merely as a convement 1abe11m<T devwe.

i

; Ann. .Ch1m Rome 46 1105 (1956)

The heat of sublimation for benzene is about 3800 cm 1. G. Milazzo,
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93 o I A V. ‘ ! o
Note that the desxonatlon of molecules I and IV has also been changed

4b

from that of N1eman and Robinson (also Fox and Schnepp
4f )

10

and Craig and

Walsh™+) to agree with the crystallographic work of Cox, Cruickshank, -and

. Smith, Because of the restrictions due to th-e interchange gréup it would

. be very awkward to accept the designations of the a, b, and ¢, axes of Cox,
et al. without accepting their numbering of molecules. This designation is . .

T p—————— consistent with the benzene ac projection shown in Fig. 2.

1
12

24 S. D. Colson, manuscript in preparation.
oy Harada and T. Shimanouchi, J. Chem. Phys. 44, 2016 (1966).
26 g, R Bernstein, manuscrlpt in preparatlon

A
E. R. Bernstein and G W. Robmson manuscrlpt in preparatxon
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Table I
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TABLE II. Some u-vibrational levels of CgH, (in.cm™)

Polarization
Gt Neat and &
Symmeftry Gas CeH; in C,D; Crystal Symmetry
1030.0
1032, 5
i 1034. 8 1033. 3
e;ulv 1037 1038. 6 1034. 6
sk i) 1038. 9
1039.8 -
baaln.)
el 1010 1011. 3 1008.9 "6 Al
1008. 6 b Bou
1009. 7 a Bu
1142. 5 c Bau
bou(Vss) 1146 1146, 9 1148. 6 a By
1160. 3 b Bsu

a5, Brodersen and A. Langseth, Mat. Fys. Skr. Dan. Ved. Selsk 1,

1.(1956). .-

b Our measurements.

¢ s. Zwerdling and R. S. Halfqrd, J.Chem. Phys., 23, 2221 (1955).



TABLE I Benzene ‘B, — A, electronic (0-0) transition (in cm™)
according to the ideal mixed crystal model.

: Algebraic  Algebraic ik :
; - Ideal mean of mean of : '

Gas mixed . k band in Davydov Davydov ¢ Coupling

phase® CgH, in CiD, crystal neat crystal components components constants
, Ao =87,000 w48 [ . il
' g ol o M. =% 6,942

38086.1 37853.3+ 0.1 37862+ 2 37862+ 2 37872+ 16 B,,=87,847.1z 1.0 < LI
e ' : My = 412,412
P = $1.84008 s 1.0 o LIE T

: By = 37,8032+ 1.0 (Mpgy = +11.732

43, H. Callomon, T. M. Dunn, J. M. Mills, Plﬁ] Trans. Roy. Soc. (London) 259A, 499 (1966)
' bCorrected for quasi resonance Eqy. (18) plus 2 em - for the interaction with the lowest vibronic level (ref.7a).
Ccorrected for 1 (O), the "k 0 shift", Sec Eg. (15) and the following two paragraphs of discussion.
2 dAss_ignment of symmetry (B, B,y OF Bau) is based on polarization data of Broude, ref. 2c.

New data suggest that for benzene isotopic mixed crystals do not closely approach the ideal mixed

crystal limit. In particular there scems to be an isotope effect on the A term of Eq. (17).



TABLE IV. Various contributions to the energy of some exciton states.

- Gas to Quasi-  Static  LX(0), o S
Stat - mixed reso- field the B ' Exciton coupling constantsd
3 crystal nance term k=0 s . M _
shift® shit® (A )®  shift" g 1N 1,101 1,1V
1B, .| -232.8: 1 +9:2 -224 +3 +8:4 +18 i+ 2 +6.9 £ 2 +12.4 & 2 FIL.7 x 2

b,y (1) 4+ 1.84 .5 ~0.g <+ 1,027 ~0.0 +1.7+.3 +0.89x.2 - +0.76% .2 +0.54 + .2

buly) |+ 0.9+£.5 ~0.0 + 1.0£1 ~0.0 +0.5x.3 +0,12z,2 +40,34%,2 -0.64%.2

aCﬁH‘5 in CgDg values compared with indirectly derived gas phase values.

Pobtained from B of Nieman and Robinson, ref.7.

Cobtained by adding the first and second columns. -
d

Electronic and vibrational polarization assignments taken from - : {

V. L. Broude, Usp., 4, 584 (1962), and S. Zwerdling and R. S. Halford, J. Chem. Phys. 23, 2221 (1955).

€ See footnote e of Table IIL.
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Figure 1

Diagram of crystalline benzene viewed down the b-axis. The Rij are

the center-to-center distances at 77 °K between molecules i and j.
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Figure 2

Correlation among groups pertinent to the benzene crystal.
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Figure 3

Schematic exciton structure--benzene.
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Figure 4

Infrared spectrum of the e;; (¥;5) fundamental of 1% C,H; in.

C,D, at 4. 2°K, showing 3.8 ecm = site group splitting.
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Figure 5

Infrared spectrum of the e,y (¥;3) fundamental of neat C;H, at

4, 2°K,
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Figure 6

Infrared spectra of the by, (¥;;) fundamental of neat C¢Hg and

1% CgH, in CgD, at 77°K.
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Figure 7

Infrared spectra of the by, (¥;;) fundamental of neat C,H; and

1% C¢Hg in C4D, at 77°K.
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Figure 8

Davydov structure of the 1Bzu electronic state of C;H; using data of

Nieman and Robinson. The mean lies at 37,872 cm . See Table IIL
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Figure 9

Vibrational Davydov structure of the b,y (v;,) band of C;H;. The mean

lies at 1011.3 cm .
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Figure 10

Vibrational Davydov structure of the by, (v,5) band of CsH;. The

mean lies at 1146.9 cm .
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Site Effects in Molecular Crystals--Site Shift,
Site Splitting, Orientational Effect and

Intermolecular Fermi Resonance for Benzene Crxstal Vibrations*T'

ELLIOT R. BERNSTEIN+

Gates and Crellin Laboratories of Chemistxy§

California Institute of Technology, Pasadena, California 91109

ABSTRACT

A reduction of the Davydov Theory of energy levels
in molecular crystals is developed (to first order in site
functions and using the Heitler-London approximation) that
is applicable to isotopic mixed crystals. This is then applied
to experimental observations on ground state vibrations of
various isotopic substituted benzene crystals. Three distinct
and characteristic crystal-induced phenomena‘ have been ob-
served experimentally: (1) site éroup splitting--involving de-

- generate fundamental vibrations of the molecule that map into
non-degenerate site modes ; (2) orientational effects--concern-
ing certain benzene isotopic species and their relative position-
ing in two or more distinct, though physically equivalent, crystal

sites; and (3) intermolecular Fermi resonance--near resonance

>“This work was supported in part by the National Science Foundation.

TPresos:nted at the SpeétrOSCOpy Conference in Columbus, Ohio, 1966
(paper number K10). | :

$1963-64 Woodrow Wilson Fellow.

§Contribution No. 3300.
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interaction between two adjacent site molecules of different

isotopic compositions. The first two phenomena are of the

same magnifude(3-10 cm'l). We propose a general mechanism

to account for this and discuss the differences and similarities

bet@een these two effects. The importance of observed site (gas-

to-crystal) energy shifts is also discussed in the light of these

experimental findings and in the framework of the theory.

Finally, intrasite solid-enhanced Fermi resonance is reported

and discussed qualitatively. ‘
Applying the Davydov theory, reduced for the case of no

resonance interactions (and the neglect of second-order or

quasi-resonance effects), we can obtain information
concerning the shape of the molecule in the site field,
the symmetry of the site field, and the general nature

of the intermolecular interactions.
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I. INTRODUCTION

Over the past 20 years, two complementary, theoretical approaches
have been taken to the problem of Frenkel excitons1 in molecular crystals.

} The first one, which could be called

the Halford-Hornig approach, 2 is almost purely group theoretical in nature.

These authors have discussed such concepts as the relation of the site group
and the factor gfoup to the space group, and how, from these groups, selec-
tion rules for crystal transitions can be obtained. The second approach,
called the Davydov theory, . is a technique for obtaining general crystal
energy levels. Combining these two theoretical approaches, site, inter-
change, and factor group interactions have been separated both physically
and mathematically in an attempt to clarify their nature.4 Although the
theoretical background for this work.has already been outlined in detail in
Bernstein, Colson, Kopelman and Robinson (BCKR)4, we will give a short
review of the main ideas of that work for completeness and clarity of presentation.
In this discussion of the energy levels of molecular crystals, it has
proven most convenient to begin with the general framework of the Davydov
theory,3 in which a crystal transition from the ground to the f excited state

is given by (in the notation of ref. 4), ‘ ;
[E%) - E°] = (¢ - ¢°) + D+ LI%y) (1)

" Using a tight binding approximation, additive energies and product wave
functions, this is a first-order equation in the energy whose zero-order wave
functions are crystal site wave functions X. The concept of a crystal site
wave function, originally introduced by Davydov,3 though somewhat lost over
the intervening years, is of central importance both group theoretically and
conceptually. The crystal site wave function can be thought of as representing

the molecule as it exists geometrically in the crystal site field. Such
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distortions WI1en small, are well represente% ?gd% é:liill:}fgr combination of
molecular states made to transform as the/representations of the crystal site
group. The mixing coefficients in such a perturbation scheme could well be
the derivatives of the molecular Hamiltonian with respect to the normal coordi-
nates. The zero-order functions are clearly not, as is sometimes assumed,
molecular wave functions ¥. If molecular wave functions are used, a first-
order equation is not at all meaningful. This point was emphasized by BCKR.
The left-hand side of Eq. (1) represents a crystal transition, and (Ef ="

is the energy difference in the crystal site, D is a first-order energy shift

4

term, and Lgé(}g) incorporates the exciton band splitting terms.”™ The super-

script a labels a particular i;reducible representation of the interchange
group.4’ 2 We can write thes;a terms out explicitly when we consider the
crystal-site wave functions. This has been done by BCKR and further de-

tails of this theoretical development can be found there together with the

explicit forms of the wave functions.

Here we are interested in the effect of the crystal site on a given molecule
in the absence of resonance terms. Mathematically, the Lflq' (k) terms dis-
appear in first order if the excited site wave function qbflq is used
instead of the one site exciton wave function ¢C§(1,g). We can accomplish this
separation of terms physically (if second-order "quasi-resonance' effects
are negligible -- "'the ideal mixed crystal"4) by using a <1% isotopic mixed
crystal. The subscript nq of ¢rfq and qb;;q now refers to the crystal position
of the impurity molecule. Thus, in an isotopic mixed crystal, the energy
levels of the isotopic impurity are given to zero order in crystal site wave

functions and first-order in crystal energy, as

b = B%) = (k) e D (2)
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It can be shown that for the case of benzene groun.d—state vibrations second-

order effects, such as quasi-resonance 6

are less than one ¢m ™ and can be neglecte
We are thus concerned with Eq. (2) in this work. However, this is still not

the most convenient form for our pﬁrposes; it would be more useful to be

able to compare the effect of the crystal site on the molecule with the gas

phase transitions. When the effect of the site is only a small perturbation on

the molecule (that is, when both gas and crystal transitions have almost the

same energy--as is true for benzene), we can write the site function x as a
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