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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 molecular energy levels 

(electronic and vibrational) has been investigated in neat and isotopic 

mixed crystals of benzene. In the isotopic mixed crystals of C6 H6 , 

C6 H5D, m-C6 H4D2 , p-C6 H4 D2 , sym-C6 H3 D3 , C6 D5H, and C6 D6 in either 

a C6 H6 or C6D6 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 C6Ife, C6D6 , and sym-C6H3D3 ; c) the orientational effect 

for the isotopes without a trigonal axis in both the 1 B2u 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/r6
; 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 (3B1u and 3E1u) is given. 



v 

TABLE OF CONTENTS 

PART PAGE 

ACKNOWLEDGMENTS ii 

ABSTRACT iii 

· I Site Effects and Exciton Structure in Molecular 

Crystals - Benzene 1 

A. Electronic and vibrational exciton structure 

in crystalline benzene 2 

References 35 

B. Site effects in molecular crystals -- site 

shifts, site splittings, orientational effect, 

and intermolecular Fermi resonance for 

benzene crystal vibrations 66 

References 102 

c. Static crystal effects on the vibronic 

structure of the phosphorescence, 

fluorescence, and absorption spectra of 

benzene isotopic mixed crystals 156 

References 190 

D. VibrationaJ exciton structure in crystals 

of isotopic benzenes 238 

References 254 

E. Calculation of ground state vibrational 

structure and phonons of the isotopic 



PART 

vi 

benzene crystals 

References 

PAGE 

292 

322 

II The First and Second Triplet States of Solid 

•Benzene 374 

A. First and second triplets of solid benzene 375 

B. Observation of the second triplet of solid 384 

benzene using NO pertUrbation 

APPENDIX 

Discussion of Experimental Apparatus and 

Procedures 

References 

PROPOSITIONS 

ABSTRACT. OF PROPOSITIONS 

Proposition I 

Proposition II 

Proposition III 

Proposition IV 

Proposition V 

384 

385 

386 

394 

403 

404 

406 

416 

425 

435 

443 



To 

Barbara 

"riverrun, past Eve and Adam's, II 



1 

PART I 

. ' 



.. :·. 

2 

Electronic and Vibrational Exciton Structure 

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 (k ~ 0) 
"" ""' 

transitions in neat crystals; and orientational effects, 
.--... 

site splittings, shifts, and resonance pair 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: Departqient of Chemistry, University of Michigan, 
Ann Arbor, Michigan 48104. 

:t Contribution No. 3512. · 

,~ 
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constants for vibrational and electronic exc itons 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 .c 0 states, isotopic .,.... .,.... 

mixed crystals, and translationally equivalent inter­

actions, as well as the Davydov splittings·. The inter-

change group concept is introduced in order to-- simplify 

the theoretical analysis. Fro;m the four possible 

interchange groups ~z, 9_2;, 9_~, 9_2~, the Q2 group 

is found to be the most convenient for the classifica-

tion of benzene exciton functions.· A differentiation 
" 

between static 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 arid quasiresonance inter­

action terms for the 
1
B2u electronic exciton band and 

the vibrational 2112(b1u), 2115(b2u) and 21 18 (e1u) 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 

1T-electron systems. The benzene crystal has been of similar importance in 

the study of intermolecular interactions. The experimental'investigation of 

vibrational1 and electronic2 transitions in solid benzene paralleled the 

theoretical development of symmetry considerations3 and exciton theory 
4 

for molecular crystals. Several review articles discuss much of this past 

work. 5 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 k ~ 0 states and transition probabilities .,.... .,.... . 

involving these states, the meaning of site-group splittings, and the causes of 

breakdown of oriented-gas model polarization properties. It is partly for this 

reason that we under~ake 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 meaning of the Davydov D term. We further emphasize the 

possible shortcoµiings of a first-order theory. 

I ' 



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 explicitly. 

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

· the magnitudes and signs of the coupling constants Wliquely 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 octppole-oct,opole inter­

actions, 4b exchange interactions, 7 etc.). 

Using the theory we illustrate, with specific examples from the benzene 

crystal spectra, how to extract the exciton coupling constants. The band · 

structure of the 1 ~u electronic state and a few ground state vibrational bands 

of C6 He are discussed in detail. While the magnitudes and relative signs of 

the exciton coupling constants (see Sec. II-F) can be obtained from studies 

\ 

I 

.......... ·-

. ,, 
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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 
~ 

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; arid (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 symmetry, while the dynamic 

interactions are related to the transport symmetry. Dynamic interactions 

. have 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~h (Pbca), and 

there are four molecules per primitive unit cell occupying sites of inversion 

symmetry9 (see Fig. 1 ). The site group is therefore C .. The four sets of 
'." 1 

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 C2a, C2b, and C2c; and the glide 

. plane reflections aa (= iC2a), ab (= iC2b), and ac (= iC2c). Considering the 

translations as interchange-identity operations E, certain sets of the above 

mentioned operations generate groups of order four 1 O which we call inter­

change groups. The four interchange operations associated with an inter­

change group permute the four sets of translationally inequivalent molecules 

among themselves. There are four possible interchange groups for the 

. a _ { a b c}· . C b _ {E a Cb c}· . c c _ benzene, crystal. S,2v - E, C2 , a , .a , ,.., 2v - , a , 2 , a , ,..,2v -

{ a b c}· { a b c}· . { E c a E, a , a , C2 ; and !?2 = E, C2 , C2 , C2 • The particular set , 2 , 

c
2
b, c2c} 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 D2 the proper interchange group for the 
"" 

benzene crystal. 

The factor group Q2h for the benzene crystal is generated as 

the direct product of the site group a.nd the interchange group, 1.2_2 x g.i 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 symxre try S(c/) defined by Vedder and ,.., 

Hornig. Sb 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, 
- .w-------·•·---·•·----·- -, --·- •- ·---••t •--·---- •• •- • - --•• 

is inversion. 



B. Generation of Exciton Functions 

In the limit of the tight-binding (Frenkel) approxima.tion for a crystal 

containing N molecules with four molecules per unit cell, we construct 

antisymmetrized functions representing localized electronic or vibrational 

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

N/4 

<Pnfq = ax fnq IT XO I 
n'~n n q 

(1) 

where a is the electronic antisymmetrizing operator' n labels the unit 

cell, 9. 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 c~n generate the one-site 

exciton functions in the Bloch representation, 3e 

N/4 

¢~(~) = (N/4rt n~l exp(i~·Bnq)<t>~q L (2) 

where-R ·· · denotes the position of the center of a molecule located at the 
""nq 

qth site in the nth unit cell with respect to a common crystal origin, and 

k is the reduced wave vector. It is convenient to write, 
"" . 

R = r + Inq ' ,...nq ,...n -- (3) 

with ;:_n defining some convenient local origin in the nth unit cell and .!nq 

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

unit cell. Note that because of translational symmetry, Inq 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 

____ ____ al~a:rs -~o sta~e ~~~ic~t~y-~~~ch - ~on".'ention is used, since the appearance 
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· of the results depends on the numbering scheme used. Using the operations 

of the proper interchange group D2 , we define the numbering scheme for ,,... . . 

. 11 a f ( ) f ( ) b f ( benzene as m Table I such that for ~ = .Q : C2 ¢1 .Q ~ ¢n .Q ; C2 ¢1 .Q) -)o 

<Pirr(.Q); and C~¢i(.Q) ~ q/rv(Q). In the same way c: "interchanges" sites III 

and IV' c~ "interchanges II sites II and IV' while c; "interchanges II sites II . 

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

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

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, w~ere excitation is localized primarily at the site, it is convenient to 
0. 

divide H into a one-site Hamiltonian H and an intersite· interaction Hamiltonian 

H': 

/ ' N/4 IV 
0 

= 2: L H
0
(nq) H 

n=l q=l .· 
(4) . 

N/4 IV N/4 IV 

H' - 1. 2: - 2 
n=l 

L: 
q=l 

2: 
n'=l 

2: 
q'=l 

(1 - onn'oqq')H'(nq;n'q') (5) 

. wh~~-~ . ~-1:1.1-1~-~.'!9:~ ~ - ~ for n = n' and q = q' simultaneously, and zero otherwise. 

The eigenfunctions of If (nq) are just the crystal site functions x introduced . nq 
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-6 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. 

\ ,. 
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Since the translational subgroup 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 N x N 

Hamiltonian matrix simply consists of N diagonal terms of the type 

(f, ~.IH j f, ~), where f, ~ represents the _function (and its complex conjugate) 

1----- of Eq. (2) for a single .9,., and where H = H
0 

+ H' . 

If two molecular states, say f' and f", in such a crystal are considered, 

then the Hamiltonian matrix consists of 2N diagonal terms, (f', ~ I H I £',~) and 

(f", k jHlf", k) . Since in general ct/ (k) need not be an exact eigenfunction of H . "" ........ ) q ......... 

because of the choice of xf , there may be "configuration interaction" terms nq . . 

(f', ~ I HI£",~) , giving rise to a matrix consi.sting 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 crystal 

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

the doubly excited c.onfigurations constructed from localized excitation functions, 

. 
I 
I 

f'f" 
<Pn1 n" 

' 

N 
t2 f' f" 1f 0 = Xn' Xn" Xn 

n ~ n' n" 
' 

(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 

(f'f",~jHjoo,~> and (f'f",~IHifO~~>. 

When there are 4 molecules per unit cell (4 different sets of transla­

tionally equivalent molecules) 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 J_ described 

a doubly degenerate molecular state (in which case tl?-e N/4 submatrices are 

8 x 8) or if interaction of the f th configuration with other singly or multiply 

excited configurations were to be included. 

D. 

· - - - -
Using the one-site exciton functions of Eq. (2) as zero-order functions, 

the first-order Hamiltonian matrix elements for the excited state of crystal­

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

N/4 

X q~' (!~) = . z2
1 
exp~ · (!q_; - !q_) exp i~ · (~n'- r n) 

J f* f . 
x <Pnq H <Pn' q' dR. (7) 

It is convenient in Eq. 'Cl) to separate the~ independent terms, .for which 

q = q' and n :=.n~·~ :. from:. the ~ dependent terms, ,_and write, · 
! ., . .., -- - · ·- • • ---- • • 

(8) 

:where 

Ef = j ¢ f* H0 rh f d R 
nq "hq 

(9) 

* Df = f cp f H' ¢ f dR 
nq . nq . • 

(10) 
__ __.:.__ ___ ~--~-"----=-------'---'-'------~---· - ··-· 

\ 
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Using an approximate Hamiltonian :matrix, in which certain non-nearest 

translationally equivalent interactions are assumed negligible,13- th~---.-·-

normalized crystal eigenfunctions wfa(k) may be expressed in terms of .,.... . . 

the representations a of the D2 interchange group. They are: . - .,.... 

(11) 

where the a~ are coefficients cqrresponding to the J.!l representation of !?2. For 

a= A, aq_/\ = +1, +li +1, +1 when q =I, II, III, IV, respectively. Similarly, 

a~1 = +1, +1, -1, -1; a~2 = +r,: -1, +1, -1; and aci33 = +1, -1, -1, +1. In 

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

.. 
. in our first-order tight-binding -limit, the eigenfunctions may be written exactly: 

The functions '1Jfet. (Q) map into gerade or ungerade functions of the Q2h 

factor group depending on whether X f is gerade or ungerade. The 

complete correlation diagram is given in Fig. 2. 

It is important to note that the k = 0 crystal function transformations 
.,.... "' 

under D2 are independent of the ·symmetry g or u of. the site 
.,.... - -

function x f. 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-
10 

terns are used throughout. This is an example of the kind of ambiguity 

that may arise when an improper 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 conver1tion, whatever it is, be 

stated explicitly. Even though the differen.ce 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 crystal! 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 (seep. 43 of Ref. 4a), has consistently given wrong or 

inconsistent results for the benzene crystal; though usually the results 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 l) 

for B u and B u electronic states of benzene even though he employs four 
l 2 . 

molecules per unit cell. The reason that Davydov obtained incorrect results 
. 2e 4b for benzene was not, as is often stated, ' that he employed the old crys-

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. 
·~- - -

4b 
In the paper of Fox and Schnepp, an attempt was made to follow 

Davydov's method of constructing factor group representations by using 

molecular point group operations. These authors did, however, use care­

fully selected coordinate systems on each molecule in conjunction with the 
. 9 

refined crystal structure data of Cox. They correctly found four factor 

group components for each nondegenerate state of molecular benzene in 
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agreement with Winston 3d; but the crystal functions they obtained for the 

molecular B1u state belonged to different factor group representations than 

those for the molecular B2u state! Both Biu and B2u states, and for that 

matter all u states of benzene, have identical site an~ factor group repre­

sentations and should therefore all be described by the same type of crystal 

wave function insofar as symmetry is concerned. ~t 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 c2.,f interchange group for the 
" 

1B1u molecular electronic state, and the Q2-i interchange group for the 

1B2u 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' operators14 

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 in~erchange operations. 10· 

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 tr~nsitions, A breakdown of the 
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oriented gas model for intensities can occu_r 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 phase 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 

and Halford3c and further discussed by Winston3d is somewhat ambiguous. 

These authors envisioned the distortion at the site as_ arising from a general 

"crystal field". This sort of language is convenient for many problems, and 

·in part_icula~ for the discussion of the vibrat_ional 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 If a m.olecule in the crystal where 

not only the nuclei but also the electrons have been distorted. This leads to 

different equilibrium nuclear positions and different (intram()lecular) force 

constants than in the free molecule; H', which also has the symmetry of the 

site, is written in terms of intermolecular force constants coupling these 

distorted molecules. For the electronic exciton problem, however, the 

·crystal field idea does not allow a very clear separation of H° and H' . 

Which intermolecular interaction terms in H should be considered part ·of 

the "crystal field" and which should be included in H' ? 

Three possible choices of electronic basis functio~s xf come to mind: . nq . 

1) the xf could be eigenfunctions of a free, undistorted benzene molecule; 
~ . 

· .· 2) X~q could be eigenfunctions of a _distorted benzene molecule in some "average 

field" of all the other molecules in the crystal; or 3) X~q coul~ 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. . 
. 0 

The first choice is undesirable since the symmetry of the terms in H 

are higher than that of the crystal site. Terms in H' would. have to contain · 

the effect of 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 effects of configuration interaction and van der Waals energy 

must be taken care of separately 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 excitation. 
: 

The second type of basis .function may lead to the kind of ambiguity 
' 0 

mentioned earlier since terms in H representing the "crystal field" contain 

intermolecular interelectronic interactions usually inCluded in Hr.·. It would 
0 

be desirable to choose H to be an "effective Hamiltonian" such that the 

eigenvalues (O I H0 I 0) and (f I H0 If) 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 
0 ' 

as in Eq. (4); and to include multisite functions in H would destroy the useful 

Frenkel exciton formalism upon which the above theoretical results are 

based. We therefore abandon this extreme approach in the case of 

vibrational and low-lying electronic .states of benzene, which we feel 

lie very close to the Frenkel limit . .. 
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To ernploy a less e::-..1:reme crystal field model, where only one-site 

terms appear in If 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 contributions 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 _!?6h 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 expression have 

different values depending upon what representation is used, and th~ terms 

add up to the true total° energy only in the . highest order of approximation. 
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The k - dependent energies of the exciton band can be obtained in closed .,.... 

· form to first-order in crystal site wavefunctions from the approxim'1:t~ · 

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

expressed in .a manner similar to the origi?al Davydov form, 4a is 

efa(k) 
.,.... = E + D + Lfa(k) . .,.... (13a) 

When higher order effect~ are taken into account Eq . (13a) becomes 

= € ;- + w (k). .,.... (13b) 

In these equations rfa (k) and t. 0 
are ' respectively' the excited and ground .,.... . 

state energies of the crystal; . E = Ef - E
0 where Ef and E0 are the excited .and 

-~~-~-~-,~ ----,----. .... . ----- ------------~. ~-·· .. . . . . . . . . . . . f 
ground state energies of a molecule at the . site whose eigenfunctions x are . nq 

specified by some particular site representation; D = Df - D
0 
is a k -ind~pendent .,.... 

band shift term; ·and L fa(k) is the k -dependent energy as~ociated with the a th .,.... .,.... . 

irreducible representation· of .the interchange group. The quantities Ef and 

Df were defined in Sec . II- D; c°. and. D0 are analogously defined except that 

ground state site functions ¢0 are employed. To first order, the k-dependent 
. ~ ~ 

----- -- energy Lf a(~), -which is. of primary-importance in the consideration of the 

exciton band structure, is a function of the k - dependent matrix elements . ""' . . . . 

L~q,(~) defined in the l~st section: . 

We have dropped the subscripts on the diagonal element L f (k) since the · . . ~ . qq "' 
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approximation from which Eq. (14) is derived rests on the fact that 

(15) 

--- ---·---·-- ··- . 

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

special values of k such as k = 0. 4g 
"' ,... "' 

The quantities Wand w (k) 1 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 Efa(k) in Eq. (13b) .is independent of representation, the values of the 
"' ' 

individual parts vary with representation . . If free-molecule eigenfunctions 

are used for the site functions X~q' then Eis the .free._molecule excitation 
. . 

energy, the D and L integrals are written in terms of free-molecule functions, 

and W and w (k) must contain not on~y 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 distortions at the crystal 

site. If the X~q represent functions for a free molecule whose m1clei have 

been distorted, then E, D, and Lfa(k) all have different values than if 
"" ' . \ 

determined from undistorted free-molecule functions~ and Wand w (k) · ,... 

are also' different. 

Rather than specifying any particular representation in this paper,for · 

the purpose of fitting the experimental data we shall simply adopt the form 

of Eqs. (13a) and (13b) with the understanding that .the theoretical values of 

the parameters depend upon the particular representation chosen. 

If the higher-order k-dependent terms w(k) are negligible, the simple 
"' "' . 

form of Lfa(k) discussed in the preceding sections is preserved. We shall "' . . 

assume this to be the case _for ' vibrational ~s well as lo~-lying eiec.tronic exci­

tations in crystalline benzene, and shall show .in this and s_ubsequent"papers that 

. . _,... _______________ ......_ ______________ . ----~-· 
. . 
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such an assumption does not conflict with experimental evidence. Even 

though the highe~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 ~-independent shift ter_ms, such as the vari der 

Waals terms, may be included without difficulty. Neglecting the w(k); 
. "" 

i----- a good approximation when perturbing bands are far removed from 

· the Frenkel excitpn band under study, we rewrite. Eq. (13b) as, 

(16) 

where 

A = E - € + .D + W • 

The quantity € is just the gas phase excitation energy. In some of our future 

papers it will be convenient to introduce a "site distortion energy" P = E - € .. 

In Eq. (16) the quantities Lfa(k) and A c~n be imagin~d . 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 energy, 

and by the theorist as quantities to be calculated using first- and higher­

order perturbation theory starting with the best available site functions ·X;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 laborato~y concerning crystal ·site effects for the 
15 . f - ' . 

benzene. system. Knowing E a(k) and E, experiments can generally shed 
.,,..... . . . 

light only on the overall values · of Lfa(k) and A, n.ot on the source ·of these 
. "" . 

16 
terms. 

It is necessary to make a final comment upon the D-term _in A. The 

reader should note that the D-term does .not contain-contributions fi:·om site 

states othe~ 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 e.rroneous 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,1.but not benzene, there is also the possible presence . 

of large k = 0 shift terms Lf(O), 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 crystals (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 resonance 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 6. is probably not justified. (S.ee Fig. 3.) 

... 
' " .. 
. ; " ~· . 
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Some earlier papers 4b, 4f' 7 concerned with the exciton st:i;-ucture of 
first-order · 

crystalline benzene expresse.d/energies in terms of couplin~ constants, Ma, 

Mb, Mc, M1 II' Mr III' and Mr IV' dropping th.e superscript f, whence, . 

Lf(Q) = 2Ma(Q) + 2Mb(Q) ~ 2Mc(Q) 

Li u<Q) = 4 MI II(Q) 

Li III(Q) = 4Mi III(Q) 

.L{ rv<Q) = 4MI rv(Q) 

(17) 

. there being an identical set of translationally equivalent interactions along 

each positive and negative crystallographic direction a, b, and.£ and a set 

of four identical interactions between any molecule and its translationally 

inequivalent neighbors . While Ref. 7 considered the M's in Eq. (17) to be 

nearest-neighbor interactions, they are really summed quantities over all 

members of each set in accordance with ,Eq. (7). Since translationally· 
• • J •·. . 

' I 

, .. 
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equivalent interactions· lying skew to the crystallographic axes have been omitted, i: 

the energy. contribution L f(O) in Eqs. (17) is approxi~ate even for k = O. 
. ...... . ...... ~ 

However, for the 1B2u and 
3
B

1
u 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 ~ = Q, 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

action with radiation from the k = 0 ground state of the crystal. In terms . . 
,,..... " . . . 

of the coupling constants, and with respect to a comm~m origin~ 

·~+ ' A·~ :~:}(.O), the k = .. 0 energies .are: :. 
'·!·...:.··. ·· • . : .. ·. _ . , ~ .. "" · -"' . . .. ,.. 

- - -·-- --- - ----·--
. . E(A) = ~(+.Mr II+ Mr Di+ Mr IV) 

. · E(B1) - 4(+Mr II - Mr m - MI IV) .. 

E(B2 ) - 4(-MI II+ MI ill - MI IV) 

E(B3 ) = 4(-MI II - Mr ill+ Mr ·IV), 
-·· - ------ - ----·---- ---.-- - ---- - ---- - --·--

(18) 

-- -

where it is understood that the ~q' 's refer to ~ ,,; Q: These equations are 
. . --·-· -··--

exact for the Frenkel model. It should be noted that the . 

mean value€+· A + Lf(O) 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(o) will be referred to as the k = 0 
. ,,,.... ,,,.... "" 

shift (or 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). 

• j. ~ •• • 

. . 

. ' 
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Direct manifestation 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 splitting3a and has been 

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

certainly not limited to vibrations alone . 
...----:--.- ·- . .. ..... ·- · .. .. . . ·---- - .. . ----· . -- - -- -----~-~·-------· .. -

In order to be able to discuss site group splitting without compli­

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 effects of isotopic subst~tution on t:i. are negligible. 

Isotopic mixed crystals approximate fairly closely this definition. 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 mixed 

crystal. The phenomenological definition of the ideal mixed crystal brings ~nto 

agreement, as close as is thought possible, the observed site group split-

ting in isotopic mixed crystals and the original idea 3a that site group 

splitting is the result of the static field (k-independent) interactions at the site. 
. " . ' 

In the id.ea.I mixed crystal the 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 - D.Y), 

where x and y designate the degenerate component~. 

In the neat crystal there are additional resonance contributions 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 
1 '7 

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 (k-dependent) inter-
"' 

. actions in the neat crystal, or by~quasiresonance interactions in the mixed crystal ~ 

infra). This statement holds whether the near degeneracy arises from site 

group splitting or from accidental degeneracies present in the system. The 
. 18 

latter case when applied to vibrational levels resembles Fermi resonance. 

It is different from typical Fermi resonance in that the Affect 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 gToup 

splitting and interchange group splitting are expected together, the total eff ect 

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 off-diagonal 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 crystal energy. This technique 

allows one to evaluate Lf(O) if the mean value€+ A + Lf(O) of the Davydov .,... ' .,... 

c~mponents is independently known. Similarly, if Lf(O) is known to be negligible, .,... . 

the ideal mixed crystal level can . be equated to € + A~ For the case of benzene 

vibrations where the Lf(O) are expected to be small, this .provides a technique .,... 

for finding the position of the "forbidden" Davydov component. While these 
. . 7 

concepts were implicitly utilized by Nieman and Robinson for the determina-

tion of the Davyd.ov structure of the lowest' excited electronic states of the 

benzene crystal, their usefulness wa.s . neglected in the concurrent 

interpretation of both electronic and vibrational5e exciton structure • 
. " 

, \. 
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III. EXPERIMENTAL METHODS AND RESULTS 

The experiments of Nieman and Robinson 7 on the 1 B2u electronic 

exciton band were repeated. These results will be discussed in some detail 

to illustrate the theory and to derive the exciton coupling constants using the 

. !22 interchange group. Infrared transitions in neat and isotopic mixed benzene 

crystals were also obtained 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 befqre use. The C6H6 was obtained 

from Phillips Petroleum Co. (99. 89 mole % pure) and Wa.s used without 

further purification. The neat crystals for the infrared experiments were 

·· made by placing liquid benzene between two CsI windows, which were pressed 

together in a sample holder. The holder was made from brass and was fitted 

with indiwn "in order to apply firm, uniform pressure to the soft salt windows. 

A few drops of benzene were placed on the Cs! window, and the sample holder 

was assembled and attached to the bottom 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 temperatur.e one .could see through the sample, 3:nd even 

.. ., ,· _,,_ ~;: .. · - -- - ...__~ -· ·-

. . . .. 
· , 
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upon subsequent cooling to 4. 2 °K the sample remained clear. Sample thick-
. 19 

ness, estimated from measurements of absolute absorption intensities · in 

the infrared, was about 5-10 µ.. For the ultraviolet experiments, a tech­

nique siriiilar to that used by Nieman and Robinson 7 was employed. 

The concentration of the isotopic mixed samples was about 1 % guest · 

in 99% host. This low concentration was used in or~er that complete isolation 

of the guest in the host crystalline lattice could be effected even though to 
) 

detect infra:red 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 approximately 0. 7 5 to 1. 0 mm· thick. The gasket was not 

made into a closed circle, 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- . 
20 . . . 

mixed sample was then pla~ed in the ho.Ider, sealed, and solidified as 

discussed above: After cooling to 7?°K the .sample was heavily cracked, 

. although it was possible to see through some 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 presen_ted in Table II and in Figs.4,5,6, a~d 7. The 

· neat crystal infrared spectra are virtually identical with those already re-, 

ported in the literature. 19 

As explained in the Theoretical Section, in order to understand fully 

molecular crys'talline interact~ons, it is necessary to study both neat and 

isotopic mixed crystals. With the data obtained from mixed crystals it is 

possible to isolate and to · study separately crystalline interactions arising from 

different. ! 'so~rces!' By.varying the isotopic substitution, ~est energy-state.s 
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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. 

The interchange group structure of this state, as obtained from neat 

and isotopic mixed crystal absorption spectra, is given in Table III and Fig. 
21 

8. In neat crystalline C6H61 the 0-0 line of the 1 B2u - 1 .Aig transition , has 

been observed b.oth in absorption and emission. Because of the interch'-.1,ge 

group selection rules for these processes13 
(& =·0; B1 - B2 ; B1 - B3 ; .,.... ,,.... 

B2 - B3; A - B11 ·B21 B3) 1 ·only the ~ = Q componentr..s of the Bu B2 , and 

B3 bands can be observed for transitions involving the totally symmetric 

. (~ = Q, Ag) 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- 1 with. the l~west interchange group component observed in absorption. 
therefore 

From the selection rules, one can/conclude that the 1.G>west interchange com-

ponent has B symmetry and that its k = 0 level is at or near the bottom of the band ,,.... ,,.... 

If a state of Bu symmetry were not the lowest factor group component, or, 

if the ~ = Q 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 . 

vibrational exciton bands of the ground electronic state. ·13 (In agreement 

with this exp.ectation 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 impos.sible further to assign this 

state to any one of the three possible B levels (B1 B" · B ) The assiO'n-
. U' "'U' Su ' t> . 

ment of the lowest level to one of the B levels is consistent With the u . 

conclusions reached by Nieman and Robi~son. 7 
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As mentioned above, in order to obtain the M values from the experi­

mental da~a, either the position of the A level or the mean value of the Davydov 
7 

. components must be known. Following the method of Nieman and Robinson, and 
providing the ideal mixed crystal limit. can be approached ~n 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 suppose.ct ideal mixed crystal value of the transition 

energy(€+ 6.) is obtained by correcting the observed 0-0 transition of the isotopic 

· mixed crystal C6·Ife in C6 I?6 for the quasiresonance shift, 7 

(18) 

where, 

(19) 

The {3 of Nieman and Robinson is used, i.e. , §_ ~ 18 cm-1
• The ~ "=:: ~shift is 

then determined such that the {3 calculated from the splitting and shift terms 

[Lfa(Q)] agrees with the measure.ct value. Using the Q2 interchange group and 

accepting: with reservations the interchange group assignments of the observed 
· . · · 2c 

levels obtained from polarized absorption experimentsi ,· with reservations as 

discussed in Ref.· 7, we then calculate from Eq. (17), 
-1 · · ' . 

= + 6. 9 c n1 · _- ': :· 
-1 

MI III = + 12. 4 cm 
. -1 

MI IV = + 11. 7 cm . 

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

t:,,. , = - 224 cm-1 can be found from the ideal mixed crystal 0--0 transition energy 

(37, 862 cm-1
), determined as above, and the ·gas phase 0-0 transition energy (36, 086 en ... : . ' 

Thus we find that the average k-independent cry,stal binding energy is about 6. 0% ,... 

larger for an excited state molecule th~n for · a groun~ state molecule in the 

normal crystal. 22 It should be noted that the calculated M values differ in 

sign from those of Nieman and Robinson, who give .:.5. 9 cm-i, -12. 4 cm.;..
1

, 
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and +11. 7 cm , as they did not use the D2 interchange group but instead used 
""' 

the method of Fox and Schnepp 4bin the determination of the symmetry of 

their wave functions. 23 

More recent data are apparently inconsistent with the ~nterpretation of 

Nieman and Robinson. Data on the reverse isotopic mixed crystal, C6D6 in C6H6 , 

and on band-to-band transitions seem to suggest a total exciton bandwidlh only 

about 1/3 that given by the above M values. This discrepancy, thought to be 

caused by an isotope effect on the electronic A term, is presently the object of 

further investigation. The new results, which indicate that in benzene the ideal 

mixed c:rystal 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 Ref. 13. 

B. Ground State Un erade Vibrations · 

Ungerade vibrations can be observed in infrared absorption. In the 

gas phase only a2u and e1u vibrations are dipole -allowed within the f>sh 

symmetry group o{benzene. In the crystal, because of the loss of exact f>sh 

symmetry, a partial relaxation of the selection rules occurs, and vibrations 

·of original molecular symmetry a2u, b1u, b2u, e1u, and e2u are observed. 

One degenerate (e1u) and two nondegenerate vibrations (one b~u and one b2 u) 

will be discussed in detail below. 

Degenerate Vibrations -- We have defined site group splitting as the 

splitting that occurs in degenerate vibrations of .guest molecules 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, 

C6~ guest in a C6 D6 host or vice versa). Such a choice essentially eliminates 

·.contributions from resonance interactions to the observed site splitting. Using 

· this mixed crystal, a 3. 8 cm-1 site group splitting in crystalline benzene for 
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the e
1
u vibration v16 is observed. See Fig. 4. Since the interchange splitting 

-1 
for nondegenerate ungerade vibrations is about 10 cm , a quantitative treat-

ment, using site group and interchange group concepts of the degenerate vibra­

tions in the ne:at crystal does not appear possible. The neat crystal spectrum 

of the e1u(v 18 ) band is given in Fig. 5. 

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

group splitting occurs, the mixed crystal data can be used, as in the case of 

the 
1
B2u 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 C6 Hs and C6 D6 , indicate that the quasi-resonance 

corrections are negligible (less than 1 cm1
) .and that D.. is small and inde­

pendent of the isotopic substitution of the host. Recent calculations of the 

Davydov structure of benzene vibrational band&,251 26 
that are successful in 

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. 9 and 10). Using, with 

reservations, the polarizatio.n results of Zwerdling and Halford1 e we can find 

. MI IP M1 III, and MI IV for both the b2u(v15 ) and b1 u(v12 ) vibrational bands. 

The calculated energies, M values and f3 values (F.q. (19 )] are given in Table IV, 

and the interchange structures are presented in Figs. 9 and 10. It should be 
as will be reported later, 27 · 

noted,/that the factor group structures correspondi.ng to the same normal mode 

in crystals of C6 Ha and C6D6 are nearly identical. From the calculated f3 values 

it is now possible to check the assumption that the quasi-resonance correction 

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

Applying F.q. (18) one finds that the quasi-resonance corr.ection is l~ss than the 
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e}..-perimental error, as was assumed. A discussion of the interaction terms 

"llb . l h 15,26,27 Wl e given e sew ere. 

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 group provides a 

convenient and unambiguous way of discussing the relative signs of the 

exciton coupling constants. 

2) The site distortion energy P and band-shift term A are introduced, 

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

band-shift. 

3) It is emphasized that site wave functions X~q' and not molecular 

wave functions, are the ones of _greater significance . 

. 4) Static and dynamic interactions are distinguished and are associated, 

respectively, with k-independent and k-dependent 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 -~mportance 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 1 ~u electronic exciton band 

and for a few vibrational exciton bands in the electronic ground state . . ' . . 

. . 
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Table I 

Symmetry transformations of the k = 0 one -site excitons 
; " " 

I E ca 
2 

cb 
2 

cc 
2 i aa ab ac 

o· 

<If <tf 
()" 

<Pfr 
()" 

<Pfrr <tf v qJf qJ2f:r 1frr 
()" 

1f v 
o· 

<!fr 
o· 

<Pfr qJf 
o· 

11v · 
()" 

¢Ilr 1fr q1f qJ/y ~I 
o· 

<tfrr 
o· 

<Pfrr <tf v qt· qfl 1frr 1f v qJf qJfr 
o· . qfy <tfrr 

o· 

I <tf q}f y 1frr I 
O" 

I 
()" 

cff v cffr cfJfr 11 
qf qf . ct¥r .1frr 1fv -qf -<th .. u 

-<Pirr u -<Piv 

<th ct¥r qf 1fv 4hr -1h -qf u 
-<Piv -ct>lh 

1hr u 
<Pin I 1fv I ~ <Ptr -<ttrr -qfy -qf u -<Pir 

~v 1fv ~ <t>il qf u ·. u -<th -¢11 -<Piv -¢in 

.. 
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TABLE II. Some u-vibrat_ional levels of C6H6 (in .cm -i) 

Symmetry 

1037 

1010 

1146 

1034.8 
. ·' 1038. 6 

. 1011. 3 

1146. 9 

Neat b 
Crysta~ 

1030.0 
1032. 5 
1033.3 
1034.6 
1038.9 
1039.8 

1006.9 
1008.6 
1009.7 

1142. 5 
1148. 6 
1150.3 

Polarization 
and c 

Symmetry 

c B3u 
b B2u 
a Biu 

c B3u 
a Bi u 

· b B2u 

a S. Brodersen and A. Langseth, 1\1at. Fys. Skr. Dan. Ved. Selsk 1, ....... 

1. (1956) • . ' . 

b Our measurements. 

c S. Zwerdling and R. S. Halford, J. Chem. Phys. , 23, 2221 (1955 ). . ,,...,.... 
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TABLE III. Benzene iB2u - 1A1 g electronic (0-0) transition (in cm -t) 
according to the ideal mixed crystal model. 

> 

Algebraic Algebraic 
· Ideal mean of mean of 

Gas a 
phase C6H6 in C6D6 

mixedb 
crystal 

k band in Davydov c 
neat cr_ystal components 

Davydov d 
components 

Coupling ·e 
cqnstants 

.. _ ... 
.. 

38086.1 37853. 3 ± 0. 1 37862 ± 2 37862 ± 2 37872 ± '16 

-· 
\ 

' 

Au = 37, 996 ± 48 
r 

# • • • ~! 

--~ 

Bzu = 37, 847. 1 ± 1. O ) M.I, II = + 6. 9 ±2 

B
3
u = 37, 841. 8 ± 1. O ) MI~ III ::: +12. 4 ±2 

.--,. 

· B1~ = 37, 803. 2 ± 1. o LM1~ rv = +11.7±2 
•'. .. 

aJ. H. Callomon, T. M. Dw1n, J. M. ~ills, Phil. Trans'. Roy. Soc. (London) ~, 499 (1966) 

bcorrected for quasi resonance Eq. (18) plus 2 cni
1 

for the interaction wfth the lowest vibronic l evel (r ef. 7a). 

cCorrected for Lf(O), th.e ''k .= .. 0 shift".' See Eq. (15) and the following two paragraphs of discussion. "' ,...._ , .,..._ .. 

dAS$ignment of symm~try (B1u, B2u, or ·B3u) is bas-ed on p~lar~zation data of Broude, ref. 2c. 

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

crystal limit. In particular there seems to be an isotope effect on the ~ term of Eq. (17). 
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TABLE IV. Various contributions to the energy of some exciton states. 

· Gas to Quasi- Static Lf(O), .. -.:, ·.. . .. . . 
.,.... 

Exciton coupling .constantsd · mixed reso- field the 
State . . ... 

crystal nance term ''k = 0 .. M 
shifta shiftb f 

.,.... .,.... . 
( b shift" f3 I, Il I,ID I, IV 

IB e 2u . .· -232. 8 ± 1 +9 ± 2 -224 ±3 +8 ± 4 +18 ± 2 +6. 9 ± 2 +12. 4 ± 2 +11. 7 ± 2 

blU (V12) + 1.3±.5 "-'0. 0 + 1. 0 ± 1 "-'0. 0 +1.7± .3 +.O. 89 ± . 2 +0.75±.2 +o. 54 ± . 2 

b2u (vis) + 0. 9 ± . 5 "-'0. 0 + 1. 0 ± 1 "-'0. 0 +O. 5 ± • 3 +0,12±,2 

aC6H6 in C6D6 values compared with indirectly derived gas phase values. 

bObtained from f3 of Niernan and Robinson, ref. 7. 

CObtained by adding the first and second columns . . 

+O, ·34 ± , 2 -0. 64 ± . 2 

dElectronic and vibrational polarization assignments taken fro~n----__:_ __________ _ 
,. 

V. L. Broude, Usp., i' 584 (19 62), and S. Zwerdling and R. S. Halford, J. Chem. Phys .. ~' 2221 (19 55). 

e See footnote c of Table III. 

.. 

+:­
(\) 
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Figure 1 

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

the center-to-cez:iter distances at 77 °K between molecules i and j. 
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c 

a 
0 0 

a 7.37 A RI II 5.95 A 
0 0 

b =·9.35 A RI III= 5. 76 A 
0 0 

c = 6.77 .A Rrrv = 5.00 A 
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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 ern (ll 18 ) fundamental of 1 % C6H6 in . 

C6D6 at 4. 2°K, showing 3. 8 cm-
1 

site group splitting. 
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1045 1035 1025 



Figure 5 

Infrared spectrum of the e1u (Z118 ) fundamental of neat C6 H6 at 

4. 2°K. 

.• ·· 
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Figure 6 

Infrared spectra of the b1u (v12 ) fundamental of neat C6 H6 and 

1 % C6H6 iri C6D6 at 77 °K. 
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Figure 7 

Infrared spectra of the b2u (2115) fundamental of neat C6H6 and 

\ 1 % C6H6 in C6D6 at 77 °K. 
/ 
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Figure 8 

Davydov structure of the 
1
B2u electronic state of C6~ using data of 

Nieman and Robinson. The mean lies at 37, 872 cm-1
·• See Table ill. 
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Figure 9 

Vibrational Davydov structure of the b1u (v1:a) band of C6 Hs . The mean 
-1 

lies at 1011. 3 cm • 
>, 

.\ 
\ 
) 

'· 



:::s 
<

! 

I I I I 
. I I I I I I 
r-. 
ex> 

60 

c 0 Q
) 

~
 

I I 
; 

. 

I I 0 

::) 
:J

 
:::J 

(\J 
tf') 

.,..-

co 
en 

ca 

<.D 
r-

"'"" 
. 

. 
. 

C\J 
¢ 

I 
I 



61 

Figure 10 

Vibrational Davydov structure of the b2u (11 15 ) band of C6 Hs. The 
-1 mean lies at 1146. 9 cm . 
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Intermolecular Fermi Resonance for Benzene Cr 

ELLIOT R. BERNSTEINt 

Gates and Crellin Laboratories of Chemistry§ 

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 Reitler-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 group 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 

sit~s; and (3) intermolecular Fermi resonance--near resonance 

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

t Presented at the Spe~troscopy Conference in Columbus, Ohio, 1966 
I 

(paper number KlO) . 
.... 
+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 magnitude{3-10 cm-1
). We propose a general mechanism 

to acconnt for this and discuss the differences and similarities 

between 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. 

1-----------------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 !elation of the site group 

and the factor g~oup 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, 3 is a technique for obtaining general crystal 

energy levels. Combining these two theoretical approaches, site, inter­

change, and factor group interactions ~ve 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 Robi~son (BCKR)4, yve 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), 

(1) 

Using a tight binding approximatio·n, 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. T.he 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 when small, are well represented as a linear combination of 
irreducible 

molecular states macte to transform as theh-epresentations 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 l/J. If molecular wave fundions 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 (e:f - €
0

) 

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

term, and L~~(~) incorporates the exciton band splitting terms. 4 The super­

script a labels a particular irreducible representation of the interchange 

group. 4' 5 We can write thes~ terms out explicitly when we consider the 

crystal-site wave functions. This has been done qy 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 L~q' (~) terms dis­

appear in 'first order if the excited site wave functi~n cf>~q is used 

instead of the one site exciton wave function cf>~(~). We can accomplish this 

separation of terms physically (if second-order "quasi-resonance" effects 

are negligible -- "the ideal mixed crysta1114) by using a <1% isotopic mixed 

crystal. The su.bscript nq of cf>~q and cf>~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 

(2) 
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It can be shown that for the case of benzene ground-state vibrations second-

. 6 -1 
order effects, such as quasi-resonance are less than one ·cm 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 purposes; 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 

linear combination of molecular functions l/J. If we substitute these functions 

into the first term on the right-hand side of Eq. (2), the crystal transition 

energy (Ef - E0
) can be decomposed into the following three terms: 

f 0 f 0 . 
(E - E ) = ('E - 'E ) + P + D . . (3) 

The bar over the E's implies the molecular energy states [ (.E f - € 0
) is the 

gas phase transition energy ],and P represents the higher-order terms in the 

molecular wave functions contributing to the crystal site energy. We shall 

call P the site distortion energy. 4 It includes ground, as well as excited, 

· state contributions. This is still a strictly first-order eauation in site fonctions but 

now broken down into three, instead of the usual two, terms. To preserve 

the usual form of the Davydov presentation, however, we could write Eq. (3) 

as 

( f 0) (-f -0) E -E = E -E +A (4) 
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where 

!:::.. = p + .D. 

/:::.. is the first-order site contribution to the observed crystal energy levels 

and it is through this term that the mechanism for site splittings, site · shifts 

and the orientational effect, aside from the exclusion of higher order effects, 

can be understood. BCKR point out that, certainly 'in general and especially 

for electronic states, higher order terms (W in their rotation) could contribute 

significantly to the energy shift term !:::.. • . For the ground state vibrations 

we assume this not to be the case; such interactions should affect all the 

vibrations roughly the same in that they simply lower the energy of the ground 

electronic state. We should point out here that we have exactly paralleled 

the BCKR development in that the site functions X are assumed to be exactly 

known. There is, however, a drawback to this general approach to the 

problem of crystal energy levels. It is no longer. completely obvious what 

terms contribute to the site energy with respect to the gas phase energy, 

as all of these contributions now become hidden in the exact site wave 

function, X. On the other hand a perturbation approach, such as that used to 

separate €and P, allows all these terms to be presented step-by-step. Thus 

resonance and near resonance terms in the perturbation can be found and 

discussed separately in the usual manner. We will thus later discuss this 

· - perturbation approach to crystal site functions (see Sec. 3e) and how the 

D + P terms can be further broken down for the case of degenerate and nearly 

degenerate crystal site states. 

Applying the above theoretical ideas to our experiments, we 

will investigate the effect of the crystal site on the ground state vibrations 

of an isotopic guest molecule in the host crystal and in return learn about the 

site field. Using these site effects, it will be possible to discuss semi-quanti­

tatively the magnitude of "static" interactions in molecular crystals and to 
., .· . 

" 1"'·· ·· , .. 

' I 
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characterize uniquely the symmetry and nature of the site field in the benzene 

crystal. Specifically we will attempt to correlate D. in a consistent fashion 

with the site shift, site splitting and orientational effect. We will document 

that the effect of host or guest isotopic substitution on these interactions is 

negligible (that is, the potentials governing these interactions are independent 

of isotopic substitution), while the major factor for their determination is the 

amplitude of the atomic displacements caused by the given vibrational mode. 

Greatly enhanced intrasite Fermi resonance is observed for the indi victual 

guest molecules. Intersite Fermi resonance is discussed for host-guest 

systems in which a strong guest transition is in resonance with an otherwise 

·unobserved host vibration. -- -- - ·-------- · ·-

II. EXPERIMENTAL . 

All isotopic substituted benzenes used (C6H5D, p, m-C6H4D2 , sym­

C6HJ)3, m-C6H2D4 , C6HD5, C6D6) were purchased from Merck, Sharpe, and 

Dohme of Canada, Ltd.; the C6H6 (Research Grade) from Phillips Petrol-

eum Company. The samples of the isotopic guest fo either a C6H6 or a C6D6 

host varied in concentration from 0. 50% to 1. 0% and were either 0. 225 mm 

or 0. 500 mm thick. For very intense bands (for example, the e
1
u and· a

2
u 

bands of C6H6 ) a 0. 50% guest s~lution was used in the holder with the 0. 225 mm 

sample space. The holder consists of two copper rings with grooves for 

O. 050-inch diameter indium wire upon which Cs! windows are placed. The 

. - indium serves to apply firm, uniform pressure to the soft windows and aids 

in the thermal contact between the Cs! and the copper. When the two halves 

of the holder are screwed together, the windows are spaced by either a 

0. 050-inch or 0. 026-inch indium wire gasket (not made into a closed circle}, 

which, when compressed, gives, quite reproducibly, the above quoted sample 

thicknesses. After assembly of the holder, the benzene mixture is injected into 

the holder through the gap left in the indium .spacer. This gap is then sealed 
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with the remaining tails of the indium spacer. Such a technique usually 

produces a cell which is vacuum tight (i.e., the holder can be evacuated 

from the outside without loss of liquid benzene in the cell). The sample 

holder is then attached to the cold finger of a helium dewar and brought to 

liquid nitrogen temperatures in about 10 minutes. The sample thus pro­

duced is decidedly polycrystalline but not opaque. Samples were studied 

at both 4. 2 °K and 77°K with no essential difference observable in the 

spectra. Most of the data reported here were taken at 77°K for convenience. 

All spectra were taken on a Beckman IR-12. The typical resolution 

in the region of interest (350-1500 cm-1) was about 0. 75 cm-1 and in some 

cases as good as 0. 50 cni1. All line widths are believed to be instrument 

limited in some cases but ar~ generally depend~mt on the quality of the crystal 

and on the concentration of the studied isotope. Thick, well prepared, low 

concentration ("'0.1% guest) ·crystals gave lines of <O. 5 cm-1 half width. 

The data thus obtained are reported in Tables I to VI and some representative 
. . 

spectra are displayed in Figs. 1 to 17. 

III. DISCUSSION 
~ 

a. General Ground State Vibrational Structures of the Isotopes 

Of the 20 benzene normal modes (2a1g, . la2g, ·2b2g, 4e2g, 1 e1g, la2u, 

2b1u, 2b2u, 2e2u, 3e1u) only a1g, e1 g, e2g (Raman), and e1 u, a~m (infrared) 

fundamentals have been observed directly in the gas phase due to the D6h 

group theoretical selection rules for dipole allowed transitions. All other 

gas phase bands are known from combinations that have total symmetry 

elU or azu for the infrared spectra or a1g1 e1g or ezg for the Raman spectra. 

These selection rules apply exactly only to the isotopic species C6 H6 and 

C6D6 ,which possess the full l?ah symmetry.; in the isotopes of lower symmetry, 
- --

sym-C6H:P3 , p-C6~D2 , C6H6D, the gas phase activity of vibrations is given 
, • -
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to first order not by the group character table selection rules but by correlation 

to active modes in C6H6 or C6 D6 • Thus, in general, only modes that correlate 

to or mix with a1g, e1g, e2g, e1u, or a2u will have _an appreciable intensity 

in the gas phase Raman or infrared spectra, iml'.?1Yi1:1g that in terms of selection 

rules, the substitution of a deuterium atom for a hydrogen atom in benzene 

is rtot a large perturbation. 

While the crystal environment changes the gas phase energy only slightly 

(see Sec. 3c), the selection rules are clearly much different. The molecul£1..r _ 

symmetry is reduced at least in theory to C. , and thus all vibrations having 
........ l 

~ symmetry are active in the infrared and all vibrations having ~ 

symmetry are observed in the Raman . Of course, this last statement 

deals with intensity enhancement and is difficult to make quantitative, ·but, 

for example, all e2u, b1u and b2U vibrations are observed in the infrared. 

The gas phase (f>6h) allowed vibrations are still the most intense in the 

Raman and infrared, as would be expected for molecular crystals. 

It should be emphasized that this breakdown of gas phase selection rules does 

not necessarily imply large crystal site interactions, even though these 

intensity changes do appear to be the most dramatic effect of the site on the 

molecule. It is not clear just how to relate the size of the intermolecular 

interactions to their intensity enhancement. Such interactions are probably 

most reliably determined from their effects on the molecular energy levels 

(site shifts, site splittings and orientational effects). 

A remark should also be made concerning the symmetry assignments 

and numbering of the vibrational transitions of the non-:!?6h isot0pes. In most cases 

there is strong mixing between vibrations of the same symmetry. This 

becomes even further complicated for degenerate vibrations where, due 

to this mixing, assignment to the a orb split component is at best tenuous. ........ ,,..._. 

The assignments made in this paper, where conflicts or ambig1.1ities exist, 

are chosen to agree with the emission work of Bernstein, Colson, Tinti and 
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Robin::;on. 8 This approach is taken, as in some cases the symmetry assign­

ments can be made unambiguously from vibronic arguments. Throughout this 

paper we will use the molecular point group to characterize the symmetry of 

the crystal site vibrational states. While this ii? a convenience only and it is 

realized that this designation is of limited value for the work presented here, 

it is useful and of interest to know to which state of the molecule a crystal site 

vibration corresponds. 

Tables I-VI and Figs. 1-17 give the isotopic mixed crystal spectra for 

C61fs, C6 D6 , sym-C6~D3 , p-C6 H.iD2 , C6 H5D and C6D5 H in the C6 1fs and/or the 

C6 D6 host. Vibrations have been observed for all these isotopic derivatives 

but since this work deals mainly with the "splittings" and "shifts" of well-

known bands, the only data reported is that where the assignments are 

certain. In fact the data for two of the studied isotopes, m-C6 H.iD2 and 

m-C6 H2 D4 (Fig.17), are not even given in tables since complications due to 

the orientational effects, poor gas phase data, mixing of vibrations and 

inherent isotopic impurity' make many assignments almost impossible. 

However, it is believed that the conclusions and discussions in this paper 

are very well documented with this complete, though not exhaustive, presen-

tation of data. 

b. Solid-Enhanced Fermi Resonance 

Solid-enhanced Fermi resonance has been discussed in detail by 

Strizhevsky. 9 The number of possible interacting states is increased in 

the solid because of splittings and reduced symmetry. While hi_s statements 

are completely general, his discussion deals with resonance between an 

accidentally degenerate fundamental and overtone or combination. These 

resonances are, of course, present in the benzene systems, and are, for 

the most part, well known 1 10 ~ l l, 12 but do not appear to be stronger in the 
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solid than in the gase phase (vide mfra). Examples are given in Figs. 1 and 

2 of the (20),...., (8 + 19),...., (1 + 6 + 19) 3000 cm-1 region of C
6
H

6 
and 2250 cm-1 

(20),...., (1 + 19) of C6 D6 • 

· In an isotopic mixed crystal of benzene, there is a chance of further 

Fermi resonance between fundamentals due to the decrease in symmetry of 

the molecule; that is, fundamentals that were orthogonal in D
6
h symmetry 

" 
can now mix in the "C. -distorted" molecule of the crystal. This crystal 

. "l 

site-induced molecular distortion can be viewed as an increased anharmon-

icity of the site potential function with respect to the free molecule force 

field, allowing the increased Fermi resonance to be treated in the standard 

way through the anharmonic terms in the (site) potential function. This 

statement is subject to three qualifications: l) the site distortion of the 

molecule must be sufficient to destroy the orthogonality of the fundamentals, 

i.e., the stte-induced anharmonicity is sufficiently large;2) the fundamentals 

must be "accidentally degenerate" in energy; and 3) we must be able to detect the 

resonance if it occurs. Conditions 1) and 2) are best satisfied by C6H5D and 

sym-C6H:P3 , m-C6H4D2 and m-C6H2D4 • These last two isotopes however 

have so many accidental degeneracies in the crystal that the spectra are very 

difficult to interpret and thus cannot be given as clear examples of this phenom­

enon even though it is extensively present. There are usually two. methods for 

detecting the presence of Fermi resonance; anomalous energy shifts, and 

intensity distortions. The latter is by far the most sensitive but, due to the 

difficulty of knowing the intensities of funda mentals of isotopic substituted 

benzene and how these are affected by the crystal, we use the criterion of 

anomalous energy shift from the gas phase values for an indication of Fermi 

.resonance in the solid. When such resonances and mixings are "forbidden" 
small · 

or ;1.n the molecule,even ve r y weak crystal perturbations can envoke dramatic 
. -1 

charges in the spectra. Thus the 925 cm region of sym-C6H3D3 , the 
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980 cm -i region of C6H6 D, the 3000 cm -i region of C

6
H

6 
and the 2250 cm -1 

region of C6 D6 all represent examples of this crystal induced intra -site mixing or 

resonance of gas phase orthogonal fundamentals under the reduced symmetry of 

the crystal. Looking at Table IV it is obvious the 115 , 1115 and 1117 are inter­

acting with one another in sym-C6H3D3 as these gas-to-crystal (site) shifts 

are much larger and of different sign than the site shifts of these vibrations 

in the other isotopes. Table II shows the same phenomenon for 11
1 

v v 
. , 17' 5 

and v12 of C6H5D. One of the most striking shifts appears for v
1
a('- 20 cm - 1 ) 

of C6D6 , as given in Fig. 1 and Table VI. In C6H6 (Table I and Fig. 2) the 

mixing between v13, v20 , (v19 + v8 ), (v1 + v6 + v14 ) and others is so extensive 

that it becomes impossible to · identify the absorptions with specific vibrations. 

In Fig. 3 we see also that due to intra-site Fermi resonance the spectra of m­

C6D4~ is almost impossible to assign uniquely. While this spectra may 

further be complicated by the presence of other isotop_es a possible partial assign­

ment of the absorptions is presented on the figure. 

c. The Crystal Structure 

Since we will be further interested in the effects of the crystal site 

on the molecular fundamentals of the benzene isotopes in a more specific 

fashion than just discussed it is very important to know the site symmetry 

and the exact shape of the molecule in the crystal site. We first, of course, - . . 

must look at the available X-ray and neutron diffraction data for the crystal. 

The benzene crystal structure, as given by Cox et al. ,13 is space 

group Q~h with four molecules per unit cell at sites of f i symmetry. 

All sites are crystallographically and physically equivalent. Cox et aL , 

however, conclude that the benzene molecule is both hexagonal and planar 

even though the molecules reside in an environment of no greater than C . 
...... 1 

symmetry. The neutron diffraction data of Bacon et al. ; 4/ extrapolated to 
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77°K, corroborate these conclusions. The thermally corrected C-C distance 
0 0 0 0 . 

is. 1. 390A± 0. 002A, and the corrected H-H distance is 1. 083A± 0. 004A where the. 

deviations in bond lengths are assumed to be within- the experimental 

error. The carbon atoms are all out of the "carbon best plane" by 
0 

±,_O. 0015 A, the hydrogen atoms are out of the "hydrogen best plane" by 

± 0. 0093 A, and the maximum deviation of any atom out of the combined 

equally weighted "best plane" of the molecule is ± 0. 0118 A.. As signifi-

cant as these differences appear to be, because of thermal corrections 

and other uncertainties, both Cox and Bacon are forced to conclude that they 

lie within experimental error. Thus from crystallographic data alone the 

molecular shape, within the experimenta l error of measurement, reflects the 

D symmetry of the free molecule . ..-..6h 

If we approach the problem from a physical point of view, we see that 

the site is almost of g_
2
h symmetry- -with a plane passing through atoms 1 and 

4, for example. We find further that the deviations from the assumed plan­

arity are most consistent with this effective site symmetry. On the other 

hand, it would be incorrect to assume that the site has an effective six-fold 

axis, as the crystal does not have one. We can resort to the spectra of the 

benzene crystal to understand both the physica l state of the molecule in the 

crystal and the nature of the distorting environment. Figure 18 gives geo-

metrical representations of some possible physical site symmetries 

(<2i' 22h' !?2h). 

The most obvious effect that the crystal environment can have on the 

molecule is to change the energy of the ground state vibr ational transitions. 

These site shifts are discussed in Sec. 3d. In Sec. 3e we will give evidence 

that the benzene molecule is nonhexagona l in the ground electronic state, 

while in Secs. 3f and 3g, ·we will pr esent experimenta l information concern-
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ing the physical nature of the crystal site and the extent to which this affects 

the molecular 'energy levels and selection rules. 

d. Site Shifts 

The importance of the site shifts for the interpretation of exciton theory 

has already been discussed. 4 To first order in site functions the site shift 

is given by A of Eq. (4). The explicit form for the components of A in terms 

of crystal site function is given by BCKR 4 and using molecular wave functions 

P can be written as 

where the prime on the summation sign indicates that q = f, i = f, n = 0, 

m = 0 are omitted from the summations, lfl's are .molecular wave functions 

and ~ is the crystal site Hamiltonian given as Ho xv = E vX v. P can be 

thought of as a configurational mixing of molecular states in the reduced 

symmetry of the crystal site. The terms in H0 that cause this mixing are those 

that represent the distortion of the molecule from its gas phase equilibrium 

(hexagonal) configuration to that of the molecule in the site. Such terms, for 

small distortions, might be represented as derivatives of the molecular 

geometry with respect to the normal coordinates. This contribution to A as 

well as the D term is discussed in BCKR, along with the possible affect of 

higher order contributions to the site shift. These authors present reasonab:7..lity 

arguments to the affect that higher order term W will be the major contri-

bution to the shift, at least for electronic states. It is not at all clear which 

of the components will be the major contributor to A for the ground state 

vibrations. For simplicity and clarity of presentation a first order theory 
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will be rigorously and perhaps arbitrarily adhered to, as the experimental 

data on the ground state vibrations does not appear at present to demand 

the inclusion of the higher order terms. 

In the case of degenerate vibrations, the site shift can be measured 

from the gas phase value to each of the crystal components and can 

be either a red or blue shift for each component of · the split band. It is also 

possible to obtain a mean or average site shift for a degenerate vibration, 

A which can be compared to the A for a nondegenerate band. Two distinct 

and consistent cases present themselves: bands, both degenerate and non­

degenerate, for which the mean or average gas..::to-crystal shift is of the 

order of 10 cm -l; and bands for which this mean shift is of the order of 

0-2 cm-1
• 

The experimental site shifts can be determined from the tables of 

data. We will discuss a few pertinent and representative cases for the 

isotopes as examples of the various types of typical vibrations; a
2
u, v11 

(strong dipole transition, gas phase allowed), e
2
u, v16 (weak, crystal 

· allowed), e
1
u, v18 (medium, gas phase allowed), and b1u, v12 and b

2
u, 

v15 (weak, b_oth crystal allowed). In particular we are interested in whether 

or not such shifts are present, if such shifts do exist what trends can be 

determined from isotope to isotope or vibrational state to vibrational s tate, 

and what are the host or guest isotopic effects on these shifts (the so-called 

isotopic effect on the A term). There are, of course, problems with this 

comparison: vibrational mixing so that the character of a given vibration 

is changed from isotope to isotope; the chance of increased or further mixing 
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in the crystal with respect to the g;as due to enhanced Fermi resonance in the 

solid; and the inaccuracy of the gas phase data where, due to the presence of 

rotational structure and the restriction of selection rules (a
2
u, e1u are the 

only directly observed symmetries) the exact frequencies are probably only 

good to ± 2-5 cm -i. In this section and throughout this paper we have tried 

to discuss only those vibrations for which it is beliE'.ved these complications 

are minimized. 

The easiest comparison to begin with is the out-of-plane 1111 (a2
u) 

v 
vibration. The site shifts · t:,,. 

11
, are: 

' .. . l 

Ca Ha C6H5D pCaH4D2 sC6H3D3 mC6H2D4 C6D5H C6D6 

v 
15. 3 cm -i A u(CaHa) = 15. 4 I 17.8 14.4 15.0 15.3 

Avu(CaDa) = 23.9 15.4 17.8 14.6 15.0 15. 3 -- cm 

measured in both C6H6 and C6D5 hosts where applicable. Aside from the 

large value for C6H6 there appears in general to be no isotopic effect on the 

A, either from the sol vent or the guest. This certainly appears to be true 

. of the sol vent. The large value of A for C6H6 is well outside combined 

experimental error; while it could be due to an isotopic effect on the 

interactions, certainly no trend is obvious from the data. Thus we cannot 

really draw any conclusions until other vibrations are considered. 

-1 

For the out-of-plane, v16 (e2u) the mean shifts A obtained by averaging 

the site components are as follows: 

.CaHa ~aH5D(b2) .sC6H3D3 Ca De 

All1a(CaHa) 7.1 13.8 11. 9 cm -1 = 
AV1a(CaDa) = 10.9 8.6 



.but it must be remembered here that for the nontrigonal isotopes, interaction 

between the two components is greatly enhanced in the solid. 

These data indicate to us only that the site shift D. for these vibrations 

is nonnegligible and certainly of the order of the other effects to be discussed 

later, any isotopic effect on the shifts are certainly small (,....., 1 cm -
1
). 

The mean shifts for v18 , a planar e1u vibration in £>6h, on the other 
-1 hand, appear to be < 2 cm : 

C5H5 C6H5D pCaH4D2 sC6H2D3 C6HD5 C6D6 

v · 
A la (CaHa) = "'1 ,.....,1 0.5 "-'0 -2.0 

v 
A la {CaDa) "'1.0 "-'1 "-'1 0. 5 "-'0 

and again no concrete trend presents itself. It must be emphasized, that 

while D.. ~ 0, A is not really zero for this vibration as each site component 

is shifted from the degenerate gas· phase value (C6H6 , . C6H3D3, and C6D6 ) by 

about 1-2 cm -l and from the nondegenerate gas phase value_s (pC6H4D2, 

C
6
H5D, C

6
D

5
H) by about 1 cm -i. The shift for C6 D6 is probably affected by 

the presence of v15 which can interact with it in the crystal. 

For our last comparison of the site shifts of the various isotopes we 

look at the planar V15(b2u) and V12 (bm) vibrations. The shifts are : 

Ca Ha C6H5D pC5H4D2 SC5H3D3 CaD6 

D.?115(CaHa) -- 0.5 "-'2 -4.0 3.4 
v 

A 15(CaDa) = 0.9 0.6 ,._, 1 -4. 0 

Ca He C6H5D pCaH4D2 SC5H3D3 Ca De 
v 

D.. 12(CaHa) = 1. 0 

~V12(CaDa) = 1. 3 -3.8 -5 



These shifts are highly erratic and are an excellent indication that the 

crystalline environment changes these vibrations to a meaningful extent, 

from isotope to isotope. For these vibrations the large shifts (C6H5D 

1112 , pC6H4 D2 1112 , sC6H3D3 1115 , C6D6 1115 ) can all be correlated to the 

presence of other vibrations close by and thus a strong Fermi interaction 

is quite likely. One must thus be very careful in making general statements 

concerning these vibrations and their interactions (both static and dynamic) 

in the crystal. 

We have not covered all "the available data in the text and the 

tables should be consulted for a more complete picture. What we have 

presented are representative, and thus of necessity rather obvious, examples 

of all the extreme cases that can be traced through most of the isotopes. 

Others fall in between and become perhaps less easily categorized. 

To sum up the data on the site shifts the only consistent trend that is 

apparent is, for a given vibrational species, A is a constant independent of 
. -~ ·-· ·· ·-·-

the isotopic .modification of the guest or host molecule. The two cases that 

are generally found are A "'1 cm -l for planar vibrations and A "' 1 O cm -l for 

non-planar _vibr~tions. Exceptions to this trend for. a given state occur put 

can be explained by solid enhanced Fermi resonance between the nearly 

degenerate gas phase fundamentals. We can thus conclude from our data 

that there is no significant isotopic (host or guest) effect on the A term for_ 

the ground vibrational states, and thus the interaction potentials themselves 

appear to be independent of isotopic substitution. 

e. Site Group Splitting 

Site group splitting results from the lifting of a molecular degeneracy by the 

interaction of · a molecule with the surrounding low-symmetfy crystal site 
. . 

l ,,.. ••• --
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field. Group theoretically this means that a degenerate irreducible represen­

tation of the molecular group maps into at least one nondegenerate irreducible 

representation in the site group. For benzene, only C6H6 ; C6 D6 , or sym­

C6H3D3 can therefore show site group splittings. We now define site group 

splitting phenomenologically ~s the splitting of degenerate states observed 

in the "ideal mixed crystal" .15a Using thii:> definifion, Eq. (2) provides the 

obvious mechanism for site group splitting, o ss' of a degenerate state: 

l)ss = (5) 

where the + and - re.fer to the higher (x +) and lower (x -) energy site states 

of the originally gas phase degenerate state of the isotopic impurity. Before 

proceeding with the detailed discussion of the site group splitting let us 

further consider the relative magnitudes of the terms· comprising this contri­

bution to the total site splitting, oss' The P term can be found in Sec. 3d 

and the term (D+ - D-) of Eq. (5) has th.e form 4 

in which X~q and X~q are the hig}+ and low energy .crystal site states, 

of the guest molecule, respectively. This term represents the difference 

in interaction of two site charge distributions with their nearest neighbors 

in the crystal . This difference in principle could be quite large (for 

example, in the case of electronic dipoles), but for benzene ground state 

vibrations one would expect it to be small. On the other hand, the P term 

is composed of integrals of H
0

, the crystal site Hamiltonian, over sums 

of molecular functions (see Sec. 3d). This mixing of states is due to the 

distortion of the molecule by the crystal site field. Since however the 

I,. .. - --·-· -
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components of the molecular degenerate state should be very similar in 

their ability to mix with the other states of the complete molecular set, 

we might expect that p+ ~ P-. In a like manner it can be argued that 

higher order terms may not contribute to oss· Then, while P(W) could contribute 

significantly to the site shift, the major contribution to the site group . 

splitting, o , could come from (D+ - D-). 15b Although the above is 
SS 

somewhat conjectural in nature it is clear that the site splitting is given 

by Eq. (5) to first order and can be obtained in higher order with the 

addition of terms such as cw+ - w-) to "ss' (~ef. 4 ctiscusses the presence 

of such terms in 11:) 

In order to fully understand the nature of !5ite splitting we consider a 

perturbation approach to the crystal site symmetry states x;q and x;q and 

therefore D. As we did before to separate the E into € and ·P we write 

(for an e1u vibration as an example), 

where tJ;. is the molecular eigenfunction of the molecular Hamiltonian, h, v . 
and hi.J;v = €vi/Iv· The coefficients are integrals over the crystal site 

Hamiltonian H
0

• Upon substituting these perturbation wave functions into 

the above expression for D, it is obvious that all the molecular states can 

contribute to the site splitting of any other given molecular state . This 
. f is f J f 

break down of D /analogous to the separation of c: into E and P . 

However, there can be various dynamic or resonance intra site coupling 

interactions which can serve to fu.rther mix these levels, adding to the 

site splitting. The first is a dynamic "Jahn-Teller type" interaction that 

could couple the levels, Xx and xY, through the low-lying lattice vibrations. 
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These accoustical phonons could distort the molecule in such a way as 

to make the degnerate or nearly degenerate states Xx and xY unstable 

with respect to such motion. A subsequent "tunneling" between these 

states would then mix the xx and xY states contributing to the site 

splitting. For benzene such an occurrence is not likely as the lattice 

modes do not arpear to interact strongly with the vibrations. This is 

evidenced by the almost complete lack of temperature dependence of the 

vibrational spectra from 77°K to 1. 8°K. We can thus tentatively, and 

somewhat arbitrarily on both intuitive and experimental grounds, eliminate 

this contribution to the mixing of Xx and xY. The second dynamic mechanism 

by which these two states can couple is intra site or site-induced Fermi 

resonance, arising from a crystal-site-induced "anharmonicity". 

Using a perturbation language these terms would arise from the difference 

between h and H0 • There are, of course, limitations on this resonance 

coupling, one of which is that xx and . xY, constructed to transform as 

irreducible representations of the site group, must have the same symmetry. 

That is to say the molecule degenerate component states, x and y, in our 

example, must map into the same irreducible representation of the site group. 

This is .true of benzene where the site has c. symmetry and thus both e u(x) 
~1 l 

and em(y) map into Au. If, on the other hand, the benzene crystal had 

a crystallographic site of ~2h symmetry with the C2 axis through carbon 1 

(the moleeular y-axis), then e1~(x) would map into B , e~~(y) would map into A . u u 

· and no such coupling could take place (the methyl halides represent a real 

example .of such a case16). A further limitation on such a coupling between 

site states belonging to the same irreducible representation is the energy 
' . .. ..... . . -··· . 

•. 

\ - -· -·-- ' 
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separation between these states. Assuming this initial separation to be 

small ( ~ 1 O cm - 1
) and providing the crystal induced "anharmonicities" in 

the free molecule "harmonic" potential function are sufficiently large, we 

can use standard degenerate perturbation theory 7 and couple the xx and xY 

states to form the new site states, x+ and x-. This coupling, as in standard 

Fermi resonance treatments,is effected by the anharmonic terms present in 

the new force field due to the crystal site distortion of the molecule. The 

site induced Fermi resonance is a direct consequence of the crystal reduction 

of the molecular symmetry and the site symmetry of the first order wave 

functions xx and xY. Thus we have seen that dynamic intra site effects 

can contribute to the site group splitting as well as the static site distortion 

energy and the inter site term, D. 

Since we have, at least for benzene, limited the considerations to an 

intra site Fermi resonance coupling and the static terms in A we will try 

to discuss the experimental result of this and the next section in such a way 

as to evaluate, if possible, the relative contribution of each to the site group 

splitting. Two distinct cases of vibrations, as classified by their t:J.. shifts 

from the gas phase values, seem to present themselves: vibrations of the 

e1u -type, with a mean A of ,...., 0 cm -i, and of the e2u -type with a mean of A 

of ,...., 10 cm -l . It should be emphasized that 1:/ and A - can be either positive 

or negative (see Sec. 3f, also), thus making a mean A of ,...., 0 cm -1 capable 

of giving a site group splitting of about 5 cm-1, which is not inconsistent 

with the observed benzene site splitting. 

It is interesting to look at the site group splitting as a function of 

solvent and solute for the various isotopes with degenerate vibrations. For 

comparison the reader is referred to Sec. 3d where the site shifts 

are listed for these vibrations • . Again it is emphasized that the vibrations 
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discussed in the text are representative of the general case, and are chosen 

as exemplary because they remain relatively unmixed from isotope to 

isotope and are expe~imentally well determined. The tables s1:lould be 

consulted for the remainder of the data. 

We first look at the (planar) eiu vibration Via for which the mean A is 

,.,, 0. 0 cm -i in all the isotop7s. The site group . split~i:m.g as a function of the 
l1. 8 ' • • -i 

hos.~, oss (host), 1 for Vis is, in cm : 

OSSV1a(c5H5) 

OSSV1a(c5D5) 

• •><,\• e. ·- "'?,·-~-- \ . -. '·- . . . ·~ - --··-" 

3.8 3.3 

A few comments are in order: First, the C6D6 number is not certain due to 

a possible Fermi resonance between Via and 1115 (See Fig. 4b). Second, it 

might be possible to comment on 6 ss for sym-C6H3D3 in C6H6 as opposed to 

· C
6
D

6
• Unfortunately, due to the pr.es.ence of a C6D6 transition this comparison 

is not very conclusive. However, the difference in site group splitting for the 

two bands is in the expected direction. Due to molecular zero point 

considerations, the C6 D6 crystal should be_ more closely packed and thus 

squeeze or distort the sym -C6H3D3 mole.cul es to a greater extent than the 

C6H6 crystal. Since the molecular centers are now closer together, the 

C-H and C-C interactions energies are increased; further, an H atom on 
I ' 

the guest interacts more strongly with the host molecules than does a 

D atom. This can be thought of as a "cage effect" -- the smaller the cage 

the greater the interaction and thus the larger the splitting can be. Such 

small changes in the site splitting are not obvious indications of isotopic 



effects on the interaction potentials, as the potentials remain unchanged 

while the intersite atomic separations are altered. The above arguments 

l/18( ) l/18 ( .) th c . would predict that o Celie < o CeDe for e sym - eH3 D3 , as is found 
SS SS 

experimentally. 

The e2 ull1e and V17 vibrations (non planar) can also be compared in the 

same manner in the various isotopes and different solvents. The site splittings 

are (in cm -:l): 

The C6D6 factor group structure obscur es the observation of the sym-C6HJ)3 

v16 transition. 

Celie sym-CeHP3 CeDe 

0 SS ll17 (C6H6) 3. 7 6. 5 

0 SS ll17 (C6D6) 5. 6 2.8 

Again the interesting case of the sym-C6HJ) 3 splitting is complicated by the 

distortion of the band shape and the shifting of the absolute energy (see Table IV). 

Thus because the shift appears in the opposite direction from that of v18 

we cannot really make a quantitative statement concerning the effect of the 

host crystal on site splitting. One point of great importance can be seen in 

these data. The e2u band 08~1e' v17 (~ 7. 0 cm -1
) is on the average · a factor ·of 

2 greater than os~18 (= 3. 5 cm -
1
). This implies that the larger the !:::.. the 

larger the oss' and that planar vibrations are less affected by the site than non-
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planar ones. The data show no obviously large isotopic effects from either 

the host or guest molecules on the site splitting. This was also found to be the 

case for the site shift. 
--- ----·----·------------ -----

The fact that we can observe site group splitting for the degenerate molecu­

lar fundamentals of isotopic benzenes (Tables I, IV, VI and Fi.gs. 4 and 5) gives 

us information concerning the shape of the molec·u1e in the site (or the dis-

tortion of the molecule by the site). It is clear that the benzene molecule 

. has lost its three-fold axis, and, in fact, the observed site group splitting 

can serve as a quantitative measure of the degree of nontrigonality of the 

benzene in the crystal site. Although it appears that we can say nothing 

concerning the ground s.tate configuration from Eq. (5) (as it is the same 

for both states x: and xi), certainly through zero-point arguments17 the 

ground state can, at least in principle, be considered to be nontrigonal. 

All that we can conclude at present is that there is about a 1 % difference 

in energy between two molecule degenerate directions. 

Let us now consider the "shape" or symmetry of the site field. We 

know from the above discussion only that the site has lower than R
3
h sym­

metry. As discussed before, there are only two physically' reasonable possi­

bilities for the site symmetry, C h and C., neither of which is eliminated 
"'2 "'l 

by this restriction. As shown in Table VIII, neither can selection rules dis­

tinguish between these two symmetries which are both consistent with the site 

group splitting. 

f. Orientational Effect 

In the last section we considered the effect of the crystal site environ­

ment on degenerate states of isotopic modifications of benzene with Dsh or 
"' 

higher symmetry. In this section we consider the effect of the site on non 
. . 
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degenerate molecular states of these and all the other isotopes. For a 

general formulation of the orientational effect we must turn to group theory. 

Table IX,extracted from Kopelman's discussion/8 gives the pertinent infor­

mation and groups. His technique is rigorously parallel to the interchange 

approach to crystal wave functions and their symmetry.4 This highly 

formalistic approach is in general very useful but is unfortunately not very 

transparent. Our approach will be of a more physical nature which it is hoped 

will aid in understanding the origin of the orientational effect. 

It is clear that for the placement of H(D) atoms on the hexagonal carbon 

framework there exists many possibilities for the various isotopes: 1 for 

C6H6 and C6D~; 2 for sym-C6H3D3 ; 3 for pC6H4D2 (pC6H2D4 ); 6 for mC6H4D2 

(C6H2D4 ), C6H5D(C6HD5 ), o-C6H4D2 (C6H2D4 ), C6H5D(C6HD5 ) and 1, 2, 3C6H3D3 ; 

and 12 for 1, 2, 4C6H3D3 • Thus a given isotope of benzene fixed in space 

except with respect to the 6-fold rotation axis of the carbon hexagon will 

have the above distinct orientations in free space (site of cl symmetry). 
"" 

. With a site symmetry greater than C1 , some of the orientations of the 
""" 

molecule in the site become equivalent by symmetry, thus reducing its total 

number of possible physically distinct orientations .. Since the benzene 

· isotopic guest molecules in a host crystal are free to orient randomly with 

respect to 27TM/6 (M = 1, 6) rotation about the molecular six-fold axes, lSb 

we are presented with the above "free space" example in these mixed isotopic 

molecular crystals. The number of distinct orientations of a molecule in 

the crystal site, and thus the number of possibly different energies that can 

be observed in the crystal spectrum of a given gas phase transition, is 

governed by the site symmetry • We shall now discuss the group 

theoretical .correlations specifically for the benzene crystal, begiMing 
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with the isoto.pes of highest symmetry .19 C6H6 and C6D6 will, of course, 

show no orientational effect, with respect to covering rotations about 

the molecular six-fold axis. They will sit in the site field of lower than 

:Q6h symmetry, but since all the (six) molecular positions are equivalent, 

all orientations of these molecules possess the same energy in the site. 

Thus, there are no means by which to distinguish between different position­

ings (orientations) of the molecule in the site and no extra lines show up in 

the spectra. Consider now sym-C6HJ) 3 : although this case is not so obvious, 

no orientational effects can occur (for C
1
. or C h site symmetry) as we are ,..,.. ,..,..2 

concerned with orientation modulo site operations. This can be understood 

physically by observing· that no matter how the molecule is positioned in the 

site (with respect to the molecular "six-fold axis"), along each distinct site 

direction, that is, site directions not related by the symmetry of the site 

group, the molecule contains one hydrogen and one deuterium atom. Since 

these different site directions are all equivalent in the sym-C6H~3 molecule, 

·again we have no energy difference. It should be pointed out that these two 

are the only symmetries (J? 
3
h and p 

6
h) for which site group splitting occurs, 

and it is experimentally verified that, only the degenerate fundamentals be­

longing to these molecules (C6H6 , C6D6 , and sym-C6HJ) 3) are observed to 

split in the crystal. The· isotopic molecules of :Q2h symmetry and lower will 

show an orientational effect. Consider 1, 4-C6H4 D2 : one symmetry-related site 

position sees only D atoms while the other positions, not related to the first 

by site symmetry (one for 9_2h site symmetry and two for S site symmetry) 

(see Fig. 18), see H atoms. Since these positions in the site field are physically 

dlfferent, energy differences ("splittings") are seen in the spectra on nondegeneratE 
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fundamental bands. It is straightforward to find the number of orientations 

for isotopic benzenes of lower symmetry in this manner, and these results 

can be checked against Table IX. 

To give a clear concise picture of the orientational effect, and what 

can be learned from it, let us ;compare and contrast it to the better known 

effect of site group splitting. First, the ori.entational effect, like the site 

group splitting, is not due to an isotopic effect on the interaction potentials. 

The low symmetry site distorts the molecular (hexagonal) geometrical framework 

in a given fashion, independent of the position of the H and D atoms. Thus 

H(D) atoms can take up random position with respect to these distortions, giving 

rise to different transition energies for differently oriented molecules (with 

respect to the site field). Second, unlike site group splitting which is a 

single guest-molecule phenomenon, orientational effects need at least two 

guest molecules differently oriented in distinct (but physically equivalent) 

sites to appear in the spectra. Third, the isotopic molecular species in 

which site group splitting occurs (those with 1?ah symmetry or greater- -

·see Table IX) do not show orientational effects. Fourth, it is thus clear 

that again unlike site group splitting, the primary information obtained from 

orientational effects concerns the symmetry and magnitude of the static site 

field and not the molecular symmetry. 

The orientational effects predicted group theoretically can be formalized 

physically as were the site splittings in the last section. Since, for the 

orientational effect we need at least two equivalent sites with isotopically sub­

stituted molecules (of Q
2
h symmetry or lower) in different, physically distinct 

orientations in each site, the energy difference, o0 E, between transitions in 

these two sites is given by (to first order only), 

(7) 
= 
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where the subscripts i and 2 refer to two isotopic molecules in different 

sites. The generalization to more than two possible orientations should be 

obvious. A few remarks are in order concerning Eq. (7). · First, at least 

in principle, P1 and P2 do not cancel. Further, each P represents ground 

and excited state site polarization terms, neither of which probably cancel 

exactly. Second, unlike the case of site group splitting, the ground state 

terms in D1 and D2 do not cancel as we now deal with distinct molecules in· 

different orientations in two sites. Third, the orientational effect is not 

really a "splitting" in the same sense as site group splitting, as no funda­

mental intrasite degeneracy has been removed, only an inter site degeneracy. 

Fourth, since no intrasite degeneracy exists for these isotopes, the Fermi 

resonance or dynamic 
11
Jahn-Teller contributions'' to the A cannot be envoked 

since a real physical separation of the "degenerate" states exists. As in the case 

----~f site splitting,higher order terms could be incorporated into o0 E as (W1 -yv2). 

.. . . 

The orientational effect has been observed on transitions of C6H5D, 8 

C6 D5H, m-C6H4 D2 , B m-C6H2D4 , and p-C6H4 D2 • B (See Figs. 3, 5, and 6 , 

through 16 and the Tables.) There are three general observations to be 

made about these data. First, the splittings for a given vibrational type ~re 

about 1/2 of the site group splittings indicating the absence of both the Fermi 

resonance and Jahn-Teller interactions in the A term and that the 

ground state contributions to o0 E are small. Second, all planar 

vibrations are "split" into a doublet only, with an intensity ratio of 2:1 

(indicating a C h site symmetry) while nonplanar vibrations tend to "split" into a . 
,,..... 2 

triplet (indication of a gi site) . . Froi_n this we concluded that the site contains 

an "approximate symmetry plane" which is "conserved" by in-plane vibra­

tions but "destroyed" by out-of-plane vibrations. The out-of-plane vibrations 

experience the full site symmetry, Xi• Thus, the molecule is neither hex­

agonal nor planar in the crystal. Third, the effect appears somewhat greater in 
. .. : . . .. ,,. 

. l . :.· . ) 
. .. -· -- -- -..... -. ... . . -. . ... 

I •"' · - ·---- • I 

. ·, ... 
•" 

\ . . . , 
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the C6D6 host than in the C6 H6 host and also for C6H5D than for C6HD5 for the sam, 

vibration. We attribute this to a "cage effect" mentioned in the last section. Due to 

the zero-point energy the C-D distance is shorter than the C-H distance, 

allowing C6D6 molecular centers to get closer together than the C6H6 molecu-

lar centers. Therefore, an "orientational splitting" should be greater for 

a molecule in C6D6 than in C6H6 , and considering molecules of the same sym­

metry, greater for the guest with the greater number of hydrogen atoms, for a 

given vibration. 

Keeping in mind that there are no "dynamic" contributions to the 

orientational effect,the distinction made above between "planar" and "non­

planar" vibrations, and that L:l. can be both positive and negative, we can 

again compare individual vibrations in different isotopic species and solyents. . . 

The planar vibration 1118 , which we saw had a small site 

shift, can be seen to have a small orientation effect and only two components 

are observed • . These are (in cm-1
): · 

-- -------·· . ··- - ;:·-· 

C6H5D p-CaH4D2 
.. . . C6HD5 I 

' 

0 "iab(c H ) 
l 

i'., [ ,.4. 7 ] 3.7 1. 5 OE a a . .. 

o "isb(c D ) OE a a 2.1 2.2 
,: 

60E"1a a(CaHa) 
.. 

o "1aa(c D ) OE a a 2.8 3.1 

' 
intensity change between the two components and the line shape distortion are 

probably due to the third, unresolved orientational line. This may also account for 

_._· _ ~he anom~l~us~y _large orientat_ion effe~t in q_al!6 ~ . _A f~r~her_ possible _c_a_us~ _of_ th_e_~e _ 
~ . 

apparent solvent effects could be a change in crystal site induced resonance between 

V18b and V1oa with the different solvents. 
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On the other hand, the two out-of-plane v16 components have, on the 

average, a large orientationat effect. 

o v16a(c H ) OE 6 6 

OOEV16a(c6D6) 

oOE v161?( (;6H6) 

4,7 

4.3 

This out-of-plane vibration (see Fig. 7) has a larger effect than the in-plane modes a 

its D,. of 10 cm -i is one of the largest. Thus there'- appears to be good cor-. . 

relation between a large , 1:::J,, 

effect. 

· and large site splitting and orientational 

Even though there is a lack of complete data on many isotopes, Fermi 

resonances in some bands, and low intens ity in others, we are forced to con­

clude that any change in o0 E due to isotopic substitution in the host or the 

guest is of the order of 1 cm ""1 or less. Further,for these two vibrations the 

trend again appears to be that out-of-plane vibrations show the largest o0 E. 

However, in general such a conclusion cannot una_mbiguously be reached from 

the tables of data. We should point out that for .C6H5D and p:...C6H4 D2 the 

orientational effect generally appears to be independent of the mode type. 

On the other hand the C6D5H v5 and v10 seem to be consistent with the planar 

vs. nonplanar break down. Unfortunately these vibrations cannot be observed 

in the other isotopes. The less sharp distinction here than for site splittings is 

believed to be a function of the greater mixing of the vibrations of these low 

symmetry isotopes in both the crystal sit e and the molecule. This tends to 

make the planar, nonplana r classification of vibration somewhat less meaningful. 
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Comparing o0 E and oss for a given vibration it is clear that oss is greater 

than o0 E by a very rough factor of 1. 5. This indicates the presence of the 

extra dynamic interactions in the case where the degenerate states reside 

on one molecule and that the ground state contributions to o0 E are small. 

Thus the Fermi resonance interaction could contribute as much as 25% to the 

observed site group splitting. 

A further demonstration that these interaction potentials are relatively 

independent of host or guest isotopic composition and simply a function of 

the crystal environment~! structure is given by the C6H5D impurity spectra 

(v11 , v18 ) in m-C6H4 D2 (Fig. 19). These transitions should be compared 

with those of C6H5D in C6H6 and C6 D6 in Fig. 8, 12 and 15. The sharp lines 

are due to good crystal quality and the very low concentration of the C6H5D. 

While the _absolute energies are not exactly those of the other solvents (See 

Fig. 19) the 6oE's are in very good agreement (o;~aa (m-C6H4 D2 ) = 2.,9, 
. Viab V11 . ) . -1) 
o0 E (m-C6H4D2 ) = 3. 2 and oOE (m-C6H4D2 = 2. 4 cm . 

, ______ .,: _____ . " 

The most important conclusion to be drawn from the orientational 

effect lies in the observation that for v4 and 2110 of C6D5H and v17 of p-C5H4 D2 

three orientational lines have been observed. Thus the site symmetry is fi 

. and not f 2h as the observation of . both two and three lines for the vibrations 

eliminates the plane of the site field being the molecular plane. It should 

be noted that these vibrations for which three lines have been .observed are 

the nonplanar ones. 

Before leaving this topic it should be pointed out that only the C6H5D 

and p-C6H4D2 v11 (a2
u C-H _out-of-plane) are observed to show any orientation 

effect--at best quite small--while none is observed for C6 D5H or m-C6 H4D2 

(see Figs. 11-17). This_ is quite surprising in light of the previous discussion 

but is unmistakeably true. The only possible explanation is that the a
2
u 

. · ····- . -· ,.. . . . . - - - · ··-·----··--- ---·. -

I . .-·-· - · " 



97 

___ mode i.s a symmetric combin~ti~l'l: of the out-of-plane CH perpendicular 

bending and thus not much affected by site orientation. Calculations bear 

this out and further comments concerning this will be made in a forthcoming 

work. 20 . 

g. Intermolecular Fermi Resonance 

We have thus far focused our attention on the guest molecule alone. 

We now consider the effects of the presence of isotopic guest molecules on the 

host, in a crystal of, for example, 1 % C6H6 in 99% C6D6 • Both guest 

and host molecules have inversion symmetry and the guest molecule sits ·· 

in a site of inversion symmetry, at least in the limit of "infinite dilution." 

However, approximately 10% of the C6D6 (there are 12 nearest-neighbor 

molecules in the benzene crystal) will not have inversion site symmetry. 

One might expect therefore to he able to observe g vibrations of C6 D6 in 
I 

infrared absorption spectra (a breakdown of u ~g selection rules) in such 

isotopic mixed crystals, much for the some ·reason that one observes b
1
u, 

. b2 u, e2 u gas phase forbidden transitions in the guest molecules. However such 

a perturbation on the host would be very much smaller than the site pertur­

bation on the guest. Therefore there must be a new physical mechanism for 

the intensity enhancement of the C6D6 g vibrational transitions if they are to 

appear in the infrared abs·orption spectra. It is clear that this is a general 
. . 

phenomenon, not simply limited to the above example--any guest molecule 

will destroy the host site symmetry and . thus change selection rules. The 

question is, does such a general mechanism, for an intensity enhancement of 

the forbidden host transition, exist? It is proposed that intermolecular Fermi 

resonance, 21 caused by .a site induced or inter site anharmonicity, is such 

a mechanism and direct, conclusive evidence is p~esented for its. occurrence 

in isotopic benzene crystals. 
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While this may be quite a common occurrence, even in the isotopic 

benzene crystal systems, we present only a few instances which are completely 

clear cut, free ~rom interference from isotopic impurities and other transi­

tions. We monitor the v6 - e host transition (of C6H6 or C
6
D

6
) with various 2g . 

isotopic impurities present. The very intense guest transition vu (a
2
u in C6H6 ) 

is in this region (697 in C6 H6 to 513 cm- 1 in C6 D6 ) and we consider this the 

transition perturbing the host molecule. The e transition is not observed 2g -
in the C6H6 host when C6D6 (513 cm - 1

), C6D
5
H (527 cm - 1

), m-C
6
H

2
D

4 

(538 cm - 1
), sym-C6 H;)) 3 (543 . cm - 1

) are present as a guest molecule. How­

ever with p-C6H4 D?. (612 cm- 1
) and C

6
H

5
D (621 cm- 1

) in the C6H6 host, a 

new doublet is observed (see Fig. 12). This is attributed to the v6 e 2g 
degenerate (site group split) C6H6 transition observed at 606.3 and 609.4 cm- 1 in 

phosphorescence of a C6H6 isotopi~ mixed crystal. 8 Thus only when the energy 
-

difference between host and guest transition is small is there an observable effect 

of J;he site symmetry loss in the -host. This spectra is shown in Fig. 12. A 

possible further instance of this mechanism occurring in isotopic benzenes mixed 

crystals can be found in the intensity of the C6H5D peak (vu), (See Fig. 

12) which is difficult to explain unless intermolecular Fermi resonance 

is envoked. C6H5D is a natural impurity in the . C6H6 host, but certainly 

not as great as the 1% p-C6H4 D2 which was added for the experiment. 

Thus intermolecular Fermi resonance between p-C6H4D2 (vu) or C6H6 (v11 ) 

and C6H5D (?.111 ) is a good possibility. In this instance the levels need not be 

as close together as in the previous case, as both transitions are intense 

and dipole..;.allowed in the molecule. Although in both cases only small energy 

shifts (~ 1. 0 cm -
1

) are observed, the intensity enhancement is the most im­

portant factor in the Fermi res onance in solids. 9 Other examples of this 

with the same set of vibrations are presented in Figs. 12-16. Another 
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case of this type of intersite Fermi resonance that seems to have played a 

role in the benzene spectra is that of C6D5H impurity in C6 D6 • Hollenberg 

and Dows22 assigned the a
2
u of C6D5H as a part of the C6D6 a

2
u exciton 

band. The a
2
u of C6 D5H at 527 cm -i is very intense (of the order of other 

bands of the C6 D6 spectra) and we propose this to be due to intermolecular 

intensity borrowing through the Fermi resonance mechanism. Note that the 

effect should be very pronounced here as the a bands of both molecules 
2U · 

are intense, gas phase allowed and very close in energy. 

It is very difficult to say anything quantitative concerning crystal 

intermolecular Fermi resonance due to the lack of an accurate crystal site 

wave function~ Clearly this is a crystal effect alone, and a subtle one at 

that. Although we cannot use the Davydov formalism as outlined here to 

discuss this phenomenon as the one site exciton function is used and the assump­

tion of no intersite overlap is made, one can obviously treat this phenomenon 

in higher order as is ordinary Fermi resonance. 21 

IV. CONCLUSION 
~ 

From the three observed phenomena, site group splitting, orienta­

tional effects, and intermolecular Fermi resonance, it is possible to make 

the following statements concerning the benzene crystal: 

a) The molecule in the crystal has neither a six-fold axis nor is it 

planar . 

b) The physical site symmetry is fi and not f 2h· The possibility of 

a C 1 site symmetry with the horizontal plane being the plane of the molecule 
"'"2 1 

is eliminated by the observation that both two and three components are 

observed for various vibrations. This does show, however, that the site has 

. an approximate plane of symmetry, perpendicular to the molecular plane, 
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which is "preserved" by the planar and destroyed by the nonplanar vibrations. 

Only out-of-plane vibrations exhibit the three orientational .lines which is 

consistent with and strongly supports the above conclusion. 

c) The out-of-plane vibrations, from the data on site shifts, splittings 

and the orientational effect, are found to be more sensitive to the nature of 

the site potential field and the site symmetry. The out-of-plane vibrations 

are expected to be sensitive to the inter-molecular potential as the atomic 

displacements of these fundamentals are larger (by almost a factor of five 

on the average) than for the in-plane. modes. Thus these greater amplitude 

atomic displacements account for the fact that the large crystal effects are 

always found associated with the out-of-plane modes ( b2g, e1g, ~u' e2u in 

Q6h symmetry). 

d) To within the experimental error ( ±0. 5 cm -.1) no isotopic effects 

on the interaction potentials can be observed. 

e) Since both site splitting and orientational effect seem to be inde-
. --~ . 

pendent of mode classification (C-C, C-H, H-H), we can tentatively conclude 

(pending calculations)20 that C-H as well as H-H intermolecular interactions 

are of importance for these splittings. 

f ) Generalizing from the specific data given in the text in such a way 

as to obtain average site group splittings and orientational effects for given 

. vibrations it appears that for the benzene vibrations considered, o;s ~ 1. 5 o~E· 

Since the orientational effect . o~E is an inter-site phenomenon, that is 

the two or three site states are spacially separated, and the site group splitting 
ll o ss is an intra-site phenomenon, both states on the same site, dynamic 

effects can contribute only to the site group splitting, not the orientational 

effect. On the other hand, the ground state contributions to the orientational 

effect do not cancel as they do for the site splitting. It is therefore difficult 
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to quantitatively compare the two effects but it is clear that since there are 

terms in common,the resonance contributions too ss are larger than the 

ground state contributions to o OE. 
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TABLE I. 
1 . 0% C6H6 in 99 . 0% C6D6 {u v ibr a tions only) 

Vibration Number Symmet r y in Gas Phase a E'.nergy1 Site Splitting and Type -1 
D6h cm m cm Comment cm- (l>ss) 

(C-C) nonplana r 1116 e2U 398.1 404.8 W, Equa l I 8 . 2 
413.0 

(C-H) nonplanar llu ~u 673 694.1 W i3 C 
696.9 Sha rp 

(C-H) nonplana r 1117 e2U 967 978.3 Both lines are blue 5.6 
shaded 

983.9 Equal I 

(C-C) planar 1112 b1u 1010 1011.3 Sha rp 
·-
(C-H) planar "is em 1037 1034.8 Sharp, Equal I 3.8 

1038 . 6 

(C-H) planar "is b.zu 1146 1146.9 Sha rp 

(C-H) plana r 1114 b.zu 1309 1308 . 0 iJc 
1312 . 6 

(C-C) planar lli9 em 1482 1460- 78 Band fla t 

(C-H) plana r 1120 b1u 3043 3012 . 5b 
1113 eiu 3057 3033.9 ., 

lf9 + :la em 3083 3038.9 
Iii + llG + 1119 eiu 3100 3046. 2 I plus 3060 . 3 

other 3072 . 5 
combinations 3078 . 5 

3082 . 5 
' 3087.5 

3094 .1 

a?roders en and La ngseth, Mat. Fys . Skr. Dan. Ved. Sels k. 
1, 1 (19 56 ) and Ca l!oman , Dunn, and Mil ls , Phil. Tr ans. Roy. 
Soc. (London ) 259, 499 (19G6). 

K EY: VV.' very weak 
weak 
broad 

bSome of these fines have been assigned erroneous ly as factor 
group components of C6H6 1120 e1 u band and 11

13 
b

1 
u band by 

Hollenberg and Dows, J. Chem. Phys. ;r?_, 1300 (1962) . 

w 
B 
I 
FR 
s 

more intense component of a double 
Fermi r esonance 
shoulder 

..... 
0 
\r\. 



Vibra tion Number 

(C 

(C 

(C 

(C 

(C 

(C 

(C 

(C 

(C 

(C 

(C 

(C 

(C 

(C 

(C 

and Type 

-C) nonplanar 

-H) nonplanar 

-Q nonplanar 

-H) planar 

-H) nonplanar 

-C) planar 

-H) nonplanar 

-H) nonplanar 

-C) planar 

-H) planar 

-H) planar 

-H) pla na r 

-H) planar 

-C) planar 

- C) planar 

1115 

!111 

v. 

Ilia 

1117 

111 

1117 

115 

!.112 

Ilia 

1115 

Ilg 

119 

1119 

Ila 

Symmetry in 
D6h C2v 

e2U ~ 

~ 

~u ~ 

~g ~ 

eiu bl 

e2U ~ 

a1g a1 

e2U ~ 

b2g ~ 

blU a1 

elU a1 

hzu bl 

e2g bl 

e2g a1 

elU a1 

eig bl 

a1 

TAELE II . 
1. 0% C6H5D in 99 . 0% C6H6 and C6D6 

Gas Phase 
a 

Energy _
1 Ener gY..1 -1 cm C6H6 cm C6D6 cm 

381 385.9 387.8 
390.2 392.4 

403 c.410 

607 621.4 621 . 4 
623 . 5 623 . 6 

698 703.9 

857 854 . 1 856 . 9 
858.8 859 . 0 

924 935.9 936.4 

983 980.0 

967 986 . 2 

984 997.7 996.9 

1007 1003.2 

1034 1032 . 7 
1035. 5 

1077 1G78.l 1078. 3 

1158 1157. 5 1157. 4 
I 

1174 1175- 1193 

1446 1435 . 7 
1444 . 8 

1576 1576 .2 
1580 . 0 

1593 1592. 5 

aBrodcrsen and Langseth, Mat. Fys . Skr. Dan. 
Ved. Sclsk . .!_, 7 (1959) . 

KEY: VW very weak 
weak 
broad 

w 
B 

Orientationa l 
Comment Eifec t cm- 1 (60J E) 

w -4 . 5 
l,B 

VW,B 

I, B (621. 0 S) 2 . 2 
induces 116 (e2g) in CtiHti 
606.0, 608.8 

-3.4 

B, W 

B, W 

Blue shaded and B, W 

Red shaded 

B 
2 .8 

R ed shaded 

(11 11 +1110) in C6 Da near b) 

(1117 +1110 ) in C6 D6 near by 

s (116 + 111) 
W, B 

I = more intense componen t 
of a double 

FR = Fermi resonance 
S =· shou lder 

I-' 
0 
O' 



TABLE Ill. 

1% p C6H4D? in 99% C6Hc and CcDr. 

Vibration Number Symmetry Gas ~pasea En~\§:; En~{gy and Type Dsh D2h cm cm-
6
H

6 cm C6D6 

(C-C) nonplanar v16 e2U b1u 367.6 
372.3 

.. 
(C-H) nonplanar v11 ~u blU 596 613.7 613.7 

613.9 
' 

(C-H) planar V1a elU b..iu 817 817.6 
821.3 

(C-H) nonplanar v17 e2U b1u 871 882.9 882 . 3 I 885.8 885.3 
885 . 9 

(C-H) nonplanar v
11 e2U au 967 977 .8 

979.8 
-

(C-C) planar V12 b1u bi.u 997 990 . 6 
993 . 7 

(C-H) planar V1a elU hiu 1032 1031.0 
1034 .1 

(C-H) planar V15 hiu b..iu 1104 1104 . 3 
- . 

1106.4 

(C-H) planar J.111 h2u b.JU 1291 1297 . 6 1294.5 
1295.3 

a KEY: 
Brodersen and Lan ~;seth, Mat. Fys. Skr . Dan . Ved . Sels k, .!_, 7 (1959} . 

~ 

Possible splitting, shaded 
symm etrically in D6,in-
duces v6 ( e2g) 605. 5, 
607.7 in H6 , 579.5, 580.4 
inD6 

Sharp 
I 

I 

I 

I 

B, -equal I 

Blue shaded, VW 

vw w 
B 

very weak 
weak 
broad 

Orientational 
Effect cm- 1 (60 E 

- 4.7 

< 1.0 

3. 7 

3.0 

2.0 

3. l. 

. 
3.1 

- 2.0 

< 1. 0 

I 
FR 
s 

more intense componC'nl of a double 
Fermi resonanre 
shoulder 

I-' 
0 
-.J 



Vibration Number I and Type 

(C-C) nonplanar V1G 

(C-H) nonplanar V11 

(C-C) nonplanar V4 

(C-H) planar Vie 

(C-H) planar V15 

(C-H) nonplanar V5 

(C-H) nonplanar V17 

(C-H) planar V9 

TABLE IV. 

1. 0% Sym ( 1 , 3, 5) C6H3D3 in 99. 01,b C6 H6 and C6 Du 

Symmetry Gas I:~ase 
a HG D6 

Energy Energy 
cm cm-1 · Comment 

e2U e" 368 377.5 
385 . 0 

~u a;· 531 538 .8 538 . 9 1} 13C (or m-C6H3D~ v11 ) 539.2 539.3 
545.3 545. 6 induces v6 (e2 cr) 

(580.0, 582. SJ inD6 

big a;· 697 703.8 

elU e' 833 831.6 831. 7 } v15 and v1e C6 De near 

834.4 835.0 
by and C6 DsH v18 

biu a; 912 SOB .1 !>08.0 

big a;• 917 927.4 928.5 

e2U e" 924 935. 7 936.0 D 6 combination near, 
939.4 

I 
938.8 and C6D5H in C6 D6 

I e2g e' 
I 

1101 
t 

1102. 5 B 
1104.9 I 

i . i i i i 
KEY: vw = veryweak 

W = weak 
B = broad 

Site §plitting 
cm (6ssl 

8.5 

-3.0 

3.7 

-3 

aBrocersen and Langseth, Mat. Fys. Skr. Dan. Ved . Selsk. 
.!.· 1 (1 956). 

I = more intense component of a double 
FR = Fermi resonance 
S · = shoulder 

..... ---
0 
CP 



TABLE V. 

C8D5H in C0H0 and C0 D0 

Vibration Number Symmetry in Gas Phasea Energy ~q Energy _\n 
-1 and Type D6h C2v cm C6D6 cm C6H6 cm 

[C-H) nonplanar llu 3.iu bi 512 527.3 527.3 

[C-H) nonplanar 1110 elg bi 706 .. 715 .9 
717 .8 
720.6 

(C-H) planar ll1a elU . bl 838 837 . 6 837 .4 
839.8 838.9 

(C-H) nonplanar 115 big bi 922 930 . 7 930 . 4 

' 
935 . 6 934 .5 , 938 . 6 938 . 1 

.. 
1278 .2 

a 
Br odersen and Langseth, Mat. Fys. Skr . Dan. Ved. Selsk . l• 7 (19 59). 

Orientationa l 
Comm ent Effect cm-1 (60 E) 

- 5 

-2 

-7 

Combination 

...... 
0 

'° 
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TABLE YI. 

1. 0% C6Dc in 99. 0% C6Hc 

Vibra tion Number Symmetry in Gas ~~asea 
and Type D6h cm 

(C-C) nonplanar !116 ezu 347 . 8 

(C-H) nonplanar 1111 a:iu 496 

(C-H) nonplanar 1117 e2U 787 

(C-H) planar ll1s elU 814 

(C-H) planar 1115 hiu 824 

(C-C) planar 1112 h1u 970 

(C-H) planar 1114 hiu 1282 

(C-C) planar 1119 elU 

1333 

(C-H) planar 1113 h1u 2285 

(C-H) planar 1120 eiu 2288 

111 + 1119 
plus other combina-

lions 

aBrodersen and Langseth, Mat. Fys . Skr . Dan . Ved . 
Selsk. 1, l (19 56) and Ca lloman, Dunn, and Mills, 
Phil. Trans. Roy Soc. (London)~. 499 (19 66). 

bThis band has been erroneously assi~rH>d as an inter­
ch~n~e grOUJJ component of the C6Du. ai1,1 band by Hollenberg 
ana v ows, J. Chem. Phys. 37, 13 (,(, · \1 962). 

Energi' 
cm Comment 

Site Split\ing 
cm-1 (c'iss> 

354.8 w 9.8 
364.6 w 

511.3b 
527.4 D5H 

791.3 
797.8 

I 6.5 

810 . 5 ~hacp} 4.1 
814 . 6 

FR ? 
820.6 

971.0 

1285 . 1 (1116 + 1110 ) near by 

1321. 3 13c 
r 

1326 . 0 D5H (?) < 1. 0 
1329 .2 II 

2268 .1 
}FR 

2278 . 0 4.5 
· 2282 . 5 

KEY: VW 

-..... 

w 
B 
I 
FR 
s 

very weak 
weak 
broad 
more intense componen t of a doub)(' 
Fermi resonance 
shoulder 

I-' 
I-' 
0 
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TABLE VII. Correlation tables for the benzene isotopes (y-axis through 

cl, x-axis between C5 and CG, z-axis perpendicular to molecular plane; 

y-axis preserved). 
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TABLE v.m. Correlation diagram for J26h, 9_2h, and ~i (x-axis C2 preserved). 

c. 
""'l 



TABLE IX. Orientation effect for benzene (nc = 1). 

Substituted Group of Group of Interchange 
Molecule Unsub . Mole. Sub. Mole. Operations + ~ 

G A B 
~ ~ 

C6H6 
D6h D6h D6h 

C6D6 

1,3,5 CGH3D3 D6h D3h D6h 

1,4 C6H4D2 D6h D2h D6h 

1,3 C6H4D2 
-

1,2 C6H4 D2 

D6h C2v ·D6h 
C6H5D 

1,2,3 C6D3H3 

1,2 ,4 C6H,.D3 D6h cs D6h 

unsubstituted molecular group. lG = 
2~ 

elements preserved in isotopically substituted molecule. 

Interchange 
Group 

?;!:. nb 

I clJ 1 

~. 2 

C3, 3 

c6, 6 

D6h• 12 

Number of Dis tin ct 
Orientations , 
n

0
, for Site 

s = 
C1 c:-

l C2h D2h 

1 1 1 1 

I 2 1 1 1 

I 3 3 3,2 2 

I 
I 
I 

I 6 3 3,2 2 
i 

12 6 6,3 3 

A 
3~ 

B elements not in A (not preserved) but equal to the product of an operation in A with a proper operation of G-­
these are intercnange operations and move the molecule. These operations, together with the elements of~. 
form a group E. 

4Elements not in B. ~Called transform elements. Give optical isomers (n :s 2). 
~ c 

5~ ~ = N, where ~ is the interchange group with nb elements. nb gives the number of orientations of the sub­
stituted molecule with respect to the unsubs tituted molecule. 

6Let space have symmetry S. 
7Then, n0 , the number of physica lly distinct orientations is found by striking out from the nb cosets any coset 

that differs from another by an operation of ~- (Clearly ~ O ~ does not strike out any cosets.) 

I-' 
I-' 

\.,..> 
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Fig. 1. 1 % C6D6 in C6H6 in the region of gas phase Fermi resonance 

between Vzo and (v1 + v19). In the crystal v13 as well as other combination­

tones can also interact and mix . . This is evidenced b)'." .the complex structure 

of the band. 
- -· . -·----- --·- ., ... --·-
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Fig. 2. The hydrogen stretching region of a 1 % C6H6 in C6D6 crystal 

at 4. 2 °K. The complex structure of this region indicates an increase in the 

interaction of many combination-tones and two, 1113 and 1120 , fundamentals 

due to the reduction of molecular symmetry by the crystal site. 
- --~·--- -· .. - . - . --- _____ __:__ ... -.-~--- --:.:--__..._--:---·--~-----·-· -... -- - ·-- -

. ' 
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Fig. 3. A portion of the m -C6 D4H2 in C6H6 crystal spectra to indicate 

the increased interaction between fundamentals in the solid. Note orientation 

effects on most peaks which further complicates the assignment of these 

transitions. Possible assignments for some of the observed lines are in­

dicated on the figure, major impurities are p-C6H2D4 (~90, 875 cm -1
) and 

. -1 
C6D5H (935 cm ). 
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Fig. 4a. 0. 75% C6H6 in C6D6 to show site group splitting on the v18 (e1u) 

degenerate fundamental. D1118 R::s 0. 0 cm -i. This vibration is discussed in 
" . 

the text (Sec. 3d, 3e, and 3f). 

-------------- ----.-- --· ------ -- --- .. 
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c6 H6 in c6 D6 

E1u 

Note .3.Scm-1 site - group split.ting 

1045 1035 1025, 
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-----· -· 
' 

Fig. 5. 0. 75% p-C6H4D2 and 0. 75% sym-C6H3D3 in C6H6 ; this shows 

the apparent similarity between site group splitting and the orientational 

effect. The two transitions of p-C6H4D2 (via-b3u and vl7-b1u) show the 

orientational effect (also see Fig. 6) while the e' (v1a) is site group split 

(see Fig. 4 as a comparison with C6H6 v1a site group splittirg ). 
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·----- -- ----- - - -- - -· 

Fig. 6·. High resolution trace of v17 of Fig. 6. 

- - ----------·- ·-·· ---· ··-·---·----------- --·;;-··.------..,.···----·--:-· ·- ···--· ,· - . 
"' 
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Fig. 7. Orientational effect on 2116 (b1u) out-of-plane mode of p-C6H4D2 

in a 2% sample. 

'· I • 
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Fig . 8. 1% C6H5D guest in both C6H6 and C6D6 • · Note the intensity 

and energy changes from the two solvents. This is most likely caused by 

a third unresolved line. v18 (b1) is observed in both cases . 
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Fig. 9. "'2% C6D5H impurity (natural) in C6D6 • This figure il-

lustrates the difference between the "out-of-plane" and "in-plane" orienta­

tional effect for the benzene isotopes. 115 (b2 ) and 1110 (b2 ) are out-of-plane 

vibrations and show three orientational components in the spectra (in­

dicating a ~i site--see Sec. 3f), while v18 (b1 ) as an "in-plane" vibration 

shows only two components with a 2:1 intensity ratio (indicating a C2h site). 
. "' 
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Fig. 10. 2% C6HD5 in C6H6 showing two of the transitions in Fig. 9. 

The shoulder on the low-energy side of v18 is not believed to be real. If 

it is, it represents the only case of an in-plane vibration experiencing the 

full site symmetry ( 9) and thus effectively destroying the approximate 

"~2h plane" of the site. > 

• J ___ ....:. ________ - - --- ··- - -- --------- ---- ... ----- --- - -- -------
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Fig. 11. The llu band of the three isotopes (of Jl3h or higher sym-

metry) not expected to show orientational effects. Line widths are of the 

order of 0. 75 cm -i and probably instrument limited. It is possible but 

unlikely that the line assigned to 13CC5H3D::i is really the Zin of m-C6H4D2 

[a low(< 1%) level impurity in sym-C6H3D3 ]. 
I 

·' 
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Fig. 12. Intermolecular Fermi resonance (see Sec. 3 g). The 

v6 C6H6 transition has been induced by the Vu p-C6H4D2 • Note also the 

orientational effect of vll C6H5D and p-C6H4D2 • It is possible that the 

C6H5D intensity comes about through the same mechan.ism. 
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Fig. 13. A further example of v6 C6H6 being induced by the isotopic 

· guest impurity. See text, Sec. 3g. 
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Fig. 14. 1111 p-C6H4D2 induces, weakly due to the increase energy 

separation, the 116 vibration (~g) of _C6D1p 
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Fig. 15. v11 of C6H5D does not induce the v6 C6D6 transition due to 

the increased energy separation (see Fig. 14). 
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Fig. 17. vu m-C6H2D~ does not induce the 1.1 6 of C6H6 • 1.110 m-C6D4 H2 

does show Ci orientational effecL 
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Fig. 18. Geometrical representation of possible site symmetries 

. for a benzene site. The crystal structure data (Ref. 13) gives site as ~i 

but also a planar molecule. The approximate mirror through the two 

triangles of the ~i configuration g~ves the ~2h site. Making this site planar 

then gives the Jl2h site. 
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Fig. 19." C6H5D as an inpurify in m-C6H4 D2 , showing v11 (622. 3 and 

624. 7 cm-
1
)! v1a (855. 2 and 858~ 4 cm -

1
), and v1a (1032. 7 and 1035. 6 cm -1

). 
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Static Crystal Effects on the Vibronic Structur e of t he Phos 

Fluorescence and Absor tion S ectra of 

Benzene Isoto ic Mixed Cr sta ls t 

E. R. BERNSTEIN, S. D. COLSON, D. S. TINTI, and G. W. ROBINSON 

Gates and Crellin Labor atories of Chemistry, t 

California Institute of Technology, Pasadena, California 91109 

ABSTRACT 
~ 

The phosphorescence, fluorescence and absorption 

spectra of the isotopic benzenes C6 H6 , C0 H5D, p-C6 H4 D2 , 

and sym-C 6H3 D3 , present as dilute guests in a C6D6 host 

crystal at 4. 2 °K, are obtained with sufficient spectral 

resolution to ascertain the magnitude of the crystalline 

site effects. Two such effects are emphasized: site split-

ting of degenerate fundamentals and orientational effects . 

. The former can occur for the isotopes C6 H6 and sym-C6H3D3 , 

while the latter is possible only for isotopes with less than 

a molecular three-fold rotation axis. The observations 

show that both site-splitting and orienta tional effects do 

occur as a general rule on vibronic and vibrational 

states in benzene isotopic mixed crystals. We conclude, 

therefore, that the site interactions are not negligible. 

' . 
.L. 

1 Supported in part by the Air Force Office of Scientific Research, 

Contract No. AF 49(638)-1644. 

t Contribution No. 3 546. 
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An empirical correlation of the magnitudes of the site splitting, 

orientation effect and site (gas-to-crystal) shifts for in-plane 

and out-of-plane modes is noted. Our results for the ground 

state vibrations are in good agreement with the findings of 

Bernstein from infrared spectra in those cases where levels 

can be observed by both techniques. 

In order to characterize completely the above mentioned 

site effects it was necessary to analyze in some detail both the 

emission and absorption spectra of the isotopic guest molecules. 

The phosphorescence of C6H6 and sym-C6 H3D3 has been com­

pletely analyzed o.ut to. 0, O-(v8 _:t v1 ) while for that of C6 HsD, 

the analysis of only the more intense bands near the electronic 
. . 

origin- has been carried out. Some ground state vibrations of p-C6 H4 D2 are 

presented but the phosphorescence spectrum, complicated 

greatly by both ground and excited state orientational effects, 

is not analyzed in this present work. The fluorescence of 

. these isotopes was used only to corroborate and supplement 

the conclusions and assignments extracted from the phospho­

rescence analysis and is not presented in detail. The relative 

vibronic intensities in the fluorescence spectrum are com-

pared to those in the phosphorescence. From the general 

analysis it is possible to conclude that the effect of the 

crystal site on the molecule, while spectroscopically measur­

able, is quite small. 

On heavily exposed photographic plates it has been 

possible to assign the 
13

CC5H6 emission spectra in both the 

· pure electronic and a few vibronic bands. Absorption spectra 

of these mixed crystals have yielded information concerning 
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the orientational effect on the first excited singlet state of 

C6 HsD and p-C6~D2 as well as site splitting of the v~ 
. 13 

vibrational levels of C6~. The CC5~-nD11 0, 0 absorption 

spectra have also been identified. New absorptions, in the 

region of the O, 0 of C6~ and C6 H5 D have been tentatively 
13 

assigned to resonance pair lines and C2C4~-nD on the n . 
basis of their intensity behavior as a function of guest con-

centration 

I. INTRODUCTION 

Since the ciassic work of Halford, 1 Hornig, 2 and Winston and Halford3 

in the late 1940's, the effect of the crystal environment on · 

molecular spectra has been of much interest. These early works deal in part 

with the effect of the crystal site on the degenerate molecular states. More 

recently, Bernstein 4 and Strizhevsky5 have considered further site inter­

actions not limited only to degenerate states, viz., orientational effects, 4 

gas-to-crystal shifts, 4 and enhanced Fermi resonance4' 5 in the solid. For 

experimental as well as historical reasons, most of these investigations 

concern the ground state vibrations observable by means of infrared spec­

troscopy. Since it is of theoretical importance to know whether or not such 

effects are present for all the vibration classes and types, in the present 

work we look for the above effects in the vibronic transitions of C6~ and 

some of its deuterated isotopes: that is, the phosphorescence, fluorescence, 

and absorption spectra of ·various benzene isotopic mixed crystals. This 

allows us to study site interactions in vibrations which are not seen by 

infrared absorption. 
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For the case of a C6 Ru guest in. the fi 6 site of a C6 D6 host crystal, the 

molecular£, g_ classification of guest states is retained, imposing the u ~ g 

dipole selection rule for the C6 He transitions. Thus, in the infrared absorption 

spectra from the g-ground state, only £-Vibrations are observed, while 

vibronic transitions involving u-excited states can be utilized to study g­

vibrations. The emission spectra also supplement the vibrational data obtained 

employing the Raman effect.- On the other hand, in an isotope that 

·.does not have inversion symmetry , the infrared absorption and 

the UV emission _.spectra can invol".'e ' the same ·. vi?ratio~:::;, ::.and thus 
.' 

. the data complement each other. . For ex.ample, · in the ca~e of site 

'.: spl~tting of degenerate ~undamentals, the infrared and UV .data for C6 lfs should 

supplement one another due to the _g_ ~ g selection rule, while for the case of 

sym-C6 HsD3 these data should overlap and check one another. Similarly, for 

the orientation effect, the C6 IfsD data should overlap with both techniques 

while for p-C6 fLiD2 , there would be no direct overlap of data. It was from 

these considerations that C6 Hs, C6 H5 D, p-C6 fLiD2 , and sym-C6 HsD3 were chosen 

for this work. These were all studied as dilute guests in a C6 D6 host crystal 

at 4. 2 °K. By such a study we hope to provide a complete picture of crystal 

effects on vibrations of the benzene molecule for all classes and types and, 

therefore , furnish a good test for theoretical calculations of intramolecular 

and intermolecular force fields and potentials in solid benzene. 

A vibrational analysis of the benzene phosphorescence spectrum in EPA 

_at 77 °K was first published by Shull. 7 Sveshnikov and co-workers8 and 

Leach and Lopez-Delgado9 have compared the vibronic structure of phos­

phorescence and fluorescence, again in glasses at 77 °K. Nieman10.and 

Nieman and Tinti (NT)11 have analyzed the benzene phosphorescence under 

low resolution for many benzene isotopes .in a C6D6 host crystal at 4. 2 °K . 
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The benzene emission spectra in amorphous solids do not generally show resolvable 

crystal effects on the ground state vibrations. While a few of the larger of 

these effects were observed in the lower resolution crystal spectra of NT, 

it is only with the higher resolution employed here that the eff eCts are 

discernible on nearly all vibronic bands as a general occurrence and ·can be 

quantitatively discussed with confidence. 

II. THEORETICAL CONSIDERATIONS 

OF CRYSTAL EFFECTS ON VIBRATIONS 

Crystal effects on vibrations have been considered in great detail 

previously both .in our laboratory and others. We will only discuss the 

general results as needed here, referring the reader to the more detailed 

work when necessary. Site splitting l, 2 for a molecular energy state 

occurs if this level has a degenerate representation in the group of the 

molecule which maps into one or more nondegenerate representations in 

the group of the crystal site. Thus, the doubly degenerate vibrations of 

C6fls and syni-C6HaD3 are mapped into two nondegenerate components in 

the C. site of the benzene crystal. The energy difference between these 
...... 1 

two components in an "ideal mixed crystal" is defined as the site group 

splitting oss· 4, 12 The concept of an "ideal mixed crystal" implies the 
" 

absence of all resonance and quasi-resonance intermolecular interactions, 

wh~le all other interactions remain as ill, ~he pure crystal. Dilute (< 1 %) 

isotopic mixed crystals of benzene have. been shown to be an excellent approxi-
, -

· mation to the "ideal mixed c~ystal" for ground state vibrations~ This is found 

not to be true, however, for the lowest excited singlet state of benzene.13 

For benzene isotopes without a molecular threefold axis, a different 

e~fect occurs. 4 It is clear that in the fi site there are three possible 
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.orientations with respect to rotation about the original C6 H6 sixfold axis for 

the isotopic . molecule that, at least in principle, could have different energies. 

Therefore, a nondegenerate molecular vibration could give rise in the spec­

trum to three lines, each of which is due to differently oriented molecules 

in three physically equivalent but distinct sites. For other site symmetries, 

in general a different number of physically distinct orientations are possible. 

Thus, the number of lines observed in the spectrum for a given vibration is 

an indication of the effective site symmetry. Table I summarizes the number ·· 

of orientations group theoretically possible for benzene isotopes in various 

sites. 

The observations of either effect measures the effect of the static field .. 

on the guest molecule. However, certain interaction terrr~s present in 

one are absent in the other. In the orientational effect, which involves 

·two or more guest molecules on ~ifferent sites, the ground state terms do 

not necessarily cancel<. These · terms must cancel in transitions to the two 

site split components. Moreover, · the two site split components. have the 

same symmetry in the crystal site and can interact with each other, 

. increasing the first-order spiitting. given by interaction with the static 
'. •, . 

crystal field. This latter interaction can not, of course, occur for mole-

' · cules on widely separated sites, i.e. for the orientational effect~ Because 

.of these differe.nces, a .direct comparison of the .. respective magnitudes of 
. 

these. effects is difficult at best and could be misleading. 

III. . EXPERIMENT AL 

The benzenes were obtained from Merck, Sharp and Doh me, Ltd. , of 

Montreal, Canada. The mixed isotopic solutions were purified by the method 

described by Colson and Bernstein14 and directly vacuum distilled into modi­

fied "Bridgman type" : growing tubes, of the type depicted in Fig.1. Two 

\~· ·"-
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thicknesses of crystal were used: 3 mm and,.., 20 µ.. The thick crystals were 

grown by lowering the optical cells through a temperature gradient of about 

100 °C/cm directly into a liquid N2 cooled chamber at the rate of roughly 

1 cm/day. These crystals, which are usually transparent and nearly free 

of cracks, are then cooled to 4. 2 °K with little decrease in quality. This same 

technique has been successful in growing crystals up to 3 cm in length. The 

thin crystals are grown in the same type tube by suspending the holder in a 

dewar approximately 20 cm above the liquid N2 surface and subsequently 

cooling to helium temperatures. Once the crystal holder is· completely sub­

merged under the liquid helium, the cell is broken open above the graded 

seal to insure good thermal contact with the coolant. If this is not done, the 

· sample temperature has been found to remain well above 4. 2 °K for some 

length of time and increases when the sample is irradiated. 

The emission spectra of the guest triplet and singlet states were 

excited by absorbing into the C6 D6 host singlet exciton band from which the 

excitation energy is rapidly transferred to the lowest excited singlet and 

triplet states of the guest. These lie approximately 30 cm
1 

to lower energy 

for each hydrogen substituted into C6 D6 • The guests thus serve as effective 

energy traps from which emission is observed at low temperatures. Both 

low and high pressure Hg lamps were employed as excitation sources. Order 

sorting, where necessary, was accomplished by 1 iquid Kasha or Corning 

glass filters in conjunction with 0.1 m-atm Cl2 and Br2 filters. · When high 

orders were used, a small Bausch and Lomb monochrometer was used as a 

predispersing element or as an order sorter. 

The phosphorescence spectra of the mixed isotopic crystals were 

photographed at 4. 2 °K on a Jarrell-Ash 3. 4 meter Ebert spectrograph. Two 

gratings were employed. The first had 15000 line/in yielding a plate 
· ~ ' . ' 

·,,I 
· ·: ... : .. , : .. ~ 

· . 
. '', 

L _,. -· · _. _ _ 

\ 
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factor of roughly 1. 62 A/mm in the third ?rder. Exposure times for the more 

intense vibronic lines were about 5 min with 20 µ. entrance slits. The weaker 

lines required approximately one hour exposures. A second grating was used 

in the eighteenth order where the plate factor was 0. 32 A/mm. Only the more 

intense vibronic lines of C6fls were photographed, requiring exposure times 

with 40 µ.entrance slits of four hours. 

All fluorescence and some of the survey phosphorescence spectra were 

obtained on a 2. 0 meter Czerny-Turner spectrograph, constructed in our 

laboratory, with a 15000 line/in grating blazed at 1. 0 µ.. Spectra were taken 

in third order where the dispersions are 2. 4 A/mm and 3. 7 A/mm in the 

phosphorescence and fluorescence regions, respectively. The exposure 

times for 5 µ.slits .were roughly 5 min. Some of the very weak phosphores­

cence lines were measured from these plates. 

Absorption spectra were taken on the 3. 4 meter instrument utilizing 

the fourth order of the lower resolution grating which gives a dispersion of 

roughly 1. 23 A/mm at 2650 A. A few spectra were also photographed with 

the higher resolution grating. 

IV. EMISSION SPECTRA 

Both fluorescence and phosphorescence emissions have been photo­

graphed for the isotopic guest in a C6 D6 host crystal at 4. 2 °K. Exposure 

times for the more intense features are roughly equal for the two emissions 

at lower dispersions, implying nearly equal quantum .yields for the singlet 

and triplet emissions of the guest molecule for the isotopes studies. Further­

more, the measured phosphorescence lifetime of the guest molecule for C6Ifs, 

C6 IfsD, p-C6~D~, and sym-C6 H°:3D3 is independent of the isotopic composition 

of the guest and its concentration for less than about 1 % guest by weight. 
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The phosphorescence intensity, followed over the first decade change for 

isolated vibronic lines, decayed exponentially within experimental error 

with an average lifetime of 8. 7 sec. This constant triplet lifetime implies 

that the quantum yields remain approximately constant independent of the 

guest and thus appear to be crystal determined . 

The phosphorescence does have somewhat sharper lines and is thus 

easier to photograph at higher dispersions. Due to this smaller linewidth 

and the greater cm-1 dispersion available in the phosphorescence spectral 

region, we have concentrated mainly on the phosphorescence spectrum as a 

means of studying ground state vibrations. The larger of the site splittings 

to be discussed is resolved in both emissions and we have used the fluores-

cence to complement the phosphorescence where possible. 

The narrowest phosphorescence linewidth at the highest resolution 

employed was approximately 0.1 cm-1 and seemed to be limited by the quality 

of the crystal. This linewidth was observed only once in a very transparent, 

seemingly near perfect, crystal of 0. 04% C6 Hs in C6 D6 • The linewidth of 

0.1 cm-1 was superimposed on a weaker background whose width was approxi­

mately 0. 5 cm-1
• This latter width probably corresponds to residual crystal 

imperfE'.ctions. It should be noted that the narrowest linewidth we obtained 

roughly equals the expected zero-field splitting in the triplet state. Thus, 

the vibronic linewidth which would result from the uncertainty broadening of 

t.he ground state excited vibrational level may be much less than 0. 1 cm-1
, 

implying that the vibrational relaxation time in the ground state is 
-11 

~ 5 x 10 sec. 

The lowest benzene triplet state most likely has Biu symmetry in point 

group D6h. 15 It is thus both spin and electronically forbidden. This double .,... 

forbiddenness can be formally removed in a second-order perturbation scheme 
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by some combination of spin-orbit and vibronic mixing such that the active 

vibrations must have symmetries contained in rT x r 8 x r R where ri is the 

irreducible representation in point group Q6h of the phosphorescing triplet 

state, the dipole allowed singlet state, and the spin-orbit operator for 

i = T, S, and R, respectively. In this way e2g, b2g, and e1 g vibrations are 

group theoretically predict.ed to be active in the phosphorescence spectrum 

for the free D6h molecule. ,... 

Albrecht16 has analyzed va~ious first- and second-order mechanisms 

for bringing dipole-allowed singlet character into the triplet state. From the 

polarized phosphorescence spectrum in solid glass at 77 °K, he concludes 

that the bulk of the transition probability arises from vibronic mixing, 

utilizing the e2g vibrations 118 and 119 
17 of the lowest triplet with the 

3
E1u 

state which is spin-orbit coupled to the dipole-allowed singlet states 
1 
A2u 

1 
and E1u. Assuming this mixing route and that the lowest excited singlet has 

B2u symmetry, the vibronic structure of the phosphorescence implies the 

. 3B1u assignment for the lowest triple.t state in point-group Qsh· 

For the lowest excited benzene singlet state, 18 B2u symmetry in point­

. group Qsh has been established with greater certainty than the triplet sym-
1 . 

metry. The spatial forbiddenness of the transition between the ground A1 g 

state and the lowest excited 
1
B2u state can be formally removed by vibronic 

l 1 
mixing with the dipole allowed E1u and A2u states. The latter route 

requires a b1g fundamental of which benzene has none. However, e2g vibra­

tions can mix a B2u and an E1 u state. Thus, vibrations of species e2 o- are 
t:> 

group theoretically predicted to be active in the fluorescence and singlet 

absorption spectra. Vibronic calculations19 predict that the e2g vibration 

v6 should dominate. 

·-:- ..... _ .... 
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In the f i site of the C6 D6 host crystal, only the ~' g:-classification of 

molecular states is retained and, therefore, the above group-theoretical 

arguments are no longer rigorously correct. However, it is found experi­

mentally (vide infra) that the above scheme predicts the dominant features 

of the spectrum, implying that the molecular classification of states is still 

approximately valid. The effect of the site is demonstrated by the appearance 

in both the fluorescence and phosphorescence of a totally symmetric progres­

sion built on a relatively weak O, 0 band. 

One feature common to both emissions is the activity of a 72 cm-
1 

lattice phonon. This frequency is apparently determined primarily by the 

C6 D6 host, independent of the guest, since the value does not measurably 

change for different isotopic guests. The phonon emission band is quite 

broad (- 5 cm-1
) and is usually photographed only for the stronger molecu­

lar bands. Crystalline C6 D6 does have two observed20 optical phonons in . 

this range with frequencies of 62 and 77 cm-1 at 4. 2 °K.· ·some unobserved 

optical phonons are also esti~ted20 to have very similar frequencies so 

that the species of the phonon is not known with certainty. Symmetry 

arguments require that it be a gerade type. 

The more active vibrations in the phosphorescence spectrum of C6Hs 

in a C6 D6 host are the same as previously assigned in the solid glasses. 

However, the much sharper lines in the n1ixed crystal allow a more nearly 

complete analysis. For example, some of the fundamentals of 13 C12C5 Hs 

can be assigned (vide infra). C6Hs has four degenerate fundamentals of e2 a-
. b 

symmetry in f.>6h--v6 , v7 , v8., and v9 --of which 118 dominates the phosphores­

cance in all solvents, being roughly a factor of five more intense than the 

I ~' • - -- ' 

.. .. , 
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next strongest vibronic origin built on 119 • In a C6 D6 host many other weaker 

"false" origins are resolved and assigned. Progressions of the totally sym­

metric 990 cm-1 (a1g, 111 ) quantum are ~lso fou~d built on v6 , on the two b2g 

fundamentals v4 and v5 , the single degenerate e1g fundamental 1110 , the 

electronic O, 0 and combinations and overtones of overall symmetry e2g, b2g, 

and e1g· 

Figure 2 shows a microphotometer tracing of the phosphorescence 
-1 

spectrum of Cs~ from the O, 0 to 0, 0 - 2500 cm ·, The analysis of the 
. . 

CsHa phosphorescence is given in Table II for energies greater than 
. . 

0, 0 .- (v8 ~.+ v1). Table III compares the .relative inten.sity of the stronger 

· vibronic origins in . the Cs~ phosphorescence and fluorescence spectra as.; 

determined from microphotometer tracings of photographic plates. 

Fig . . 2 and Tables II and III show the general dominance of e2 g 

vibrations, and in particular of v8 and v9 in activating the triplet emission 

spectrum in qualitative agreement with vibronic theory. 16119 The almost 

exclusive activation of the benzene phosphorescence by the modes v8 and 

v9 is partially carried over to all the lower symmetry isotopes with an 

. increase in the activity of certain other vibrations qualitatively predictable 

from mixing of the normal coordinates in the other isotopes. The only e2 0' 
b 

fundamental not assigned in the phosphorescence is v7 • The fundamental 

Vs is quite weak. However, when in combination with v1 it steals intensity 

from vB' by Fermi resonance. The totally symmetric progression built on the 

v10 (e1g) origin is the weakest progression analyzed, being .-v.reaker than 

some progressions based on combinations or overtones ·of u-fundamentals - ' 
of overall symmetry e2g· The only &,-fundamentals which were not assigned 

in the phosphorescence of C6~ are v2 (a1 g), 113 (a2g), and 117 (e2g)· However, 

11 2 and 117 are assigned from the fluorescence spectrum. No !!,-Vibrations 

are seen in either emission. 



168 
In general the same ground state vibrations are observed in the fluores­

cence spectrum as in the phosphorescence. However, the relative vibronic 

activity is substantially different, as can be seen from Table III . The 

relative intensities in the fluorescence also agree generally- with the predic­

tion of vibronic theory outlined earlier. In comparing the two emissions the 

following features seem noteworthy. The b2g modes, both fundamentals and 

combinations, are relatively much more intense in the phosphorescence. The 

only b2g mode we have assigned in the fluorescence is the fundamental v4 , 

which appears very weakly. No vibrations of species b2g are seen in the gas 

phase 
1
B2u - 1 A1g spectrum. 18 However, its intensity is so much less than 

v1 and, therefore, the electronic O, O, that it is not possible to draw definitive 

conclusions from its appearance. The presence of a b2g vibronic origin in 

the free molecule would support a B1u assignment for the lowest singlet state, 

but in the crystal the b2g origin could easily be due to crystal site interactions. 

The intensity of the totally symmetric fundamental v1 relative to the 

most intense vibronic origin is much greater in the fluorescence than in the 

phosphorescence. It seems reasonable to attribute this to a greater enhance­

ment of the O, 0 in the fluorescence since the transition is only symmetry and 

not spin forbidden. However, the possibility that vibronic mixing by v8 in the 

phosphorescence is enhanced simultaneously with the O, 0 in the crystal can 

not be eliminated. 

Site splitting o ss defined in_ Sec. II is observed for the degenerate e2g 
-1 -1 -1 

fundamentals v6 , v7 , and v9 amounting to 3.1 cm , 5. 5 cm , and 0. 54 cm , 

respectively. The splitting of v9 is seen only with the highest resolution 
\ 

employed and is not shown in Table IL Fig. 3 is a densitometer tracing 

of v9 and Va · with this highest resolution. No distinct splitting is seen in Va, 

but, as seen in the Fig'~ ·3 2 . the Va .. linewidth is ~oughly equal to the total 

bandwidth of the split v9 fundamental. v8• could be much more sensitive to 
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crystal quality .than 119 so that its greater linewidth (0. 5 cm-1
) need not 

completely represent unresolved site splitting. On the other hand, the 

absence of a splitting· in 118 supports the assignment of the splitting in 119 

as a genuine site splitting rather than a splitting due to different sites in a 

non-perfect crystal. A very weak line, which has not been assigned, is 
-l 

observed~· 8. 5 cm to low energy of the very strong 0, 0 - 119 - n11 1 progres-

sion. The intensity ratio of 119 to the unassigned line is > 100 and much 

larger that the intensity ratio (;5 1 O) for the two components of any other 

observed site-split fundamental. We thus feel that this weak feature does 

not represent the other component of 119 • 

The e1 g fundamental v10 is also split (o ss = 6. 8 cm-
1 

). The vibronic 

intensity of the two co.mponents is different in the fundamental (see Fig. 2), 

but in the observed combinations of v10 with 115 (e1g x b2g = e2g) and with 119 , 

118. and 116 + 111 (e1g x e2g = b1 g + b2g + e1 g) the splitting repeats itself. The 

intensity of the components also tends to equalize in these combinations. 

For the totally symmetric progression built on 1110 the intensity difference 

remains. The mode 1110 is not observed in the fluorescence, apparently 
\ 

since it has e1 o- symmetry in D6h, but the overtone 21110 (e2 o-) is seen very 
b ,,.. b 

weakly and a site splitting of 7 cm-1 can be inferred. Thus, even though 

the vibronic intensities of the site split components of 1110 in the phospho­

rescence is different, the reported site splitting and the frequencies of the 

components are certainly correct.. 

In the combination and overtone vibronic bands, site splitting in many 

~-fundamentals can be inferred. Consider for example the three lines at 

808. 3, 818.1, and 826. 8 cm-1 removed from the O, 0 which are assigned as 

21116 , (e2u)
2 

= e2g + ~g in .!?sh· The observed splitting could arise by two 

different routes, both yielding three lines. The first mechanism assumes 

I 
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the degenerate _fundamental v16 is not split, but that the site and intramolecu­

lar anharmonic terms removes the threefold degeneracy of the overtone 2 v16 • 

If this were the case, the expected splitting would be small and the pattern 

not necessarily symmetric. If, however, the fundamental v16 is split in the 

site, then the overtone would be three symmetrically spaced lines for small 

anharmonicities with intensities determined by the binomial coefficients, i.e., 

1 :2 :1, for equal vibronic activity among the three components. As seen from 

Fig. 2 and Table IL the intensities are roughly in this ratio in the phosphores­

cence and the splitting nearly symmetrical. The fundamental v16 is thus 

predicted to occur at 404. 2 cm-1 and 413. 0 cm-
1 

with a site splitting o of 
· SS 

8. 8 cm-1
• In the infrared spectrum of C6~ in a C6 D6 host crystal,4a 1116 consists 

of a doublet at 404. 8 cm-
1 

and 413. 0 cm1 (oss = 8. 2 cm-
1

) in excellent agree­

ment with the values inf erred from the emission spectra. A small deviation 

is expected both from anharmonicities and from Fermi resonance among the 

trio of lines corresponding to 2 v16 each of which rigorously has only sym­

metry a in the C. site. The same band observed in the fluorescence, how-g -"l 

ever, does not show this intensity pattern, the high-energy component at 

827 cm-
1 

being more intense relative to the other two. 
. : ~ 

Similarly, the doublet at 1101. 6 and 1110. 9 cm , which is assigned to 

v11 + v16 , is the combination of v11 with each of the site-split components of 

1116 • Assuming no anharmonic corrections or resonances, the inferred value 

of v11 is 697. 4 cm-
1 

which compares with 696. 9 observed in the infrared. 

The quartet assigned to 1116 + 1117 at about 1390 cm
1 

yields for the degenerate 
-1 -l 

fundamental 1117 the frequencies 978. 3 cm and 982. 8 cm for an inferred 

site splitting of 4. 5 cm-1
• This should be compared with 5. 6 cm-1 observed . . 

in the infrared. 

,, 

: ·~·· '. ' 
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Table IV summarizes the fundamental ground 'state frequencies of CG I-Ia 

in a C6 D6 host crystal and the site splittings for the degenerate fundamentals. 

The g:-fundamentals were obtained directly from the emission spectra as false 

origins for totally symmetric progressions. For the ~-fundamentals both the 

values inferred in this work from combinations and overtones and the values 

observed directly in the infrared are given. The latter should, of course, be 

taken for the frequencies of the u-fundamentals. Sixt'een of the twenty benzene 

fundamentals are therefore accurately known and the site splitting of eight of 

the ten degenerate fundamentals is established for a crystalline benzene 

~vironment. For comparison, Table IV also includes the vapor and liquid 

phase fundamentals. 

2 13c12c . . 5lig 

13 
The isotope C i.s present in natural abundance in the amount of 1. 1 %. 

Thus, roughly 6. 6% of any benzene will contain at least.one 
13

C atom. For 

all the partially deuterated benzenes, more than one isomer with the chemical 

formula 
13 

C
12

C5 HnDs-n exists. The corresponding vibrational frequencie.s of 

each of these isotopes will be very similar and difficult to resolve. However, 

only one isomer 
13 

C
12 

C5Hg exists. Electronic spectra provide a means of 
13 12 

obtaining some of the vibrational frequencies of C C5Hg as an "impurity" 

· in the C6 Hg guest in the C6 D6 crystal. This may have a definite advantage 

over a conventional infrared spectrum since in an electronic transition the 

corresponding vibronic lines are separated not by the vibrational energy 

difference, but by the vibrational energy difference plus the zero-point 

energy contribution. Thus, even if a particular vibrational frequency is 

unchanged by introducing 13 C, the corresponding vibronic lines ~ill be 

separated ill" energy by zero-point effects which may be much larger than 

any individual shift in a vibration. In actuality, however, the electronic 
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emission spectra have been only of limited usefulness in these mixed crystals 

for several reasons. Although ,..., 6% of the isotopic guest is 13C-benzene, 

the 13C to 12 C phosphorescence intensity ratio is less than 6% since the 

transition energy for 13C-benzene lies above that of 
12

C-benzene. Thus, at 

low temperatures excitation energy transfer to the lowest lying trap, i.e., 

the 
12

C-benzene, can reduce the relative intensity of emission from the 
13C-isotope. Definitive assignments of all but the . more intense 13C-lines 

are further hampered by the intense background of 12 C-lines along with 

phonon structure on very heavily exposed plates. 

Since 13C
12 

Ci;H6 has vibrational symmetry f 2 v, the degenerate 

vibrations of 12 C6 HA are split into a and b components. In the £i site 

the vibrations of 
13

C
12

C5 lis can be further perturbed by orientational effects 

and thus give rise to further apparent splittings or line broadening. However, 

the orientation effects due to one 
13

C-atom should be much smaller than that 

for one D-atom since the guest-host interaction is more sensitive to changes 

on the periphery of the interacting molecules. The orientation effects for 
12C6 H5D, discussed in a following section, are in general ~ 1 cm -l and, 

thus, are expected to be vanishingly small for 
13

C
12

C5H6• Therefore, the 
12 

only new vibrational structure anticipated is the removal of the C6 H6 

vibrational degeneracies. 

A somewhat surprising result for 
13

C
12

Cnlis is that the isotope shifts 

from 12C6 H6 in the electronic origins of the phosphorescence and fluorescence 

are quite different, contrary to the observations for the deuterium substituted 

isotopes. 211 11 These shifts to high energy from the corresponding 13C6 H6 

transitions are 3. 7 and 7. 8 cm-
1 

in the 1B
2 

-
1A and 3 B -

1
A O, O 

U lg lU lg 

lines, respectively. The electronic origin in the singlet transition, as will 

be discussed in Section V, is determined from the O, 0 line observed in 
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absorption. The assignment is confirmed by the presence in the fluorescence 

spectrum of a progression built on this origin involving a known funda­

menta122, .23 of 13C12 CnH6 , vi1· v1 of species a1 • The mixed crystal value 

observed for this fundamental is 982. 0 cm -.
1 

compared to a liquid value22 of 

984 cm-..1 
. • 

The other 13C
12 

Cnlis fundamentals assigned with some certainty are 

v4 , v5 , v
9
a, and v

9
b. These were obtained from the phosphorescence wherein 

they serve as origins for progressions in v1 • The 0, 0 and O, O-v4 lines are very 

weak and, thus, were only photographed with the faster, lower resolution spectro­

graph. The bands involving v
9
a b are seen in Fig. 2 as a weak doublet to 
' high energy of the very strong O, O-v9 -nv1 progression of 

12
C6H6• The pro-

gressions built on 114 and v5 are too weak to see on the exposure correspond­

ing to Fig. 2 as. is the 
13

C
12

C5H6 O, O. The fundamental frequencies are pre­

sented in Table V. The observed 
13

C-shifts are also tabulated and compared 

with the shift calculated from Whiff en' s24 force field employing the modifica­

tions of Albrechto25 The agreement between the predicted and observed 

shifts for the fundamentals Vu 114 , 116, and 119a b is excellent and generally 
' within the experimental error limits of ±0. 3 cm - 1

• This range is imposed 

mainly by the uncertainty in the phosphorescence electronic origino The 

vibronic bands terminating in the ground state fundamentals are nearly as 

sharp as the 12 C6H6 lines at the same resolution, confirming our expectations 

of a very small orientation effect for 13C
12

C5H6• 

Other lines are observed in both emissions which seem due to 
13

C-benzene, but the analysis leaves some doubt. For example, v6 is 

expected to be strong.er than the assigned v1 in the fluorescence (cf. Table 

1II). A single line of about the correct intensity relative to v6 of 12C-benzene 

is seen 599. 5 cm-1 from the 13C-O, O. If the v
6
a b-splitting is greater than , 

about 5 cm~~· and if the low energy component is the one observed, the other 

\ .... ... ___ ... 
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component of . v6 would be unresolved from the overexposed v6 band of 
12 C-benzene. Two very weak lines are seen in the phosphorescence at 600 

· and 606 cm -l from the 13C-O, 0 and, · thus, seemingly support the assignment 

· to 11
6
a b' However, this analysis can not be confirmed by a progression of 
' 

111 built on 116a b' 
' 

Moderately intense lines are seen in the correct spectral 

region in both the fluorescence and phosphorescence emissions, but they 

are not easily assignable to v aa, b + v1• Because ~f the different 13C-shifts 

in the phosphorescence and fluorescence electronic origins, the 
13

C-lin.es 

are shifted relative to the 
12 

C-lines in the two emissions. Some lines show 
not 

the correct shift, but a sufficient number do/or are absent, to make an 

analysis difficult. Moreover, 11
6
a, b + 111 is most likely in Fermi resonance 

) 

with v
8 

a, b and possibly also v6a, b + 1112 • Therefore, we do not conjecture 

a possible assignment for 11
8 

a b' even though in the phosphoresc:ence it is , 
expected to be stronger than the assigned v

9
a b' and present the results for , 

11
6
a b only as tentative. , 

For the other .13C
12

C5HnD
6
_n isotopes, which are of course present 

in the other isotopic benzenes, no assignments to .13C-benzene are made. 

However, some of the unassigned weak lines, especially in the spectrum of 
13 12 sym-C6 H3D3 , could easily be due to C C5H3D3 • 

3. sym-C6H3D3 

From the correlation diagram shown in Fig. 4, the active vibrations 

in the phosphorescence of sym-C6 H3D3 (point group Q311) are predicted to 

have symmetry ~", e', and e". However, only vibrations which correlate 

directly to the active C6H6 vibrations given in Table III, vii. v4 , v5 , 116 , 118 J 

and 119 , or are strongly mixed with them in the lower symmetry isotope are 

intens.e vibronic origins in the phosphorescence • . For the mixing to be strong 

the vibrations must have similar frequencies and the same symmetry in the 
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free molecule. Thus, as shown by the normal coordinate analysis of 

Brodersen and Langseth, 26 relatively strong mixing occurs between v0 and 

v18 , v4 and v11 , and v8 and v19 • Weaker mixing does occur to some extent 

among all vibrations of the same symmetry, and in particular in the ~i site 

symmetry among all the vibrations of sym-C6H3D3 • This latter mixing, 

however, does not appear to be very strong since the predicted vibrations 

are the more intense. Figure 5 shows a microphotometer tracing of the 

phosphorescence spectrum of sym-C6H3D3 in crystalline C6D6 near the elec­

tronic origin. All of the observed fundaments serve as false origins for 

totally symmetric v1 (a:, 955 cm - 1
) and v12 (a{, 1003 cm - 1

) progressions. 

The analysis of the sym-C6H3D3 phosphorescence out to 0, 0 - (v6 +vi) is · 

given in Table VI. Some of the lines shown in Fig. 5 a~·a due to 

m-C6 H4 D2 and m-C6~D4 impuritie.s. These were identified from the 

phosphorescence of the corresponding isotopes in a C6 D6 host. The 

frequencies are not included in Table VI. The possibility that some 

of the unassigned lines might be due to isotopic impurities other than 

the two above has not been investigated. 

The vibrational degeneracies in sym-C6H3D3 , as in C6H6 , can also 

be removed by the low symmetry crystalline field, giving rise to site split­

tings. Nine of the ten degenerate vibrations have been assigned from the 

phosphorescence and fluorescence spectra. Site splitting is directly observed 

on four e' and two e" (vide infra) fundamentals and inf erred for the third 

e" fundamental. 1120 was obtained from the fluorescence. Because of the 

greater linewidth in the fluorescence, the site splitting in 1120 could be as 

large as 3 cm-1 and not be resolvable. For 1119 the site splitting must be 

< 1 cm -l assuming roughly equal intensities for the two components since 

only one line was observed • . The results are summarized in Table VII. 
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None of the three possible a; vibrations -- v3 , v141 and v15 -- were assigned 

i . 

from the emission spectra. These were observed in the infrared for 

I sym-C6 H3D3 in both C6 Ha and C6D6 hosts and are reported in Ref. 4. For 1- . . . . --- -. -· . -·--------:;-,- -~ 

the ground state fundamentals that are seen both in the infrared spectrum 

and in the electronic emission spectra the agreement is within experimental 

error except for v17 • The site split components of. the fundamental v17 in 

the phosphorescence have quite different intensities and the high energy 

component of the vibration is too weak to observe in most combinations. 

__ ..,_....._ 

The two components are seen only in v17 and in the doublets tentatively assigned 

to 11
17 

+ 11
8 

and to v17 .+ v6., where the splitting repeats .. but the intensities be­

come more nearly equal. This behavior is similar to v10 in both C6 H6 and 

sym-C6 H3D3 , but for v17 the intensity difference is greater. The more intense 

component of v17 agrees with one of the infrared values in a C6D6 host, but 

the weaker component differs from the other infrared value by ca. 2 cm -i 

which is outside the combined experimental errors. The infrared values 

for this sym-C6H3 D3 vibration in the two hosts C6Ha and C6D6 show larger 

than usual shifts (ca. 1 cm - 1
), but this borders on the reported experimental 

error. Considering the weakness of the high energy component in the 

phosphorescence, the assignment to v17 may be questioned, but, if this is 

not the correct assignment and the other component of v17 is unobserved, 

then the vibronic intensities of the two components must be greatly different 

as v17 is seen as a doublet in the mixed crystal infrared spectrum. 

An alternate assignment of the very weak 940. 7 cm-1 component would be 

to v1 of either one (or both) of the two 13c12c5H3D
3 

species present. 

Brodersen and Langseth have assigned a Raman line at 947 cm -l observed 
. ' 

in liquid sym-C5~D3 , t~ 13C12C5~D3 • If the 13 C-isotope shift in the phosphor-

escence 0, 0 o~ 13C12C6~D3 _i~_ .!._'?.ughly equal to the 7. 8 cm -l 13C-shift seen for 

. ,. . .. ·· -
\ 
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1sc12c5Hs, then the line at Av = 940. 7 cm -i becomes Av = 948. 5 cm -i based 

on the unobserved 13 C-O, 0. This near agreement with the Brodersen and 

Langseth value and the weakness of the vibronic line suggests that perhaps 

the assignment to 1sc is correct. We choose to report in Table VII a site 

splitting of 4 .1 cm-1 based on (1) the few tentative combinations involving 

both components of. v17 . in the phosphorescence and .(2) the observation of 

a comparable site splitting in the infrared. 
L.__ _ _ 

I 
- . .. 

At Av~ 1100 cm-1 ·the fundamerit_al Vg ( e' ) is in re~unanca with 
- -:-1 ·, 

1 · 
I, 

I : 
! ' 

' . ' 

the combination v10 + v1a (e' +a'+ a:{). · The strongest two lines in this region, 

which might be assigned to Vg since this fundamental is expected to be strong 

in the phosphorescence, are degenerate with two of the harmonic values for 

v 10 + Via· Since six lines are observed,. the Vg .. component of the Fermi ··, 

' multiplet is apparently responsible .for two of these lines; however; 

unan_ibiguous assignments can not be made. Similar p~oblems 
-1 occur 2270 cm to the red of the O, O. The fundamental v7 is expected to 

occur in thi~ region, but again overlapping combinations make a unique 

assignment difficult especially from the phosphorescence (see Table VI). How-

l 

/ever, in the sym-C6H~D3 fluorescence, as in that of C6 Hs, the relative vibronic 
' . . . -t 

intensity of v7 is increased and, therefore, the lines assigned to v7 stana 

out more clearly. Of course the higher the energy of the ground state 

vibration, i.e., the further it is removed from the O, O, the more severe 

these problems become. Furthermore, for all the isotopes the emission 

lines at the same time become broader and an underlying continuum appears. 

Thus, the assignments to v2 and v20 in the 3050 cm -i region are the least 

certain. As seen by comparing Figs. 3 and 5, the density of lines is less 

in the C6 Ha emissions and these complications are not so prevalent. 
\------- - -- - ----------- - ·- ---·---·-- ------·---- ·-·-----:..--~- - - ·- ·----- - - - . - - ·- · ·- ~ .. -__.. .... __ , 
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C6H5D has vibrational symmetry 22v for a hexagonal carbon 

framework. As seen from the correlation diagram .in Fig. 4 , degener­

ate vibrations are split into a and b components in this lower symmetry 

and all vibrations group theoretically can be active in the phosphorescence 

spectrum. However, those vibrations which corre~ate directly to the 

more intense vibrations in the phosphorescence of C6 He or are strongly 

mixed with one of these active vibrations 
23

again dominate. For ex­

ample, the b.,a vibrations Vu and v17b are mixed with v4 and v15 , respective­

ly. For the b1 vibrations strong mixing occurs among 119b, 1115, and v18b 

and between v3 and v14• Thus, besides the strong vibrations corre­

sponding to those shown in Table III, the vibrations V1v v17b, v15, and -- ·. . .. . -

v18b also serve as relatively strong vibronic origins of totally symmetric 

progressions. The · Vleakness of the remaining vibrations again suggests 

that the molecular symmetry classifications are still approximately 

valid in the C. site . 
. ....... 1 

As a result of this mixing, the actual numbering of the funda­

mentals is somewhat arbitrary in a number of cases. We have generally 

. followed Brodersen and Langseth, deviating from their labeling scheme 

only in one of the more arbitrary cases where the vibronic activity seemed 

to suggest a different assignment, i. e., 11
9 

b and v15 are interchanged. 

Since there are no degenerate species in point group C site 
· "'2V' 

splitting cannot occur. As pointed out in Section II an apparently similar 

and related effect can and does occur. The latter has been termed the 

orientational effect. 4 The expected line pattern is given in Table I for the 

.different isotopes for .different choices of ·the effective site· symmetry. 
. . . . . ' . . .. . ..... .., . .. -~ - . . ·-· ·. . . ..l . 

... : 
. ; 

... 
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The ·phosphorescence spectrum near the electronic origin for 0. 5% 

C6H5D in a C6D6 host crystal is shown in Fig. 6. Table VIII gives the com­

plete analysis for the measured bands out to O, 0 - (v
8 

a b + v1). The elec-
. ' 

tronic origin consists of a pair of lines separated by 6. 5 cm -i and all other 

vibronic bands are doublets or triplets with a total band width of approxi­

mately 7 cm -i. These general features have been .Previously described by 

NT. They assigned the O, 0 doublet to different orientations of the guest in 

. the crystal, the 6. 5 cm -.1 "splitting" representing the difference in zero-

point energies among distinct guest molecules with different orientations of 

the deuterium atoms in the nearly f
2
h site. Thus, based on each member 

of the 0. 0 band vibronic lines appear with energy separations corresponding 

to vibrational frequencies. · Due to the complications of the reduced molecu­

lar symmetry and of the orientational effect, the overall density of lines is 

greatly increased in the C6 H5D phosphorescence. Therefore, we have 

primarily concentrated on the lower energy fundamentals and the more intense 

combinations. 

For example, consider the doublet assigned to O, 0 - v1 (a1 ) in Fig. 6. 

Each of these represents the subtraction of a quantum of the totally symmetric 
-- . -· - ---- .. . . ,_ - - ·- -· -- -

mode v1 from its respective O, 0 line. NT have been able to show from 

. concentration studies that for some of the more intense lines, the high (low) , 
-··-·--·--energy member of a vibronic doubi~t corresponds to the high (low) energJ ·.--- ~·-·· --·. -

member of the O, 0 band. Therefore, in the analysis for v1 presented in 

Table vm the subtractions are made assuming this correlation holds for an · 

vibronic bands. Two values are in this manner obtained for v1 , 979. 0 cm -i 

and 979. 4 cm -i. The difference in these two values results from the in equiva­

lence of the guest-host interactions when two guest molecules undergo the 

same vibration in two physically different crystal directions corresponding 

\. 
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to the two different guest orientations. This apparent splitting, namely 

O. 4 cm-1 for v1 , is the orientational effect on this vibration for C6H5D in a 

C6D6 host crystal. If this vibration were observed in the infrared or by the 

Raman effect with sufficient resolution, it would appear as a close doublet 

with a splitting of O. 4 cm - 1
, instead of the apparent 6. 9 cm-1 splitting 

observed in the phosphorescence. 

Since the crystallographic site symmetry is £i and not Q
2
h, triplets 

are predicted in Table I instead of the generally observed doublets. In fact, 

triplets are observed for some bands, e.g., 11
18 

b and 115 in Fig. 6, and 

inferred for many doublets since the high-energy line is broader. From 

: ' this and the concentration studies of NT, two of the thr~e electronic 

·origins are assigned to the ·higher · energy component of the 0, 0. ·: · • . 

· In Table VIII t.his nearly degenerate pair are designated as· 

- .0, ()l and O, 0 2 ; the third origin 6 .. 5 cm -1 to lower energy is 

··: called 0, 03. · · · 

For the vibronic bands which appear as doublets, the vibrational 

energy quantum corresponding to origins O, 01 and O, 02 are again nearly 

degenerate. If the vibronic band is a triplet, the two lines at higher energy 

are subtracted from the assumed degenerate electronic origins O, 01 and 

O, 0
2 

to .obtain the respecti~e vibrati~nal quantum for these two guest orienta­

tions. The vibrational energy in the third orientation is obtained by 

. : .. 
; . . , 
·, . ~ ·~-;.- -

' . 
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subtracting the low-energy line of the triplet vibronic band from O, 03

• In 

this fashion, three different frequencies are generally obtained for a given 

vibrational mode as shown in Table VIII. 

The results are summarized in Table IX which gives all the directly 

observed fundamental frequencies and the orientational effects determined. 

The near equivalence of the O, 01 and O, 0
2 

orientations is demonstrated by 
. . 

the fact that only two of the fifteen observed fundamentals show a triplet 

structure and thus have non-zero entries in column 6 of Table IX. This 

indicates that the effective site symmetry is very nearly C h. However, the 
-"2 

effect on the vibrational energy in these two cases is quite large, amounting 

to 1-3 cm-1
, compared to an average orientation splitting of 0. 7 cm-1 between 

O, 03 and O, 02
• It should be noted that both po~itive and negative energy shifts 

are observed for the orientational effect~ Where the fundamentals reported 

here overlap with bands observed directly in the infrared the agreement is 

excellent. No orientation effect has been reported for. · v
9
a or 11

8
b as it is 

( 

difficult to conclusively assign all the lines in these regions (1170 and 1575 

cm -l removed from the O, 0 band, respectively). It appears that these funda­

mentals are in Fermi resonance with combinations (see Table VIII). 

Since these orientational effects are all small, it is necessary to 

carefully analyze the sources and the magnitudes of the errors and their 

propagation in obtaining the final result. The first consideration is, of 

course, the validity of the subtractions. These have been made subject to 

the following restrictions: the concentration studies referred to earlier and 

the fact that where the assignments are unambiguous the orientational effects 

are usually small (vide infra and Ref. 4). These considerations lead to the 

method of subtraction given above. Besides this fundamental problem, 

experimental errors in line frequencies can distort the final result. Such 

an analysis leads to an uncertainty in the orientational effect of ~ o. 5 cm - 1
• 
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This is a consequence mainly to the three differences involved and round-off 

error in the absolute energy of any given vibronic line which is reported 
-1 only to ±0. 1 cm • 

5. p-C6!LiD2 

For p-C6 H4D2,' which has vibrational symmetry Q2h for a hexagonal 

carbon framework, the correlation diagram in Fig. ·4 shows that all the 

g_-vibrations a1g, b
1
g, and b3g can group theoretically be active in the 

phosphorescence spectrum. Besides those vibrations which correlate 

directly to the more active vibrations of C6 H6 , a significant activity is also 

seen of the vibrations z:,10 b(bsg) and v3(b2g) which mix with Il4(b3g) and 119 b(b2g), 

respectively. As in C6 H5D, no degeneracies remain in the vibrational mani­

fold of p-C6ILiD2 • However, inversion symmetry is preserved in the latter 

isotope so that in general the same fundamentals are not observed in the 

infrared and emission spectra. 

As can be seen from the phosphorescence spectrum of O. 5% p-C":fl.i~ 

shown in Fig .. 7, the electronic 0, 0 and apparently all other vibronic bands 

are triplets. Because of the complex nature of this spectrum, it was not 

completely analyzed. A partial analysis of the spectrum is given in the 

figure, where the average band width of the triplets is about 13 cm -i. The 

origin of the electronic splittings and their relative magnitude for various 

isotopes has been discussed by: NT. Proceeding as in C6H5D, in general 

three different frequencies corresponding to · 0, 01
, O, 0

2
, and O, 03 are 

observed for each vibrational mode summarized in Table X. · These bands 

are the only ones for which an unambiguous assignment of the orientation 

effect could be made. 



•,, L " 

184 

ABSORPTION SPECTRA 

The vibronic absorption spectra of the guest in an isotopic mixed 

crystal also provides a useful tool for studying the effects of the crystal en­

vironment on the molecular energy levels. Not only can some excited state 

vibrations be studied but the orientational structure of the O, 0 band can be 

observed directly. Unlike the fluorescence, the guest singlet - singlet 

absorption spectra can be very sharp in properly prepared crystals. Care 

must be exercised to avoid straining the crystal to obtain maximum sharp­

ness. 2 7 In the thicker crystals of C6 H6 in C6D6 , absorption linewidths as 

narrow as O. 6 cm -i have been measured. The structure of the guest 0, 0 

absorption bands is given in Table XI for mixed crystals of C6H6 , C6 H5D, 

p-C6H:iD2 , and sym-C6H3D3 at ~ O. 005% in C6D6 at 4. 2 °K. This structure 

represents the differences in the orientational effects of the ground and lowest 

excited singlet states, including both the vibrational contribution to their 

zero-point energies and any electronic effect. That is, if the net contribu­

tion to the energy of the zeroth vibronic level for a given orientation were 

the same for both states and if this were true for all orientations, the ·o, 0 

band would consist of one line. From a comparison of Tables VIII, X, and 

XI one can see that this difference for the 1B
2
u -

1
A

1
g transition is about 

1/5 that of the 
3
B

1
u - 1A

1
g transition, but in both transitions the overall 

splitting for p-C6H:iD2 is about twice that for C6H5D. For a detailed dis­

cussion of the significance of these differences, see NT. 

The thin crystals ("" 20 µ) are required to observe the higher vibronic 

guest transitions as such absorptions are completely masked by the host 

absorption in the thick samples. . Such guest lines are usually sharper than 

the fluorescence lines even in these "poorer" crystals. The vibrational 

frequencies obtained from these absorption lines are less significant than 
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those of ground state vibrations as excited state levels are more apt to be 

shifted by interactions with the host. The excitation exchange interactions 

are typically larger for the singlet vibronic bands than for the ground state 

vibrational bands and thus quasiresonance interactions28 with nearby host 

bands could cause a different shift in each vibronic level. A few C6H6 in 

C6D6 levels are given in Table XII from which it can be seen that the v: site 

splitting (2. 1 cm - 1
) is less than that of the v~' (3. 1 cm - 1

). This splitting 

should not necessarily be the same as that of the v: in a pure C6 H6 cry.stal, 

which has been reportect29 to be 9 cm - 1
, since resonance interactions must 

contribute to the splitting in the pure crystal. 

Absorptions due to 13C-containing benzene have also been observed 

(see Table XI). In thick crystals of about 0. 04% C6H6 , considerable fine 

structure is seen surrounding the 0, 0 line. The spectrum is shown in Fig. 8 

',.and analyzed in Table XIII. .The additional absorptions are tentatively assigned 
.. 

to 18C-benzene, 13C2 -benzene, and to pairs of guest molecules in adjacent sites 

("dimers" or "~esonance pafrs'!) .. The line ~ at 37856. 9 Gm -i is assigned to 

13 Cl2Cs~ based on the presence of a 982 cm ~1 (v11 a1 ) progression built on this 

origin in the 1 B2u - 1A1g emission speCtrum, as described earlier, and on its 

\ intensity relative to the 12C6~ 0, 0 'absorption at very low concentrations. The 
' 

13 C2 -benzene assignment is made from an :· .. analogy with the deuterium isotope 

effect;11121 that -is, the 13C2 -line is expect~d to be shifted twice as much as the 

. \ 3 C1 -line. Also in analogy with the deuterium effect, the o-,_ m- , or p-l.3C...Z-

. shifts are expected to be nearly. equal (within 10% of: one another). The assign­

ment of the line at 37848. 6 cm-~ -to a resonance pair is .made on the basis of its 

concentration dependence; that is, . its intensity decreases more rapidly than that 

of the C6H6 "monomer" absorption with decreasing C6 Hs concentration. The line 
-1 

at 37851. 2 cm , which may also be due to a dimer on a different pair of 

crystalographic sites, has not been shown to have the expected 
concentration dependence since it is 
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too near the intense monomer absorption. At the highest resolution employed, 

additional absorption lines very near the monomer line are resolved. These 

are given in Table XIII, but are unresolved in the lower rc;:so~ution spectrum 

shown in Fig. 8. Their concentration dependence and, therefore, their 

definite assignment is unknown. Similar lines were seen for the other deuter-

. ated isotopes. The C6H5D data is also given in -Table XIII; note the consis-· 

· tency of the orientational effects. 

It should be pointed out that polarized absorption $pectra of pairs of 

molecules in isotopic mixed crystals allow the magnitudes and relative. signs 

of pairwise intermolecular excitation exchange interactions to be determined 

directly, and therefore may be quite important in the interpretation of the pure 

crystal spectrum. Within the Frenkel limit, assuming short range terms 

dominate, these interactions are responsible for exciton mobilities and 

Davydor splittings, as well as for the full exciton. band. structures of 

molecular crystals . 3 O 

VI. DISCUSSION AND CONCLUSIONS 

From the results presented in the summary Tables, both site splittings 

and orientational effects are seen to be a general occurrence in the benzene 

crystal. The magnitude of the effects are generally insensitive to isotopic 

substitution, u- or g-symmetry classification, or to the vi_bration type as 

long as the vibration is either in- or out-of-plane. Even the gas-to-crystal . 

frequency shifts (vide infra) follow this general pattern. However, differ­

ences are seen comparing in-plane and out-of-plane vibrations. Apparent 

exceptions for the site shifts are the particular in-plane vibrations v2 , v7 , 

v8 , and v13 ~ However, the anomalously large gas-to-crystal shift for these 

vibrations parallels an anomalously large gas-to.i.liquid shift, while for the 

. .. . 
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other fundamentals the gas-to-liquid shifts are very small. This implies 

that the gas-to-solid shifts for these vibrations are due to environmentally 

induced interactions among the molecular vibrations, rather than, for 

example, repulsive interactions in the solid phase. The average site shift 

for the in-plane vibrations is very nearly zero and certainly within gas . . , 

phase experimental error (2-3 cm-1
) for unresolved bands, . For the out-of­

plane vibrations the average site shift (solid-gas) is greater than 10 cm-1
• 

This trend is followed in the site splittings (see Tables IV and VII). 

The average site splitting for the out-of-plane vibrations is .-.J 7 cm-1 while ' 

the in-plane vibrations have an average site splitting of roughly 3 cm -1~ 

For the orientational effect the distinction between in-plane and out-of-plane 

bands is less clear and it appears that th~ effect is more dependent on the 

particular vibrational mode. We note, however, that for v16(Cc1-) the 

orientational effect as seen in the infrared4 in C6H5D and p-C6~D2 is the 

largest observed. Furthermore, the average maximum splitting among the 

orientational components is generally less than site splitting. 

We suggest that the distinction between in-plane and out-of-plane 

modes is probably due to the greater vibrational amplitudes24 for the out­

of-plane displacements. This could imply that interaction with the crystal 

environment is greater and, therefore, larger site shifts, site splittings, 

and orientational effects result for larger vibrational displ~cements. For 

the lower symmetry isotopes which exhibit orientational effects, the mixing 

among vibrations, especially in the £i site, tends to equalize the vibrational 

amplitudes. Hence, one might not expect a clear distinction into certain 

vibrational classes or types, but rather a general effect larger ·only for 

certain motions with large vibrational amplitudes. 
-1 The site splitting observed in the fundamental v6 for C6H6 is 3. 1 cm • 

. . . • . 
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When totally symmetric additions are made to Ila, (Ila+ 111) + n111 comes into 

Fermi resonance with Ila + n111 and the measured splitting decreases to 

roughly 1. 2 ·cm -l as shown in Table XIV. The assignment of the "Ila compo­

nent" in the Fermi doublet is made by comparison of the intensities of the 

members of the Fermi couple with the va fundamental in the fluorescence 

and phosphorescence emissions (cf. Table III and Fig. 3). The decrease in 

the measured splitting of Va for C6Ha in the Fermi couple is apparently due 

to the resonance. Note, however, that the "lost splitting" 

I 

.J 

does not appear in the other half of the couple v8 • In sym-C6H3D3 this same j 
~-~ ' --=- ·- resonance does not appear to be as s~rong since the _?~_serv_ed value for _Ila_!_ v,~ . 

· is closer to the harmonic value. The site splitting in this progression is i _::...:.:..____ . I 
more nearly constant and eq~als L 7, 1. 9 and 1. 5 cm ~1 for n ·= O, 1, and 2 I 

' I · 

-1 
respectively. Furthermore, 119 Jn· sym-C6 HsD3 is split by 1. 0 cm . 

Even though the site-split components of a degenerate fundamental · .. ,, 
usually have very nearly equal vibronic intensities, the fundamentals 1110 in 

both C6 H6 and sym-C6H3D3 and 1117 in sym-C6H3 D3 are exceptions. Exactly 

how to evaluate this difference in vibronic intensities is not clear at present. 

An unknown amount of mixing
1 
and Fermi resonance between the components 

contributes to the site splitting and, if substantial, these interactions would 

tend to equalize the vibronic intensities. Therefore, one might conclude that 

for the bands where significant intensity differences are seen sµch intra-site 

interactions are small. The inverse, however, need not be true; that is, 

nearly equal -intensities does not necessarily imply strong intra-site int er­

actions. It may just be that in these cases the site-split components are 

equally good "intensity stealers. " In combination and overtone bands the 

relative intensity of the components is variable. For example, the compo­

nents of (1118 + 1111) _and 21118 in C8He appear as expected in the phosphorescence 
' . . " , 

\ . 

I 
' 1 
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. but in the fluorescence 2v16 differs from this intensity pat~ern, whereas"' · '.; 

I 

(v11 + vu1) does not. Other examples are evident both from the approximate 

.intensities given in Tables IV and VII and Figs. 2 and 5. Some of these have 

been previously discussed. 

One would also expact an increased mixing and interaction among 

different molecular vibrations. These effects are expected to show up most 

. . clearly where they are. symmetry forbidden or weak in the molecule but 

· . . · allowed in the crystal site. For example, · for the well known case 'of 

.. (v6 + v1 ) + nv1 interacting with v8 v + nv1 , as given in Table XIV, crystal 

'. . effects are not obvious. However, .for sym-C6H:J~ v16 + V.10 and v9 .'·(see 

.. ," Fig: 5 and Table .VI) and v20 and v2 seem to be examples of crystal site 

.induced interactions. A further possible indication of the magnitude of the 

crystal site induced effects can be obtained from anharmonicities. Observing 

nv1 out to n = 5 in the C6H6 fluorescence, the anharmonic effects are small 

in accordance with the above observations. The only other vibrations whose 

overtones are observed are v16 and v10 , but in these cases Fermi resonance 

in the crystal site among the three components of the overtone complicates 

the analysis of the anharmonicities. Similar difficulties are encountered in 

the combination bands. 

The general conclusion from the gross vibrational structure is that 

neither the energies nor ·the symmetry classifications of the vibrations are 

strongly perturped by the crystal. This is specifically shown by the' magni­

tude of the site shifts, splittings, and orientational effects and by the domi:"' 

nance of the e
2
g vibrations in the singlet and triplet spectra. The most 

pronounced effect of the crystal is the appearance of the O, O progressions 
. . 

.in th~ two emissions. · This, along with the observation of Site splittings, 

indicates that the molecular symmetry is not strictly .!?ah, but these 

effects could correspond to ·very small molecular distortions. 
. . . 
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TABLE I. Number of possible ori,entations for benzene 
isotopes in sites of different symmetries. 

Molecular Site Symmetry 
Molecule Symmetry S2i S2i S22h ~2h 

, I 

Ca~ 
... 
. ' ' 

· ~h 1 1 1 1 
CaDe ·I 

' . , . 
'.j 

sym-C6H3D3 !?sh 2 1 1 1 
'1 ., 

"' . ' 

3a2 p-C6~Dl! ' . !?2h 3 3 2 . :· , 
"1" , .. 
; ! '' 
' . 

C6H5D 
, .. 
' ~ 

•" 
o-C6~D2 

3a2 ' f2v 
J 6 3 2 •: , 

m-C6~D2 

vic-C6H3D3 

asym-C6H3D3 
.c 
,.,.5 12 6 6a·3 , 3 

. aPlane of the site same as the molecular plane • 

, ..... ~-- . · . 

' . . ~ 

. ; 

\ . ' 



TABLE II. Analysis of the C6H6 phosphorescence. . -
~-\. 

I Aair(A) 

Predicted . .. - Relative 1 a Vibrational harmonic I ~ -1 
value (cm - 1) I vvac(cm ) intensity L\v(cm-) Assignment symmetry in D h 

""6 

3369.90 29666.0 vvw 13
C 0 0 

·l . , 
70.79 658.2 m -~o o, 0 

3441.13 051. 9 row 606. 3} 
Va e 41. 49 048.8 mw 609.4 2g ,, . 

52.85 28953.3 m ·704.9 
"" b tg 

65. 22 849.9 w 808. 3} 809. 6 
66. 40 840.1 mw 818.1 2v1s e2g+a1g 817. 8 

I .... i 
67.45 831. 4 w 826. 8 826. 0 '° w 
71. 75 795.7 w -_ ' 862. 5} 

. 72. 57 788.9 . 869. 3 "10 eig vw 
87.25 667.7 m . _· 990. 5 "1 aig 

1sC 87.90 662.4 vw 995.8 115 

8~.00 653. 3 s 1004.9 115 b2g .. 
3500. 82 556.6 w 1101. 6} 1101. 7 ·v +v e1g 01. 96 547. 3 w 1110. 9 . 11 16 

1109. 9 
08.58 493. 4 w 1164. 8} 13C v b 
08.83 491. 4 w 1166.8 sa, 

09.79 483.6 vs 1174.6 Ilg e2g 
10.84 475. 1 vw 1183.1 ? 
18.63 412.0 w,b 1246. 2 V9 + 71. 6 



. .. 

. ---- ---· - - - . - -

TABLE II. (Cont'd) 

Predicted 
-

· 1 Aair(A) vvac(cm- 1) 
Relative 

6.v(cm-1) 
a Vibrational harmonic 

\ intensity Assignment symmetry in !?eh value {cm-1
) ·; 

I . I 
I 
I I 

3535.51 28276. 4 w 1381. 8 ' . 
: 

1383.1 
, . 

36.21 270. 8 mw · 1387.4 1387. 5 

36.8 266. vw 1392. 
· V1s + V17 e1g + a2g + alg 1391. 3 

37. 25 262. 5 w 1395.7 1395.7 
58. 53 093. 4 mw 1564.8' 

. 59. 01 089.6 mw 1568.6 

59.65 084.6 mw,b 1573. 6 J 1sc ? ? -
60.43 078.4 mw,b 1579.8 I . ....., 

. '. '° 61. 00 073 . 9 1584.3 
-I=="" 

vs 
v, ] 

e2g 
62.56 061. 7 mw,b 1596.5 1sc ? 

63.35 055. 4 s 1602. 8} . 1596.8 

63.51 054.2 1604.0 
Vs+ V1 e2g 1599.9 s 

64.32 047.8 vw 1610. 4} V5+V5 elg 1611.2 

64. 52 046.2 ·vw 1612. 0 .. . 1614. 3 . . 
70.10 002.4 w,b 1655.8 V8 + 71. 5 
72.59 27982.9 w,b 1675.3 V6+V1+71. 3 
74.99 964.1 m 1694.1 V4 +V1 b2g 1695.·4 

88.75 856. 9 w 1801. 3} 1800.1 

90. 08 846.5 mw 1811. 7 2vl6 + V1 e2g+a1g 1808.3 

91.20 837. 9 w 1820.3 1816. 5 

95. 31 806.0 w 1852. 2} 1853.0 

96.24 798.8 vw,b 1859.4 
V10 + V1 elg 

1859. 8 
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TABLE IT. (Cont 'd) 

Predicted 

Aair(A) 
Relative 

Av(cm-1
) 

. a Vibrational harmonic 
1 

I 
vvac(cm-1) intensity Assignment symmetry in !2sh value (cm-) 

t 
; 

3597.02 27792.8 w 1865. 4} 1867.4 
V10 + V5 e1g ' '.. . ;'~ . - . I 97.86 786.3 w 1871. 9 .. 1874.2 

98.77 •779.3 w 1878.9 V9 + V4 eig 1879. 5 
4 • I • 

I 3611. 63 680.4 1977.8 13 vw,sh C v5 +v1 

11. 89 678.4 m 1979.8 2v1 aig 1981. 0 
. 12.42 674.4 vw 1983. 8 . ?. 

.. I 13.78 664.0 1994.2 . bag 1995.4 s Vs+ V1 
. 19.30 621. 8 w 2036. 4} 2037.1 I f-J 

V10 + V9 eig+ b2g +big '° 20. 35 613.8 w 2044.4 2043.9 \r\ 

26.75 . 565.1 w 2093.1} 2092.2 
28.00 555. 6 2102.6 

Vu+ V1s+ V1 
2100.4 w . 

29.39 545. 0 vw 2113.2 ? . 
33.76 511.8 w . 2146.4} 1sc 

34.05 509.6 w 2148.6 Vsa,b + V1 

35.32 500.0 vw 2158. 2 1112 + V15 ? aag ·2158.2 

36.13 493.9 vs 2164.3 V9 + V1 e2g 2165.1 
37. 23 485.6 vw 2172.6 ? 
38.20 478.3 w 2179.9 v 9 + V5 eig 2179.5 
38.35 477.1 w,sh 2181. 0} 2181. 7 
38.90 473. 0 2185. 2 

V15 + 111s eag 2185.5 w 

45. 57 422.7 w,b ~235. 5 v 9 +v1+71. 2 
52. 47 370.9 w 2287.3 Va+ V4 . eig 2289.2 
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TABLE II. (Cont'd) 

Predicted 
...- -; Relative 

Av(cm-1
) 

a Vibrational harmonic 
• t •• ' ~air(A) vvac(cm-1) intensity Assignment symmetry in !?sh value (cm - 1) 

. ( 
•. 

: ! . 3660. 46 27311. 2 vw 2347. 0} 2347.4 

60.98 307.3 w 2350. 9 
V14 + Vl8 . e:&g 2351. 2 

I 
63.87 285. 8 w 2372. 4 ; ' . 2373. 6 .. 
64.65 280.0 w 2378.2 2378. 0 

. . ., ~ . 

I 65. 31 275.1 2383.1 
V1s+V17+V1 e2g+a2g+a1g 2381. 8 ,..,, · ... - ~ vw 

: •. !· . ~ 

.. 
65. 83 271.2 w,b 2387.0 2386. 2, 238 7. 2 
66.31 267. 6 w 2390.6 2v6 + V9 2 e2g +a2g +a1g 2390.3 
66.53 266.0 w 2392.2 . 2393. 4 . l I-' 

68.94 248.1 2410.1 ? 
..!) 

w O' 

69.46 244.2 w 2414.0 ? . 
r r 

~. ~- I '13. 73 212. 5 w 2445. 7} 2446.8 
Vs+ V10 J ·e . '14. 58 206.2 w,b 2452. 0 1g 2453.6 

'16. 39 192. 8 w 2465. 4} 246"5. 9 

'17.15 187.2 w,b 2471. 0 . 
Vs+V1+V10 eig 24'12. 7 

86.68 116.9 mw 2541. 3' 
87.24 112.8 mw 2545. 4 \ i~c ? 

~ I 88.60 102. 8 m 2555.4 
89.58 095.6 m 2562. 6 ~ 
90.34 090.1 vs 2568.1 Va + 111 1· e2g 2574. 8 

91. 38 082.4 mw 2575. 8} lsc ? 
92.27 075.9 mw 2582.3 
93.00 070.6 mw 2587.6 Va+ V5 11 eig 2589. 2 
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TABLE II. (Cont'd) 

Predicted 
Relative 

A.v(cm-1) Assignmenta 
Vibrational harmonic 

I 

i 
Aair(A) vvac(cm-1) intensity symmetry in D h value (cm - 1

) 
.1 "'6 
! - -

3693.91 27063. 9 s 2594. 3} 
v6 + 2v) J e2g 

2587. 3 
94.07 062. 7 s 2595.5 2590.4 
95. 54 052. 0 vw 2606. 2} ll5+V1+V5 elg 

2601. 7 
95.70 050.8 vw 2607.4 2604.8 

3700.06 018.9 w,b 2639. 3 118+ v1+71. 2 
. , ... . I 

05. 92 26976.2 mw 2682.0 v4 + 2v1 b2g 2685. 9 

-- ' ; 

.. . . 
, . - ,.. ,. _ 

aBa.nds in Fermi resonance are connected by square brackets. I-' 

"' ·' -.J 

... -........ 

------· 



J . 

198 

TABLE III. Relative intensity estimates for the stronger vibronic 
origins in the C8H6 phosphorescence and fluorescence · 
spectra. 

Symmetry 

f . ..... ' ~. ~ 
'.· ' t'. i 

0, 0 

Vibration 

. 1 

. V7 

a v . 100 8 

V9 25 

2v16 1 

~iJ. + vH <.1 

j . · .• 

, .. 1+ . 

6 ... , 

'1'1 ... '· 1 -. 

v· \ 
.2. 

<1 
1 

· .· .• ! . 

--+ iB 
:au 

100 

3 

20 

3 

3 

5 

<1 

22 

1 

b 

~ncorrected for. Fermi resonance with v6 + v1 • 

1 
Aig 

. I 

bDue to appreciable reabsorption, · no relative intensity 

estimate is given. 

.. . 

'• 

--·t····-

I 
'( 1 · J 



.Roh 
symmetry 

class 

3.ig 

3-:ig 

bag 

eag 

eig . 

. 3-:iu 

b1u 

bau 

eau 

··1. 
I ,'. 

.. 
·.; .. 

;. 
-~ 

i ' 
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TABLE IV. Summary of C0H6 data (cm -1). 

Vibration Fundamental frequency 
number 

gasb liquidc solidd · 
Site 

and typea splitting 

V1(CC) 995.4 (993) 990.5 

(3073) (3062) 3063.3 

Va(Hll) . (1350) 1346 

. V4(c1-) (707) (707) 704.9 

V5(:tt1-) {990) {99.1) 1004.9 

Va(C II) 608.iO (606) 606. 3, 609.4 3. 1 

V7(CH) (3056) . (3048) 3042. o, 3047. 5 5. 5 
v

8
(CC)e · · (1590) . 1586 . 1584.2 ~o. 3 

v
9
(Hll) (1178) 1177 1174. 34, 1174. 88 0. 54 

V1o(If) . (846) 850 862. 5, 869.3 6. 8 . I 

V11(H1-) 674.0 675 696.9 

[697] 

V12(Cll) {1010) 1010 1011. 3 

[1011] 

V13(CH) (3057) (3048) 

vH(CC) (1309) 1309 1312.6 
[1313] 

' Vu(HU) (1146) 1146 1146.9 

(1147] 

V1e(cf) 398.6 404 404. 8, 413. o· 8.2 
[ 404, 413] 

V17(:if) (967) 969 978.3, 983.9 5. 6 

[978, 983] 

' . ;, 

.·· .. ' 



TABLE IV. (Cont'd) 

!2sh Vibration 
symmetry number a 

class and type 

200 

Fundamental frequency 

gas b liquidc solid 

1037 

1482 

3047 

1035 

1479 

3036 

1034. 8., 1038. ·6 
(1034, 1038] 

Site 
splitting 

3. 8 

aThe vibrational numbering for this and the other isotopes 
follows Refs. 17 and 26. 

: ·, bTake~ from summary given i~ Ref. 26 • ( ) indicates 
i 

" · calculated values. 

cRef. 18. 

dThe frequencies of the u-fundamentals are from Ref. 4. The 

values inferred from the u. v. spectra, rounded-off to the nearest 

cm - 1
, are given in parentheses. 

euncorrected for Fermi resonance • 
.. . 

· ' . 

... ~- - -
i, ' 

, 
( 

'' . 

',, 

!' 

· . 
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TABLE V. Some observed and calculated fundamental 
. 13 12 frequencies of C C5H6 • · 

13C12C5H6 fundamental AV (12C - 13C) 

frequency (cm -1) a observed b predicted c 

V1 ;982.0 8.5 . 8. 4 . 

V4 702.0 2.9 3. 5 

V5 1003.8 1.1 . 1. 0 

{1174.6 0.0 0.3 
V9a b 

1172.6 2.0 2.4 ' 
\ 

a The experimental error is ±0. 3 cm -1
• 

b . · 12 
The mean of the· site-split fundamental Vg of C6H6 was used 

• · 
1 _to calculate the AV ·observed. 

cSee text. 

. . 

. · 

' . . ·' 

' ' · -

~ .. 
' . 

'I ' 

I, 



TABLE VI. Analyses of the sym-C6H3D3 phosphorescence. 
\. ' ·-- -·I 
I 

I Predicted I : 

vvac(cm-1) 
Relative 

~v(cm-1) Assignment t 
Vibrational harmonic 

1 Aair(A) intensity symmetry in D h value (cm-) 
"'s - - ·--··· •· - -· - -- - - '. . - -- - --

3361. 89 29, 753. 8 m 0 _, 

3422.78 29,207.6 m 546 .. 2 Vu a" 
2 

28.14 162. 0 m 59.1.8} 
I· 

lls e' 
28.33 160.3 m 593. 5 
41. 33 050.2 m 703.9 114 a" 

2 

43.06 035. 6 mw 718. 2} e" 1110 I J\) 
43. 59 031.,1 vw 722. 7 0 

J\) 

47. 55 28, 997. 8 w 756. 0} 
48.65 988.6 mw 765.2 2v1s a' +e' 

l 

49. 70 979.7 W ' 774.1 
56 .. 55 922.3 ms 831. 5} Via e' 
56.97 918.8 ms .835. 0 
68.10 825 .. 9 m 927. 9 115 a" 

2 

69.17 817.1 mw 936. 7} e" 1117 
69. 66 813.l vvw 940.7 
71. 33 799.2 m 954.6 111 a' 

l 
77.15 750.9 mw 1002.9 1112 a' 

l 
86.06 677.5 m 1076. 3} 

ll"' + ll1s ? e' 1081. 9 
86.80 671. 3 ms 1082. 5 1090.9 
87.89 662. 4 vw 1091. 4 21111 ? a' 1092. 4 l 



TABLE VI. (Cont'd) 

Predicted 
Relative 

Av(cm-
1
) 

Vibrational harmonic 
. \ I Aair(A) vvac(cm-1) intensity Assignment symmetry in !23h value (cm-1

) 
i 
I 

3488.02 28, 661. 4 vw 10~2.4 ? 

88.35 658.6 m 1095. 2 ""' 
88.60 656. 5 m 1097.3 . er 

88.99 653.4 ms 1100.4 v9 and] 

89.35 650.4 ms 1103.4 V10 + V1s e' +a' +a' 1 2 

89~65 848.0 m 1105.8 
90.19 643.5 vw 1110. 3 ~ 

3508.92 490.6 mw 1263. 2} e' 1263.0 

' 
f\) 

Vu + V10 0 
VJ 

09.46 486.3 mw 1267.5 1267. 5 
14.70 443.8 vw 1310.0 e' 
15. 22 439.6 1314.2 v,. + v., j e" +a"+ a" w 

V10 + Vs, 1 2 .. I 15.44 437.8 vw 1316.0 
15 .. 97 433. 5 1320.3 

V1s + V11 
e' +a' +a' vw .1 2 

16.88 426. 2 vw "1327.6 
' ... 

27.23 342.8 ms 1411. 0 V19 e' 

28.63 331. 5 mw 1422. 3} v6 + v18 J e' +a' +a' 1 2 

29. 02 328.3 w 1425.5 
29. 52 324.4 m 1429.4 V4 + 1'10 e' 
35.07 279. 9 vvw 1473.9 Vu+ 1'5 a' 1474.1 
36.18 271. 0 vvw 1482.8 Vu + 1'17 e' 1482.9 
38.32 253. 9 mw 1499.9 Vu+ V1 a" 

2 
1500. 8 



TABLE VI. (Cont'd) 

Predicted 
Relative Vibrational harmonic 

>..air(A) vvac(cm-1) intensity Av(cm-1) Assignment symmetry in D h value (cm -1) 
...,.3 

3542. 63 28, 219. 5 w 1534.3 ? 
43.90 209.5 s 1544. 3) Ve+ V1 e' 1546. 5 
44.13 207.6 ·s 1546. 2 1548. 2 
44.67 203.3 w 1550.5 Vu+ V12 a" 1549. 1 

2 
45.00 200.7 mw 1553.1 vlB + V10 ? e" +a"+ a" l 2 
45. 98 192.9 m 1560.9 ? 
46.43 ·189. 3 w 1564.5 ? 
47.28 182. 6 VS 1571.2) v t _J e' I I\) 

0 

47.41 181. 6 1572 .. 2 8 +:-
VS 

48.39 173.7 w 1580.1 ? 
49.12 168.0 vw 1585.8 ? 
56.44 110 m,vb 1644 V8 + 72 
57.24 103.6 w 1650. 2) V5 + ~lQ ? 

·e' 1646. 0 
57. 82 099.1 vw 1654.7 1650.5 
58.22 095. 9 mw 1657.9 V4 + V1 a" 1658.5 

2 
60.09 081.. 2 w 1672. 6) . -Vio + V1 e" 1672.8 
60.68 076. 5 vw 1677.3 1677.3 
61.01 073.9 w 1679.9 ? 
64.26 048.3 w 1705.5 V4 + V12 a" 1706.8 

2 
65 .. 09 041. 8 w 1712. 0} 1710. 6 
66. 29 032.3 mw 1721. 5 2vl6 + V1 a'+ e' 1719.8 

1 
67.42 023.5 w 1730.3 1728.7 



TABLE VI. (Cont'd) 

Predicted 

xair(A) vvac(cm-i) 
Relative 
intensity Av(cm-i) 

Vibrational harmonic 
Assignment symmetry in !23h value (cm-i) 

3570.96 27, 995. 7 vvw 1758.1} 1758. 9 

72.14 986.4 vw 1767.4 2Vis + V12 a'+ e' 1768.1 i 
73.28 977. 5 vvw 1776. 3 1777.0 

' 
74.54 967. 6 m 1786. 2} e' 1786.1 

75. 00 964.0 1789.8 
Via + Vi 

1789.2 m 

80. 71 919.6 mw 1834. 2} 
Via -t_ V12 

e' 1834.4 

81..14 916.1 mw 1837.7 1837. 5 
· 1 N 

83.19 899.9 vw 1853.9 2v5 ? a' 1855. 8 0 
1 \Jl. 

84.27 891. 7 vw 1862.1} e' 1864.5 

84.93 886.6 l867.2 
V5 + Vi7 

1868.6 vw 

86.83 871. 8 m 1882. 0 .115 + Vi a" 
2 

1882.4 

87.97 863. 0 w 1890.8 . lli7 +Iii e" 1891. 3 

90.45 845.3 w 1908.5 · 2v i a' 
1 

1909.2 

93.05 823.5 mw 1930.3 V5 + V12 a" 
2 

1930.8 

94.18 814.8 vw 1939.0 lli1 + V12 e" 1939. 5 

96.52 796.7 w 1957.1 1112 + Vi a' 1957.5 
1 

3604~ 60 ' -- ·--
734.4 vvw 2019.4 ? 

06.13 722. 6 mw 2031. 2} V4 + Vis+ Vi? 
e' 2036. 0 

06.91 716. 6 m 2037.2 2043.5 
08.03 708. 0 vvw 20450 8 ? 



TABLE VI. (Cont'd) 
- I Predicted \ Relative Vibrational harmonic • 

~air(A) vvac(cm-1) intensity ~v(cm-') Assignment symmetry in !?sh value (cm-1
) 

.... 
3608. 59 27, 703. 7 mw 2050.1 

08.88 701. 5 mw 2052. 3 ~ V9 + V1 J e' 
09.27 698.8 m 2055.0 e' +a~+~ . . V10 + V1s + V1 

09.67 695. 8 m 2058.0 
09.92 693. 5 m 2060.3 

' 12.23 675. 8 vw 2078. 0} V-t + V15+ V12 ? e' 2084.8 
13.08 669.3 w 2084.5 2093.8 
13. 74 664.3 2089.5 ? I I\) vvw 0 

CJ' 
14.12 661. 4 vw 2092.4 ? 
14. 62 657.5 vvw 2096. 3..., 
14.95 655. 0 vvw 2098. 8 r V9 + V12 . . e' · 
15 .. 45 651. 2 w 2102.6 
15.80 648. 5 mw 2105.3 V10 + V15 + V12 e' +a~+~ 
16.05 646. 6 w 2107. 2 ... 
17.42 636. 1 vvw 2117.7 ? 
23.59 589.1 vvw 2164.7 · ? 
24.33 583.4 vvw 2170.4 ? 
26. 60 566.2 vvw 2187.6 ? -
27. 37 560.3 vvw 2193.5 ? 
28.83 549.2 vvw 2205.6 ? 



TABLE VL (Cont'd) 
Predicted - Relative Vibrational harmonic ' 

II vac (cm -1) .D.11 ( cm-1
) 

· l 
).air(A) intensity Assignment symmetry in .!?sh value (cm - 1

) I 
3630.37 27, 537. 6 w 2216.2} Vu+ 1110 + V1 e' 2219.0 

30.93 533.3 vw 2220.5 2223.5 
36.21 493.3 vvw 2260. 51 V11 + V 10 + v12 ; V 10 + v6 + V1j 
36.69 489.7 vw 2264.1 V7 ; V1s + V5 + 111 . 

37.32 484.9 w 2268.9 Va + V4; Vl6+ V17 + V1 

38.09 479.1 w,b 2274.4 
39.14 471.2 vw 2282.6 V13 

40.08 464.1 w,b 2289. 7} Va + .V10 e" + a"+ a" I f\) 
1 2 0 

40.64 459.9 w,b 2293.9 -..J 

41. 80 451.1 vw . 2302. 7 .. 

43.14 441.1 vw,b 2312.7 
v6 + V12 + V

14 ~ 
44.41 431. 5 vvw 2322.3 2vl6 + V12 +Vu 

44.97 427.2 vvw 2326.6 , 2V.is+ vfl _._ ·. ... _ 
45. 93 420.0 vvw 2333.8 1119 + V17 

47.40 409.0 w 2344.6 
47. 55 407.1 w 2346.6 
48.44 401.2 vw, b 2352. 6 
50.02 389.3 m 2364.5 V19 + V1 e' 2365. 4 
50.82 383.3 w 2370. 5} v 6 + v 18 + 111 ; J e' +a~+~ ... 
51°. 81 375.9 w 2377.9 V4 + V10 + V1 . e' 
52.40 371. 5 mw -2382.3 



TABLE VI. {Cont'd} 

Predicted -- I :l.air(AJ 
Relative Vibrational harmonic \ 

vvac(cm-1) i .intensity .6.v(cm-1) Assignment symmetry in Q3h value (cm-1
) 

. - • t 

~· ~ .l '#. · ,· 

3656. 52 27,340.6 mw 2413.2 V19 + V12 e' 2413.7 
57.86 330.6 vw 2423. 2} V6 + V18 + V12 j e' +a~+~ 
58.50 325. 8 vw 2428.0 v 4 + v 10 + v 12 . e' 

59.04 321. 8 vw 2432.0 Vu+ Vs+ V1 a' · 1 

60.84 308.4 vvw,b 2445.4 ? 
-

61.79 . 301. 3 vw 2452. 5 Vu+ 2v1 a; 2455. 4 
64.49 281. 2 vw, vb 2472.6 ? I& 65.85 273. 0 vvw 2480.8 ? 
65.96 270.2 vvw 2483.6 Vu+ V12 + V17 e' 2484.4 
67. 63 257.8 ms 2496. 0} V6 + 2v1 ] e' 
67.83 256.3 ms 2497.5 (va + Vs) e" 

68. 71 249.7 vw 2504.1 ? 

69.15 246.4 mw 2507. 4} Va+ V17 {?)I e" + a;+ a; 2508. 3 
69.89 241. 0 vw 2512. 8 . 2512. 4 
70.49 236. 6 mw,vb 2517.2 ? 

71. 54 228.8 vs; b 2525. 0 Va + V1 _J e' 2525. 8 
72. 56 221. 2 vw 2 532. 6 ? 

73.46 214.5 vw 2539. 1 ? 
74.04 210. 2 vw 2543. 6 ? 



TABLE VI. (Cont'd) 

Predicted 
Relative 

D.v(cm-1) 
Vibrational harmonic 

~ . (,\) vvac(cm -1) intensity Assignment symmetry in !?3h value (cm-1) 
arr 

3677.84 27,182.2 s 2571. 6 Va + J.112 e' 2574.1 
81. 34 156. 3 mw,vb 2 597. 5 Va + J.11 + 72. 0 
82.77 145. 7 vw 2608.1 V4 + 2v1 a; 2613. 1 
85.19 127. 9 vw 2625. 9 V10 + 2v1 ? 2632.0 
86.44 118.7 vw 2635.1} 11 s + 2 Vu + t-'.1 e' 2638.9 
86. 66 117.1 :;VW 2636. 7 2639. 6 
87. 5 ·-- 111. 3 w,vb 2643. 5 Va + V12 + 71. 9 

' 

I N 88.67 102.4 vvw 2651. 4 ? 0 

'° 89.22 098.3 vvw 2655. 5 ? 
89.71 094.7 vvw 2659.1 ? 
90.32 090.3 m-b 2663.5 Va + 2v11 e' 2664.1 

.: - . 

tsquare brackets connect possible Fermi resonances. 

tsplitting only resolved at higher resolution. 
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TABLE VII. Summary of the sym -C6H3D3 data (cm -1
) 

l?ah Vibration Fundamental frequency Site symmetry 
gas a liquid a solid b class number splitting 

a' l 211 (956) 955 954.6 

212 {3074) (3062) 3046.3 

21
12 

(1004) 1003 1002.9 

2113 (2294) 2282 2281. 4 

al' 214 697 697 703.9 

215 917 918 927.8 

,. 211·1·, 531 533 546.2 

e' 215 594 594 591. 8 593.5 1. 7 

217 2282 .2274 .' 2269.0 2274 5 

21s 1580 1575 1571. 2 1572.2 1. 0 

219 1101 1101 FR 

2l1s 833 833 831.5 "' 834.6 3. 1 

2119 1414 1412 1410.8 <1 

2120 3063 3553 3060.6 <3 

e" 2110 {707) 711 718.2 722.7 4.5 

2115 (370) 375 [ 378] [ 387] [ 8. 5] 

2117 (924) (926) 936.6 940.7 4.lc 

a Ref. 26. Values in parentheses are calculated. 

b_Not corrected for possible Fermi resonance (FR) • . Values in 

brackets are inf erred from combinations. 

cSee text. · 



" -- TABLE VIII. Analysis of the C6H5D phosphorescence 
" .. 
'. I 

>tair "vac Relative t:iv Vibrational Predicted 
harmonic 

(A) (cm-1) intensity (cm -1) Assignment a symmetry value 
in ~2V (cm -1) 

3367.85 29690.3 : W 0 o, Q1 . 0 02 

' 
67.11 683.8 w 6.5 0 03 

' > 

3436.53 090.8 vw, b 599.5 599.5 } V<a a1 
- 37. 37 083.7 vw,b 606.6 600.1 Vgb bl 

39.14 068.8 vw,b 621. 5 621. 5 
623. 2} Vll 

, 
b I . I\) 

40.11 060.6 vw,b 629.7 2 f-J 
f-J 

48.81 28987.2 w 703.1 703.1 
703. 2} v. 49.60 980.6 w 709.7 ~ 

66.88 836.1 vw 854.2 854.2 
· } (v1oal 67.23 833.2 857.1 857 .1 ~ .. w. 

68.15 825.6 w 864.7 858. 2 V1sb bl 
-· 

76.86 755.3 vw ·937. 0 937.0 
936. 3} v,,b b · 

77.56 747.5 vw 942.8 2 

81. 95 711. 3 w 979.0 979.0 
979. 4} v, 82.78 704.4 w 985.9 

J 
a1 

84.09 693.7 w 996.6 996.6 
84.21 692.7 w 997.6 997.6 }v, ~ 
84.99 686.2 mw 1004.1 997.6 



. TABLE vm. Cont'd 

-- I Vibrational Predicted 
\ ·~air "vac Relative 6.v harmonic 

Assignment a symmetry 
(A) (cm -1) intensity (cm -1) in f2v 

value 
(cm-1) 

3493.76 28614.3 w 1076.0 1076.0 
1077. 7} Vl5 94.76 606.1 w 1084.2 

bl 

3503.58 534.1 m 1156.2 1156.2 
1156. 3) v•b 04.39 527.5 mw 1162.8 

bl 

05.09 521.8 mw 1168.5 1168.5 3v16 b2 
05.43 519.0 1171. 3 1171.3 a1 ·- I I\) 

mw V9a I-' 
I\) 

06.07 513.8 w 1176.5 1176.5 (v16b + 111oa) bl 
06.21 512.2 m 1178.1 1171.6 V9a a1 
07.51 510.3 w 1180.0 1180 3v16 b2 
07.90 499.0 vw 1191. 3 1184.8 (V15b+ V10a) bl 
21. 08 392.3 vvw 1297.5 1297.5 

1298. 5} v, bl 
21. 95 385.3 vvw 1305.0 
23.88 369.7 vw 1320.6 1320.6 

1318. 4) v,. 24.43 365.2 vw . 1325. 1 
bl 

39.72 242.8 vw 1447.5 
1417. 7) v,.b 40.56 236.1 vw 1454.2 

bl 

53.27 135.0 vw, b 1555.3 1555.3 
1555. 7} Vll+ Vl7b 

1558.6 - a1 
54.15 128.1 vw,b 1562.7 1566.0 



TABLE VIII. {Cont'd) 

Aair Relative AV Vibrational 
Predicted 

Vvac harmonic 
(A) (cm -1

) intensity (cm -1
) Assignment a symmetry value 

in f2v (cm-1) 

-
3555.41 28118.1 s 1572.2 1572.2 (V5+ V1) b1, a1 

55.68 115. 9 s 1574.4 1574.4 
. . 

bl Vsb 
56.39 110.3 s 1580.0 1573. 5 {v5+ V1) b1, a1 

56.55 109.1 s 1581. 2 1574.7 llsb . bl -

1590. 3} v,a 
57. 67 100.2 s 1590.1 1590. 1 

58.52 093.5 s . 1596. 8 
a1 

" I~ 64.38 047.3 vw, b .' 1643.0 V8b+69. 7 

66.52 030.5 vw, b 1659.8 v8 a+69. 7 

69.31 008.6 w 1681. 7 1681. 7 
1683. 1} V< + v, 

1682.1 

70.19 001. 7 w 1689.6 ~ 1689.1 

81.91 27910.1 vw 1780.2 1780.2 . } (v10b + v,) b2 
82.57 905.0 vw 1785.3 ·1778.8 

89.19 853.5 vw, b .1836. 8 1836.8 
1833.2 

bi 1836.1 
} v b+v 

90.13 846.2 vw 1844.1 1837. 6 18 1 1844.1 

99.29 775.4 vw 1914.9 1914.9 1916.0 
} v +v b2 1922.0 3600.21 768.3 vw 1922.0 1915. 5 l?b 

1 

04.73 733.4 vw 1956.9 1956.9 1958.0 
} 2v a1 

05.68 726.1 vw 1964.2 1957. 3 1 1965.3 



TABLE VIII. (Cont'd) 

A air "vac Relative t:,. v Vibrational Predicted 
harmonic 

'(A) (cm -1) intensity (cm -1
) Assignment a ·· symmetry value 

in f2v (cm-1 ) 

3607. 12 27715.0 w 1975.3 1975.3 1975.6 

07.25 714.0 w 1976.3 1976.3 } v5+v1 ~ 1976.6 

08.09 707.6 w 1982.7 1975.7 1983.5 

17.50 635.5 vw 2054.8 2054.8 
2056. 8} v,.+ v, . 

2055.0 

18.62 627.0 vw 2063.3 bl 2063.6 

28.03 555.3 m 2135.0 2135.0 
bl 

2135.2 
} Vb+v 

28.92 548.6 mw 2141. 7 2135. 2 
9 

. 
1 2142.2 I~ 

29.67 542.9 mw 2147.4 2147.4 3V15+ V1 ~-

30.04 540.1 m 2150.2 2150.2 11sa + 111 a1 -

30.86 533.9 vw 2156.4 . - (v16a +V1oa)+ V1 bl -

30.95 533.2 m 2157.1 2149.2 11sa + Il1 a ·· -1 
31. 30 530.5 vw 2159.8 3v16+ v1 b -2 

49.54 392.9 vvw 2297.4 2297.4 {vs+ Il1), Il1a bl 
49.87 390.4 vw 2299.9 2299.9 } 2299.6 

v +v bl 
50.38 386.6 vw 2303.7 2297. 7 14 1 2304.3 

66.64 265.0 vw 2425.3 2425.3 
bl 

2426.5 
} v +v 

67.60 258.1 vw 2432.2 2425. 7 lSb 1 

83.06 143.6 s 2546.7 2546.7 bl 
2548.8 } Vsb+v, J 83.34 141. 5 s 2548.8 

II +2V b11 a1 
84.18 135.3 s 2555.0 2547. 5 

6 1 



TABLE YID. (Cont'd) 

~air 
(A) 

11vac 
·(cm-1) 

3686.20 27120.5 
87.18 113.3 

·Relative 

intensity 

s 
s 

AV 
(cm -1

) 

2569.8 2569.8 
2577.0 

Assignment a 

2570. 5} Vaa + v, 

a Bands in Fermi resonance are connected by square brackets. 

Vibrational 
symmetry 

in f2v 

a1 

Predicted 
harmonic 

value 
(cm-1

) 

2569.1 
2582.7 

I\) 
I--' 
V1. 



--
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TABLE IX. Summary of C6H5D data .(cm -1) 
i . 

Orientational 
f2V Yi bra ti on Solid sites effect 

~ymmetry 
Oas a Liquid a 

(arbitrary) 
Commentsb class number 1 .2 3 2-1 3-2 

a1 Zl1 (983) (983) 979.0 979.4 +0.4 FR: V5 
11sa (1600) 1593 1590. 1 1590.3 +0~2 FR: V8 a, v8 b and 

(v6+111) 
119a (1177) 1177 1171 - FR: (v10 t.V16b) 

and 3 v16b; F 
I 

(\) 

bl Zls (1295) 1291 1297 ·.5 1298.5 0 +1. 0 
......, 

·I CJ' 

11eb (607) 602 599.5 600.1 0 +0.6 · v6a and v6b in 
resonance 

Vab (1590) 1576 1575.2 - 0 FR: v8a, v8b and 
..., (v6 + v1); F 

V9 (1157) 1158 1156.2 1156.3 0 +0.1 

Il14 (1327) (1325) 1320.6 1318.4 0 -2.2 

Zl15 1077 1077 1076.0 1077.7 0 +1. 7 

Zl1ab 858 857 854.2 857.1 858.2 +2.9 +1.1 FR: v1aa 

Vigb 
1440- 1448 1447.5 1447.7 0 +0.2 FR: V19a 1490 



TABLE IX. (Cont'd) 

---- I ! - Orientational 
f2v 

-
Vibration Solid sites effect 

symmetry (arbitrary) 
class number Gas a Liquid~ 1 2 3 2-1 3-2 

~ V4 698 699 703.1 703.2 0 +0.1 
V5 (984) 978 996.6 997.6 997.6 +1. 0 0 

Vu 607 602 621. 4 623.6 0 +2.2 

1117 924 925 . 937. ff 936.3 0 -0.7 

aRef. 26 ( ) indicates calculated values. 

bFR = Fermi resonanc_e; F = frequency observed in the fluorescence. 

Comments 

FR: V1 

FR: v6 in liquid 

I\) 
f-' 
-.J 
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Table X. Summary of p-C6H4 D2 Data (cm-1
) 

!?2h 
symmetry 

class 

bsg 

aig 

. b2g 

1 

Bsu 

Vibration 
number 

. ' 

. ' 

v4 

·· · V1ob 

vs 

.·.:. ::··r : 

V9a 

V9b 
. ~ 

. o, 0 

Gas a Liquida 

., 

{633) 633 

{739) . 736 

{1307) 1311__ 

{1177) 1173 

·. (913) 908 

aRef. 26 ( .) indicates calculated values. 

Orientational 
Solid sites effect 

1 2 3 
{arbitrary) 
2-1 3-2 

637.9 641. 2 643.6 +3.3 + 2. 4 

744. 3 742.4 742.9 . -1. 9 + 0.5 
.. 

1310.2 1311. 5 1308.1 +l. 3 - 3. 4 

~ : -

1171. 4 1172. 9 ll 71. 8 +1. 5 - 1.1 

, 

908. 4 906. 5 909. 1 -1. 9 +· .2. 6 

29721. 4 29723. 3 29734,9 +1. 9 +12.6 

i 

I 
I\) . 
~ 
-a> 
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Ca Ha 

. C6H5D 
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l l 
B2u - A1g Electronic Transition Energy for Isotopic 

Guests in a C6 D6 Host Crystal at 4. 2°K. 

a -1 mixed crystal (cm ) 

· 12 D C6Hn a-n 

37853.3 
' . I 

37885.2 
37884.0 

37915. 7 .: ; 
37912.9 

37947.9 

isc i2c5HnDa-n 

37856~9 

37888. 8 . 
37887.7 

37951. 4 

gasb (cm-1
) 

i2caHnDa-n 

38086.1 

. 38124 

38154 

38184 · 

a Uncorrected fpr interaction with the C6 D6 host. 

bThe C6 H6 value is fr.om R~f .. 18. For the other isotope,s the 

o, O is taken from Ref • . 21. 
' i . . 

·' 
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1 l 
Table XII. Analysis of the B2 ,.__ A1 Absorption Spectrum of 

u g 

1% C6 H0 in C6 D6 at 4. 2°K. 

A . 
air 

2641. 00 

2605.34 

2605.20 

2577.89 

2543.9 

v 
vac 

37,853.3 

38, 371. 3 . 

38,373.4 

38,779.8 

39, 297(b) . 

·a Ref. 18. 

AV 

0 

518. 0} 
520.l 

·, 

926.5 

1444 

Assignment 

0-0 

'l) ' 6 

lJ I 
l 

Gas 
AV 

522.4a 

923b 

'.· bF. M. Garforth and C. K. Ingold, J. Chem. Soc., 1948, 417 . 
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Table XIII. Structure Observed Near the Electronic Origin for C6H6 

and C6H
5
D at Higher Concentrations in a C6 D6 Host. 

i 
' 

-' at 

b 

'·c 

.d 

' e 

.f 

g 

Caliat C6H5D 
.. . 

-1 
I Assignment 

-1 
v cm v cm I 

37,860.9 w ·1sc i2c H I 37,892.5 :J 2 4 6 
! 

37, 891. 6 
' 
; 

37, 856!;9 s i 
13CC H 37~888.8 :} I 

6 6 

' : 
' ·1 37,887.7 

.. 
,.., 37, 854. 1 w,sh -

37,853.3 vs , Monomer 37, 885 .. 2 ys) ~ 

37,884.0 vs , 

37,852.3 w -I 

37, 851. 2 w 37,882.7 . w 

37, 881. 8 . 

37,848.6 w Resonance 37,880.0 Pair 

t 0. 04% guest in a,.., 2 mm C6D6 host crystal. 

tsee Fig. 8. 

w 

w,b 

t 

Assignment 

isc i2c HD , 
2 4 5 

isc12c HD 
5 5 

Monomer 

Resonance 
Pair 
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Table XIV~ Change in the 1600 cm-1 v8 and v6 + v1 Fermi Couple 

Splitting·with Totally Symmetric n v1 Additions 

n Va + Ill (v6 + v1 ) + nv1 Site Fermi splitting 
(cm -i) 

-1 splitting . (cm-1 ) (cm ) 
(cm -i) ' solida gasb 

0 1584.3 1602.8 1.2 19.1 20 . 
1604.0 

\. 
I 

l . 2568.l . 2594.3 1. 2 26. 8 . 26 

2595.5 

' " 

2 3551. 6 3583. 5 1.3 32.5 31 . 
. . 

: 3584.8 

3 . 4534.1 4571. 5C 37.4 37 

ll6 606.3 3.1 

609.4 

· aThe mean of the split (116 + v1 ) + nz.'i component is used to 

calculate the Fermi splitting. 
b . 

:. . F. M. Garforth, C. K. Ingold and H. G. Poole, 
J. Chem. Soc., 1948, 427. 

cThis band is too weak to observe · any splitting . 

. ' 
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Caption for Fig.' l. 

Modified "Bridgman-type" sample .cell. 

, .. ...--··- -
' 
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SAMPLE CELL 

FRONT VIEW SIDE VIEW 

To vacuum 

i 

Pyrex_. 

Quartz~ 

l.5cm--. 

.... ... .. ----

1.5 

T~ 
1.5 

* r 

, ~"seal Off 11 

constriction 

~Quartz to Pyrex 
graded seal 

+--Quartz windows 


