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ABSTRACT
PART 1. EXPERIMENTAL PROCEDUERE

The specbLrogrephs and sxcltation sources used bo
study the absorption and emission spectra of crystalline
Dpenzene are described and their relative merits discussed.

A new purification method ig also deseribed. This
method, in which the benzene is vacuum refluxed over an
«100°C cesium mirror, can be used in conjunction with
zone refining technigues to feduce the spectroscopic im~
purity level to m10'6 mole percent. Also see Part I11
in this regard.

A ﬁodified Bridgman type c¢rystal growing technique
that is used to produce high quallity, low temperature
crystals is described in de‘ba.;s.l. The development of
these experimental technlques was essentlal to the success
of the experiments described in Parts II and IIl.

PART II. SINGLET EXCITON BAND STRUCTURE
OF CRYSTALLINE BENZENE

The Frenkel theory for 1ocalized excitations in
molecular crystals is redeveloped and extended for the
case of venzene to lay a consistent theoretlcal frame~
work for the interpretation of pure and mixed crystal
spectra. Three types of dlpole selectlion rules are
proved for ¥ # 0 transitions in a restricted Frenkel

limit. They are: 1)AX = 0; 2) general selection rules
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based on interchange symmetry; and 3) the gesu selection
rule for centrosymmetric crystals. These are particularly
important in the interpretation of exciton band «— ex-
cilton band transitionz. Purthermore, the interchange
group and lideal mixed crystal concepts are introduced
to provide a cliear, precise definition of the static and
dynamic contributions to the energy of the crystal states.
Emphasls is placed upon the relative signs and magnitudes
of the dynamic coupling constants rather than on crystal
splittings since these constants give directly the ani-
sotropy of the resconance interactions in the crystal.
Experimental data from the absorption and emission
spectra of the 1B2u state of pure and isotoplc mixed
benzene crystals are also presented. From these data
it oan be concluded that the line shapes and transition
energles afe very sensitive to the effects of crystal
straln. Excliton band «— exclton band transition line
shapes are interprested in terms of the dénsity of states
function of the By, exciton band. This experimental
function is found to ve inconsistent with that predicted
from the data obtained from the variation of energy
denominators method of analysis of this exciton band
by Nleman and Robinson. The variation of energy denomina-
tors method is investigated with more extensive and
improved experiments. It is found to be inappropriate
for the study of the 1By, state of crystalline benzene,

and these new experiments lead to a different interpretation



of this band. The resonance ccupling constants obtained

from this new interpretation are used to calculate the

density of states function for é crystal of 32,000 mole~-
cules. ' This calculated function is in excellent agree-
ment with thaf obtained from the exciton band «— exciton
band transition line shapes. Exciﬁon band+—»exciton
band transitions involving the lowest singlet of crystal-
line naphthalene are also reported and discussed.

PART III. TRIPLET EXCITONS IN CRYSTALLINE BENZENE:
I.OCATION OF THE FIRST AND SECOND TRIPLETS;
PHOSPHORESCENCE AND TRAP - TRAP ENERGY TRANSFER
IN ISOTOPIC MIXED CHYSTALS.

The first and second triplets of so0lid benzene are
observed using 0z and NO perturbation techniques. The
absorption spectra of long benzene crystals of ultrahigh
spectroscopic purity are discussed in terms of the un-
perturbed transition to the second triplet state.

The phosphorescence spectrum of isotopic mixed
benzene crystals 1s analyzed with special emphasis being
placed on the effects of the static crystal field. The .
fluorescence and absorption spectra are used to supple-
ment this analysis.

The phosporescence and fluorescence spectra of
three component isotopic mixed benzene crystals are studied
as a functlon of guest concentration, excitation lamp
intensity, and temperature. Some very interesting effects

are observed at high lamp intensities and interpreted



in terms of
excitation.
between two

w20 R apart
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triplet = triplet annihilation of trapped
Triplet excitation 1s found to be transferred
different traps whlich are not more than

in this system.
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PART 1

EXFZHIMENTAL PROCEDURES



A. Basic Experimental Setup

A number of different spectrographs and'spectrometers
were used for the experiments reported in this thesis.
Since %:hey are all standard spectroscopie equipment, they
will not be discussed in detail but will only be compar-
ed with respect to dispersion,aperture and detection
method as tabulated 1h Table 1. The photographic aper-
ture (speed} of these instruments is proportionall to
the area of the grating (A} divided by tne sguare of
focal length f of the collimating mirror (lense); since
A = (7/4)42 for a circular grating with diameter d,
thls gives the familiar camera rule that the exposure
is inversely proportional to (£/a)?, or the » f/~number"
squared. The effective f/-number, calculated from the
speed A/f2 of the instruments (all of which contain
rectangular gratings) is given in parenthesis in Table I.
The photoelectric speed depends upon the slit height
and width and, thérefore. will not be a characteristic
constant of a given spectrometer but will depend upon the
values chosen for these parameters.

The experlmental setup for each instrument was basi-
cally the same and has been adequately described by
previous theses from thils 1aboratory.2 However the proper
selection of new light sources and filtering systems

was essential to the suceess of this research. For
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example, wnen this research was initiated, the standard
source for the excltatlon of the benzene emission spec-
trum was an 800 watt Hanovia high pressure xepnon source
which was filtered by a 2600 A interference filter

and gaseous Cls and Brz f1lters. With this source and
the 2 M spectrograph, several hours were required to
photograph the weak.O,b transition of the phosphorescence
spectrum. In addlition, the fluorescence spectrum, which
required oomparablelexposure times, was partially over-
lapped by continuum from the lamp. In contrast, it was
found that the fluorescence and phosphorescence 0,0
_transitions could easily be photographed in less than

5 min. when using a 4 watt GE germicidal low pressure
mercury lamp which had been filtered by a N150, - Cosou
3

Kasha” filter solution and a dilute solution of diphenyl-

butadiene in methanol. The significance of thils advantage
was not Just that 1t saved time. Without such an intense
sourde, it would have been nearly impossible to accurately
measure the intensity distribution of the broad emission
lines characteristic of exciton band+rexciton band tran-
sitions (SeePartII ), to.photograph the benzene phos-
phorescence on the 3.4 M J-A spectrograph (See Part I1J),
or tb make the accurate intensity measurements necessary
for the energy transfer experiments (See Part IIT). 1In
fact, the measurements of the emitted 1ntensity'as &
function of lamp intensity required the usge of several

of the more intense lamps simultanaously (See Part III).



A number of different light sources were found te be necesg-
sary, depending upon the purpose of the particular experi-

ment. They will each be dlscussed separately below.

"1. PEK High Pressure Mercury Arc Lamp (200 watt)

This lamp was particularly useful for exclting the
tenzene fluorescence spectrum. DBecause of the Hg reso-
nence reabsorption, there is effectively no 6utput in the
2500 - 2700 ﬁ region even though there 1s conslderable
output at 2450 - 2500 2. Thus, this lamp could easily
be filtered with a Bausca and Lomb fast (f/3.5) monochro-
mator and used to give a fluorescence spectrum which
was free from any overlying continuum in the region of
the 0,0 transition (2650 i). The scattered light in the
monochromator was high enough to require the use of Cl2
and Br2 gas filters, the combination of which transmits
from 2200 to 2800 i. in addition to the monochromator
in order to obtain a clean spectrum in the rest of the
_fluoregcence region. This source likewlse provided a
eclean phosphorescence spectrum, however, in this case
tne monochromator and gas filters could be replaced by
& NiSQ, - 00304 Kasha filter solutlon to obtain more
intensity. Using these combinations of source and filters,
the fluorescence and phosphorescence 0,0 transitions of
isotOpically'mixed benzene crystals could be photographed

in 5-10 min. on the 2M spectrograph.



5

2. GE Low Pressure Germlcidal ﬁercury Lanp (4 watt).
Approximately 80% of the total output of. this lamp
is in fhe lines at 2537 A. Thus, even though it has
v50 times less power output than the PEK high ﬁressure
ar¢ lanmp, 1t'1s about threetamesmofg effective for ex-
citing the henzene emlission. Eecause of its size (~5 in.
long) and very sharp emlission lines, it was much more
difficult to fllter than the arc lamp, but the lack of
continuous emission in its output made 1t useable in
some cases wﬁere more Iintenslity was required. For in-
stance, for the energy transfer experiments, where only
a few emiésion lines were measured. the high intensity
was used to ihcrease the accuracy of the phosphorescence
and fluorescence 1n£ensity measurements.. Because tne
sharp mercury lines did not overlap the benzens emission
lines of interest, the lamp could be used without any
filters. The intenslty of the.Hg lines in the fluores-
cenoec regilon could be markedly recduced by using a very
dilute solution of diphenylbutadliene in methanol and a
filter before the sample. However, this solution, which
has an ~100 A window at 2600 ﬁ_. was found bto be unstable
to UV exclitatlon and had to be changed after each half

nhour of use.

3. Hanovlia Model LO 735A-7 Low Pressuré, Confined Dis-

charge Mercury Lamp (12 watt)

The output of this lamp is easier to collect and



filter than that of the germlicldal lanp slnce the discharge
is confined to & volume of -1 cm3. However, the discharge
pressure is somewhat higher than that of the. germicidal
lamp. - Conseguently, there is some continuum output and

the percentage of the output in the 2537 A region s
reduced such that the total usable UV light is about the

same as that obtained from the 4 watt lamp.

. PEK High Pressure Xenoﬁ Arc Lamp (150 watt)

The smooth continuous output of the Xenon arc lamp
was used for photographing the benzene absorption spectrum.
Lanp lntensity was usually not & problem for the absorp-
tion spectra (exposure times were often -1 sec.) and,
thus, this lamp was chosen primarily because of its small
arc., The small arc mede 1t possible to focus the light
on small samples without necessitating sdditional baf-
fling to prevent stray 1ight_from reaching the spéctro-

graph.

_ B. Sample Preparation

Extremely high sample purity was eséential to almost
all of the experiments which compriséd this research.,
That none of the standard purification methods would be
adequatie can be-easily seen by consldering the fact that

108

parts of phenol in benzene could have been detected
in the long crystals (~5 cm) used to observe the.second
triplet of =0lld benzene in absorption (Part III).

Furthermore, >10~7 parts of phenol would have made it



1mpoésib1e to accurately measure the intensity di;tribu-
tion of the exciton band«sexciton band absorption (Part
II. Thus, new purification technigques had to be de-
vised before the research could be successfully completed.
The most successful procedure developed'isxdescribed in
detall and éompared to other techniques in . Parxt III, how-
ever, some more recent findings concerning the results

of the method willbe discussed at this time for complete=-
ness, The preparation of high gquallty crystals also
played an essential role in this research and will be

discussed below.

1., Preparation of Very High Purity Benzene

’I‘he_ most succsssiul metﬁod involved the t;'eatmant of
benzene with pure cesium metal. The benzene was reflux-
ed, uhder vacuum, over the surface of é_cesium film which.
was heated to about 1oo°C~‘Any impurities which were
more reactive than benzene (anq some of the benzene)
reacted with the cesium to form a blaék.non-volatile
deposit in the reaction wessel. The purified benzene
could then easlly be separated from the deposlit by one
vacuum distillation. It was found that effectively all
of the phenol and several other impurities were remofed
by this technique. However, certalin unidentified impuri-
ties (one in the region of the lowest triplet state and
some in the region of the lowest singlet) were difficult

to eliminate.‘ This problem cen effectively be overcome



by combining zone refining'techniques with the cesium
treatment. A sample of benzene which had been extensive-
1y:zone refined by G.J. Sloan of the Central Research
laboratories of du Pont was found to contain almost no
ilmpurities except phenol which was present at about

10™3 percent. The épectrum of a 4 cm crystal of this
sample, after treatment with ceslum, only showed é very
faint trace of impurity absorption in the singlet region.
The 99.93 mole percent pure Philllips research grade ben-
zene used in Part 1iIl was almost completely free of the
troublesome impurities in the first singlet region and,
thus, the cesium treatmeﬁt produéed extremely pure ben-

zene,

2. Crystal Growth

The preparation of large benzene crystals which
were transparent at 4,2°K was a very challenging experi-
mental task; Large (1 em X 10 cm) crystals at -20°C
were relatively easy to grow from the melt using a Bridg-
man furnace (See Part 1I1), However, the samples cracked
extensively when cooled to liquid helium temperatures,
even thpugh they were mounted 1n a Teflon holder and
cooled over a period of several houfs by radiation.
They remained translucent, but one to two hours were
required to obtain an absorption spectrum with the 2 ¥
'1nstrument.

The development of a considerably superior method
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was made possible because of the artistry of Erich W.
Siegel and Learco Minghetti of the Cal. Tech. chemlstry
glass shop. They were able to prepare the ingenious
quartz crystal growing cell shown in Fig. 1. This cell
could be used for growing crystals as thin as 1l0u and as
thick as S5em. Not only did this cell construection allow
one to prepare near perfect crystals at 4,2%K (see below),
but the sample could be vacuum degassed in the cell and
left in the cell during the entire experiment. This was
Tound to improve the phosphorescence yield by at least
a factor of two. |
The crystals were prepared as follows: The benzene
was usually purified by the cesium reflux method and then
vacuum distilled directly into the crystal growing cell.
The cell was then sealed off under vacuum and removed
from the vacuum system. The crystal was grown from the
melt by lowering the cell at the rate of «~1 cm/day 1into
a modified Bridgman furnace {(Fig. 2), the lower half
of which was a liqu1¢ nitrogen filled dewar. The key -
to the success of this method was the development of a
continuous temperature gradient down the crystal from
«0%C to almost liquid nitrogén temperature. As the
crystal was slowly'lowered, a gilven horizontal cross-
section could then be meintained at an almost even tempera-
ture since the heat is being removed from the bottom. -
In dontrast, radiation cooling of the erystal would cool

the outside more rapidly than its inside and, since
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_Figure' l. Modified Bridgman Type
Sample Cell.
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Figure 2. Modified Bridgman Type

Crystal Growing Furnace.
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benzene crystals are poor heat conductors, large strains

would result as the cool outside attempts to contract
around the "Yhot" inside of the crystal. Placing the
temperature gradient down the length of the crystal re-
quires that it be able to contract linearly, which it 1is
free to do as long as it does not adhere to the sides

of the vessel. Nearly perfect crystals up to § cm in
length, which could be cooled to 4.2°K with little or no

additional cracking, have been grown by thils technigue.

REFERENCES
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PART II

SINGLET EXCITON BAND STRUCTURE OF
CRYSTALLINE BENZENE
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Frenkel Exciton Selection Rules Tor k £ 0 ""rans:tions

in ¥olecular Crystals

S.D. COLSON, R. KOPZLMAN,* AND G.W. ROBINSON

Gates and Crellin Iaboratories of Chemistry,®#

California Instizute ¢f Techrniology,

FPasadena, California 81109

ABSTRACT
Three types of dipole selection rules are proved for

kK #£0C in a restricted Frenkel exciton limizt. They-are: 1)
AX = 0; 2) general selecticn rules based on interchange
symmetry; and 3) the g<~u selection rule for centrosyn-
metric crysvals. Even though the latter two selection rules
are generally valid oniy for special values of %k, and in
particular.for & # 0, they can be shown Lo be valid for

al. ¥k 1n crystals where restrictions are placed on the magni-
tude of interactions between certain translationally egquiva-
lent molecules. For benzene and naphthalene, and probably
for many other organic crystals, the translationally eguiva-
lent interactions that ruin the selection rules are non-

nearest nelghbors and are now known to be very small. The

¥ Present address: Departﬁent of Chenmistry, University of
¥ichigan, Ann Arbor, Michigan.

*# Contributlion No. 3422
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selection rules are therefore excellent approximations
for these crystals. It is alsc shown that the transition
matrix element in this resiricted Frenkel limit is k-
independent, a fact that is important in analyzing the
intensiﬁy distribution of band<rband transiticns in terams
of the density-of-states function. Inability to detect
a ueu, bandeband transition experimentally in crystal-

line benzene 1is consistent with the thecoretical results.
INTRODUCTICON

In centrosymmetric crystals, only transitions betwsen
states that bpelong Lo the totally symmetric representatlion
of the translatlon group (kX = 0O) have been generally
pelievedl to be governed by g<+u selection rules. Such
conclisions were based upon considerations of the group

of the wave vector.2

as only this group is applicable for
k = 0 energy levels. In centrosymmetric crystals, the
inversion symmetry is generally included in the group of
the wave vector only for certain special values of 3.2'3
However, by using additional theoretical considerations
it can be shown that electric dipole transitions hetween
all k 1evels.of Frenkel exciton bands are expected to
obey geru selection rules provided inversion is a site,
not an:ﬂmerchange,4'5 operation, and furthermore provided
that interactlons between certain translationally equiva-

lent molecules in the ervastal are small. This selection

rule is valid even thcush the inversion symmetry is not
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included in the group of the wave vector., In addition,
other symmetry-based selection rules for X # 0 emerge
from a consideration of this restricted Frenkel Zimit.

A few of these selection rules will me discussed in this

paper.
TEEORETICAL

The arguments leading to the selection rules may
be sketched out in the lTollowing way. Since the trans-
lational subgroup of the space group is Abelian, only
ore-dimensional irreducible representétions occur.8
Thus, as 1s well known, in the Bloch representation8'9
the Hamiltonian matrix describing the energy levels asso-
“ciated with the set of all translationally equivalent
molecules in a cerystal contains no off-diagonal elements.
Each diagonal. element is related to a specific value of
the reduced wave vector k. If there are t different
translationally equivalent sets corresponding to t mole-
cules per primitive unit cell, the full N X N Hariltonian
matrix describing the crystal energles consists of N/t
t X t Hermitian submatrices along the main diagonal,
each submatirix being labeled by a unigue k. Off-diagonal
elemantsdigq:(k) wilhln esch submatrix arise because of
interactions between the t sets of translationally equiva-

f
lent molecules. Theaiqq:(k} are composed of the Mq 's

ql
of many earlier paperslo modified by phase factors and

summed over the whole lattice. The diagonal elements
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éfgq,(g}éqq' of the submatrices depend upon a k-indepen-
dent terr which defines the position of the exciton band
forigin', plus k-dependent terms that arise from interac-
tions among molecules belonging te one of the translation-
ally equlivalent subsets of molecules in the crystal.

The k~-dependent diagonal terms have the form

o - N/t
tf @)= Yexpiket  -r. ) ol Hol, dr (1)
qq'®) = Lexp Bt =Xy ) @pgH iR

n'=1

where En is a radius vector from the crystal origin to
an equivalent poiat (the "anit cell origin") in the nEQ
unit cell, égq are vibronic functions, having the symmetry
of the site, representing localized excitation f at the
QEE site in the nEﬁ unit ceall,l:L all other molecules in
the crystal being unexcited; H is the crystal Hamiltonian
composed of Coulombic interactions among all the nuclear
and electronic charges in the crysta1.7'12 Integration
is carried out over the entire crystal, but for
Frenkel excitons, where the basis functions extend very
- 1ittle beyond the site, the practical range of integration
is over just the sites nq and n'g, and the only impor-
tant part of the integral arises from that tefm in the
crystal Hamiltonian H that couples the anh site with the
n'ng site.

As both Davydovl2 and Knox13 independently have roint-
ed out, the diagonal elementsa(gq,(g)éqq, are not egual

for q = 1,2...% except for certain values of the reduced
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wave veector; k = 0, or, in benzene and naphthalsne cry-
tals, k lying along a crystallograpnic aXxls containing
only translationally eguivalent molecules, being examples.
The 1lnequivalence of tne Q:gq,(g)éqc, arlses even thnough
every molecule in the crystal lies at an squivalent loca-
tion with respect to its cown surroundings. In tnis case,
summing over the ftranslationally equivalent interactions
without the phase factors (i.e., for k = 0, would give
the same value for all q = 1,2...t. However, for general
values of k one must, according to Eq. (1), compare for
different q the magnitudes of the interaction matrix
elements aiong certain fixed directions specified by the
vector_;n, in the crystal. Since intermolecular interac-
tions are angular dependert and sirce the different sets
of translationally e¢ulvalent moleculss are oriented

differertly in spece, these interactions for the various

¢ are, in general, different for each value of k*{rpr-z,).
Thus the qu{g) are different for each g. A simple
two-dimensional dlagram in Knox's booklu illustrates the
pecint.

Since tke diagonal elements of the zubmatrices are
not equal for géneral values of X, the eigenvalues and
eigenvactors of the subratrices are in general compli-
cated functions of the matrix elements. In the event,

however, that these elexernts were all equal, the eigen-

values and eigenvectors would taeke a sinmplie ferm; or if
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they were not quite egual but if their differences wefe
smell compared with the magnitude of the off-diagonal
elements, the same situation would nold. Neglecting
antisymmetrization, which is not important to the argu-
ments, one could then write the normalized Frenkel sX-
citon'wavefurctlon in this limiting case as:

\Iffa(E) = 2{ Za exp(ik-r Jexplik:T q)fpiq . (2)

n=l q-l

where o designates thé interdﬁénge state formed *roﬁ
different linear comtinations of one-81te excitons,.fq
is the displacerent vector of the qﬁﬁ site from the
origin of its own unit cell, and a.

q
priate coefficlent (21, 21) derived from the interchange

designhates the appro-

representation5 o, The coefficient a; can always be taken
as +1. For example, in the case of crystalline benzene
(space group D%g, t = 4] the four interchange statcs
gfql(k), ?faz(k), ?fuB(k), and ¥TX4 (k) may be constructed

from the four sets of coefficients

ag? = +1, 41, +1, +1; azz = 41, +1, -1, -1;
o

aqf = +1, -1, +1, -1, aé? =+, -1, -1, fl.

where for each set, q = 1,2,3:4, respectively, and with
O = A, &y =3y, &3 = By, A, = By. The 4, By, By, By

~apeling of these functions is by no means unique. The
above choice 1s generated from the Lo interchahge Lroup

whose elements are the identlty E and the three screw
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axls operatlons C%. Cg, C%. defined 1n the usual way.ls
The cholice of convention will be discussed more fully
in ancother paper.7

In the case where all translationally equivalent
‘interactions_vanish, the eigenfunction given by Eg. (2)
is exact. The situation i1s even more favorable for cer
tain crystals! benzene and naphthalene being examples,
where translationally equivalent interactions, skew to
the crystallographic a,b, and ¢ axes, need to ke large
in order to destroy the approximation. Such molecules
are falrly distant neighbors in the benzene and napntha-
lene crystals and are expected to lead to small coupl-
Ing except, of course, when the interactions are long
range as for dipole-dipole terms. Experimental results16
on benzene have shown that even the nearest-neighbor,
translationally equivalent interactions {(along the a,
b and ¢ axes) in the low-lying electronic states of these
crystals, where the transition dipoles for combining with
the ground state are small, are less than 2 cn~L, com-
pared with around 10 em™t for the translationally inequi-
valent interactions. One therefore expects Eg. (2) to
be an excellent approximation. This situation probably
pertains for low-lylng 7-r# transitions in many organic
crystals.,

For Frenkel excitons, the transition dipole operator

‘IJI\ hag Ythe form
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t
= )L M, ®)
q=1""1
N/t .
where M, = 2, Mn q* & sum of dipole operators at the qlb
n=1

site over the N/t unit cells., We approximate the wave
vector of the radiation field as gero, a good approxi-
mation for visible and infrared radiation. The matrix

element of the crystal moment for a transitlion

TYigrt kv Y« fixk pecomes
"
e M 7 00)) @)

Furthermore, for Frenkel ex¢itons, each term of this matrix
element is, for all practical purposes, non-vanishing

only if¢ t1gree ¢ and ﬂ_n.q. all helong to the same
sife in the same unit cell. In this case, using the

eigenfunction given by Eq. (2), the matrix element Eq. {¥)

simplifies to

N/t t

N—l Z . . z | exp(-ik” o7 n) exp (ik. I )
n,n’,n"=1 ¢,q’,q"=1 I ~
X (a ,al )exp( k" 7 v)exp(ik-1,) (5)

X [ f(pnnqn nr ’ Qb ] nnf Gnnuﬁqqy qu .

where'dR is a %olume element associated with électronic~

and nuclear coordinates in a region of the crystal that
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spans the space occupied by the functions 1n the integrand

Thus, the drystal transition moment becomes

N/t ot o ;
-1 a!’ FiJ
: M dR
N %\' qzz:l ag [J g MagPng 9!
where ot = ot X o,

SELECTION RULES

It is easy to see from Eq. (5) that the matrix ele-
ment is nonvanishing only under very special conditions.
The first of these is that X = k",a result that ylelds
. the 4k = 0 selection rule, valid for all k. It should
alsc be noted that, because of this, the matrix element
1s k~independent. It has tThe same value forall k pro-
vided X" = k. 1Thls latter property ls lmportant 1in the
dlscussion of band-~band transitions.l?'la_the result here
being that in thls restricted, dbut important, Frenkel
limit the intensity distribution in such a transition
will be determined only by the exciton density-of-states
function in the upper and lower bands.

The matrix element of the cryszstal moment alsoe vanishes
1dentica11y10 in the case where the direct product re-
presentation " X & = X' does not transform as a crystal
dipole moment operator under the interchange group opera-
tions. Thus, transitions where o' = 4 wlll be forbidden
for the 32 interchange group of benzene. Again, one
should note that this type of selection rule holds for
our specialiéed Frenkel limlt for all k. For the benzene
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'
ol
case, for instance, M transforms as Bl Bg, and D
?

3!

and the selectlon rule shows that, for all k = x",
A+>By, Boren B3’ A+ Bp, Bl"”"*BB- A+—>B3. B14—>B2 trangl-
tions are allowed, while others, e.g., A+« A, Bl<—" Bl.
ete., are forbldden by interchange symmetry. This selec-
tion rule is also important in the interpretation of band-
to=band transitions in molecular crystals héving more
than one molecule per unit cell. |

Since the traﬁsition moment mairix element 1s k-
independent, it also follows easlly that the g«ru selection
rule holds for all k providing that inversion is included
in the site group. In this case, the ¢£q functions hav
the symmetry of the site, and therefore their sum taken
over the wheole crystal transforms as either g or u under
site inversion. In addition, the _llga 's change slgn under
such a.symmetry operation. The g<u selection rule is
therefore preserved for all X in the special Frenkei
limit, whether inversion belongs to the group of the
wave vector or not; and, in general, the analysis shows
that, since the matrix element Eq. (5) is k-independent,
Ak = 0 transitions for any X are governed by the sane

selectlon rules as those governing k = 0 states.
EXPERIMENTAL

Unfortunately, because of the requlrement of a
negative experimental result, selection rules forbid-

ding transitions are often difficult to establish
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especlally since there are factors other than the selection
rule that can cause the transition to be weak. Limits

on tae validity of the selection rules, however, can some-
. times be set. In this experimental section, an attempt".
is made to observe a u«u transition for k.= 0. A limit-
ed number of wvibroniec transitions provide the only method
of testing tﬁe theory as the observatlon of a transition
involving &.#'0 states ("band-to-baﬁd transitions")
regquires thermal excitation of vibrational bands of the
¢rystal. In order to resolve the resulting hot band from
the cut-off absorption of the c¢rystal, the thermally
populated modes must have frequencies larger than the
electronic exciton bandwidth, i.e., they must be crystal
vibrations that correspond to free molecular vibrations,
not .to phonons. In addlition, only a limited number of
final vibronic states for the transition are observable
since the transition energy must remain smallér than thé
cut-off energy. In particular, tﬁermally accessible
hot-band transitions to the zeroth vibrational level in
the upper electronlc sztate provide the most.convenient
(sometimes the only) examples of vibronic band-to-band
transitions that can be studied. Thus, to establish the

selection rules outlined in this paper. not only are

negative experiments required, but also there is the furth-

er condition that only an extremely limited number of
transitions aré avallable for this kind of study, at

least as far.as vibronic transitions are concerned.
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Perhaps pure vibrational transitions in very long, highly
purified crystals would provide a better way of testing
the theory, but such experiments are a little more d4if-
ficult and have not yet heen carried out.

In the case of crystalline benzene, long-range
interactions related to the lBZu electronic exciton band

are thougnt to be W&ak.lé

This crystal therefore should
provide an example of the transitions described by the
theory. Because of the nature of the experiments, 1t is
to be emphasized that the results certainly do not "prove®
the theory. At the moment, they seem to be the only avail~
able experiments pertinent to the question, and for this
reason they are briefly mentioned here. In the future,
when sufficiently pure anthracene can be. prepared, the
experiments will be-repeated with this crystal. The
lowest-lying anthracene singlet transition milight provide
an example where long-range interactions are sufficiently
large to spoll the selection rules derived here. |
The benzene orystgllg is centrosymmetric with site
group Cj. Exciton band<— exciton band absorptions, where
all the k levels ofla lower energy band are thermally
populated, have been studied. In this case the 4k = 0
selection rules aré not pregent. In 5 cm érystals of
highly purified benzene29 the u < g ,band « band absorp-

tion to the leu (37,800 cm™F)

electronic exciton band

originating from the'ﬂg(ezs. 606 cm”l) vibrational exciton

band in the lAlg electronic ground state was observed.zl
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See Fig. 1. The spectra were taken at liguld nitrogen
and lower temperatures, the relatively long crystal path
length being requifed for detection of the weak hot-band
absorptions at such temperaturesc. The details of the
experiments and the resulting analysls of the leu exciton
~‘band will be published later. Thermain point here is that
the u<—u hot bard corresponding to a 1B2u44){6 {en,
Lok cﬁi) transition was not observed even though the
u < g hot band absorption 1B2u<~=9g was easily detectable.
Under these conditions most hot band transitions are
expected to origlinate from other than ¥ = 0 states. At
65°K the Boltzmann ﬁopulation of the\)fé band 1is about
80 times that of the Vg band. It is estimated from the
spectra that at this temperature an absorption 100 times
weaker than thei)g hot band could have been observed.
Thus the strength of the 1B, gs— Z/¢ transition is at least
8000 times weaker than the corresponding one involving
the:bé vibration. Using relative strengths estimated
from the fluorescence spectrﬁm, it can be shown that
‘the leﬁwﬁ i; transition is at least 1000 times weaker
than the 0-0 transition. '

It should be pointed out that some u <« g transitions

in erystalline benzene are also extremely wesak compared

" with the 0-0 transition. Thus not observing the /14

hot band does not prove the validity of the thesory but
is certainly consistent with it.
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Figure 1. .Schematic band structure of crystalline
benzene showing some allowed‘{—-) and

forbidden (~-~)} transitions.
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furctions by the crystal field. For thls reason, the

because of the distortion of the molecular eigen-

integral in Eq. (5)_does not vanish, for example, when.

f* corresponds to a 3,5, state of molecular benzene and
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retry of the molecule were retained in the crystal,

1B2u and 1a not only as a con~

1z
venlent labeling device, but also because in the Frenkel

We retain the notation:

1imlt distortions of the molecular wavefunctions are not

very severe.
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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
constanis) causing these splittings. Not only do the
splittings and associated polarization studies in neat
(purc) erystals 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 N
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
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constants for vibrational and electronic excitons in

crystalline benzene. The purpose of this partieular
paper is to lay a consistent theoretical framework
for the discussion of these experimental papers.
Emphasis will be placed on k= 0 states, isotopic
mixed crystals, and translationally equivalent inter-
actions, as well as the Davydov splittings. The inter-

change group cohcept is introduced in order to-simplify

the theoretical analysis. From the four possible
interchange groups D, ?\2%, gg,, 92%, the D, 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 and quasiresonance inter-
action terms for the 1Bzu electronic exciton band and

the vibrational v,a(byy), v,;(beu} and v, (e,,) exciton

bands are discussed in order to illustrate the theoretical

concepts.
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I. INTRODUCTION

The benzene molecule has long served as a prototype for the study of
7 -electron systems. The benzene erystal has heen of similar importance in
the study of intermolecular interactions. The experimental investigation of
vibrationall and electronic2 transitions in solid benzene paralleled the
theoretical development of symmetry consideration33 and exciton theory4
‘for molecular crystals. Several review articles discuss much of this past

work, 5 More recently, a powerful approach to the investigation of exciton

6 using off-resonance

-interactions, first mentioned by Hiebert and Hornig,
techniques in isotopic mixed crystals, has been utiliz.ed'7 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 confuéing o‘r ‘mcorréct 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 eigenfunclions and eigenvalues of E = 9 states and transition probabilities
involving these states, the meaning of site-group splittings, and the causes of
breakdown of oriented-gas quel polarization properties. It is partly for this

reason that we undertake to redcvelop and extend the subject. In doing this we

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

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

possible shortcomings of 4 first-order theory.
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One of the specific purposes of this paper is to emphasize the import-
ance of discussing exciton interactions in terms of precisely defined exciton
coupling constants rather than splittings, band shapes, or overall bandwidths.
While it is possible to derive uniquely these characteristics of the exciton
band from the coupling constants, the converse is not generally true. In
particular, for the case of benzene, merely giving the splittings among the
observed three Davydov components, as has been done for hoth electronic
and vibrational bands, in no way f{ixes the magnitude or relative signs ol 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 uniquely define the Davy-
dov splittings, but they also give detailed information concerning the
directional properties of the excitation exchange interaction. This provides

a much more sensitive test of theoretical calculations, which in the past
have been compared only to overall splittings, and thus presents a means

of determining the origin of these interactions (i.e., in the case of electronic
excitations, mixing with ion-pair exciton states, 8 octopole-octopole inter-

4b 7

actions, *~ exchange interactions, ' etc.).

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

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

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

A. Site, In‘cerchangez and Factor GrouE Sxmmetrz

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

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

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

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

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

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

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

and improper rotations, screw rotations, and glide refiections. 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;%(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

translationally inequivalent molecules corresponding to the four sites
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Figure 1

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

. the center-to-center distances at 77 °X between molecules i and j.
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- per unit cell are labeled I, II, IIT, IV. The interchange operations in the
benéene crystal are the screw axis rotations Ccl, C;D , and C,°; and the glide
plane reflections a? (= in’), O'b (= iCzb), and ¢ (= in). Considering the
translations as interchange-identity operations E, certain sets of the above

10

mentioned operations generate groups ot order four™ " 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
benzene crystal: (223’ ={E, C2, o-b, o°}; sz? ={E, ¢%, Czb, ¢©}; 92‘5’ =
{E, &, crb, CS}; and D, = {E, cd, CL,b, CS}. The particular set {E, cl,
cP, C} is unique in that it has the virtue that the right 6r left handedness
of a coordinate system attached {o a site is preserved upon such permuta-

tions. We therefore call the set D, the proper interchange group for the

benzene crystal.

The factor group D, for the benzene crystal is generated as
the direct product of the site group and the interchange group, D, X Qi for
the particular case of the proper interchange group. This relationship among
site, interchange, and factor group symmetry holds, however, for all inter-
change groups, proper as well as improper. The space symmetry of the
crystal is generated from the factor group symmetry and the translational
symmetry; or, alternatively, from the site and transpori symmetries, or
the interchange and site-translation symue try §(al) delined by Vedder and
Hornig.5b The correlation among the benzene molecular point group and the
site, interchange, and factor groups in the benzene crystal is depicted in
Fig. 2. It should be noted that the only non-trivial symmetry of the molecule
that is carried over to the site, and therefore to the factor and space groups,

is inversion.
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Figure 2

Correlation among groups pertinent to the benzene crystal.
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B. Generation of Exciton Fuactions

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

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

£ £ A
= Q
Pog Ly ng ngn Xarg 1)

where £2 is the electronic antisymmetrizing operator, n labels the unit
cell, q labels the site (I, II, III, IV} in the unit cell, and ¥ ng is a crystal

site function (see below). From these functions one can generate the one-sgite

exciton functions in the Bloch representation, de
f 5 /4 f
= —z ik~
¢le) = (N/4) n§1 explik Ry )9y (2)

where Enq denotes the position of the center of a molecule located at the
qfll- site in the nm unit cell with respect tv a common crystal origin, and

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

Enq - Kn + Inq ’ . (3)

with r  defining some convenient local origin in the ot unit cell and Tng
being a vector from this local origin to site ¢ (=1, II, I, IV) in this same
unit cell. Note that because of translational symmetry, Tng is identical
for all n. Therefore, we shall hereafter drop the subscript n.

Before going further oﬁe must be specific about the site numbering.

One scheme is as good as another, but it is important to be consistent and

_glways to state explicitly which convention 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 D,, we define the numbering scheme for
ot 2oy — ol cPek(0) —

¢§H(Q); and c§¢§(9) —> qbi-v(g). In the same way C> "interchanges" sites III

benzene ag in Table I such that for k =

and IV, CE "interchanges' sites Il and IV, while 02 "interchanges' sites II
and III. This is the same numbering. scheme as used by Cox but is different

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

C. The Crxstal Hamiltonian

We now proceed to determine the Hamiltonian matrix elements for the

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

0 .
divide H into a one-site Hamiltonian E and an intersite interaction Hamiltonian
H!

N/4 IV
= ), ) H(a) (4)
n=l q=l
N/4 IV N/4 IV
vl ! 5
=E L LT L oy By ) Ban'a) 5)
* where 5nn’ 6qq =1 for n =n’ and g = ¢’ simultaneously, and zcro otherwisc,

The elgenfunctlons of H (nq) are ]ust the crystal site functions Xng introduced
in Eq. (1). It should be emphasized that Eq. (4) does not provide for multiple
excitations of two or more gites, and therefore places at least a part (for
example, the R™® part) of the van der Waals energy in H’. Mixing with Wannier
exciton states or ion-pair states must also come from H’ when using the tight-

binding representation.
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Table I

0 one-site excitons
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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 maltrix is thereiore
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 thc molecule is considered and if the erystal
structure is such that there is only one molecule per unit cell, i.e., if all
N molecules in the crystal are translationally equivalent, then the NX N
Hamiltonian matrix simply consists of N diagonal terms of the type
(f,}:\]H[f, k), where f,k represents the function (and its complex conjugate)
——— of Eq.(2) for a single g, and where H=H"+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’,E]H[f’,E) and
(f”,leIf",k) . Since in general cp(fl(g) need not be an exact eigenfunction of H .
because of the choice of xf there may be "configuration interaction' terms
(f’, k[H]f” k), giving rise to a matrix consisting of N 2 X 2 blocks along the
main diagonal. Many such singly excited configurations [, {”, {*”+-+ may
have to be considered. In addition, again depending upon the choice of

representation, there may be multioly excited configurations of the crystal

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

the doubly excited configurations constructed from localized excitation functions,

N
frin PR l v
nrf n” = é l‘l’ Xﬁl" | Xo (6)

n=n/,n” 1
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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
(£, k|H|00,k) and (f'i",k|H|{0,k) .

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

liftle more complicated. Considering only a single, non-degenerate excited




50

state f, the full N X N Hamiltonian matrix consists of N/4 4 X 4 Hermitian
submatrices, each submatrix labeled by a unique k, along the main diagonal.
Off-diagonal elements within each submatrix arise because of interactions

among the four sets of translationally inequivalent molecules (i. e., sites).
Matrices of higher-order than four would have to be considered if f described
a doubly degenerate molecular state (in which case the N/4 submatrices are

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

- excited configurations were to be included.

D. First-Order Frenkel Theor

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 f-t-ll excited state of the molecule, are,

N/& .
L f:(k)- E exp ik- (’r =T lexp'ﬁé- Ee-t,)

x f(prf; HﬁbgrqrdR. (7)

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

g =q and n =n’, from the k dependent terms; and write,

‘where
&= fof Onq T gq]q aR (©)
% .
(10)

vy f
pf = fqbnfqﬁtpnqdR.
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Using an approximate Hamiltonian matrix, in which certain non-nearest
translationally equivalent interactions are assumed negligible, the
normalized crystal eigenfunctions ‘I,fa@ may be expressed in terms of

the representations a of the D, interchange group. They are:

1V
fa L o f
) = 4 2
(k) = 3 £ 3 N (k) (11)
where the ag are coefficients corresponding to the o representation of D,. For
a=A, aés‘ = +1, +1, +1, +1 when q = I, I, II, IV, respectively. Similarly,

a.c]?l = +1, +1, -1, -1; an2 = +1, -1, +1, -1; and aq&= +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:

wih) -

L)

tofr-

®1Q@ + ot (@ + od(@) + oo
#B10) = 1650 + o7 (0) - B0 - B0

HA(Q) - 47(@ + i) - Hy(@)
0@ - oD - Bi©) + By (Q)

The functions "Irfa (0) map into gerade or ungerade functions of the ch

(12)

‘I’fBz(Q)
¥'Bs(g)

It

factor group depending on whether xf is gerade or ungerade. The
complete correlation diagram is given in Flg 2.

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

that may arise when an i'mpro_per interchange group is used. Group theo-

retically such improper groups are correct; but they can certainly lead to
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confusion in practice. In any case, both for those Who use the proper inter-
change.group and for those who insist on using improper ones,it is important
in molecular erystal spectroscopy that the convention, whatever it is, be
stated explicitlﬁ. Even though the difference of results is only a matter of
phasing, in order to compare calculated and experimental quantities it is
important to know just what phase relation is used by any particular author!

It should perhaps be pointed out how not to form interchange or factor

group representations. Symmetry elements present in the molecule but
absent in the site have no significance in the crystall Using them to find
the interchange or factor group representations is definitely incorrect in
principle and, at best, misleading in practice. This procedure, introduced
by Davydov (see p. 43 of Ref. 4a), has consistently given wrong or
inconsisteqt resulls for the benzene crystal; though usually the reshults have
been correct for systems such as naphthalene and anthracene where there
are only two molecules per unit cell. For instance, Davydov (p. 56 of Ref.
4a) gives only a pair of factor group components (and different ones at that!)
for B,, and B,, electronic states of benzene even though he employs four
molecules per unit cell. The reason that Davydov obtained incorrect results
for benzene was not, as is often sta.ted,ze’4b 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 erystal,

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

In the paper of Fox and Schnepp, 4D 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
refined crystal siructure data of Cox. o They correctly found four factor

group components for each nondegenerate state of molecular benzene in
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agreement with Winstori3d; but the crystal functions they obtained for the

molecular B, state belonged to different factor group representations than
those for the molecular B,; state! Both B, and B,; states, and for that
matter all u states of benzene, have identical site and factor group repre-
sentations and should therefore all be described by the same type of crystal
wave function insofar as symmetry is concerned. It is_ easy to see from
what we have ovresented here and in Section II-A that the treatment of Fox ard
Schnepp actually amounts to the use of the QZ‘P interchange group for the
le molecular electronic state,and the ,C\z& interchange group for the
1B211 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 cowling constants be-
come obscure.

One last thing should be pointed out. The use of projectioﬁoperators14
does indeed guarantee that the crystal functions are eigenfunctions, but does
not specify a convention, unless the phases of the functions used in this

method are explicitly identified with certain interchange operations. 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 djffer-
entiate hetween site functions and free-molecule functions when considering

intensities and polarization properties of transitions. A breakdown of the
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orientéd gas model for intensities can occur because of site distortion even
in the absence of large energy perturbations by intersite interactions. This
model, for example, would be obviously inappropriate in cases where a weak
or forbidden gas 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 Hr:a,lforde’c and further discussed by Winston3d is somewhat ambiguous.
These authors envisioned the distortion at fhe site as arising from a general
"erystal field". This sort of language is convenient for many problems, and
in particular for the discussion of the vibrational states of crystals, with
which Winston and Halford were primarily concerned. For the vibrational
problem it is easy to separate crystal field eifects in K from interaction
terms in H' . One merely considers in K a molecule in the crystal where
not only the nuclei but also the electrons have been distorted. This leads to
different equilibrilim nuclear positions and different (_intramolecular) 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 p.art of
the "crystal field" and which should be included in H’ ?

Three possible choices of electronic basis functions Xflq come to mind:
1) the Xfl q could be eigenfunctions of a free, undistorted benzene molecule;

2) X‘f‘l g could be eigenfunctions of a distorted benzene molecule in some "'average

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

The first choice is undesirable since the symmetry of the terms in Ho
is 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 s_hall 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 effe;:ts 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 cnergies. Such contributions are exﬁ:ected to be particular';gf
important for electronic excita;tion. . |

The second type of basié function may lead to the kind of ambiguity
| mentioned carlier since terms in I—Io representing the "crystal field'" contain
intermolecular interelectronic interactions usually included in H”, It would
be desirable to choose H to be an "effective Hamiltonian'' such that the
eigenvalues (0 | H |0) and {f [HO |£} already include the k-independent
configuration interaction and van der Waals terms. However, such an
effective Hamiltonian cannot be written down in terms of one-site functions
as in Eq. (4); and to include multisite functions in B would destroy the useful
Frenkel exciton formalism upon which the above theoretical resulis are
based. We therefore abandon this extreme api)roach in the case of
vibrational aﬁd low-lying electronic states of benzene, which we feel

lie. very close to the Frenkel limit. -
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To employ a less extreme érystal field model, where only one-site
terms appear in i 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 Dy, model, but the value
of each energy contribution differs for the two models. Even the k-dependent
energies differ for the three models. One therefore must realize that, just
as in other problems, individual terms in a total energy expression have
different values depending upon what representation is used, and the terms

add up to the true total energy only in the highest order of approximation.
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F. Band Energies

The k-dependent energies of the exciton band can be obtained in closed
form to first-order in crystal site wavefunctions from the approximate
Hamiltonian mairix discussed in Ref. 13. This first-order energy,

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

B = £ - £ - c.p .+ i, . (13a)

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

E®K = ¢+D+ L% +Wa+w W@  (13b)

In these equations &£ fo (k) and e’ are, respectively, the excited and ground

state energles of the crystal, € = ef - €° where ef and € are the exc1ted and

ground state energies of a molecule d.L the 51te Whose elgenfunctlons Xflq re
specified by some particular site representation; D = Df D is a k- independent
band shift term; and Lfa(k) is the k-dependent energy associated with the ath
irreducible representation of the inlerchange group. The quantities ef and

D! were defined in Sec. II-D ; ¢&® and I° are analogously defined except that
ground state site functions q& q are employed. To first order, the k-dependent
energy Lfa(&), which is of primary importance in the consideration of the
exciton band structure, is a function of the k-dependent mar.rlx elements

Lf ,(k) defined in the last section:

L9 = 109 + off Lyl + af Lyl + any Ly (14)

f

We have dropped the subscripts on the diagonal element L qq(,lg} since the-
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approximation from which Eq. (14) is derived rests on the fact that

L = Lypflo = Lyppd® = Ly v, (15)

for eachk. Equation (15) is not an approximation, of course, for some -
4g '

special values of k such as k = 0.
The quantities W and w (k) in Eq. (13b) represent the contributions
from higher-order k-independent shift terms and higher-order k-dependont
energies, respectively. Again, if is {o be emphasized that, while the value
of EI? (I,g) in Eq. (13b) is independent of representa.tion, the values of the
individual parts vary with representation. If free-molecule eigenfunctions
are used for the site functions X]flq: thén € is 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 only the usual configuration interaction
and van der Waals terms, but also terms, both k-independent and k-dependent,
arising {from energy changes caused by nuclear distortions at the crystal
site. If the xflq represent functions far a free molecule whose nuclei have
been distorted, then €, D, and pie (k) all have different values than if
determined from undistorted free-molecule functions; and W and w (E)
are also different. | |
Rather than specifying any particular representation in this joaper, for
the purpose of fitting the experimental data we shall simply é.dopt the form
of Egs. (13a) and (13b) with the understanding that the theoretical values of
the parameters depend upon the particular representation chosen.
If the higher-order lfc\-dependént terms W(E) are negligible_, the simple
form of Lfa(g) discussed in the preceding sections is preserved. We shall

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

tations in crystalline benzene, and shall show in this and subsequent papers that
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such an assumption does not conflict with experimental evidence. Even
though the higher-order E-depéndent terms must be ignored to preserve

the simple fqrm of our equations, for the purpose of fitting expérimental
data all the higher-order k-independent shift terms, such as the van der
Waals terms, may be included without difficulty. Neglecting the w(k),
p————a good apprbximation when perturbing bands are far removed from

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

E%) = T+ LK) + A, 16)
where

A=e-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(g_) and A can be imagined by the experimentalist
as the g\-dependent . enefgy and site ghift term that give the best fit
of the observed exciton band energies relative ‘to the free-molecule enle'rgy,
and by the theorist és quantities to be calculated using first— and higher-
order perturbation theory starting with the best available site functions .xfl q°
It is possible further to decompose A for degenerate states into g shift term
and an intrasite resonance shift contribution. This approach will be t;a.k.en in
a future paper from this laboratoi*y concerning crystal site effects for the
benzene system. 15 Knowing Efa(E) and €, exper_iments can generally shed
light only on the overall values of Lfa(li) and A, not on the source of these
terms. 16

| 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 from site

statés other than the ground and particular excited state with which one is
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dealing, and is representation-.dependent. There has been some ambiguity

in the literature about this D-term. Some workers, while using a definition

of D similar to ours,and free-molecule basis functions, have tried to equate

| it to the total experimental gas-to-crystal band shift for the transition. This,
of course, is a highly erroneous kind of correlation, especialiy 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 molecuiar
functions. In some cases,:'buf not benzene ,there is also the possible presence
of large k = 0 shift terms Lf(JQ;), that cause the mean value of thek =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 chem_ical 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 A is probably not justified.’
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G. Coupling Constants and Davydov Splittings

4b, 41,7 concerned with the exciton structure of
first-order
crystalline benzene expressed/energies in terms of coupling constants, M_,

Some earlier papers

a
M, Mc’ M; ¢ My and My ry, dropping thg superscript f, whence,

LY(0) = 2M,(0) + 2M,(Q) + 2M,(0)

f -
Ly Q) = 4My 11(0)

g (17)
Lp @ = 4Mp 1(0)
Lp (@ = 4M; (@)

- there being an idgntical set of translalionally 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
inequi.valent 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
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equivalent interactions lying skew to the crystallographic axes have been omitted, 13
the energy contribution Lf(g) in Eqs.(17) is approximate even for k =0,
However, for the 1B2u and 3Blu elecironic states of benzene, and undoubtedly
also for vibrational states of benzene, the approximation is an excellent one
because of the smallness of the omitted terms (vide infra).

For the particular case of k = 0, the resulting four energy levels
associated with each nondegenerate molecular state are the Davydov components.
These are important since they are the only ones that can be reached by inter-
aclion with radialion from the k= 0 ground state of ’ghe crystal. In terms
of the coupling constants, and with respect to a2 common origin,

€+ A+ Lf(.G), the 1:’: =0 energies are:

CE(4) = 40Mpp+ My e My gy)

| 18) -
E(B,) = 4(-Myy+Mqp-Mpy) f18)
E(By) = 4(-Mpqp- My + My ),

where it is understood that the qu,'s refer to E = 9 These equations are
exact for the Frenkel model, It should be noted that the
mean value € + A + Lf(g) of the Davydov components lies at the mean value
€ + A of the exciton band only in the case where all k-dependent translationally
equivalent interactions are negligible. Lf(;Q) will be referred to as thek =0

Ea

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

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

mines the position of the guest energy levels in the ideal case (vide infra).
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H. Stte Groug Sglitting and the Ideal Mixed Crxstal

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 Split'ting;3a and has been

primarily studied in the vibrational spectrum of molecular crystals, but is
certamly not 11m1ted to v1bra.t10ns alone

In order to be able to discuss site group Sphttmg without compll-
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 substitution on A 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 into
agreement, as close as is thought possible, the cbserved site group split-

ting in isotopic mixed crystals and the original idea3a that site group

splitting is the result of the static field {E-independent) interactions at the site.
In the ideal mixed crystal the site group splitting of a degenerate gas phase

band will therefore be
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Figure 3

Schematic exciton structure--benzene.
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guantitatively identical to the difference in the A terms of the originally

),

degenerate components. Symbolically this can be written as (1.\.X - Ay
where x and y designate the degenerate components. (Sef_e Fig. 3.)
In thé neat crystal there are additional resonance contributions to the
splitting of iree-molecule degenerate states. Excitation exchange interactions
will couple not only site group components of one kind (say x} among different
sites, but may also couple site group components of different kinds (x and y)
among the various sites. The last statement is certainly true when both "kinds"
belong to the same site group species (benzene!) but also in some cases where
the two 'Kinds" belong to different site group species. ! In other words, any
degenerate or nearly degenerate levels present after the static interactions have
been introduced may be further coupled together by the dynamic (lfg-dependent) inter-:
aclions in the neat crystal, or by quasiresonance interactions in the mixed crystal {(vide
infra). This statement holds whether the near degeneracy arises from site
group splitting or from accidental degeneracies present in the system. The
latter. case when applied to vibrational levels resenﬁbles Ferml resonance,
It is different from {ypical Fermi resonance in that the effect is an inter -
molecular one and that anharmonicities of the usual type need not be present

to effect the interaction.

The essence of the last paragraph is that whenever site group

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

cannot be handled even conceptually as a simple supcrposition 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 oblainable. A separation
of the two effects would be justified as a first approximation only if: (a) The

site group interaction is an order of fna,gnitude larger than the 'resonanée
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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(g} if the mean value € + A+ Lf(g) of the Davydov
components is independently known. Similarly, if Lf( 9) is known to be negligible,
the ideal mixed crystal level can be equated to € + A. For the case of benzene
vibrations where the Lf(g) are expecied to be small, this provides a techunique
for finding the position of the "forbidden'" Davydov component. While these
concepts wére implicitly utilized by Nieman and Robinsoanor the determina-
tion of the Davydov structure of the lowest excited electronic states of the
benzene crystal, their usefulness  was neglected in the concurrent

interpretation of both electronic and vibra,tiona.l5e exciton structure.
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I, EXPERIMENTAL METHODS AND RESULTS

7 on the “B,, electronic

The experiments of Nieman and Robinson
exciton band were repeated. These results will be discussed in some detail
to illustrate the theory and to derive the exciton coupling constanis using the
D, 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 before use. The CH; was obtained
from Phillips Petroleum Co. (99.89 mole % pure) and was used without
further purification. The neat crystals for the im"rax"ed experiments were
made by piacing liquid benzene between two Csl windows, which were pressed
fogether in a sample holder. The holder was made from brass and was fitted
with indium in order to apply firm, uniform pressure to the soft salt windows.
A few drops of benzene were placed on the CsI window, and the sample holder
was assembled and attached to the bdttom 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 temperature one could see through the sample, and even
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~upon subsequent cooling to 4. 2°K the sample remained clear. Sample thick-
19

-ness, estimated from measurements of absoclute absorption intensities = in

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

7 was employed.

nique similar to that used by Nieman and Robinson
The concentration of the isotopic mixed samples was about 1% guest
in 99% host, This low concentration was used in order that complete isolation
of the guest in the host crystalline lattice could be effected even though to
detect infrared absorption this meant that larger, less convenient sample
thicknesses were necessary, The thicker samples were made with a 0. 050
inch indium wire gasket placed between the Cs] windows. When compressed,
this spacing was approximatély 0.75 to 1, O mnm thick. The gasketl was not
made into a closed c.ircle , allowing an entrance into which the liquid sample
could be introduced. However, indium 'tails", with which the sample holder
could be sealed after it is filled with benzene, were left attached. The well-
mixed 20 sample was then placed in the holder, sealed, and solidified as
discussed above-. After cooling to T7°K the sample was heavily crackec_l,
. 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 presented in Table II and in Figs.4,5,6, and 7. The

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

poried in the literature. 19

IV. DISCUSSION OF EXPERIMENTAL RESULTS

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

different "sources!' By varying the isotopic substitution, guest energy states
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TABLE II. Some u-vibrational levels of C.H, (in.cm ™)

Polarization
a Neat and e
Symmetry Gas CeHg in CgD; Crystal Symmetiry
1030.0
1032.5
1034.8 1033.3
eV ) 1037 1038. 6 1034. 6
1038.9
10639.8
blu(ylz) :
1010 1011.3 1006. 9 ¢ By [
1008. 6 b B
1009. 7 a By
1142.5 c By
bou(vys) 1146 1146, 9 1148, 6 a By
1150.3 b By

2S. Brodersen and A. Langseth, Mat. Fys. Skr. Dan. Ved. Selsk 1,

1 (1956).

P Cur measurements.

©S. Zwerdling and R. §. Halford, J.Chem. Phys. , 23, 2221 (1955).
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Figure 4

Infrared spectrum of the e, {¥;;) fundamental of 1% CyH, in

C.D; at 4. 2°K, showing 3.8 cm | site group splitting.
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Figure b

Infrared spectrum of the e,y (¥;4) fundamental of neat C;H, at

4. 2°K.
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Figure 6

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

1% CgH, in CgD, at 77°K.
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Figure 7

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

1% CgHg in CgDg at 7T7°K.
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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.

A. CgH, Electronic Band -'B,

The interchange group structure of this state, as obtained from neat
and isotopic mixed crystal absorption spectra, is given in Table III and Fig.
8. In neat crystalline C.H,, the 0-0 line of the iBzu - lA1g transition21 has
been observed both in absorption and emission. Because of the interchauge
group selection rules for these processesls(AE =0; B, = By; B, ~— By
Bz — B,;; A ~— B,, B;, By), only the k = 0 components of the B;, B,, and
B, bands can be observed for transitions involving the totally symmetric
k=0, Ag) ground state of the crystal. Thus the E(A)} level, or alternatively
the mean value of the Davydov componénts, must be ‘loc:ated by an indirect
method to obtain the M values in Eq. (17). -

The 0-0 component in emission is found to be coincident within
5 cm” ' with the lowest interchange group component cbserved in absorption.

therefore
From the selection rules, one can/conclude that the lowest interchange com-
ponent has B symmetry and that its k = 0 level is at or near the bottom of the band.
If a state of B, symmetry were not the lowest factor group component, or,
if the k = 0 level were not its lowest state, we would not have observed the 0-0
transition in emission, but would have observed only transitions terminating in
vibrational exciton bands of the grounﬁ electronic state. 13 (In agreement
with this expectation is the fact that only a slight increase in temperature is
. hecessary for complete removal of the 0-0 band in emission. 13) Without
making extensive polarization studies, it is impossible further to assign this
state to any one of the three possible B levels (Blu’ B, Bsy) The assign-
ment of the lowest level to one of the B, levels is consistent with the

conclusions reached by Nieman and Robinson, T
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Figure 8

Davydov structure of the 1B2u electronic state of C H; using data of

Nieman and Robinson. The mean lies at 37,872 cm ™. See Table IIL
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As mentioned above, in order to obtain the M values from the experi-
mental data, either the position of the A level or the mean value of the Davydov
_ components must be known. Following the method of Nieman and Robinson, and
providing the ideal mixed crystal limit can be approached irn this way,
-the latter quantity can be evaluated from isotopic mixed crystal data to which
small corrections due to quasiresonance shifts and the k = 0 shift term Lf(O)
have been applied. First, the supposed ideal mixed crystal value of the transition

energy (€ +4)is obtained by correcting the observed 0-0 transition of the isotopic

mixed crystal CgHy in CgDg for the quasiresonance shift, 7
6 ~ 48°/AE, . (18)
where,
2 _ g2 2 2 z. 9 .2
87 = Myp+ M+ Myyy + 500, + M, + M), | 19)

The B of Nieman and Robinson is used, i.e., 8 =18 em". The k = 0 shift is
then determined such that the g calculated from the splitting and shift terms
[Lfa(g)] agrees with the measured value; Using the D, interchange group and
accepting with reservations the interchange group assignments of the observed
levels obtained from polarized absorption experiments: cwith reservations as
discussed in Ref. 7, we then calculafce from Eq. (17),

MI qg=+ 6.9 eni™

M +12.4 o

Imr =
My = +11.7 e,

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

A = -224 cii” can be found from the ideal mixed crysfal 0-0 transition energy

(37,862 cm™), determined as above, and the gas phase 0-0 transition energy (36, 086 cn:fl)
Thus we find that the average ,lg-ihdependent crystal binding energy is about 6. 0%

larger for an excited state molecule than for-a ground 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 -6.9 cm ™, -12.4 cm,
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-1
and +11.7 cm , as they did not use the D, interchange group but instead used

‘the method of Fox and Schnepp4b

23

in the determination of the symmetry of

their wave functions,
More recent data are apparently inconsistent with the interpretation of

Nieman and Robinson. Data on the reverse isotopic mixed crystal, C;D, in C,H,,
and on band~to-band transitions seem to suggest a total exciton bandwidih only
‘about 1/3 that given by the above M values. This discrepancy, thought to be

- caused by an isctope effect on the electronic Aterm, is presently the object of

further investigation. The new results, which indicate that in benzene the ideal
mixed crystal cannot be approximated accurately by the technique of isctopic

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. 18.

B. Ground State Ungerade Vibrations

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

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

will be discussed in detail below.

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

splitting that occurs in degenerate vibrations of guest molecules in an ideal
mixed crystal. In order to approach the ideal as closely as possible, the real
mixed crystal should e an isotopic mixed crystal in which the guest-Lost
quasi-resonance interactions are reduced to a minimum (i.e., for our case,
C,H, guest in a C;D; host or vice versa). Such a choice essentially eliminates
contributions from resoilance interactions to the observed site splitting. Using

this mixed crystal, a 3.8 cm © site group splitting in crystalline benzene for
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~the e,y vibration v is observed. See Fig. 4. Since the interchange splitting

. for riondegenerate ungerade vibrations is about 10 cm'l, a quantitative treat-
ment, using site group and interchange group concepts of the degenerate vibra-
tions in the neat crystal does not appear possible. The neat crystal spectrum

' of the e,,(v,;) 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 leu 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 C;H; and C,Dy, indicate that the quasi-resonance
corrections are negligible {legs than 1 cm'l)_a,nd that A is small and inde-
pendeﬁt of the isotopic substitution of the host. Recent calculations of the

Davydov structure of benzene vibrational bands,25’ 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 componenis 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 calculalion of the
complete interchange group structure (see Figs. ¢and10). Using, with

reservations, the polarizatidn results of Zwerdling and Ha.lfcard1e

we can find

My p Mg qqp» and My py for both the bpulv,s) and (v, ;) vibrational bands.

The calculated energies, M values and 8 values ;Eq.(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,

notedjfthat the factor group structures corresponding to the same normal mode

in erystals of C4H, and C,D; are nearly identical. From the calculated 8 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 Eq.(18)one finds that the quasi-re sonance correction is less than the
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Figure 9

~ Vibrational Davydov structure of the by, (v,,) band of CgH. The mean
lies at 1011.3 cm .
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Figure 10

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

mean lies at 1146.9 ¢m .
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-experimental error, as was assumed. A discussion of the interaction terms

will be given elsewhere. 1226, 27

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 iniroduced,

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

3) It is emphasized that site wave functions X,fl q’ and not molecular

wave functions, are the oncs of greater significance.
4) Static and dynamic interactions are distinguished and are associate.d, |
respectively, with k-independent and k-dependent terms of the Davydov
energy equation. These interactions are associated with gite operations
and transport operations, respectively.

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

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

group splifting. We have therefore used the term site oroup splittine 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 1B211 electronic exciton band

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



92

REFERENCES

1(a) R. S. Halford and O. A. Schaeffer, J. Chem. Phys. 14, 141 (1948);

{b) R. Mair and D. F. Hornig, J. Chem. Ph}s. 17, 1236 (1949); (¢) A. Friihling,
Ann. de Phys. 12° Série, t. 6, 26 (1951); (d) S. C. Sirkar and A. K. Ray,

Ind. J. Phys. 24, 189 (1950); (e) S.Zwerdling andR. S. Halford, J. Chem. Phys.’
23, 2221 (1955).

2(a) V. L. Broude, V. S. Medvedév, and A. F. Prikhotko, J. Exptl,
Thearet. Phys. (U.S. S R.);?.\}\, 665 (1951); (b) V. L. Broude, V. 8. Medvedev, and
A. F. Prikhotko, Opt. i. Spektr. 2, 317 (1957); (c) V. L. Broude, Usp. Fiz.

Nauk 74, 577 (1961) | Engl. Transl. Sov. i’hys. --USP 4, 584 (1662)];
(@) V. N. Vatulev, N. I. Sheremet, and M. T. Shpak, Opt.i. Spektr. 16, 315
(1964); (e) A. Zmerli, J. Chim. Phys., 36, 387 (1959). |

3(a) R. S. Halford, J. Caem. Phys. 14, 8 (1946); (b) D. F. Hornig,
~J. Chem. Phys. 16, 1063 (1948); (c) H. Winston and R. S. Halford, J. Chem.

Phys. 17, 607 (1949); (d) H. Winston, J. Chem. Phys. 19, 156 (1931); (e)
L. P. Bouckaert, R. Smoluchowski,and E. Wigner, Phys'. Rev. 50, 58 (19386).

4(&) A. 8. Davydov, Theory of Molecular Excitons, (McGraw-Hill,

N. Y., 1862); (b) D. Fox and O. Schnepp, J. Chem. Phys. 23, 767 {1955);
(¢) D. P, Craig and P. C. Hobbins, J. Chem. Soc. 1955, 539; (d) D. P.
- Craig, J. Chem. Soc. 1955, 2302; (e) D. P. Craigand S. H. Walmsley,
Mol. Phys. 4, 113 (1961); () D..P. Craig and J. R. Walsh, J. Chem. Soc.
1958, 1613; (g) A, S. Davydov, Usp. Fiz. Nauk 82, 393 (1964). [Sov. Phys. -
... USP1T, 145 (1964). ] |
5(&) D. S. McClure, Solid State Phys., 8, 1 (1958}‘;, (b) W. Vedder and
D. F. Hornig, Adv. Spectry. 2, 189 (1961); (¢) O. Schnepp, Ann. Rev, Phys.
- Chem. 14, 35 (1963); '(d) D, P. Craig and S. H. Walms.ley in Physics and




93

Chemistry of Organic Solid State, Vol. I, ed. by Fox, Labes, and Welssberger,

(Interscience, N. Y., 1983), p. 586; (e) D. A. Dows, ibid., p. 609,
' 6G. L. Hiebert and D. F. Hornig, J. Chem. Phys. 20, 918 (1852).
7G. C. Nieman and G. W. Robiuson, J. Chem. Phys. 39, 1298 (1963).
8R siloey, S. A. Rice, and J. Jortner, J. Chem. Phys. 43, 3336 (1965),
%2, G. Cox, Rev. Mod. Phys. 10, 159 (1958); E. G. Cox, D.W.J.

Cruickshank, and J,A.S. Smith, Proc. Roy. Soc. (London) A247, 1 (1838);
G. E. Bacon, N. A. Curry, and S. A. Wilson,. Proc. Roy Soc. (London)
A279, 98 (1964). |

103, Kopeiman, J.Chem. Phys. 00, 0000 {1967),
1l hese relations do not hold for all values of 1’5

12(a.) E.P. Wigner, Group Theory (Academic Press, New York, 195'9),'

p. 59; (b) G. F. Koster, Solid State Phys; _'5‘_,' (1957), reprinted by Academic
Press, N.Y.; C.Kittel, Quantum Theory of Solids (John Wiley and Sons, Inc.,

New York, 1963), Chap. 9.
13

_ §.D, Colson, R. Kopelman and G.W. Robinson, J.Chem.Phys. 00,
0000 (1967). | |
1pat. 126a), p. 118.
15]5:. R. Bernstein, manuscript in preparatipn.
16This point is discussed by T. ”Thirunamachandran [ Thesis (University
College, London, 1961) ]. He poinis out that the importance of the octapole-

oclapole interactions in determining the Davydov splitting can be evaluated by

. determining the polarizations of the Benzene exciton components,

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

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



94

the interchange group, as some interactions "'allowed' by the interchange group
appear to be forbidden by the factor group. This apparent coniradiction arises
because similar but non-parallel operations of different sites may all map

into the same class of opera.tibns of the factor group. It should be remembered -
that the site group is only isomorphous with a subgroup of the factor group,

not identical with it.

1‘3’R. Kopelman, J. Chém. Phys. 44, 3547 (1966) and references therein.

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

J. L. Hollenberg and D. A. Dows, J. Chem. Phys. 39, 495 (1963).
2QPoorlj,r mixed samples of 1% guest in 99% host and a well mixed

sample of higher concentration were studied. The absorptions,' while not

having the complete exciton structure of the neat crystals, were not as

sharp as those of the low conceniration isotopic mixed crystals and some

bands even exhibited residual splittings. This tends {o iﬁdicate that, in gen~-

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

should be carried out at guest concentrations of less than 2%. The concén-

trated (5-10%) mixed crystal spectra of J. L. Hollenbefg and D. A, Doﬁs

[J. Chem. Phys. 39, 495 (1963)] appear much like the above-mentioned

" poorly mixed samples. |

21 As the molecular symmetry is not coﬁser\_réd in the site, the use of

Qsh designations for the symmetry oi crystal'states is not really correct,

However, We Will retain the notation here merely as a convenient labelling device.

K

The heat of sublimation for benzene is about 3800 cm™, G. Milazzo,

~ Ann. ‘Chim. Rome 46, 1105 (1956).




95

23
Note that the designation of molecules Iand IV has also been ch:a.nged

{from that of Nieman and Robinson (also Fox arnd Schnepp b and Craig and

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

~ Smith, ke Because of the restrictions due to the interchange grbup it would

~ be very awkward to accept the designations of the a, b, and ¢, axes of Cox, "

et al. without accepting their numbering of molecuies. This designation_is :
consistent with the benzene ac pr ojection shown in Fig. 2.

248 D. Colson, manuscript in preparatlon.

512 Harada and T. Shimanocuchi, J. Chem. Phys. 44 2016 (1966),

28 g, R, Bernstein, manuscript in preparation. _
21 E. R. Bernstein and G. W. Robinson, manuscript in preparation.



96

Reprmted from THE JourRNAL oF CHEMICAL PIIYSICS, Vol. 45, No. 12, 4746-4747, 15 December 1966
) Printed in U. 5. A.

Absorption Spectra of Strained Benzene
Crystals at Low Temperatures*

Steven D, CorLson
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of Technology, Pasadena, Culifornia

(Received 1 August 1966)

N wery thin crystals attached to a substrate and
cooled, large crystal stresses are produced. The
- effects of these stresses on the 2600-A 1B A3,
[0-0+4-w4' (es,) ] absorptions of crystalline benzene have
been observed previously.'® While six Davydov com-
ponents are expected* for transitions into a doubly
degenerate vibronic state, only -a doublet has thus
far been resolved in the [0-0ws"(e,) ] transition in
strained! or unstrained® crystals. The predominant
effects reported for these transitions, and interpreted
as being caused by strain, are a broadening of the
-absorption lines, an increase in the doublet splitting
from 9 to 29 cm, and a pronounced “induced”
polarization of one of the components. These com-
ponents show only weak polarization in unstrained
crystais. No interpretation of the remarkable induced
polarization has been proposed. to date. It could be
_that the stress on the crystal separates out from the
others one or a particular pair of the exciton com-
ponents that polarizes sharply.

The 0-0 band itself and the totally symmetric
progressions built on the 0-0 transition, though po-
. tentially interesting, are weaker and were not reported

in the Russian work. :

_A number of benzene crystals ~1- 5 1 thick were

grown by pressing liquid benzence between two quarts
optical flats and then cooling them either slowly by
suspension over liquid Ny or rapidly by direct im-
mersion into liquid Na. Both methods result in strained
crystals as evidenced by their absorption spectra. The
specira of these crystals are compared in Fig. 1 with
that of a thicker crystal (~30 p) that was grown
by slowly cocling a sample in a quartz cell. A grating
spectrograph utilizing the fourth order of a 15 000-
lines/in, grating in a 2-m mount was used to take all’
the spectra. Since the spectrograph is stigmatic, the
vertical direction on the photographic plate represents
the vertical direction of the crystal. The apparently
slanted absorptions of Crystal B actually are piece-
wise vertical, the vertical portions representing regions
of the sample that are subject to different stresses.
The half-widths of the absorption lines in the strained
crystals are ~6 ‘cmL Shifts as great as (0=2Z cm™
to both high and low energy have been observed, The
splitting between the mean of the # and ¢ polarized

~ components and the ¢ component of the 00 band

changed from 4141 cm™ in the unstrained crysta15
to 34+2 cm in Crystal B and to 4442 ctn? in
Crystal C. '

That the energy shifts are indeed due to strain and

Fre. 1. Absorption spectra oi un-
strained (A) and two different strained

- (B and C) crystals of CgHe The _high-
- energy member of the 0-0 doublet in the
strained crystals represents the wunre-
solved & and ¢ polarized absorptions.

ve' + vy (eag) v, (a1g)

vy’ (egg)
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not to the effect of crystal thickness on ihe energy
of the excilon components' is evidenced by the fact
that the strains give shifts either to higher or to lower
energy for crysiuls of comparable thickness. Compare
Crystal 13 with C. In addition, a portion of the thin
crystals B and C absorb at the same energy as the
thicker sample. As one might expect, the eifect of
strain on the 0-) progression is not eiways of the same
magnitude as that on the O—+-w" series. See Cryste B,
The large increase in the doublet splitting of the
0-0+» transition observed by Broude eof all? was
not seen in our thin crystal. We would have been
able to detect the splitting if it had been greater than
13 cm!. The probable reason for ihe differences be-
tween our observations and those of Broude ¢! al
is that their crystals were apparently thinner and
more strained thaa ours.

These same eflects, but of smaller magnitude, have
also been vbscrved Jor thicker (~30-p; crystals con-
strained between quartz windows and cooled rapidly.

From these results it can be concduded :zhat the
measurement of absorption line shapee and line posi-
tions in organic crystal spectroscopy require neat-
perfect crystals. Intrinsic linewidths are of interest,
say, in the study of rclaxauon phenomena. One may
also conciude that otservation of “true” exciton emis-
sion from pure crystals at low temperatures is difficult
at best, Unless the crystal is essentially strain free the
highly mobile exciton will migrate 1o crystal regions
where the strains have produced a red shiit, relax into
these “traps,” and subsequently emit {rom these sites.
This is likely to be particularly troublesome in crystals
such as anthracene where, because of the large escillator

LETTERS TO THE EDITOR

4747

strength, most of the absorption is near the crystal
surface where strains arc more apt to occur.

The shiits and changes in the exciton splittings are
most likely caused by anisotropic changes in the inier-
molecuiar distances and resultant changes in van der
Waals and resonance interactions.t As ¢ne of the k=0
exciton components of the 00 band cannot be ob-
served Decause of selection rules, the magnitude of
the changes in van der Waals and resonance inter-
actions are not sepzradle. Ever an isotropic siress
applied to the crystai would not result in an isowropic
change in the unit cell dimesnsions, as the compressibili-
ties along the various axes are not the same.® It seems
that experiments where the stresses were applied along
crysiallographic axes in a mare controded manner
could be very hepful in assigning the absorptions
seen in tne pure crystial spectra. This would be much
iike studying the polarization of the avsorption but
would pernaps be inore sensitive and give additional
information,

The author is grateful to Professor (. W, Rohinson
ior Lis support and hLeipful discussions.
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ABSTRACT

The density-of-states functions for the exciton bands of the
first excited singlet states of crystalline benzene and naphthalene
have been determined experimentally. The experimental density
functions were derived from spectral data involving exciton
band -« exciton band transitions. The experimental results for
naphthalene have been compared with calculations based on the
octopole model. Using a Frenkel dispersion relation and various
sets of coupling constants, density functions have been calculated
and compared with the experimental results. For benzene these
calculations show that the "'optically forbidden™ Au component
lies between 3.'?, 815 and 37,875 cm ', From the temperature
dependence of transitions, phonon contributions have been esti-
mated. It is found that the experimentally derived densily lunction

is temperature independent below ~ 30°K.
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I. INTRCDUCTION

The stationary states of condensed systems such as crystals
are characterized as energy bands. The individual states within these
bands for periodic systems are designated by K, the reduced wave
number VeCtOI‘.l The standard spectroscopic data concerning the low
energy electronic states of molecular crystals consists of a few lines
(Davydov components) corresponding to some or all of the k = 0 levels.
Only these levels are observed in transitions irom the crystal ground

state (k = 0) because of the selection rule 2

Ak = 0. In certain cases
even some k = { levels cannot be observed because of additional
selection rules, e.g., the restriclions of factor group symmetry in the
benzene crystal.

Within the framework of the Frenkel approach, the physical
quantities that determine the band structure are the intermolecular
resonance interactions. If all of the Davydov components are spectro-
scopicaily allowed, one can directly determine the magnitudes and
rclative signs of the interactions between interchange equivalent
molecules. .From this data alone nothing can be said about the inter-
actions between translationally equivalent molecules. The latter may,
in principle, be the dominant i:_lteractions rceponsible for the band
structure.

An indication of the magnitude of the translationally equivalent
interactions has been obtained recently from isotopic mixed crystal
experiments.a’ ¢ A more direct approach is given in the present work

and utilizes exciton band <+ exciton band spectroscopic transitions.
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This technique allows all k states to be observed since the initial state
is no longer restricted to k = 0. This method was first proposed by
Rashba;5 however, its practical and detailed utilization depends upon
the special Frenkel exciton selection rules ® and the use of extremely
pure and high quality crystals.7 We are thus able to find the density of
states in the electronic exciton band as well as the total band width
which depends upon all of the intermolecular interactions in the crystal.

Even though the complete exciton band structure in molecular
crystals has been the object of several calcula,tiom-*.,3 ,8 it has not yet been
presented experimentally and discussed in terms of these theoretical
models. It is of interest to compare experiment and theory, especially
concerning the applicability of multipole expansions and the assumption
of pairwise interactions, the location of jon-pair states,9 and the
quality of the available atomic and molecular eigenfunctions 3, 9as well
as the fundamental concepts of an elementary excitation in a static

lattice.

II. GENERAL DISCUSSION

Exciton band+»exciton band transitions involving the first
excited singlet states of crystalline benzene and naphthalene are
observed in both absorption and emission. The benzene and naphthalene
crystals are good candidates for such an investigation for several
reasons.

(1) These systems are of general interest since the electronic
and vibrational states have been extensively studied both experimentally

and theoretically in the molecule as well as in the crystal.
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(2) Naphthalene is a case where the extremes of the electronic
exciton band are approximately known, while benzene is an intriguing
case where the extent of the exciton band is unknown. The predicted
locations of the forbidden Davydov component have ranged from the
bottom to the top of the band.>s 10511

(3) They are some of the few compounds which have been
purified to the degree necessary for such experiments.

The transitions shown schematically in Fig. 1 are exciton
band -~ exciton band transitions. In absorption, this method relies upon
the thermal population of all the k levels of the ground state vibrational
exciton band. The absorption process, then, invclves all these levels
as initial states and all the k levels of the electronic exciton band as
final states. In emission, the initial states are the thermally populated 12
k states of the electronic exciton band while the k states of the
vibrational exciton band serve as the final states. The intensity distri-
butions in both the absorption and emission bands are proportional to
the density of k levels in the electronic exciton band provided (1) the
width of the vibrational exciton band is negligible, (2) an equilibrium
population of the levels in the electronic exciton band is attained,

(3) intensity contributions from phonon transitions are negligible, (4} the
trangition probability is k independent and the Ak = 0 selection rule is
valid, (5) the differences in branch to branch 13 ¢ ransition probability
does not alter this Intensity distribution.

The width of vibrational exciton bands in molecular crystals is
known14t0 be approximately 1-10 em™. The vibrational exciton band

of benzene which is utilized in the present experiment is the 1y’ (ezg)

which is known to have an exciton splitting 18 ot ~5 cm™. This finite



102

Fig. 1. Schematic diagram of band structure of a linear crystal com-

paring an exciton band - exciton band transition with the 0, 0 transition.
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width may introduce an uncertainty in the energy of the density function
p(E) of a few wavenumbers. However, the maximum of the density
function determined from »J’ coincides with that determined from

v (3-1g) for which no exciton splitting has been observeucl.l5

The
band « band transition involving v, is not intense enough to accurately
give the entire density function. For naphthalene, the vibrational
exciton bands at 510 and 514 cm ™ are used.  The total width of these

16

two bands™® is less than 6 cm™, which is small compared to the 160 cm ™

exciton splitting in the electronic state. In the absorption experiment,
the finite width of the vibrational exciton band also results in a
Boltzmann population distribution of the k levels in the initial state;
however, for a 600 em ™ vibration at liquid nitrogen temperature, the
population ratio between the highest and the lowest energy & state will
cause a < 10% deviation in the absorption band intensity distribution from
the hypothetical case reflecting only the density of k states in the
electronic exciton band.

Boltzmann statistics describe the population of energy levels in
a dilute system provided there is sufficient time for equilibrium to be
attained. The fact that relaxation within the manifold of k levels is fast
relative to the fluorescence lifetime is shown by the temperature
dependence of the fluorescence lineshapes (vida infra).

Optical transitions involving lattice vibrations or phonons are
expected to contribute to the shape and width of the observed band - band
transitions. The magnitude of this contribution can be estimated from
the temperature dependence of the fluorescence spectra and the com-

parison of it with the absorption spectra (vida infra). It should be
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emphasized that we use the term phonons synonymously with lattice
vibrations as distinguished from the internal vibrations of the molecule.
The electric dipole transition moments involved in a band ~band
transition have been shown6 to be independent of k, the reduced wave
number vector, provided certain long-range interactions can he
neglected. Within the use of this approximate Hamiltonian, it has also
been shown that the Ak = 0 selection rule as well as the factor group
selection rulese are valid for all k. The validity (within the above
approximation} of the g+ u selection rule in centrosymmetric crystals
for all k is of special interest, For, if a breakdown of this selection
rule is observed, one knows that the above approximation is not valid
and thus the interpretation of the intensity distribution in the band —
band transition is no longer straighiforward. Unfortunately, the con-

verse is not necessarily true.

Since the factor group selection rules are valid for all k, it
can easily be shown, assuming an oriented site 17 model, that the
transition probability from any single branch to all bands is a constant.
For benzene the factor group selection rules show that only the
following transitions are allowed: A~B,, A~ B;;, A~ B;, B,—B,,

B, = B,, B,~B;. Thus in a band to band transition there are three
distinct transitions originating from each branch. For the case where
all branches of the vibrational band are degenerate, three of the
allowed transitions occur at the same energy. The sum of the

intensity of these three is independent of the symmetry classification

of the initial branch. Thus, the intensity distribution of the band to
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band transition gives the density of states in the electronic exciton
band within the other limitations cited above.

It is of interest now to consider how this density of states is
determined by the intermolecular interactions in the crystal. This
derivation is straightforward within the formulism of first order
perturbation theory using one site basis functions. This first order
theory has formed the basis for the development and application of the
Frenkel approach by Davydov and c>1:herxe..19 Although a higher order
formulism has been suggez-;ted,g there exists no experimental evidence
which demonstrates the failure of this first order approach. On the
other hand, the higher order formulism as presently applied to

naphthalene disagrees with several experimental observations.4’ 20

As Craig and Philpott,sb

and Sarti-Fantoni®® have pointed out,

it is unfortunate that the complete band structure has not been

calculated from this approach. K would be of interest to compare those
results with that of the octopole model and with the present experimental
results. However, it should be pointed out that when higher order terms
are considered the transition probability may be k dependent. This
possibility must be considered before comparison with Lhe present
experiments can be made. Because of its simplicity, historical
development, and apparent accuracy, we treat the exciton band structure

for the 1Bzu states of benzene and naphthalene within the framework of

the simple first order theory.
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The density function, p(E), which gives the number of exciton or

k states per unit of energy can be determined from the dispersion relation,
In the restricted Frenkel limit,© the dispersion relation, E(k), whica
gives the energy of the state with wave number vector k, has an especially

simple form.,

fc _ a L1
ECW = Zoa) Ly () (1)

The zero of energy for this equation is the algebraic mean of the exciton band
in a hypothetical crystal in which all resonance interactions are zero. a2
Here, m is the number of molecules per unit cell, ag are the coeffi-
cients corresponding to the g_tasﬁ representation of the interchange group,23
and the qu(k) are the k dependent sums of excitation exchange matrix

elements for the f excited state as defined by Ref. 21.

; n/m
k = 2 < i . F B .
Lgg 0 = &/ exp k(1 -7,) )

s
exp k- (£, -1)X [ Hen  dR- (1-0,0)

wnere I, defines the origin of the Eﬂ—l- unit cell, Iq is a vector from
th

that origin to the gq= molecule in that unit cell, and ‘szq is the lacalized
excitation function 24 representing the nqgl-molecule in its 1 excited

state,

The density of states is obtained then by computing E(s) and
tabulating the number of states per energy interval. Such a computation
requires evaluation of the excitation exchange integrals (mij). These

can be evaluated from- theoretical or semi-cmpirical models and
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compared with experiments. The Davydov splittings place restrictions
on the possible values of the interchange equivalent interactions since
these splittings depend upon sums of the mij over the entire Iatt:ice.21
It should be noted that we reserve the term Davydov splitting for the
exciton splitting at k=0, Data from the specira of isotopic mixed
crystals provide similar information about the sums of translationally

equivalent inferactions .3 4

In contrast, the density function depends
upon k dependent sums of all these interactions and thus provides an
independent measure of the intermolecular resonance interactions.,

For weak transitions such as the lowest singlet states of benzene
and naphthalene, the lattice sums are expected to converge rapidly.
Then, by considering onlyAinteractions with the nearest translationally
and interchange equivalent molecules, it can easily be shown that for

benzene

Efa(l’g) = 2m, cos (kaa) + 2mb cos (kbb) + 27, cos {kcc)
' Q a b
+ 4ap mIII cos ( k, 5 } cos ( k)5 )
o b C @)
+ 4dagy My cos ( kbi ) cos ( kc-z— )

o a c
+ 4aIVmIIV cos ( ky 5 ) cos ( kCE )
- I* i R .
where qu = J(;DI IH' l [0} a dR (ma, b, ¢ represent the interaction of

molecule I with its translationally equivalent neighbors along the a, b,

and ¢ axes, respectively) and where

E = .l-ixa'l',k\b_";lgc
_m Da =
b2 T aW,r TaMa=N,

etc.



The number of values of k, is equal to the number of molecules (2N )
along the a crystal axis.

Naphthalene is an example of a crystal with two molecules per
unit cell. The dispersion relation for such crystals has been

consgidered in detail by Davydov25

and Knc»x.z6 Assuming only certain
near neighbor interactions contribute, the following dispersion relation
is obtained for the two branches of the lowest singlet exciton band of

naphthalene.
Ei(,li) = 271, cos(k,a) + 27, cos(k,b) + 2 Ml cos (ee)
iﬂﬁm cos (k, %) cos (ky g-) (4)
=4 cos (cg0) cos (k, §) cos (i, 5)

F 477?1 0 sin (kcc) gin (ka %) cos (k.b %)

IIi. EXPERIMENTAL TECHNIQUES

As already mentioned, these experiments were made possible
by the recent advancements in purification techniques for benzene and

27,28 Purﬁied crystals 1 to 5 cm long were grown from

naphthalene.
the melt by slowly lowering the cells through a sharp temperature
gradient directly into a liguid nitrogen cocled chamber. Using

this technique, one obtains crystals with few or no cracks at T7°K
which eould be cooled to 4. 2°K with little or no additonal Cracking.

As the resultant crystal is in an evacuated container, several hours
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are required from the time the container is immersed in liquid He
until the crystal cools from 77°K to 4. 2°K. The hot band absorption
was monitored during this period, and while no marked change in the
structure of the absorption was observed upon cooling, its intensity
gradually decreased until no residual absorption could be detected at
liquid helium temperature. The 0, 0 absorptions in thin crystal were
also observed at T7°K, 27°K (benzene only), and 4°K. The spectra
were taken utilizing a 150 W Xe arc lamp and the 3rd order of a 600
lines/mm Bausch and Lomb grating in a 2m Czerny-Turher mount.
Tracings of the photographic plates were taken on a Joyce and Loebel
model E12 MK III microdensitometer and a Jarrell-Ash model 23-500
microphotometer,

The fluorescence spectra of benzéne and naphthalene were
observed at 77°K, 27°K (benzene only), and 4.2°K on the two meter
ingtrument. The intensity distribution of the 0,0 -y, fluorescence
band in benzene and the @, 0 -""512" fluorescence band in naphthalene
was determined at 77°K and 20. 4°K using 3rd order of a 600 lines/mm
grating in a 1.83 M Jarrell-Ash Ebert spectrometer. Both the
phatoelectric and photographic line positions were determined by
reference to an iron-neon standard.

The thin crystals (204 to 2 min) used for the 0, 0 absorprion
and all fluorescence studies were grown in a manner similar to that
used for the band - band absorption spectra., The respective temper-
atures were maintained by immersing the sample in boiling N,, Ne,

H,, or He. It was necessary to open the crystal cell, exposing the
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crystal to the cryogenic liguid, to prevent the excitation source from

heating the sample.

IV. EXPERIMENTAL RESULTS

The experimental results are given in Figs. 2 through 5, 9, 10,
and 12. Figure 2 shows the microdensitometer tracings of the fluo-
rescent band- band transition at temperatures of 77 tc 4°K in benzene.
Also included in Fig. 2 is the corresponding transition of a benzene
guest in a deuterobenzene host. This isotopic mixed crystal technique
demonstrates the sharpness of these transitions when they are not
associated with exciton bands. The J-A 1.83M spectrometer tracings
are shown in Figs. 3,4, and 5. Figure 4 includes the neat crystal
and the isotopic mixed crystal transition for naphthalene at 4, 2°K
taken with a 300 lines/mm grating in 18th order. The two accidentally
degenerate vibrations are nearly resolved. These are easily resolved
in mixed crystal phosphorescence.

The density functions for both benzene and naphthalene were
derived from the fluorescence lines by assuming the lowest energy
level in the electronic exciton bands is coincident with the lowest
Davydov component. rII‘his assumption is believed to be valid since
the 0, 0 transilion is vbserved in fluorescence at 1.8°K, and since
fluorescence lines involving vibrational exciton bands are shifted only
by the value of the vibrational quantum. For example, in benzene the
0'~ v, transition does not extend to the red of 31, 003 - 606 cm ™

where 38, 003 cm ~* is the location of the lowest Davydov component
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Fig. 2. Microdensitometer tracings of the 0,0 - v} fluorescence
band — band transition of crystalline benzene at 77, 27, and 4.2°K,
illustrating the temperature dependence of the linewidth and shape.
Also included is the corresponding transition for ~1% CgH; in C,D;
showing the 3.1 em ' splitting of the ground statc Cag (v;) vibration. The
mixed crystal transition has been shifted to account for the difference

in the neat and mixed crystal origins.
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Fig. 3. The 0,0 - ¢/ transition of crystalline benzene cbserved with
the 1.83 M J-A spectrometer at 77 and 20.4 °K. The solid curves
represent the average of the noise as determined by repeating the

spectrum several times.
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Fig. 4. The 0,0 - "512" transition of crystalline naphthalene observed
with the 1.83 M J-A spectrometer. The band at 20°K was graphed
from Fig. 5 in order to correct for the different recorder speed. The
neat and mixed (1% C,H; in 89% C,,D, ) crystal transitions at 4.2°K
were observed using the h'i'tgher resolution grating in 18th order. A
comparison of these transitions illustrafes the participation of k = 0

levels, even at 4, 2°K.
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Fig. 5. The 0,0 - "512" transition in neat crystalline naphthalene at

20.4 °K.
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above the ground state. If the exciton band extended far below this
Davydov component, the transition would be red shifted by more than
606 cm ™. Additional evidence has been presented for the case of

naphthalene by experiments with isotopic mixed c:rys*cals.29

Within
this assumption and the assumption of Boltzmann equilibrium within
the band, the density function can be calculated from the fluorescence
lineshape by multiplying the intensity at a given energy by the
appropriate Boltzmann factor. The plate optical density was con-
verted to intensity before making the calculation for the 27°K benzene
fluorescence. These density functions are shown in Figs. 6,7, and 8
for benzene and naphthalene.

Microdensitometer tracings of the absorption band~ band
transitions in benzene and naphthalene are shown in Figs. 9 and 10,
In Figs. T and 11, the plate optical density has been converted to
sample optical density for each case. The sample optical density is
linearly proportional to the density function, p(E).

The contribution of lattice vibrations or phonons to the experi-
mentally derived density functions can be evaluated from the tempera~
ture dependence of these density functions, from the temperature
dependence of the 0, 0 absorptions in thin crystals, and from a com-
parison of density functions derived from absorption and emission

data at the same tempcrature. The 0, 0 absorptions which are shown

in Figs. 10 and 12. Phonons are expected to contribute fo these

experimental results in two ways. Transitions - —
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Fig. 6. Density of states function of the lowest singlet exciton band of

. crystalline benzene as determined from the 20.4°K ( 1] ) and 27 °K ( % )

fluorescence shown in Figs. 2 and 3. The observed Davydov components

are indicated symbolically and designated by their polarizations.



(3)
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Fig. 7. Density of states function of the 'B,y benzene exciton band as
determined from the 77 °K fluorescence ( || ) and the ~60°K absorption
( { ) band + band transitions. The a polarized Davydov component is
taken as the bottom of the band and, thus, the fluorescence intensity to
lower energy is atiributed to phonons and is shown as a dashed line,
The different rules of the addition phonons in absorption and emission

can be clearly seen in the wings of the respective functions.
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Fig. 8. Density-of-states function for the naphthalene exciton band
derived from the 77°K ( ] ) and 20°K ( % ) fluorescence shown in

Fig. 4. The Davydov components are indicated symbolically and
designated by their polarizations. The ac¢ component is assumed to be
at the bottom of the exciton band, and intensity at lower energy is
attributed to phonons and shown with the dashed lines. The density
function is obtained from the fluorescence intensity by multiplying by
the appropriate Boltzmann factor. This multiplication also magnifies
the é:;:perimental uncertainty in the fluorescence lines. The intensities
below the ac Davydov component are not corrected for a thermal

distribution.
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Fig. 9. Microdensitometer tracings of the ahsorptions to the pure
electronic leu state of crystalline benzene from the 606 cm - vibra-

tional band at ~60°K (top) and the crystal ground state at 4.2°K

(bottom).
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‘Fig. 10. Microdensitometer tracings of the 0, 0 transition in crystal-
line naphthalene at (i) 4.2 °K and (ii) 77 °K. (iii) The exciton band -
-exciton band transition (absorption) observed ina 1 cm crystal at 77°K.
This tracing has been shifted to higher energy by the value of the vibra-

tional qﬁantum in order to compare it with the Davydoy splitting.
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Tig. 11. Sample optical density for the band « band transition which is

shown in Fig. 10. A consideration of Lambert's law -
shows that the density function is linearly proportional to sample O.D.
within the restrictions discussed in this paper. The background
absorption on which the band «~ band transition of interest is observecf
is accounted for as a change in I,. The difficulfy in determining I, is

represented by the shading of the curve,
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Fig. 12. Microphotometer tracing of the 0,0 'B,y ~ A, g tracings of

crystalline benzene at 77, 27, 4.2 and 1. 8°K. The spectra were taken
from different samples whose thicknesses (~ 20 u) were not accurately
determined. The middle Davydov component can be seen on the photo-

graphic plate as a shoulder on the highest energy one at 27°K.
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involving phonons in eif;her the initial or final states may contribute
1o the observed intensities and line shapes. ‘The band structure itself
may depend upon the motion of the molecules in the latfice.

A comparison of the benzene density functions at several tem-
peratures (Figs. 6 and 7) shows that the temperature effect is not negli-
gible. Relative to the density function at 20.4°K, the maximum of the
density function at 77°K has shifted ~12 cm™ to the red, its half-
width has increased from 15 to 45 ecm ™ and the wings are considerably
éxtended. In contrast, the effect of changing the temperature from
20.4° to 27°K is within experimental error and thus may indicate that
the effects of thermal phonons can be neglected at these low tempera-
tures. This suggestion is supported by the temperature dependence
of the 0, 0 absorption spectra as shown in Fig. 12. There, it can be
seen that the change in line width between 1.8° and 27°K is very small.
The highest energy 'Davydov corﬁponent broadens ~4 em™ nearly
masking the middle component assigned to a shoulder which is
clearly visible on the photographic plates but is poorly reproduced
in Fig. 12. A broad absorption develops under the lowest Davydov

component. No measurable change in the Davydov splitting

cccurs in this temperature range. On the other hand, at 77°K the
absorptidn is quite different; the line width of the Davydov components
is 30-50 em ' and their splitting appears to have dcercased, the uppér
components (now unresolvable) being shifted toward lower energy. As
_ they are not. clearly resolved, the actual splitting of two such broad
~ absorptions will be larger than the separation between their maxima

(~30 em™). The overlapping wings will tend to shift the maxima
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toward one another. 'I‘his data is not at complete variance with the
ﬁﬁdings of Maria aﬁd Za111a1130 (MZ) but it differs in several signifi-
cant respects. 1) The line widths of the Davydov éomponents observed
here at low temperatures (T <27°K) are, in agreement with the
findings of Broude ,31 two to four times narrower than those of
MZ at corresponding temperatures. 2) The change in these line
widths in going from 4, 2 to 1.8 °K is not outside the normal crystal to
erystal fluctuations (1 cmq) in contrast to the ""sudden 50% increase in
band width at temperatures below 4.2°K" observed by MZ. Such an
increase would make it impossible to resolve the splitting between the
upper Davydov components at 1.8°K, contrary to what is seen in Fig.
‘12, 3) The relative intensities of the Davydov components and their
intensity relative to that of the phonon addition bands appear to be
very different from the findings of MZ. This, however, is felt to
neé.rly be an indication of the difficulty in making accurate intensity
measurements of intrinsically very sharp intense bands. Little signif-
cance should be attached to the apparent intensities of the sharp
Davydov components relative o the intensity of these phonon bands or
even in relation to one another?' 2 There is considerable reason to .
believe that the 0, 0 transition in crystalline benzene is not primarily
phonon induced. In the crystal, the benzene molecule is at a site of
C; symmetry. The 0,0 transition is therefore no longer forbidden -
provided there is an interaction between the molecule and its environ-
~ment, These crystal interactions are sufficiently strong to induce all

ten of the ungerade benzene vibrations in the infra-red spectrum of
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the crystal 14 even though only four of these are allowed in the gas
phase. The IR crysf.a.l spectra are independent of temperalure 21
between 4. 2 and 77°K indicating that the crystal perturbation is not
dependent upon the occupation of phonon states. The broadnesé of the
‘absorptions of MZ could easily be due to erystal imperfections and
strains.>3
For the case of benzene, then, it is felt that the band —band
transitions at temperatures below ~ 30°K give a qualitatively accurate
description of the density function associated with the 'B,, state.
The low energy tail in fluorescence has a mirror image relationship
to the broad absorptions to the blue of the Davydov componenis (Fig.
12) which have been assigned as phonon addition bands by several
su:ﬂxhors.3 1a,34 These can therefore be omitted from the density function.
Likewise for naphthalene, the spectroscopic transitions are
" not temperature independent. Unfortunately because of the width of the
| naphthalene exciton band, the high energy portion of the density
fﬁnction cannot be accurately determined at low temperatures from
the fluorescence. Thus, the temperature effects due to phonons must
‘be evaluated, at least qualitatively, in order to learn about the
-density function,
The 0, 0 absorption for naphthalene at 77 and 4.2°K is shown
in Fig. 10. This transition has been studied as a function of tempera-

ture by Maria,>® and Prilkhot ko and Soskin,*®

It should be noted that
Maria's absorption bands (his Fig. 1) are much broader than ours or

| those of Prikhot ko and Soskin. The distortion of this spectra, as
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pointed out by Prikohot ko and Soskin is caused by crystal strains and
defects. Conclusions regarding the infensity., shape, and temperature
dependence of such distorted and overlapping spectra rxiust be made
cautiously. The data of. Prikhot ko and Soskiﬁ show, that as for the
case of benzene, the 0,0 absorption of naphthalene is independent of
teﬂlpératﬁre below ~30°K. The half-widths of the Davydov compo-
nents increa.sé 10-30 cm™ in going from 4° to 77°K. The spectra
i‘emain, however, qualitatively the same and no change occurs in the
Davydov splitting. This fact indicates the temperature independence
of the band structure. In addition, Prikhot ko and Soskin have shown,
through-good polarization measurements, that phonon addition bands
analogous to those in benzene underlie the b polarized Davydov com-~
ponent. Their data indicate that these increase in intensify with |
increasing temperature.

_ From the above considerations of the phonon contribution to

k = 0 transitions, the phonon contribution to a band -band transition
at 77°K can be estimated. The transition involving each k state will
~ be broadened roughly 25 cm . There will also be an intensity
contribution from the phonon addifion bands. In absorption these
transitions will contribute intensity roughly 70 cm ' above the center
of the exciton band just as they do in the 0, 0 transition. In fluores-
cence these transitions will retrace the density function modified by
the Boltzmann factor but ~70 ¢cm ™ to lower energy. The observed
band«—band fluorescence and absorption lineshapes in both benzene

‘ and né.phthalene are consistent with these expectations.
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Within the above model, which is analogous to the weak coupling
moclel18 for vibronic transitions in moiecular crystals, the phonon con-
tribution is a minimum at the low energy edge of the band-band absorp-
tion and the high energy edge of the 77 °K fluorescence. The composite
density function calculated from these portions of the respective lines
is shbwn in Fig. 13. The lower Davydov component is taken as the
bottom of the band. The 20.4° and 77 °K fluorescence lines calculated
from this density function are shown in Figs.14/ a';lgelgb. 4 °K fluores-
cence indicates that the density function rises even more sharply to its
maximum than is indicated in Fig. ‘13.‘

Although the interpretation of the above experimental results is
unique, the experimental spectra are not. Band - band transitions of
benzene have been observed,' and interpreted as such by A. Zmerli, 34
and by V. N. Vatulev, N.I. Sheremet, and M. T. Shpak.>' However,
‘neither group attempted to interpret them in terms of the density-of-
states function of the excited state; in fact,- Zmerli interprets the
spectra in terms of emission from the k = 0 states only. Vatulev, et al. ,_
interpret the spectra in terms of emission from an exciton band con-
taining two branches instead of four. The small difference between our
fluorescence 1ineshapé at 20.4 °K and that of Vatulev, et al., could be
caused by thc change in the Boltzmann equilibrium due to the presence
- of lower lying traps (benzene molecules at defect sites or chemical |
impurities) in their ;samples. A considerable portion of their emitted
intensity comes from defects and impurities while no such emission ié
observed in our spectrum.

Pripstl and W.olf3 8 measured the fluorescence of crystalline

néhhthalene between 2 ° and 100°K. At low temperatures (4-20°K) they
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AFig. 13. The composite density function for naphthalene, determined
roughly from the high-energy edge of the band - band fluorescence and

the low-energy edge of the band + band absorption; Figs. 8§ and 11,

respectively.
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Fig. 14. (A) The experimental fluorescence band (0, ¢ - 512"} at
'20°K; The halfwidth, neglecting the phonon contribution, isi shown by
the arrow and is 16 em*. (B) This fluorescence band as predicted

- from the density function of the octopole model, see Fig. 18. The
fluorescence intensity is obtained from p(E) by multiplying by the
appropriate Boltzmann factor. The halfwidth equals 15 em . {(C)
This fluorescence band predicted from the composite density func-
tion, see Fig. 13. The halfwidth equals 24 cm . This disagreement
msiy indicate that the density function rises even more rapidly to its

maximum than the composite function shows.
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30950
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Fig. 15. (A) The experimental fluorescence band at 77 °K. The intensity
below 30, 963 cm ' is attributed to phonons and is neglected in the calcu-
lated lineshape. (B) This fluorescence band as predicted from the

- octopole model, and (C) from the composite function. Although the
octopole model disagrees with the experimental result',‘ with respect

to both the width and shape of the fluorescence line; this disagreement

may be due only to the effect of phonons’.'
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obse_rved fluorcsccﬁce only from the lower (ac) Davydov component.
At higher temperatures (50-90°K) the 0'-0"” emission éame from both
high (b) and low (ac) Davydov components while the 0'-»" emissions
seemed to originate from about the mean of the Davydov components.
Althdugh it was recognized by Propstl and Wolf that emission
originates from the upper regions of the exciton band at high tempera-
tures, they did not__appreciate the role of the vibrational exciton band
in explaining the difference between the 0'- 0" and 0'-»" emission. It
is precisely this difference which allows the phonon contribution to be
estimated and the density function of the electronic exciton band to be
determined. | |

Following the theoretical development of Ra.shba,5 several
Russian researchers have discussed exciton band-+exciton band
transitions. Davy'dov25 has summarized these results for the case of
naphthalene and applied Rashba's ideas to predict the emission curve
from the absorption curve. However, in view of the temperafure
~ dependence of the band=— band transitions in both benzene and naphtha-
lene, Davydov's assumption that phonon contributions can be neglected
is not justified. The low energy broadening of the fluorescence with |
increasing temperature cannot be explained using only electronic
exciton states provided the vibrational exciton band is narrow. We
therefore have been unable to reproduce Davydov's calculation of the
fluorescence lineshape using his formulism because such a calculation
must use fransitions originating at energies lower than the bottom of

the exciton band (his E, which equals E,(Q) in naphthalene).
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Furthermore, this treafment assumes a k dependence in the transitionr
matrix element, and thus these specira could not be related to the
exciton band structure. It is only the approximations discussed
earlier that remove such k dependence and allow the density function
to be _discusséd directly and simply in terms of the band— band tran-
sitions.

Recently Broude, Rashba, and Sheka 39 have interpreted the
broad absorptions above the leu 0, 0 transition in ecrystalline naph-
thalene in terms of double exciton states.3 These states have been
previously discussed in footnote 31 of Ref. 3. The interpretation of
Broude, et.al., required the knowledge of b(E) which they approximated
(without justification) from absorption band — band transition data taken
at 90°K. Such thearies illustrate the usefulness of an accurate density

function in the interpretation of the enfire crystal spectrum.
V. DISCUSSION

The density of states functions of benzene and naphthalene have
been calculated using the first order Frenkel theory as described in
Sec, II. Sets of mij have been chosen in accordance with the restric-~
tions of the Davydov splittings and the isotopic mixed crystal data.
For benzene, the assignments of the Davydov components arc in ques-

31ag‘ives one line at 37,803 cui

tion. The most recent work of Broude
polarized parallel to.the a crystal axis and three lines {37, 839; 37,846,
and 37, 847 em ') polarized parallel to the ¢ axis at 20°K. This is

consistent with the work of Zmerli but he was unable to resolve the



148

splittings of the c-polarized lines. Recently, Wolf 40 has been
quoted 9b as observing the a and ¢ polarizations to be reversed from
the above findings. However, as he states, his assignment is taken

to be in agreement with Broude's earlier work41

which Broude has
since revised in light of addition experimecntal rcsults which give the
data ciuoted above. We have been unable to resolve any splitting in the
highest energy component, observing lines at 37,803 cm'l, 37,8418
em™, and 37,8471.1 em™. 1In light of the above discussion of the
Spectral data, we have assigned the polarizations of our lines as a,
¢, bin order of increasing energy to be consistent with the choice of

Nieman and Robinson and the experimental finding of (:'laxton.42

The
results of the density of states calculations will be independent of this
choice, provided one of the higher energy components is b polarized,
but the mij will not be uniquely related to a specific excitation
'exéhange integral until the polarizations are clarified. The highest
energy component reported by Davydov does not appear in his published
spectra nor in higher resolution spectra taken in this laboratory at
4,2°K with a 3.4 M Jarrell-Ash Ebert spectrograph. For lack of
independent confirmation of its presence, this line will be ignored in
this work. The Wij for the benzene calculation have been determined
by assuming an energy for the fourth (Au) component, solving Eq. (18)
of Ref. 21 for MiII’ MIIII’ and MIIV and then assuming that only the
nearest-neighbor interchange  equivalent interactions contributed to
the splitting, i.e., Mij = ?’)?i].. The interaction among the trans-
lationally equivalent molecules shift all the Davydov components
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equivalently and thus have to be determined separately. Recent experi-
ments in our 1abora‘tofy44 have shown {hat the inferpretation of
isotbpic mixed crystal data by Nieman and Robinson is subject to
question as the energies of isotopic guests of higher energy than the
host are not given by a normal extension of the mixed crystal theory.

This 7merely indicates that their stated assumptions must be reevaluated.

We, therefore, have no independent measure of the ti'anslationally
equivalent interactions M, M, 7 . and, as a result, they have
‘been chosen to give the best fit to the experimental p(E) for each
choice of the energy of the Au level. lIn order to approximately
account for the different a, b, and ¢ crystal axis lengths, the relative
magnitudes of 77Za,' s mb , and /] o have been chosen to agree with the
predictions of Nieman and Robhinson hased on an electron exchange
model for the excitation exchange integrals, i.e., /) 5 7ﬂb: 7}1c =
1:0:3. The results of these calculations for a crystal of 32, 000
molecules, for various values of the Au level, are given in Fig. 16.
Two choices of Ma ’ Mb, and M’c are given in one case to illustrate
the eifect of such interactions. p(E) is also calqulated from the Wij
given from the isotopic mixed crystal data of Nieman and Robinson,
and the poor agreeme-nt with experiment is consistent with the compli-
cations mentioned above. See Fig. 17 in which this p(E) is compared
to that obtained from the 20.4°K fluorescence. From thése calcu-
lations it can be concluded that, if Frenkel theory is applicable, the =
A level is most likely between 37,815 cm ! and 37,875 em ™. |

The density function of naphthalene has been calculated from

Eq. (4) for several choices of ——— : f
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Fig. 16. Density-of-states function giving the number of states per
wavenumber interval as determined by the dispersion relation [Eq. (3)]
for various values of the excitation exchange integrals. The position of

) and forbidden (Eﬂ ) are indicated along the horizontal

the allowed ( ¢
axis., (A) P72y =-0.90, %xm‘4 85, %IN—4 25, and
TN, = T, = P72, =0cm?’. (B)??zIH=—1 55, 7721111""3'93’
77ZIW_3 28, % = -0.25, %b_o ?7& = -0.75 cri™
(c)%zm_-'z 03, %zmrs 45, %Iw-z 80, and 773 """ =7,
—?73 =0cm™.

(D)%m--z.gs, 770 =2.51, 7721 y = 1.86, 77¢_ = - 0.60,
772y =0and 2 =-1.80cm™. (B} 27Z [ =-3.69, 22 41 =1.89,
P2 (g =1.24, 772, =-0.75, 777, =0, and P72 =-2.25 cm.
(F)772 ;= -4.22, P72, ;1 =1.26, P72 1y = 0.60, 772 = -1.00,
77, =0, and 777, = -3.00 em™. (G) 772} = -4.82, 7% ;= 0.65,
Py =0, and P72 =770 = T72 =0. (H) Ppp=-4.82
77205 1 = 0.65, P22 1y =0, 77, =-1.00,772, =0, and

?Z?c =-3.00 cm .
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Fig. 17. Comparison of the 20.4°K experimental ( g ) density-of-
states function with that calculated from the 972 i of Nieman and

Robinson (*+*) [7;51 =699, 77¢, m = 12.40, 772 y = 11.70,
%a =1, 00, 77Zb =0, and WZC =3.00 cm| and from a set of
V7 ij which approximately fit the experimental function (solid curve)
[ 22 = -1.55, Z7C; 1 =8.98, 721 1, =38.28, and

P = Pl = %, = 0em”].
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Fig. 18. Density functions giving the number of states per wave-
number as determined from the dispersion relation [Eq. (4)] for
various values of the excitation exchange integrals. (A) The octopole
model : %a =-4.8, 2Z, =-3.9, P7  =-2.4, P/, =-21.1, and
P2, =1.6 cii*. These were obtained from Ref. 45, also see

Ref. 8b. (B) 7%, =2,770y, =-1,777_ =-1, 77, = 22, and

7% ., =-2cm . ()77, =10, Z -6,'7720 =-4,77C,, =22,
and 77Z ,,, = -2 e, The latter two density functions show the effect
of translationally equivalent interactions; As shown in (C), a broad
density function consistent with the experimental result can be obtained

within the framework of the simple Frenkel approach.
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| thé M's using a model crystal containing 128, 000 molecules. The
Davydov splitting (,IE = 0) is given by 8 MI Hwhere MI I is the sum of
~ the different interchange equivalent interactions over thé entire
lattice. Assuming nearest interactions dominate, JJ,, = 20 cm .
The density function for .the case where the {ranslationally equivalent
interaétions are nearly zero is very sharply peaked as shown in Fig.
18. The band structure of the octopole model has been presented by
Craig and Philpott.ab We have recalculated it for 128, 000 molecules
using the Y)’L's provided by R. G. Body.45 The result of this calcu-
lation is also shown in Fig. 18, The fluorescences lineshapes at 77°
and 20. 4°K predicted from the above models are shown and compared |
with the experimental results in Fig. 14. Even though the octopole
band structure is not in complete agreement with the experimental

~ result (see Figs. 13,14, 15 and 18); it cannot be eliminated due to the
very qualifative estimate of the phonon component in the band+—band

transitions.

Vi. CONCLUSIONS

The recent theoretical dévelopments concerning band - band
transitions in moleculai' crystals.have been examined experimentally.
T.he application of these theories has enabled us to evaluate the
density function for the lowest excited singlet states of crystalline
benzene and naphthalehe as well as the temperature dependence and

nature of the exciton-phonon coupling,
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A comparison of the experimental density function with that
obtained from semi-empirical calculations has provided information
concerning the detailed nature of the excitation exchange interactions,
Since the density function for naphthalene lies primarily between the
Davydov components, it is concluded lhal {he sum of the translationally
equivalent interactions is small. The density function calculated when
these terms are the same order of magnitude as the interchange
equivalent interactions gives rcasonable agreement with the experi-
mental result. While the experimental results are only in qualitative
agreement with the predictions of the octopole model, no comparison
could be made with the model involving interaction with charge trans-
fer states.

For benzene, a sharply peaked density function is found.

Since there are four exciton branches of which at least two lie close
together, such a function is not inconsistent with some translationally
equivalent and interchange equivalent interactions being the same
size. However, excellent agreement with the experimental result is
obtained when the {ransiationally equivalent interactions are neglected.
Such a calculation places the forbidden Au Davydov componenl above
the observed components but not as far above as predicted by mixed
crystal experiments.3 No theoretical model has been used to calcu-
laie a density function for the benzene crystal.

These results are not in any sense final, but they do indicate
the power of Rashba's proposal as well as the necessity for the

consideration of the entire band structure in theoretical calculations



and the need for an analysis of phonon effects in the spectra of

aromatic molecular crystals.
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Location of the Fourth, Forbidden Factor Group Component

of the leu State of Crystalline Benzene

by
STEVEN D. COLSON

Gates and Crellin Laboratories of Chemistry,

" California Institute of Technology, Pasadena, California 91109

ABSTRACT

There have been two different experimental techniques used to

- locate the position of the fourth, forbidden factor group component of
the leu state of crystalline b.enzene. The method of variation of
enérgy denominators gave a very wide exciton band, placing the for-
bidden, Au component at 37,996 cm'l. More recently, the density of
states function for the 1B2u exciton band has been determined and used
to predict the A, component to lie between 37, 815 and 87, 875 cm .
As both of these techniques rely upon the use of first or Frenkel theory,
their disagreement might}‘be interpreted to mean that a higher order
_-theory is needed to explain the experiments. In fact, it has been
shown that mixing with ion~-pair crystal states could be important

in determining the exciton band structure of this state. However, the

- lack of agreement between the fWo experimental techniques might only
indicate that some of the assumptions, other than the applicability 6f
a first or Frenkel tﬁeory, used in either approach are invalid for
benzene crystals. To distinguish between these two alternatives, the
method of variation of energy denominators is re~examined in this

paper through improved and more extensive experiments., The
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static gas-to-crystal shift for a guest in an isotopic mixed crystal
is found to be a function of the isotopic substitution of the host
erystal. Thus, the variation of energy denominators methad, which
assumes the static shift to be constani, is inappropriate for the study
of the 1B2u state of crystalline benzene.

Additional evidence, based upon the vibronic spacings of a guest
in a number of different isotopic hosts, is presented which indicates
that there is no strong mixing between the ion-pair states and the 152u
. state of the crystal. Infact, this same evidence is used to independently
predict the position of the forbidden, Au component at about 37, 860 cmbl,
in agreement with ithe limitls sel by the experimental density of states
function. The density function, calculated using first order Frenkel
theory and the assuming nearest neighbor interactions dominate, is
found to be in excellent agreement with the. experimentally observed
function. Thus, it is concluded that it is most likely not necessary to
consider mixing with ion-pair states to explain the band structure of

the lowest singlet state of benzene erystals.
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1. INTRODUCTION'

' The exciton structure of the leu excited state of crystalline
benzene has been the subje'ct of numerous c'alcul'a.ticans1 and experi-
mental Works.2 This problem is complicated over and above that of
crystals with naphthalene-like crystal structures in that there are four
Davydov compbnentss instead of two and, moreover, becausc one of
them cannot be observed in the 0,0 absorption. For this reason, and
because benzene crystals.are harder to prepare,' the benzene singlet
exciton band structure is considerably less: certain than that of naph-
thalene. The earliest predictions of the complete structure were those
of Fox and Schnepplawho;" usiné an octopole model for the exciton inter- .
actions, found the forbidden A, level near the center of the exciton
band; however, they were unsuccessful at getting the correct magni-
tudes of splitting for the observed levels, These calculations were
followed by the isotopic mixed crystal exj)eriments of Nieman and
Robinsoan(NR) through which they predicted the A level to lie well
above the three observed Davydov components, i.e., at the'top of the
band. More recent octopole~octopole calculationé,lbin which the posi-

“tions of the observed c-omponents were only approximately fit, con-
firmed the order of the observed levels predicted by Fox and Schnepp,

but found the A level to lie at the top of the band. Silbey, Rice, and
Jortnerlcconcluded that mixing with ion-pair exciton states may play
a considerable role in determilﬂng the Davydov .structure of the 1B2u
state. I such mixing is important, the Au level coulg be expected to
lie anywhere from the top to the bottom of the band, depending upon
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the energy chosen for the ion-pair state. The most recent evidence
has been that given by the experimentally determined density-of-
states function. o Comparison of the experimental function with that
predicted by first~order Frenkel theory for several positions of the
Au level, shows that quite a range of values can be used to fit the
experimental function. It was concluded, however, that the value
predicted by NR is too high, Thus, the past work has not been fully
successfuly in elucidating the 13211 exciton band structure of henzene,
as we find both experimental and theoretical questions that remain
unanswered. In this paper the experimental conflicts are resclved
and the implications of the experimental results concerning the

various theoretical models are discussed.

I _THEORY

For simplicity, it will first be assumed that a first-order
Frenkel theory is applicable and then possible complications due to
mixing with ion-pair states or other higher crystal states will be con-
sidered. The theoretical framework necessary for the discussion of

‘neat and isotopically mixed molecular crystals in the Frenkel limit
has recently been discussed in detail, 3 and will be briefly outlined
below for completeness and clarity. The crystal energy states corre-

sponding to the f excited molecular state can be expressed as,
for _ ‘ o
E (E)—E+D+L (k). (1)

In this expression, ¢ is the transition energy of a site- d1storted mole~

cule, D is a k-independent band shift term, and Lfa{k) = E a LIq(k)
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where the LfIq(E) are k-dependent sums of excifation exchange integrals

Wéqf = fxflxgl'l H’ |Xfl,xgldr, and ag are the coefﬁcienﬁs correspond-
ing to the a.-gi reprasentation of the interchange group. The xfi are the

eigenfunctions of the i-t-l-l- site distorted molecule in their tth excited state,

i.e., site functions, and H’ ig the intersite interaction Hamiltonian.

I.t- will be of interest later to speak of the gas-to-crystal shift of
the transition energy. For this purpose, as ¢ is not a gas phase tranéi-
tion energy and as shift terms higher than first order in x§ have been

neglected, it is necessary to rewrite Eq. (1) as
EPg) = +a+ 1K), (2)

where € is the gas phase transition energy and A is € - € + D plus all

- other k-independent contributions to the crystal'transition energy.

" Thus, the gas-to-crystal (site) shift is now given by A. As transitions
connecting exciton states of the crystal with its ground state can
only involve the states withk =0, the'energy expressions for these kK
states are of particular interest in considering low temperature absorp-
tion spectira. For benzene,ﬁ with four molecules per unit cell and
space group Dﬁl , there are four k = 0 states whose energies relative

to the mean of the k band (¢ + A') are, using the D, interchange group:
f,A _ & _
l | E " 11(0) = 4(MI ]'_‘[+ MI']II + MI IV) + 2(Ma + Mb + MC) (3a)

el Buu(p) = 4(My g7 - My qpy - My ) +2(M, + My + M) (3b)

b Bau()= 4(- My pp- My + M) +20M, + My + M) (3d)
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where the MIq are algebraic sums of the ‘7?21(1 integrals involving
molecule I and each of the molecules translationally eqguivalent to
molecule q; molecule q veing generated from molecule I by one of the
operations of the D, interchange grouI;7 (not the identity operation).
. Thus, they are called the interchange equivalent interactions. The Ma’
My and Mc terms are the corresponding sums of integrals involving
molecules translationally equivalent to molecule I along the a, b, and
¢ crystal axes respectively, i.e., translationally equivalent interactions.
As all the dipole allowed {ransitions for the benzene crystals are
of the types A — B,, A-—-TBZ,’ A+~B,, B, ~—B,, B, — B, B,— B,
and g = u, only the three ]3u levels can be seen in transitions from the
totally symmetric ground state Thus',' the 0, 0 in absorption is expected
to be a triplet of lines polarized along the a, Q, and ¢ axes correspond-
ing to the By, By, and By, levels respectively, However, as Egs. (3b),
{3c), and (3d) are not linearly independent, determining the correspond-
ing EM(O) does not allow one to solve for the MIq' Thus, eilher the Au
level or the mean of the four k = 0 levels [€ + A + 2(M, + M, + M,)]
must be found before the magnitudes of the excitation exchange integrals
can bc cxtracted from the low temperature absorption spectrum. There
are several experimental fechniques which can be used to determine
the MIq for those states which can be treated with Frenkel theory; the
variation of energy denaminators method, the determination of the
density -of-states function, and the vibronic analysis of pure and iso-

topically mixed crystals. These techniques will now be discussed.



170

A. The Variation of Energv Denominators Method.

| This method was utilized by NR. They studied the absorption and
emission spectra of an isofopic mixed crystal; ~1% C,H; in 99%
- C.D He -n- Their determination relied upon the assumption that A and
' MIq wére independent of isotopic substitution. These approximations
and their utilization in a determination of E “(0) have recently been
discussed in Ref.3 in which the ideal mixed crystal concept is intro-
duced. An ideal mixed crystal is one in which (a) the guest is infinitely
dilute; '(b) the only difference between guest and host is one of the iso-
topic substitution; (c) guest and host have the same éymmetry and
dimensions; (d) quasi-resonance interactions between rguest and host
and the effects of isotopic substitution on A are negligible, Thus, the
isotopic guest absorption energy in an ideal mixed crystal is just
E =€ + A. The variation of energy denominators method is
one in which the deviation § from this energy due to guasi-resonance
interactions between the guest and host states is determined and then

used to calculate

‘32=.Mz +M2 %]VI;+M;+MZC) {4)

Tt

'from the approximation § = 432/AE. AE was taken as the gas phase
energy difference between the guest and the host 0, 0 transitions. The

experimental procedure was to determine

_ E (guest) = €+ A+ D (5)
at two values of AE and solve for .6 N1eman and Robinson obtained the

value f = 18 + 2 cm*l. Knowing th1s and the positions of the

observed Davydov components, they found E “(0) to lie at 317, 996 cm
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which is outside the limits set by a later determination of p (E)

(see next section).

B. The Determination of the Density-of-States Function

It has recently been shown that, in a restricted Frenkel limit,
the density-of-states function p(E) {the number of k states per unit of
energy) can be derived from the intensity distributions of exciton
band — exciton band 1:1‘&3.11.~:v‘1’ci0ns..5 An analysis of the benzene neat
crystal fluorescence has shown that p(E) is a peaked function that
does not extend much beyond the limits set by the observed Davydov
components. By calculating p(E) from Eq. (4) with assumed 777 aq?
it was shown that the experimental data could be {it reasonably well if
37,815 cm‘lg EA“(O) < 37,875 cmi™, but not by the NR value. As this
method relies upon Frenkel theory both for the determination of the
"experimental" density-of-states function and for the subsequent pre-
diction of E “(0), higher order mixing of crystal states could conceiv-
ably be responsible for the difference between the experimental p{(E) and '
that calculated with a =18 cm . However, the positions of the guest vibronic

states in.isotopic mixed crystals seems to rule out this possibility (see
next section).
C. Vibronic Analysis of Pure and Isotopic Mixed Crystals

The mean of the exciton band € + A can also be found by a com-
pletely independent method. In the Frenkel limit, the mean of the
exciton band corresponding toa 0,0 + vi gas phase transition will be
' Avl above that of the 0, O,where Aui’ is the crystal value of the excited

state vibrational frequency. Avi can be determined from the isotopic
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mixed cfystal guest absorption spectrum if both the 0, 0 and the

0,0 + vi transitions are characteristic of an ideal mixed crystal. This
follows naturally from the theory as the ideal mixed crystal energy for
any crystal state is just the mean of the respectivé neat crystal exciton
band € + A, (See Fig. 3 of Ref. 3) Thus, this technique will be applicable
for cases where, for the 0,0 and at least one higher vibronic transition,
A is independent of isotopic substitution and 0 is either zero, the same
for both states, or can be evaluated separately, The quasi~-resonance
interactions with host states which determine 6 are not expected to be the
same for both guest states as they depend upon the AE and 8's hetween
the interacting guest and host states, both of which will generally be
‘different for each vibronic state. However, if the 0,0 + vi vibronic exciton
band can be analyzed and the corresponding Au{ determined, the band
center of the 0, 0 transition can be found by a simple subtraction.

At first, this would appear to be a fruitless approach since, in
general, each vibronic exciton band will be just as difficult to analyze as
the 0,0 band. However, in the iimit of small crystal distortions of the
molecule, the exciton splittings of vibronic bands involving non-totallj*
symmetric vibrations will be zero since vibrational overlap integrais
of the type (¥’ l v") vanish if the molecular symmetry classifications
remain valid in the crystal. 2b However, in the benzene crystal, all
site states are either u or g, and thus all vibronic states can have
some exciton splitting, Nevertheless, if a vibronic state with little
or no splitting can be found, and if its crystal Avi’ can somehow be
determined, the band center of the 0,0 can be derived by merely sub-

tracting Avi from the observed pure crystal transition, This method
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was first utilized by Broude ;25&1 however, he made no attempt to cal~

culate the energy of the Au level from his data.
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III. EXPERIMENTAL

The 1Bzu - 1Alg absorption spectra of neat and isotopically mixed
benzene crystals were taken at 4.2 °K. The deuterated benzene isotopes
were obtained from Merck, Sharp and Dohme I1td., Montreal, Canada,

. and the perprotonated benzene was Phillips Research Grade purified by
the methods of Colson and Bermstein.8 To minimize the effects of
crystal stmin9 on the spectra, relatively thick {20-30 u) crystals
were used. They were grown in evacuated cells by slowly cooling from
the melt as described elsewhere, 10 Most of the specira were taken on
a 2M Czerny-Turner stigmatic spectrograph utilizing the fourth order
of a 600 line/mm Bausch and Lomb grating. Some of the spectra were
éllso taken on a 3.4 M Jarrell-Ash Ebert spectrograph equipped with an
equivalent grating.- A 150 W Xe arc lamp, coupled with appropriate
Kasha solution filters, was used as a light source. The neat crystal

- spectra and most of the mixed crystal spectra were observed with
several crystals and, while the guest transition energies remained very
nearly constant (+.5 cm™ '), the neat crystal Davydov components were
found to vary by as much as 3 c:m"’L from sample to sample. The values
reported are an average taken from selected spectra that exhibited
the smallest linewidths and are believed accurate to + 1 cm™ . The data
are all presented in Tables Ithrough III, and Figs. 1 through 4. Fig. 1
shows a photograph of the C,H, absorption spectrum of a ~ 20y thick
crystal taken on the 2 M instrument at 4. 2°K with the regions of interest

_indicated. Also included in Fig. 1 are some previously reported 9

spectra of thin (~1 ) strained crystals, taken at the same temperature.
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Fig. 1. Absorption spectra of unstrained (A) and two different
strained (B and C) crystals of C,H, at 4. 2°K. The high energy member
of the 0-0 doublet in the strained crystals represents the unresolved

b and ¢ polarized absorptions.
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Table I. Guest 0, 0 Transition Energies of Isotopic Mixed Crystal

E(Guest)  E(Guest)-E{Gas)?®
Host Guest 0, O(cn;I) 0,0 (cn;l)

c,D, C,H, 37, 853 -233
C,DH noo 37,852 -234
' m-C,D,H, =~ " . 37, 850 -236
sym-C,D,;H, " 37,846 -240
p-C,D,H, " - 317,841 ~-245
c,DH, " - 37,830 -253

CoD, C,DH, 37,884 ~240 |
" p-C,D,H, 37,913 -242
" sym-C,D;H, 37,949 -231
" m-C,D,H, 37,981 ~241
" * C,DH 38,003 ~ 257
C,H, C,DH, 37, 8717 ~ <247
" m~-C,D,H, 37,971 ~251
" C,DH 38, 001 -259
" CyDs 38, 033 -256
C,DH, C,D, 38, 035 -254
p-C,D,H, : 38,038 -251

4 Gas phase values for CgH; and CgD; are from Ref. 12. All others

are from Ref., 2a.
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Table II. C.H; and CyD,; Neat Crystal Transition Energies

Crystal Gasb
) Polarization .
Yraclem ) olarization ., .(cm )
37,803 a
0,0 37, 842 c 38,086.1
CoH, 37, 8417 b
2vi, 37,230 - 38,561.0
38,012 -~
0,0 38, 046 - 38, 289. 1
CsDq 38,051 —
2v1, 38,366 - 38, 703. 8

2 Por a detailed explanation of this choice of polarizations see
Ref. 5
P Ref. 12 .
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Table III. Vibronic Spacings of a CgH, Guest in Various Host Crystals

6,0 + 0,0 + 0, 0+

Host 2V, v v
C.D, 392 . 519 - 927

C,D;H 520

m-C,DH, _ 519 |
sym=CgD,Hy 519 926
p-C,D,H, - 521 024
Gas? 475 522 925

4 The values for 2V}, and ¥} are taken from Ref. 12 and that for

v, from Ref. 15.
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Fig, 2. Microphotometer tracings of the 0-0 absorption bands
of neat CgH, and 20% C,H;D in CyH, at 4.2°K.
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Fig. 3. Application of variation of energy denominators method
to the 0, 0 energy of C;H, in different hosts. The experimental points
(dots) are from Table I. Each open circle represenis a separale
determination of € + A from € + A = E{guest) - 4BQ/AE for 3 =18 cm.l,

and thus should form a horizontal, straight line.
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These spectra illustratc the effects of improper samplc preparation,

The energy of the C;H,D in C;H; 0, 0 transition could only be approximately
determined by studying the concentration dependence of mixed crystal
spectra as it was masked by the phonon addition bands (see Fig.2). The
0,0 + 2v{; transition of CH in C,D, was very weak and required ~3%

C,H, in a crystal ~ 100 p thick for detection. The corresponding trans-

ition for a C, D, guest could not be determined as it was masked by the

host absorption for all choices of solvents.

IV. DISCUSSION
A. Variation of Energy Denominators Method

The first point to be discussed in light of these new data is that of
the disagreement of the experimental p(E) with that calculated from the data
of Nieman and Robinson. The two functions are quite different and yet checking
the more extensive data pr:'esented here shows that, indeed, the guest
energy for CyH in several solvents can be fit to an expression of the
form E(guest) =€ +A + 4BZ/AE with 3 =18 em - {see Fig. 3). The only
exception is the value of CgH, in C4H,D where this approximation might
not be expected to hold. 11 -A difficulty is encountered, however, when
one considers the energy of a C,D, guest in solvents whose 0, 0 lie at
lower energics. One should be able to predict the energy of the 0,0
transition for CeD; in a CgH; solvent by adding 25 (13 cni ) plus the gas
phase energy difference12 between CgH, and C,D, (203 cnm') to the _
energy of a C,H, puest in a C,D, host. That is, by assuming that the 0,0
transitions of the C,H,; and CgDg guests are only shifted relative to one
another by interacting with the corresponding transition of the host.

However, as the 0,0 of C,D in CgH, is ~400 cm "~ closer to the upper
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vibronic bands of the host than that of C;H; in C D, interactions with
these higher states can depress this energy difference. In fact,

E(guest) for a C.D, in C.H, is only 180 cm - above that of C.H, in C.D,
instead of the predicted 215 cm . This apparent 36 cm™ shift is
surprisingly large, however, and most likely indicates either that:

1) The vibronic state responsible for this shift is very nearly degener-
ate with the C,D, guest 0, 0 transition; 2) There is also a considerable
contribution to the shift of the C,H; guest energy due to in_.tcractions
with higher crystal states; or 3) That the assumption that A is independ-
ent of the isotopic substitution of the guest and host is not valid.

That (1) is not the case can be shown by the small change in the C,D,
guest 0,0 energy as the host energy increases (see Table I). Either (2} or
- (8) could explain the poor agreement between p(E) balculated from the f |
of NR and that observed experimentally, Note, hqwever, that there is no

solution to the Eq.

48 4p;
6 = : + 2 . {6)
AE, AE,

which will give a simultaneous solution for guests below the host and
guests above the host, if one assumes the isotope effect on AE, and

AE, is the same. Thus, several perturbing states must be conjectured

to explain the data by a quasiresonance method. In any event, the conclusion
that 8 = 18 cm ' is certainly questionable since the assumptions of the
variation of energy denominators method appear to be invalid for this
state. The good fit to the experimental data for C Hy in different hosts

obtained with a 3 =18 cm " is not too surprising as the functional
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dependence of E{guest) on AE is slowly varying and only known over a
short range and can thus be fit equally well by an exponentiai or other
non-linear function.

From this discussion, we can conclude that the variation of
energy denominators meihod is internally Inconsistent and cannot be
used to evaluate 8 for benzene. |

B. Gas-to-Crystal Shifts for Different Isotopic Guests

A study of the gas-to-crystal shift A+ & for a number of guests
in a single host provides evidence that 8 is actually less than 18 cm-l.
In Table I, it can be seen that, with the exception of C;HD,, A+ 0 is
nearly constant for all guests in a C;D; host, contrary to the trend
expected for a f of 18 'cm‘l; A+d=-237+4 cm“1 for all isotopes in
CyD,. For the isotopes other than CH, é,nd CeD5, the gas phase 0,0 is
known only to within 3-6 cmﬂ, and thus the small fluctuations in A+ &
are of no significance, and might be masking a slight trend. The errors
are such that the less accurate gas phase values are most likely higher
in frequency that the actual ones as the rotational contours for C,H, and
CgD; have maxima 3-5 cm  to the blue of the zeroth rotational level. 12
The expected effects of the deuterium substitution on the rotational
contours makes it impossible to say anything more definite, but the
scatter in the A's is reduced if 3-5 cm are subtracted from the values
for CgHyD, p~C5H4D2, sym-C.H,D, and m-C,H,D,. From this we can
conclude that 8 is less than 18 cm_1 since the expected change in A +§ of
12 cm in going from a CHg to a C;H,D, guest is not observed, and that

the smaller value suggested by the experimental p(E) (~5 cm ') is more

realistic.
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The mixed crystal data can all be explained in a consistent manner
by assuming that A is a function of isctopic substitution of the host. The
functional dependence 1is such that the magnitude of A decreases as
deuteriums are substituted onto the host molecules., The dependence of
the guest gas-to-crystal shift on the isotopic substitution of the host
can most clearly be seen for the case of m-C;H,D,, Ina C.H; Lost,

A+ 8 =-241 cm 1_. Any simple interaction scheme involving the ob~
served states of the host crystals would have predicted the opposite
order, because 0 should be negative for a C;H; host and positive for a
CgD); host. A difference in the van der Waals interactions in liquid CgH,

and C,D; has been reported, 13

but just how this will effect A carnot be
predicted a priori. |

The isolopic dependence of A for neat crystals cannot be readily
determined by comparing the C;H; and C;D,; Davydov siructures. The
two higher energy Davydov components of C;D; are displaced (Table II)
about 203 cin  from the corresponding transitions in CyH,;, while the
lowest component is shifted by 208 cmﬂl. The lowest component may be
shifted as a result of interactions between the C,D; host states and the
Cg D, impurity sates. The CeDzH occurs as an impurity at ~ 2% in the
CsDy samples. 14 From this, one might conclude that & is nearly inde-
pendent of isotopic substitution for neat crystals. However, in that

the Au level is not observed, a dependence of M__, on isotopic substitu-

qq
tion cannot be ruled out as neither the nature of the excitation exchange
integrals nor the crystal structure parameters for C,D, are known,
Thus, any conclusions about A based on the positions of the observed

compohents should be made with caution.
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C. Vibronic Analysis of the Pure and Isotopic Mixed Crystal Spectra

Measurements of the vibronic structure of neat and mixed crystals
provide the best evidence that the p(E) determined from exciton
band - exciton band transitions is an accurate representation
of the 1B2u state of crystalline benzene. The first absorption ob~
scrved to the blue of the neat crystal 0, 0 is a weak, sharp line;
see Table IL. Lis assignment to the 0,0 +2v]; (55 + a5g)
transition is based on the following evidence: 1) the 2v,, overtone
combines with the 0, 0 in both the gas phase absorption 12 and emission15
and in the isotopic mixed crystal fluorescence; 10 2)there is no other
absorption observed hetween 0, 0 and the 0,0 + bg (ezg) transition which
is the next higher absorption expected from knowledge of the gas phase
spectra; and 3) its intensity in the crystal relative to the 0,0 (~1: 100)
is about what is expected from the mixed crystal fluorescence. Some-
what surprising is the fact that this band does not appear as a triplet
as it does in the mixed crystal emission. As the site symmetry is
only Ci’ the three-fold degeneracy of the corresponding ground state
overtone is removed (site group splitting) giving a triplet in the
fluorescence and phosphorescence spectra. Another unusual feature
of the transition is its large gas-to-crystal shift, A= -330 cm™* for
neat CyH, and A = -338 cm ' for neat C,D;. However, these effects may
be related to the large difference hetween the excited and ground state
frequencies of the 2V, overtone; for C,H,, 27, = 474.9 cm *, while

-X
2v1.=798.2 cm .
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The 0,0 +v{and 0,0 -~ v} crystalline transitions have been assigned
previously by their ffcquencies and relative intensities. All three
of these vibronic transitions for guest molecules can 'be. seen in at
least some of the possible hosts. Their frequencies relative to the
0, 0 transition for a C,H, guest in several hosts are given in Table III,
As discussed in Sec. II, the vibronic spacings should change from
solvent to solvent if there are measurable quasiresonance shifts of the
respective levels. The C,H, 0, 0 shifts 12 cm-1 in going from a C,D, to
a p~-CgH,D, solvent and yet the vibronic spacings remain constant to
i 2 cmul. It would be a surprising combination of events, indeed, if
the differences of quasiresonance shifts and differences in isotopic

effects on the A all combined to cancel for each vibronic state and

for each solvent. Thus, it must be concluded that the vibronic spacings

are independent of isotopic substitution and that B is much smaller than
18 t:n:f1 . TheB~5 cmﬂ1 predicted from the experimental p(E) would
certainly be consistent with the above results, as then 6 < 2 cm for
AE =70 cm 1.'

As these vibronic spacings are found to be independent of the
isotopic substitution of the host, they can be used with some confidence
in determining the mean of the 0,0 band. The 0,0 + 2¥}, transition is
the best suited for such a determination as it exhibits no measurable
exciton splitting in the pure crystal. Subtracting 392 cm-1 from the
pure crystal transition gives 37, 838 cm-lfor the mean of the 0, 0 band
of CyHy and, neglecting the translationally equivalent interactions,

Eq. (3) gives 37, 860 cmplfor the energy of the A, Davydov'level, in

excellent agreement with the limits set by the determination of p(E).
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20

Broude used a similar technique. However, he utilized the

i
0,0 + v{;transition which occurs as a doublet split by 2.1 em  in the

10 and by 9 ¢m lin the neat crystal. a2 The resonance

mixed crystals
interactions giving rise to the Increased splitting make the use of Lhis
band questionable. His value of € +A= 37,835 cm ' is in reasonable
agreement with that obtained above.

Finally, it should be remarked that the constancy of the guest
vibrational frequencies in various solvents virtually eliminates any
quasiresonance explanation of the difference in the gas~to-real
mixed crystal energy shift for a given guest 0, 0 above or below the
host band. If this difference were caused by large quasiresonance
interactions with other crystal states, including ion-pair states, such

interactions would most likely cause solvent effects on the vibronic

spacings.
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CONCLUSION

From the previous discussion, it can be concluded that: 1) the
data obtained from the variation of energy denominators method can~
not be used to determine B for the IB211 state; -2) the static gas-to-
crystal shift of a guest is dependent upon the isotopic substitution of
the host; 3) the vibronic spacings of the guest absorption spectrum are
independent of the host energy for a guest-host AE > 70 cmﬁl, implying
that the singlet 5 5 cm‘l; and 4) the inean of the singlet exciton band is
at 37,838 cm .

Using the new value for nﬁean of the exciton band, the Au level
can only be determined if the magnitude of the translationally equivalent
interactions are negligible., However, the seﬁara.tions between the
translationally equivalent molecules are quite large when compared to those
between the interchange ehuivalent molecﬁles. Thus, since fhe inter-
change equivalent ihtera.ctions must be small for a B< 5 cmbl, it will
be a good first approximation to neglect the ?‘(Ma + Mb + Mc) por'tion of
Eq. 3. Doing so, aﬁd using the pure crystal absorption data _(Table 1I),
one predicts the EAu (0) level to lie at 37, 860 cm in agreement with
the 'limits set by the density of states function (37, 815 cm S EAu(O) 5
37,875 cmﬁl)o - This position of the A, level gives M; ;; = -1. 55,
My g = 3.93, and MI v = 3.28 cm” for the values of the interchange
equivalent interactions, and 5. 3 cn:;1 for 8. From these values, the
density of states funci_ion can be calculated as in Ref. 5. The results
of this calculation for a crystal of 32,000 molecules are .in excellent

agreement with the experimental density function as can be seen in

Fig. 4. The various predictidns of the factor group structure are

compared in Table IV.
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Fig. 4. Comparison of the 20. 4°K experimental (solid bars)

density-of-states function with that calculated from the 771:1 of this

work (solid curve) [77?1 =155, 7] { 1 =8.983,77) ; y=3.28

and 77?&= ﬁ?ba 7/?0-—-0cm—1].
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Tabie IV. Comparison of the Difierent Determinations of the Factor
1
Group Structure of the B, State of Crystaliine Benzene. (The Energies

(cm.l) are given with respect fo the center of the band. )

Factor Group Component
Reference
Au Blu B2u B3u
(+7) (-28) (+29) (-7)
'|Fox and Schnepp ?
+1. 8 -7.2 +7.2 -1.8
Thirunam a.chandra.nb +30 -44 +28 -14
Nieman and Robinson® +124 -68 ' -25 -31
| This work +22 -35 +0 +4

2 The values in ( )are those reported by Ref. 1la; however, these
values are for the entire electronic interaction and have been
divided by a Franck-Condon factor (~4) to give the lower value

for comparison with the other predictions. See Ref, 1lc in this re-

gard,
0 Ret. 1n.

C Ref. 2b.
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It should be emphasized that the .uée of first-order Frenkel theory

would not be valid if mixing with the ion-pair exciton states were

16 have shown

important. However, recent experiments on naphthalene
that there is considerable doubt as to the importance of such mixing

with ’;he lowest singlet of crystalline naphthalene. The agreement between
the experimental density-oi-states function and that predicted herein

with a Frenkel approach and the constancy of the guest vibronic spacings
in mixed crystals is also felt to be go_oq evidence for neglecting the

Charge-transfer state in considering the excitation exchange interactions

for the lower excited states of such molecular crystals.
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First and Second Triplets of Solid Benzene*

Srrven D. Corson awp Ervror R, Berusremy
Gales and Crellin Laboratories of Chemisiry,t California Institute of Technology, Pasadena, California
(Received 1 March 1965}

Absorption spectra have been taken of the Qp-perturbed first (3B,) and second (3Fu) triplets of solid
benzene at 4.2°K. Spectra of both CgHg and CeDs were obtained. The (0-0) bands of the first triplet occur at
29 674+25 cm™ for Csls and 29 8514-25 cm™ for CeDs. For the second triplet they lie at 36 560 cm™1£50
for CoHs and 36 78450 cm™? for CeDs. The result for the first triplet of CsHg compares very favorably with
Evans’ gas-phase Op-perturbed spectrum. It is also in satisfactory agreement with Nieman's accurate
phosphorescence measurements en isotopic mixed crystals of benzene which place the Cglls (0, 0) band
pesition in the crystal at 29 657.1 em Many precautions were taken to eliminate the possibility of mis
identification of the second triplet. The observation that the Oz-enhanced first triplet and the Oy-enhanced
bands in the 36 600-cm™ region always appear together and with approximately the same relative intensities
is considered to be the best evidence for the assignment, However, the rather bread structure obtained by
the Oy-perturbation technique does not allow all the uncertainties in the identification to be completely
removed, nor does it allow a detailed study of this interesting state.

A detailed evaluation of the purity of the benzene is made, and & method is described for the preparation
of material having ultrahigh spectroscopic purity, Crystals, up to 5 cm in length, of this very highly purified
CeHs and CeDs were studied at 4.2°K to asceriain if the singlet-triplet absorptions could be seen in the’
absence of a perturbation, The long crystals showed some sharp and some broad {Ar=:150 cmm'*) absorptions
starting at 36947450 cm™ in CeHs and at 37 14750 cm™ in C4Dg, The broad absorptions correlate
reasonably well with the features assigned to the second triplet in the Op-perturbation experiments. The
first triplet is too weak to be observed in the long-crystal experiments, The position of the second triplet
iies about 3000 cm™ above that given by the Pariser—Parr calculation. This places the second triplet about
nine-tenths rather than half of the distance from the lowest triplet to the lowest excited singlet.

INTRODUCTION

OR many years the location of the second triplet

state of benzene has been the object of much re-
search, both theoretical and experimental!? This in-
tense interest has been generated by theoretical pre-
dictions, many and varied, of the energies of the
excited states of aromatic hydrocarbons, All theoretical
predictions identify the second triplet of benzene as the
orbitally degenerate 3K, state, and most of these pre-
dictions place the second triplet in the experimentally
accessible region between the lowest iriplet and the

* Supported in part by the U. 8. Atomic Energy Commission,
t Contribution No. 3211

1 1. R. Platt, J. Mol Spectry 9, 288 (1962).

'D.R. Keams, J. Chem, Phys. 36, 1608 (1962}.

lowest singlet3 Semiempirical thecries®® for these
energy levels, which are based partially on spectral
dala, have seemed fairly promising. Thus it becomes of
great importance to fix experimentally as many of the
states of the lowest w—* manifold of benzene as
possible. Up to now, all three singlet states, but only
one triplet state, the lowest, have been identified.®

37. W. Moskowitz and M. P. Barnett, J. Chem. Phys. 39,
1337 (1963); note that the use of a Goeppert-Mayer-3klar core,
accurate integrals, and extensive configuration interaction (Col-
wmn ¢ of Table I in this reference) places the second triplet above
the first singlet,

4 R. Pariser and R. G. Parr, J. Chem. Phys. 21, 466 767 (1953).

¢, L. Simmons, J. Chem. Phys. 40, 355¢ (19 643 .

G, W. Robmson, in Methods of Experimental Physics, edited
by D. Williams {Academic Press Ine,, New York, 1962), Vol. 3,

p. 244
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Phosphorescence

The lowest triplet can be studied in emission (phos-
phorescence) since it can be populated by excitation
into nearby singlets. The lowest triplet is the lowest
excited state, and, even though the radiative {ransi-
tion prohahility for the emission proress is extremely
small, competing nonradiative processes are them-
selves sufficiently slow to allow detectable quantum
yields of light emission. For higher triplets, however,
nonradiative paths to lower triplets are so much more
important than the highly forbidden radiative process
back to the ground singlet state that quantum yields
are vanishingly small.

Triplet-Triplet Absorption

Triplet—triplet absorption [rom the long-lived, luwesl
triplet state of benzene could yield information about
higher triplets, just as it has done in other aromatic
hydrocarbons.” However, ge»u selection rules  would
not allow strong absorption into the nearby higher
triplets since these have the same parity as the jowest
triplet. This selection rulé is weakened if the molecule

“distorts and its center of symmetry is lost. The dis-
tortion may occur through molecular vibrations, solvent
effects, or simply because the equilibrium configuration
for the triplet is distorted. In any case the transition
is not expected to be strong. This fact combined with

" the inconveniently low energy of the transition would
cause detection of the second triplet in benzene by this
technique to be difficult. Actually no evidence has yet
been obtained for any kind of triplet-triplet absorption
in benzene3

Heavy-Atom Perturbations

Passing over phosphorescence and triplet-triplet ab-
sorption, there remain three other experimental methods
which can be used to study the second triplet state of
benzene: heavy-atom perturbation, O, perturbation,

TG, Porter and M. W. Windsor, Proc. Roy. Soc. (London)

A245, 238 (1938).

8 The most favorable system in which to search for the triplet-
triplet ahsorption is probably the CeDs-argon system at 4.2°K.
Here a gascous mixture of less than 1%, CeDs with argon is con-
densed on a liquid-helium-cooled surface, The 3B, lifetime in this
system is nearly 30 sec, and all observed vibronic components are -
quite sharp, The study in ocur laboratory of this system using
intense, steady illumination for triplet excitation plus & continuum
for detection of triplet—triplet absorption showed negative results
for the region 2650-7000 A. Tn confrast, using the same technique
for naphthalene, the ¥By,+3B,, absorption in the 4000-4 region
could e detected routinely with much greater intensity than that
of the 3200-A 1B;,+1Ay, absorption even though the laiter transi-
tion involves the ground statel No attempt was made to search
for the 3E, B, transition of benzene which, according to results
presented in this paper,/should have its origin near 1.5z,

’
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and direct unperturbed absorption studies. Heavy-
atom perturbations can arise from the environment or
from substitucnts. Assuming the theorctical idens of
Robinson? concerning environmental heavy-atom per-
turbations to be correct, perturbed oscillator strengths
of not much more than fA210~7 may be obtained from
solvent perturbations.”® If the heavy atom is chemically
substituted onto the benzene ring, much larger oscil-
lator strenpths may result.”! Even though future work
may concern pure-crystal studies at 4.2°K of benzenes
containing heavy-atom substituents, the primary in-
terest in this paper revolves about the second triplet
of benzene itself or of externally perturbed benzene.

Unperturbed Absorption

The experimental value of the osciliator strength for
the spin and orbitally forbidden transition Bps—+'Ai,
(the first triplet) is fA2107" This value has been
derived from phosphorescence-lifetime measurements®-?
on hnth CgHg and Ce¢Ds combined with the accurate
quantum-yield results of Lim."* Purely theoretical
valuest* of 1077-107% for the oscillator strength of the
spin-forbidden but orbitally allowed second-triplet
transition therefore seem too small, Such calculations
may be plagued by cancellation effects in the spin—orbit
energy of aromatics,'® in which case small wavefunction

8 5. W. Robinson, J. Mol, Spectry. 6, 58 (1961).

10 5ee Ref. 9, pp. 71-77. It 1s envisioned that the heavy-atom
enhancement is caused by weak exchange interactions that couple
the triplet state of the molecule to a Russell-Saunders triplet
companent of the electronically excited heavy-atom perturber.
The triplet component of the perturber is in turn coupled to the
singiet component of the perturber through strong spin—orbit
mixing. In this manner the triplet state of the perturbed molecule
borrows some singlet character from the perturber, For heavy-rare-
gas perturbations, sccond-order perturbation theory yiclds,

Fo=[z8%2/2(Fo—Er)¥] (Ex/Fo)f:

for the perturbed oscillator strength caused by the lowest 3P,
1P, pair of the rare gas. Here z is the coordination number of
solvent atoms around the perturbed melecule, 5 is the electrostatic
“excitation transler” matrix element which is of the exchange
type, ¢ is the spin-orbit coupling constant for the 1P and 3P
states of the rare gas, Fy is the term value for the rare gas, E'r is the
average Lriplet-stale eaeigy of the perturbed molecule, and fr is the
oscillator strength for the rare gas. A summation of such terms
shouid be made over all perturbing states. For the most effective

‘rare-gas perturber, solid xenon, the observed f, for benzene is

roughly 2.5 108 compared with the unperturbed value f=10-1,
Here 2=10, §=30 cm™1, {= 6080 cm™, #4=71 095 em™, and
Ep=29 800 (see Table 11 of Ref, 9). Neglecting other states as a
first crude approximation, a rare-gas P15, oscillator strength
of f,=0.4 would be requived to explain the experimental result.
This is a very reasomahle value for f,. To find a “clean’ perturher
which would push the perturbed oscillator strength to a factor of,
say, more than 100 of what it is in xenon, would be difficult.

1 A chemically bound heavy-atom substituent is expected to
yield a & which is 10-100 times larger than that for an intermolec-
ularly bound entity.

1z M, R. Wright, R, P, Frosch, and G. W. Robinson, J. Chem.
Phys. 33, 934 (1960).

BT, C, Lim, J. Chem. Phys, 36, 3497 (1962), .

# E, Clementi, J. Mol, Spectry, 6, 497 {i961).

# 1, S5, McClure, J. Chem. Phys. 20, 652 (1952). Deviation of
the molecular eigenfunction from a 2p (carbon) representation in
the Dgy molecule or in'a distorted form of the molecule would
cause the cancellation to be inexact.
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- errors would give rise to serious errors in the oscillator
strengths. Semiempirical estimates can, however, be
made and are probably more reliable. For example,
assume that the primary singlet-triplet mixing mecha-
nism is spin—orbit coupling between 1E;, and 3E;, with
further vibronic coupling between 3Ey, and 3B;,.5% The
vibronic coupling constants for benzene singlets can
be computed from the observed oscillator strengths
and excitation energies for the 3By, 1B, 'Bas—14;,
transitions.! One obtains (! Ey. | 1B )R52000 cm—? and
('E; | 1By, )~“800 cm™. Assuming the same kind of
values hold in the triplet manifold and taking the
energy separation between the *By, and %E;, states o
be roughly 7000 cm™, one finds that absorption into
the *E;,, state should be from 12-75 times more intense
than absorption into the *By, state,

It has been estimated that well over a meter of
path length of liquid benzene would be required for
the detection of the unperturbed first triplet transition.?
According to the above semiempirical estimate, the
3Ey 14y, transition would presumably require 12-75
times less path, providing the line breadths were com-
parable. In such long paths of benzene, impurity ab-
sorption and hot-band structure from nearhy intense
singlet-singlet transitions become dominant. The hot-
band structure is an especially severe problem when
searching for the second triplet of benzene, since this
state lies virtually in the shadow of the first singlet.
The Lol-band structure can be elimminated completely
by working at liquid-helium temperatures.

The sharpening of structure is an added bonus at
these low temperatures. Spectral line sharpening in-
creases the chance of observing weak transitions. For
instance, consider the oscillator strength for a transition

F= 43X 108 fe,du, (1)

where the integration is carried out over the extinction
coefficient for all vibronic components, the units of
» being cmit. Taking a Gaussian line shape for each of
# vibronic components, asswmed for simpliciiy all to
have equal intensity, one has®
F={4.3X107%) (m) (1.06emadiny}, (2)
‘where Awvy-is the width (in om™) at half-maximum of
each component, and em.x is the extinction coefficient
at maximum absorption. If half of the incident light
is absorbed at the maximum extinction, detection of

the absorption is well above threshold. In that case

the required path length in centimeters is given by,

1(em) = 14X 10-*(mdw/Cf), (3)

(119"A C. Albrecht, J. Chem. Phys. 33, 156, 169 (1960); 38, 354
63
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where C is the concentration of the absorber in moles
per liter.

There are about five intense components in the
benzene 'Bg+14;, absorption spectrum. Assume the
same holds true for the triplets; thus m~v5. In pure
crystalline benzene C~A12, and for the benzene transi-
tions thus far observed at 4.2°K, the narrowest ab-
sorptions have Ammv2<=1 cm~). This means that a
path length of about 5-20 cm would be necessary to
give (I/1y)mex=0.5 for absorption into the first triplet
providing the absorption components were sharp. At
igom temperature in the liquid, the A of cach of the
five most intense components is around 500 o,
and Eq. (3) yields a path length of 30 m." This simple
estimate Iilustrates the great advantages of working
at low temperatures where the lines are of minimum
width.  For the second triplet, as noted earlier, one
expects an increase of around one to two orders of
magnitude in the oscillator strength compared with
that of the first triplet. Thus it would seem to be a
relatively easy matter to detect the second triplet in
long-path absorption at low temperatures. It will be
seen, however, that line broadening substantially
lessens the ease with which the absorption can be
detected. :

Oq Enhancement

In our iniiial search for the second triplet state of
benzene, the method of Op enhancement®® was decided
upon because of the extremely small oscillator strengths
for unperturbed, multiplicity-forbidden transitions in
the O,
perturbation method has been extended to low tem-
perature in order to sha.rpen structure and to remove
hot-band interference from the nearby B, state. A
perturbed oscillator strength of 107% would allow de-
tection of the triplets in 0.01.cm paths of solid benzene
even though the respective As were as broad as 150
et Sucl puths lengtlhs can easily be obtained through
deposition techniques.? The Cy-perturbation method,
while yielding broad sbsorption lines and inaccurate
vibrational spacings, would fix, within experimental
accuracy, the position of the (0—0) band for the h:gh
triplets of aromatic hydroecarbons.

aromatic hydrocarbone. In the present work,

EXPERIMENTAL

Purification of Benzene

In the study of emission spectra or weak absorption
spectra of organic molecules, the question of chemical

17 An carlier cstimate of 1.5 m by Robinson, Ref. 5, was based on
a detection threshold suggested by Craig el al., J. " Chem. Phys.
29, 974 (1958). It is felt that for the broad spectra on top of a
ra.pldly tising batkground shsorpiion, such 2 threshold s um-

realistic, The 30-m value above, it should be stressed, is not a
threshold value, It is the path at which I /Io),...,=0 5

“D F| Evans, T Chem, Soc. 1957, 1351
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purity must always be carcfully considercd. For this
reason a section devoted to the benzene purification
methods used in this work seems appropriate.

Sources of the raw starting material were as follows.
The CiHe was obtained from three different sources:
from the Phillips Petroleum Company, from D. R.
Davis of the Chemistry Department, UCLA, and from
the National Burcau of Standards, Two dillerent
samples of Phillips research-grade benzene were em-
ployed, one sample stated to have 99.93 mole % purity
and another reportedly being 99.89 mole % pure.
This material is furnished in capped bottles and is
therefore air contaminated. It is stated that toluene
is the major impurity, but it has been reported that
about half of the impurity is water.” The sample from
UCLA had been twice purified by vapor-phase chro-
matography, degassed, and vacuum sublimed into a
tube which was then sealed under vacuum. The NBS
sample was prepared by carrying out a large number
of careful recrystallizations using the Phillips research-
grade benzene as starting material. Freezing-point data
were used to set the purity level of the NBS benzene
at 99.999 mole 9.

Long-crystal absorption spectra provide a sensitive
test for spectroscopic impurities, i.e., those impuritics
which alter the absorption or emission spectrum of an
otherwise pure material, I the absorption spectrum
of the contaminant is sharp, and its oscillator sirength
is high, impurity levels in the 107-10-%-mole fraction
range can be detected in a S-cm path of crystalline
benzene.® Because of extensive impurity absorption,
in none of the Ltiree Ltypes of raw starting malerial
mentioned above was it possible to get sufficient radia-
tion through a 5-cm crystal to study absorption in the
2650-2800-A region! A series of experiments on 2-cm
crystals was therefore carried out to determine the
nature of these contaminants, The UCLA sample was
by far the most inferior, showing strong, broad absorp-
tion well to the long wavelength side of 3000 A, and
perhaps indicating the inadequacy of VPC purlﬁcatlon
for the removal of trace impurities. The major spectro-
scopic impurity in both the NBS sample and the
Phillips sample was found to be phenol. An estimate
made from absorption intensity indicated that the
NBS sample contained 10~F parts of phenol and little
else that was spectroscopically observable, Interestingly
enough, the Phillips research-grade benzene showed the
smallest amount of impurity absorption. However, a
wide vazicty of chemical impurities seemied to Le
present in the Phillips samples. Again, the major
spectroscopic impurity was phenol, but it was present

1% International Union of Pure and Applied Chemistry, Com-
mission on Physico-Chemical Data and Standards, “Cooperative
Determination of Purity by Thermal Methods,” Repqrt of the
Organizing Commlttee 14, 1961, Vol. 1.

“For example, 0 %enol can easily be detected as an
impurity in a IO—wﬂ’lle crysta.l of benzene. For a 5-cm crystal,
which is 5000 times thicker, 2107 parts of phenol would be
easily detected. The oscillator strength of the phenol tranmtmn is
rnughly 0.03.
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to only about } thc extent of that in the NBS sample,
A broad ahsorption band necar 2690 A is perhaps due
to monochlorobenzene, while an underlying, nearly
continuous absorption might be caused by toluene
plus other unidentified impurities in the mole-fraction
range 1075-10-%,

The CsD; was obtamcd from Merck, Sharp &
Dolune, of Canada, Lid. It was sald to be 99.53 al. %
isotopically pure. The chemical purity was much like
that of the NBS Cyl sample, showing a mole fraction
of about 10~ perdeuterophenol as the major spec-
troscopic impurity.

The occurrence of phenol as a trace impurity in
benzene has been noted previously.? Its wide occur-
rence suggests that benzene may react with Oy from
the atmosphere. The reaction must be autoinhibited,
however, since large amounts of phenol never seem to
be- produced. Care must therefore be exercised when
handling high-purity benzene, just as it must be for
higher aromatic homologs, so as not to allow atmos-
pheric contamination.

1t should be stressed that 1mpur1t1es at the concen-
tration levels existing in the Phillips research-grade or
NBS CgHj, or the Merck CeDs caused no problems for
sample thickncsses up to about 0.2 mm. That is, in
the absence of Oy, only extremely weak impurity ab-
sorption could be detected in such samples at wave-
lengths through the near ultraviolet all the way down
to the benzene cutofi at 2650 A. Certain spectra
appeared when 2%, O; was present. They are discussed
more fully later on.

Fur spectroscopic invesligation of 3-cn benzene
crystals much better purity is required than exhibited
by any of the “raw starting materials.”” The benzene
used in the long-crystal experiments is purified in the
following manner. From the beginning of the process
until after the crystal is grown, the benzene is kept
in a vacuum system. A schematic diagram of the ap-
paratus is shown in Fig. 1. The vacuum system is
isolated from the oil diffusion and mechanical pumps
by a %-in. Kerotest metal valve (a) having a Teflon
gasket. The benzene is transferred from a breakseal
tube (b) to a vessel (¢) where it is dried over vacuum
distilled potassium, It is then degassed and transferred
by two vacuum distillations through (e;) to a vessel
(i) mirrored with vacuum-distilled high-purity cesium
(j). After the imitial reaction, the sample is degassed
and the cesium reaction vessel is sealed off at the con-
striction (f5) from the rest of the vacuum sysiem. The
benzene is then refluxed over the cesium at about
100°C for 1 h. Conditions very much more severe than
these were found to degrade the benzene and produce
a large amount of undesirable impurity absorption.
During the cesium refluxing, the parts of the system
previously used are “pulled off” under vacuum at the
constrictions (f1), (fz), and (f3). The remainder of the

uny, L, Broude, Soviet Phys.—Uspekhi 4, 584 (1962) [Usp.
Fiz. Naulk 74, §77 {(1961)].



203

FIRST AND SECOND TRIPLETS OF SOLID BENZENE

2665

Py A meedl
a
bdﬁ f2
' f f

N d 3 4

<

b :—E c & g &
= \_/

G

I'sc. 1. Benzene purification manifold. (a) Kerotest (Kerotest, Inc., Pittsburgh, Pennsylvania} metal valve to cold traps, gauges,
and oil-diffusion pump. (b) Benzene to be purified. (c) Potassium mirrored drying vessel. (d) Swagelok union, § in., {Crawford Fitting
Company, Cleveland, Ohio) for adding potassium. {¢) Receiving vessel for primary vacuum distiliations. {f} Constrictions for pulling
off under vacuum, (g) Bridgman crystal-growing tube (14 mm 10 ¢cm). (h) Water-cooled condenser. (i} Cesium reflux vessel (~30 cc).

(j) Cesium. (k) Breakseal,

systemn is thoroughly flamed until the limiting vacuum

of 2X107% ram of Hg is attained. By means of a break-
seal (k), the cesium vessel is reopened to the main
vacuum manifold. The benzene is degassed thoroughly,
and by two vacuum distillations through the inter-
mediate tube (e) it is transferred into a Bridgman
erystal-growing tube (g)}.22 It is then cooled to liquid-
nitrogen temperature, and the tube is pulled off at

(£). A 3-cm crystal purified in this way showed little -

or no absorption throughout the ultraviolet down to
the 2700-A vegion. In particular the mole fraction of
phenol was estimated to be less than 10—

Benzene-0,; Experiments

The central idea here is o observe the spectrum of
a mixture of benzene and oxygen in the region just to
the long-wavelength side of the singlet-singlet system
(“Brus—"A1g; fA0.0014) whose origin lies near 2650 A.
Since thin (<0.2-mm) samples are used, purity is not
a problem for the Ogperturbed experiments. Phillips
research-grade benzene, degassed but without further
purification, was therefore used for these experiments.

As mentioned earlier, low temperatures are re-
quired to eliminate hot-band structure associated
with the reiatively much stronger singlet-singlet
system.® Liquid-helium temperature is used in all of

2D, Fox, M. M. Labes, and A. Weissburger, Physics and
Chemistry of the Organic Solid State (Interscience, Publishers
Inc., New York, 1963) p. 267.

o For example, according to this paper, the separation of the -
unperturbed (0, 0) bands of the first singlet and the second triplet

is only about 000 cm™1, At room temperature, hot band structure:
from the first singlet in the vicinity of the (0, 0) band of the second
triplet is therefore expected to be down in intensity by only a
factor of 150, Since even under Oz perturbation the second triplet
is at least 160 times weaker than the first singlet, there would be no
chance whatsoever of detecting the second triplet at room tem-
perature. The very highest temperature at which one can expect
to separate the second triplet from the hot-band structure 'of the
first singlet is 100°K, and much lower temperatures are to be
preferred. .

the experiments reported here. Another advantage of
low temperatures, the sharpening of band structure,
is not realized to its fullest extent in the Qp-perturbation
experiments,

Because of the broad structure, a spectrograph of
relatively low resolution is adequate for this portion
of the work. The instrument used was a Bausch &
Lomb medium quartz prism spectrograph. A 150-W
Xe lamp was used as source for the absorption studies,
while a Bausch & Lomb /3.5 grating monochromator,
in conjunction with the Xe lamp, was used to excite
cruission, Combinations of bromine gas, Corning Glass
#9863, and aqueous nickel sulfate filters were used to
reduce stray light from longer wavelength radiation.

Some earlier experiments in our laboratory attempted
to detect the second triplet state of benzene by de-
positing at liquid-helium temperature henzene with
excess oxygen; ie,, benzene in an oxygen “matrix.”
Oniy the well-known visible and near-ultraviolet bands
of condensed oxygen™ were discernible. Besides, in
oxygen-rich systems it is very difficult, because of
scattering, to get light through the thick deposits
necessary for such low concentrations of henzene,

To avold the problem of O, absorption which is
caused by 0.-Q, interactions and simultaneously to
increase the path length oi benzene, a mixture rich in
benzene containing a few percent O, was used. In order
for most of the benzene molecules in the solid to have
nearest-neighbor contact with at least one oxygen
molecule, an optimum concentration of oxygen would
lie perhaps in the 59-109% range. However, the
maximum amount which wag actuaily used was 207,
since higher concentrations seem to give deposits which
strongly scatter the light. :

The gaseous mixture containing 98% benzene and
29, oxygen was deposited on a window cooled to liquid-

M1, J. Schoen and H. P. Broida, J. Chem. Phys. 32, 1184
{19603,
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Tapre I. First and sccond triplet-state encrgics {(Inm cmi™) of
Cells and CelYs in Orperturbed systems and pure crystals,

s perturbed - Benzene crystals
el CsDs Cots Celg
3By, 20 67425 29 851425 29 657.1® 29 855.1¢
30 581 30 628 '
31 446 31 446
32 258 32 362
iE, 36 560:-50 36 78450 36 947250 37 147:£50
37 170 37 495 37 496 not identified

® Evans'® values in the gas phase for this system are 29 440, 30 350, 31 250,
and 32 100 cm™,

b G, C. Nieman, PhD. thesis, California Institute of Technology, 1965,
observed in 19 CsHy in 99% CsHe mixed-crystal phosphorescence. The corre-
sponding value of the {0, 0} band position for the !Ba,—41, transition is
37 855 cm™1, It should be noted that the pure-crystai value would be lower by

- ahout 50 em™? {see G, C. Nieman and C. W. Raobinson, J, Chem. Phys. 39, 1208
(1963)].
® Obtained from CaHs value by adding 198 cm™t [see Ref. () 1.

helium temperature in a manner similar to that de-
scribed by Robinson.? Because of light scattering, the
maximum deposit thicknesses that could be used were
somewhere around 200 p. This value was estimated
from absorption intensities of the singlet-singlet systems
of pure benzene and of a phencl-in-benzene standard
sample. It is known that when pure benzene is deposited
from the vapor phase at 4.2°K, the electronic spectrum
appears very hroad compared with the spectrum of a
crystal of benzene more carefully prepared. It was dis-
covered that benzene deposited at liguid-nitrogen
temperature and then cocled to 4.2°K shows a sharp
spectrum, just as in the case of a good crystal. Un-
fortunately, attempts revealed that little oxygen could
be trapped in the benzene under these condifions.
Furthermore, strong fluorescence emission from crystal-
line regions in this deposit masked any weak absorption
bands which otherwise might have appeared. Therefore,
this technique was abandoned in favor of the 4.2°K
deposition experiments. No fuorescence occurred from
the 4.2°K depositions containing O, Perhaps deposit
temperatures intermediate between 4.2° and 77°K
would have been optimurn, but no attempt was made
to check this point. :

Tong-Crystal Experiments

Thick crystals of benzene are prepared in the follow-
ing manner. The crystal-growing tube containing the
ultrapure benzene is lowered into a —20°C cold room
through a temperature gradient of 30°C/in. at a rate
of }th in./h. The over-all temperature differential is
ahonut 50°C. The crystal is removed fram the growing
tube and both ends are cut off with a hot wire. The
crystal is then polished with a warm brass block and

E R, BERNSTEIN

the S-cm sample is placed in a loosely fitting Teflon
kolder, the crystal being kept in an inert atmosphere
during all these manipulations. At this stage the
crystal is completely transparent with only minor im-
perfections. During radiation cooling in twe stages,
first to 77°K, then to 4.2°K, the crystals become some-
what cracked. However, they remain fairly translucent
in spite of this difficulty.

Ali spectra are taken at 4.2°K with the sampie in a
horizontal position. The optical arrangement and light
sources were the same as before. ITowever, a 2-m grating
spectrograph having a resolution of about 35000 was
utilized in place of the Jow-resolution prism instrument
in the event that sharp structure, such as factor-group
structure, exists in the 'Fps—'4,, transition in the
crystal. '

IDENTIFICATION OF SECOND-TRIPLET
ABSORPTION

There are three major problems in determining a weak
absorption such as the second triplet of benzene. The
absorption can be due to an impurity; a photoproduct
can be produced during the experiment; or there czn
be broad but structured emission whose inverse may
appear to be weak absorption. The experimental pro-

cedure is aimed at the elimination of these possibilities.

Benzene-0; System

The benzene-0, mixtures were prepared in the
manner described in a previous section. A summary
of absorption spectra obtained from these mixtures is
presented in Table 1. It is gratifying that the first
triplet (?By.) is casily detected by this technique. In
addition to the first-triplet bands, two broad (~300-
cm™) features in the 36 600-cm region of the spec-
trum occuir under O, perturbation. Microdensitometer
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tracings of these featurcs are depicted in Tig. 2. Tt
is these featurcs which are attributed to the second
triplet (*E,.). No absorption except that assigned to
the first- and second-triplet bands occurs for wave-
lengths longer than the benzene first-singlet cutoff
near 2650 A.

After first observing the absorption thought to be
caused by the second triplet, the system was com-
pletely taken apart and cleaned, and the experiment
was repeated in the clean sysiem. The absorption
appeared as before. Then a completely different de-
posit Dewar {one previously used only for N3, ND;,
NILD, etc:;, and HCL and DCl) was used with an
entirely new glass manifold. Again the same results
were obtained.

To check for an impurity in the benzene, two dif-
ferent sources of C¢Hg, the Phillips and the NBS,
and one sample of Ce¢Dg, the Merck, were tried, all
giving consistent, corroborating results. An absorption
spectrum of 1%, phenol in C¢Hg was taken, the second-
triplet absorption was compared with this, and the
two were found to be entirely different.

Spraying on benzene without Oy showed absoluiely no
absorption for N\>2650 A. This fact combined with the
simultaneous observalion, when Oy is added, of the well-
known firsi-triplet absorption and the 36 600-cwe! bands
provides fairly convincing evidence for the existence of
the second tripiet in the 36 600-cm™ region.

Three different supplics of Oy were used; two types
* of Linde high-purity O, and an O, of standard purity.
No evidence for the absorption spectrum of condensed
0» was found.

The possibility of a photoproduct being formed
during the experiment was also explored. Plates were
taken of the O;-benzene mixtures after sampie ex-
posure times of {rom less than 1 sec to 1 h using a
- 150-W Xe Jamp, and the absorption intensity was not
seen to increase or decrease. No new absorptions were
produced. Furthermore, wvarying the light intensity
over a rather wide range by means of filters and a
monochromator, showed no detectable change in the
observed absorptions. This fact indicates that the ab-
sorptions are not caused by (ransitory photoproducts,
The possibility that the absorption is an artifact due
to broad emission was eliminated by using a Bausch &
Lomb /3.5 grating monochromator with a 150-W Xe
source. Fluorescence ‘spectra using 252-mu exciting
light (bandpass of 200 A) from this monochromator
were searched for. In a -h exposure, no emission in the
region of interest was observed. Typical absorption
exposure times are of the order of 1 sec, so we have
convinced ourselves that neither photoproducts nor
stray emission can account for the 36 600-cm™! bands.

Based on deposit times and bandwidths, it is possible
to determine the relative perturbed intensities of the
two triplet states. Our estimates give

1(3Ew) :T(3B.)~910-100 (O, perturbed).
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It is intercsting, and perhaps even surprising, that the
railo of the perturbed intensities is so similar to that
expected on the basis of our earlier semiempirical
estimates for the unperturbed intensities.

Crystalline-Benzene Experiments

As mentioned earlier, impurities are of much more
concern in this system than in the previous one because
of the long path length reguired for detection of the
weak, unperturbed singlet—triplet absorption. It can
be estimated that a sharp-lined impurity absorption
with an oscillator strength of fA30.1-1.0 could be de-
tected for an impurity concentration of 1 part in 101}
For this reason, a positive assignment of an ahsorption
caused by the 3Fe14,, transition without a knowl-
edge of detailed vibronic structure in the spectrum or
without the Opperturbation results would be im-
possible. Since the *E1, state is so close to the relatively
strong 'B;, state, little vibronic structure can be ob-
served. Thus one must rely on a correspondence he-
tween any observed bands and the Os-perturbed
spectrum.

Several absorptions, some sharp and some broad,
were observed in the 2650-t0-2800-A region in both
Celg and CeDs. However, only two broad absorption
features could be consistently identified in hoth
samples, considering the expected perdeutero shift of
about 200 cm™! to higher energy. The intensity of these
two features has always been observed to follow, in an
expected manner, any changes in benzene path length.
Furthermore, the intensity of these bands was found
not to be dependent on the extent of purification of
the sample, while the intensity of impurity lines change
according to the purification method used. The most
extensive purification was obtained with cesium re-
fluxing, as described earlier in this paper. For one 5-cm
crystal of CeHp so purified, all impurity absorption
was reduced to below or barely ahove the level of
detection, while the two broad absorptions showed the
same intensity as in less well purified samples,

The broad absorptions, which appear to belong to
benzene itself, lie at 36 947450 cm™, and 37 49650
cm! in CgHe, and at 37 147430 em™? in CyDy The
second absorption feature in CeDg was obviously pres-
ent but was strongly overlapped by a series of sharp
impurity lines and was therefore difficult to measure.
The impurity was perhaps an isotopic or a chemical
impurity that was not completely removed by the
purification technique.

The broadness of the absorption was disappointing
and somewhat unexpected at first, considering the
sharpness of emission and absorption lines in other
crystalline-benzene transitions. After a little reflection,
however, one can find many mechanisms that could
broaden the ¥, 14, transition. For instance, it is
certain that the orbital degeneracy of the 3F;, state is
removed by the crystalline field whose symmetry is
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‘only C,;. (This effect may be called electronic sife-group
splitting.) Further contributions to the degeneracy re-
moval from the Jahn-Teller effect may also be im-
portant. The removal of this twofold degeneracy on
top of the expected 100-200 cm™ factor-group split-
ting® divides the (0-0) band and other totally sym-
metric vibronic bands into eight components, transi-
tions to six of which are allowed, It is noteworthy that
the observed 150-cm=? total breadth of each band is
of reasonable magnitude on the basis of such contri-
butions. Further line-broadening mechanisms must be
postulated, however, in order to explain the complete
lack of resolution of any of this fine structure, since,
ordinarily, individual components are not more than
aboul 5-10 cun* broad, and the instrumental resolving
power of the 2-m spectrograph used is not a limiting
factor. The nature of this extra broadening is not
known at the present time, but crystal strain to which
the site-group splitting is sensitive may be responsible.

Estimating from the plates that (Io/7)mes for the
second-triplet absorption bands is about 1.3 and apply-
ing Eq. (2) yields an oscillator strength of

FOEL 1 41)RTX100  (unperturbed).
It has been assumed that Apw150 cm™! and that
m=23, but that three of the bands are overlapped by the
singlet. The oscillator strength so obtained is wholly
reasonable.

In all fairness it must be pointed out that the ab-
sorptions observed in the long-crystal experiments, in
spite of all our precautions, could still be due fo im-
purities. If this were the case, one would have to con-
clude that either the oscillator strength and breadth
of the *Ey.e1d,, bands are such that the absorption
could not be observed in crystals of this length, or that
the transition energy lies above that of the first excited
singlet. However, the correlation between the long-
crystal absorptions and the O,-perturbed bands makes
the second-triplet identification plausible. The B,
state was never observed in these long crystals, This
fact is consistent with the oscillator strength frs10~2
for this transition. .

SUMMARY

The following constitutes a summary of the reasons
that the absorption bands in CeHs and CsDs, whose
origins lie, respectively, at 36 560 and 36 784 ¢cm™ in
the Os-perturbed system and at 36 947 and 37 147 crm—!
in the pure crystals, are believed 1o belong to the second-
triplet (3Fy,) transitions in these molecules.

(1) Evidence that the bands are not caused by im .
purity absorptions.

{a) The bands in CeDy are shifted 22050 cm™
to higher energy from those in CoHy. The size of the

% (3, C, Nieman and G. W. Robmson, J. Chem. Phys. 39, 1298
(1963} ; E. R. Bernstein, 8. D. Colson, R Kopelma.n, and G, W.
Robinson {to be published).
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shift compares reasonably well, considering the ac-

curacy of the measurements, with the deuterium

shift in the other benzene transitions, This is not

‘a binding argument, however, since protonated vs

deuterated chemical impurities may well behave in

the same manner.

(b} The absorption was seen in two sources of
CoH, and a totally different source of CyDs.

(c) Varying the source of Oy produced no effect.

(d) Except for the 5-cm crystals, the absorption is
not seen withowt Oy in the sample. This is the case
not only for a deposited sample but also for a 2-cm- -
thick crystal of Cels or CeDs.

{(e) After making various checks, the sample used
in the Oy-perturbation experiments was found to
be much teo thin to show impurity absorption from
CﬁHﬁ, CﬁDﬁ, or 02.

(f) The Op-perturbed absorption was seen in two
entirely different deposit systems.

(g) Varying the exposure time and the light in-
tensity produced no change whatever in the observed
speciTa, indicating that photoprodacts are not ye-
sponsible for the absorption.

(2) After careful investigation, the possibility was
eliminated that the weak, broad absorption is an
artifact caused by the presence of broad emission.

(3) Absorption spectra of 5-cm crystals of ultrapure
benzene indicate that the 3Ej«-14;, transition lies
higher than 36 900 cm™ providing its oscillator strength
is of the expected magnitude.

{4) That this absorption is the second triplet is
evidenced by the following facts:

(a) In the Op-perturbed sysiem, the second triplet
and the first triplet were observed in oll instances during
the same experiment in the seme sample, and with
approximately constant relobive intensilies.

(b) The relative intensities of the three absorp-
tions (1B, 3B, 3Eis~14y,) are roughly of the
expected magnitude.

(c) The absorption is indeed O, enhanced. This
meets a criterion for a multiplicity-forbidden transi-
tion.

(d) The position of the absorptions is reasonable.

CONCLUSIONS

In the past, the search for the second triplet of ben-
zene has usually been carried out at room temperature
and in the liquid phase,® using O,- and heavy-atom-
perturbation methods.® In all of these attempts no
great pains were taken to purify the benzene or the

" perturbers. It is obvious from the earlier discussion

that experiments of this nature are not likely to give
positive evidence about higher triplet states in benzene.
Hot bands, impurities, and spreading out of intensity
are just a few of the reasons that data from such experi-

# A, C. Pitts, J. Chem. Phys 18, 1416 (1950}; J. S. Ham and
K. Ruedenberg, sbid. 25, 1 {1956},
¥ For a general review of these expenments see Rei. 1,
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ments are not definitive. Bands ohserved hy Ham?® at
77°K in a carbon tetrachloride glass have been as-
signed® as the (0, 0) progression of the By«—'4,,
transition intensified by solvent-solute interactions. We
consider this assignment to be much more reasonable
than the original suggestion that the Ham bands are
the second triplet, '
Even though positive identification of the hroad
absorptions observed in our 3-cm samples of pure
benzene, as belonging to the 3Fs~-14;, transition, is
not possible, these experiments are very useful in
placing a lower limit to the energy of this state. The
3F,, state of crystalline Cgly cannot lie below 36 900
em. In the Opperturbed CeHe system no absorption
{aside from the first triplet) was observed below
36560 cm~l. These results are consistent with the
empirical lower limit of 37 000-38 000 cm™ for the
3E;.+~14;, transition as discussed by Platt.!
Pariser-Parr theory* places the position of maximum
intensity of the 3FEu«—'4,, transition exactly haliway
between the maxima of the 3B+ 43, and the 18,14,
transitions. Duc to the lack of experimental data, these
authors were forced to employ empirically evaluated
integrals derived from the energies of observed singlet
states to calculate triplet-state energies. There is no
theoretical justification for this, since singlet and
triplet wavefunctions, even though from a common
configuration, are expected to require a different basis
representation, The discrepancy between our experi-
mental energy and that caleulated for the 3K, state
on the basis of Pariser—Parr theory is about 3000 cm™.
This value is based on (0, 0) band positions {see
Table I) rather than on absorption maxima as specified
in the theory, but for the states in question there should
be no great difference.® Thus, the second triplet lies

% 7. 8. Ham, J. Chem. Phys. 21, 756 (1953).

( # E) C. Lim and V. L. Kowalski, J. Chem. Phys. 36, 1729

1962).

( “°5N). S. Bayliss and L. Hulme, Australian J, Chem. 6, 257
1953).

3 A recent theoretical calculation (Ref, 5) which employs more
extensive configuration interaction within the framework of the
Pariser—-Parr theory, appears to give very good agreement with
our experimental 3/, energy. However, the calculated energies
refer to intensity maxima. The theoretical (0-0) band position s
1000 to 2000 cm™ Jower than our experimental value, It shouid
also be noted that “experimental values” for the 3E;, energy
reported in Refs. 3 and 5 are not experimental values at all, oniy
semiempirical estimates.
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nearly % rather than % of the way from the lowest
triplet to the lowest excited singlet state of benzene.

It should be noted that from our experiments no
information can be obtained concerning the energy of
the proposed Oy-benzene charge-transfer states.” These
states would have a continuous absorption spectrum
and therefore could not be differentiated from light
loss due to seattering in the deposit experiments.

Nole added in proof: It is conceivable that the ab-
sorption observed in the 37 000-cm™ region of the
Qg-perturbed system is due to the benzene~-O; “double”
transition [2Bi, 14, [ 4y, %%, ). Addition of the gas-
phase value of the 'A#—3Z;~ transition to the crystal-
phase value of the 38,4y, transition “predicts” the
double transition to lle about 1000 em™ above that
observed. This is not particularly close. Nevertheless,
it would be unrealistic to exclude this as a possibility,
considering the assumptions inherent in the prediction.
Observing the transition using NO perturbation would
eliminate this possibility. Deposit experiments were
attempted in which the O, was replaced by NO. These
proved to be unproductive as NO is a weaker perturber
than Oy, neither the first nor second triplet being ob-
served. We are now working on new techniques that
will hopefully yield long, transparent crystals of ben-
zene containing NO. NO-benzene mixed crystals about
2 c¢cm long have been produced, but so far have been
so badly cracked that they are opaque in the 37 000-
em~! region. The first triplet has, however, been de-
tected in such crystals. We are also trying to grow
crystals long enough to observe the first triplet (*Bps<—
14, tramsition in the absence of .external perturba-
tions. We acknowledge B. Stevens of Sheffield Univer-
sity for suggesting the double transition to Robinson
as a possible cause of the 37 000-cm™! absorptions in
the benzene-Op mixed crystal, It should not be for-
gotten, however, that similar absorptions have been
seen in 5-cm erystals containing no O, where, of course,
the double transition cannot occur.

ACKNOWLEDGMENTS

The many hours of discussion with and advice from
Professor G. W. Robinson are greatly appreciated by
the authors. Preliminary Op-perturbation work was
done on this project by Mrs. Lelia Coyne.



208

Reprinted from Tue Jourwar oF Cuemican PHysics, Vol 45, No

10, 3873, 15 November 1966

Printed in U. § A,
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S mentioned in our previous paper on the first and
second triplets of solid benzene,! the absorptions
observed in the 37 000-cm™? region under Q. perturba-
tion could conceivably be “due to the benzeneQj
‘double’ transition [®By. A, J['4;, *Z,~1” To
eliminate this possibility, benzene-NO mixed crystals
have been grown and their spectra taken. The mixed
crystals were prepared in the following manner: The
benzene was purified as before and checked for purity
by taking ite spectrum. No impurity absorptions in the
37 000-cm™! region were observed in 2-cm-thick crystals
at 4.2°K. The NO was purified by a series of vacuum
sublimations until the originally multicolored solid
was white. NO, thus purified and placed in a hydro-
carbon glass at 77°K, shows no absorption in the 37 000-
em™! region. However, in the 40 000-cm™! region a strong
cutoff” was observed, believed to be caused by the v
bands of NO, indicating that NO had dissolved in th
glass. ‘
Several NO-benzene mixed crystals were prepared by
loading a sample cell containing purified benzene with
107 to 1072 liter-atm of the purified NO gas. Crystals
were grown by lowering the cell at the rate of 1 mm/h
through a temperature gradient of about 100°C/em
(10° to ~—100°C), and then directly into liquid N..
This technique gives excellent pure benzene crystals

but the mixed crystals were highly cracked. The mixed
crystals containing large amounts of NO were so
cracked that only the (0-0) band of the first triplet
absorption system could be seen. However, the crystals
more dilute in NO were sufficiently less scattering to be
investigated in the 37 000-cm™! region.

New absorptions are observed at 36 983%50 and
37 324450 cm, These are assigned to the second
triplet transition (*E;s14;,) of the perturbed solid
benzene system. The reason for the difference between
the energy of these absorptions and those observed
under Op perturbation (36 560450 and 37 170350
cm™) is not obvious. It does not appear to be large
enough to justify a new interpretation. It therefore
seems improbable that the absorptions obhserved in the
Og-perturbed system are due to a benzene-0, “double”
transition. The absorptions both in the benzene-0, and
the benzene-NO systems in the 37 000-cm™! region are,
as concluded earlier,) most likely caused by the per-
turbed second triplet of benzene.

The support and encouragement from Professor
G. W. Robinson is gratefully acknowledged by the
authors.

* Supported in part by the U.S. Atomic Energy Commission,

T Contribution No. 3395.

( ’g‘.s)D._ Colson and E. R. Bernstein, J. Chem. Phys. 43, 2661
1965).
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Static Crystal Effects on the Vibronic Structure of the Phosphorescence,
- Fluorescence, and Absorption Spectra of |
Benrene Isotogic Mixed Crystals

E. R. BERNSTEIN, S. D. COLSON, D. S. TINTI, and G. W. ROBINSON

Gates and Cre_lIin Laboratories of Chemistry,

California Institute of Technology, Pasadena, California 91109

The phosphorescence, fluorescence and absorption
spectra of the isotopic benzenes CGEB, CeH D, p-C H,D,,
and sym-C,H,D;, present as dilute guests in a C;D; 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 degénerate fundamentals and orientational eifects.
The former can occur for the isotopes CyH; and sym-~C H,D,,
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 orientational effects do
oceur as a general fule on vinronic and vibrational
states in benzene isotopic mixed crystals. We conclude,

therefore, that the site interactions are not negligible.
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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 he 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 C.H, and sym-C,H,D, has been com-
pletely analyzed out to 0, 0-(v;_+ v,) while for that of C;H,D,
the analysis of only the more intense bands near the electronic.
origin-has been carried out. -Some ground state vibrations of p-C.H,D, 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 fo those in fhe phosphorescence. From the general
analysis it is possible to conclude that the effect of the
crystal site on the molecule, while spectroscopically measur-
é.ble, is quite small.

On heavily exposed photographic plates it has been
possibllel to assign the °CC,H, 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

C¢HsD and p-C,H, D, as well as site splitting of the v}
vibrational levels of C;H,. The 13CCEHS_nDn 0, 0 absorption
spectra have also been identified. New absorptions, in the
region of the 0, 0 of C,H, and C,H,D have been tentatively
assigned to resonance pair lines and 13L’JZC,;HG_,HDn on the
basis of their intensity behavior as a function of guest con-

cenfration
I. INTRODUCTION

Since the classic work of Halford, 1 Hornig, 2 and Winston and I-I:a.lford3

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, Bernstein4 and Strizhevsky5 have considered further site inter-

actions not limited only to degenerate states, viz., orientational effects, 4

4,5 in the solid, For

gas-to-crystal shifts.,4 and enhanced Fermi resonance
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 arepresent for all the vibration classes and types, in the present
work we lock for the above effects in the vibronic transitions of C H, and
some of its deuferafed isotopes: that is, the phosphorescence, fluorescence,
and absorption spectra of various benzenec 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 CjH; guest in the S S site of a CgDg host crystal, the
molecular u, g classification of guest states is retained, imposing the uesg
dipole selection rule for the C.H; transitions. Thus, in the infrared absorption
spectra from the g-ground state, only u-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 involve the same viorations, .and thus
the data complement each other. For example, in the case of site
Spiitting of degenerate fundamentals, the infrared and UV data for CegH; should
supplement one another due to the u «» g selection rule, while for the case of
sym-~C H, D, these data should overlap and check one another. Similarly, for
the orientation effect, the C,H,D data should overlap with both techniques
while for p-C;H,D,, there would be no direct overlap of data. It was from
these considerations that C;Hy, C H;D, p-C;H,D,, and sym-C,H,D, were chosen
for this work. These were all studied as dilute guests in a C;D, 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

8

at 77 °K was first published by Shull. 7 Sveshnikov and co-workers® and

Leach and Lc)pez-Delga.do9 have compared the vibronic structure of phos-

10 and

phorescence and fluorescence, again in glasses at 77 K. Nieman
Nieman and Tinti (NT)11 have analyzed the benzene phosphorescence under

low resolution for many benzene isotopes in a C,D, host crystal at 4.2°K,
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The benzene emission spectra in amorphous solids do not generally show resolvable
crystal etfects on the ground state vibrations. While a few of the larger of

these effects were observed in the lower resclution crystal spectra of NT,

it is only with the higher resolution employed here that the effects are

discernible on nearly all vibronic bands as a general occurrence and can be

quantitatively discussed with confidence.

II. THEQRETICAL CONSIDERATIONS
OF CRYSTAL EFFECTS ON VIBRATIONS

Crystal eifects 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 1,2 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
CsHg and sym-C,H; D, are mapped into two nondegenerate components in
the gi site of the benzene crystal. The energy difference between these
two components in an "ideal mixed crystal" is defined as the site group

4,12 The concept of an "ideal mixed crystal'' implies the

splitting & sg’
absence of all resonance and quasi-resonance intermolecular interactions,
while all other interactions remain as in the pure crystal. Dilute (<1%)
isotopic mixed crystals of benzene have been shown to be an excellent approxi-

mation to the "ideal mixed crystal” for ground state vibrations’ This is found
not to be true, however, for the lowest excited singlet state of benzexw;.l3
For benzene isotopes without a molecular threefold axis, a different

effect ocecurs. ¢ It is clear thul in Lhe Ei site there are three possible
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orientations with respect to rotation about the original CyH, 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 gite 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 t_err_n_s present in

one are absent in the other, I_x;xrth'e O#ientatidné,l effect, which involves

two or more guest molecules on different sife's, the ground state terms do
not necessarily cancel. These terms must cancel in transitions to the two
site split components. | Moreox__fer,- the two site split componénts‘ 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
érystal ficld. This latter intcraction can'not, of course, occﬁr for mole-
~cules on widely separated sites, i.e. for the orientational effect. Because
of these differences, a direct comparison of the respective magnifudes of

these effects is difficult at best and could be misleading.

III. EXPERIMENTAT,

The benzenes were obtained from Merck, Sharp and Dohme, Ltd. , of

Montreal, Canada., The mixed isotopic solutions were purified by the method

14

described by Colson and Bernstein™ * and directly vacuum distilled into modi-

fied " Bridgman type" 'grqwing tubes, of the type depicted in Fig.1. Two
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TABLE I. Number of possible orientations for benzene
isotopes in sites of different symmetries.

" Molecular Site Symmetry
Molecule Symmetiry ¢, Ci gzh Qah
CeH,
D 1 1 1 1
C,D, Ash
sym-C H;D, D.n 2 1 1 1
p-C,H,D, D, 3 3 332 2
C,H.D
0-C.H, D, :
. .y 6 3 3% 2
m-CgH,D,
vic-CgH,D,
asym-CgH,D, Cg 12 6 623 3

4Plane of the site same as the molecular plane.
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Caption for Fig. 1.

Modified "Bridgman-~type" sample cell.
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thicknesses of crystal were used: 3 mm and ~ 20 u. The thick crystals were
grown by lowering the optical cells through a temperature gradient of about
100°C/cm directly into a liquid N, cooled chamber at the rate of roughly

1 em/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 ¢m above the liquid N, 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 C;D,; host singlet exciton band from which the
excilation energy is rapidly transferred to the lowest excited singlet and
triplet states of the guest. These lie approximately 30 cm”™ to lower energy
for each hydrogen substituted into C,D,. 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 liguid Kasha or Corning
glass filters in conjunction with 0. 1m-atm C}, and Br, 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 erystals 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
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factor of roughly 1.62 A&/mm in the third order. Exposure times for the more
intense vibronic lines were about 5 wmin wilh 20 (4 entrance slits. The weaker
lines required approximately one hour exposures. A second grating was used
in thé eighteenth order where the plate factor was 0. 32 A/mm. Only the more
intense vibronic lines of C H, weréphotdgraphed, requiring exposure times
with 40 4 entrance slits of four hours. 7

Al] 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/;n grating blazed at 1. 0. Spectra were taken
in third order where the dispefsions are 2.4 A/mm and 3.7 A/mm in the
phosﬁhorescence and fluorescence regions, ‘respectively. The exposure
times for 5y slits were roughly 5 min. Some of the very weak phosphores-
cence llnes 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 gfatingu
IV. EMISSION SPECTRA

Both ﬂuoréscence and phosphorescence emissions have been photo-
graphed for the isotopic guest in a C,D; 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 phos'phorescence lifetime of the guest molecule for C,H,,
C.H;D, p-C,H,D,, and sym-CﬁﬁaD3 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 phdsphorescenc’:e 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 cénstant triplet lifetime implies
that the quantum yields remain approximately constant independent of the
guest and thus appear to be cry.stal determined.

The phosphorescence does have somewhat sharper lines and is thus
easier to photograph at higher dispersions. Due fo this smaller linewidth
and the greater c:n‘f1 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 1_inewidth at the highest resolution
employed was approximately 0.1 cm™ 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% C,H, in C,D,. The linewidth of
0.1 cm" was superimposed on a weaker background whose width was approxi=-
mately 0.5 cm . This latter width probably corresponds to résidual crystal
imperfections. 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
the ground state excited vibrational level may be much less than 0.1 cm™*
1mplymg that the vibrational relaxation time in the ground state is
>5x 107

The lowest beniene ﬁriplet state most likely has B,,; symmetry in point

15

group Dgp. 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 I X I‘S X I‘R where I"i is the
irreducible representation in point group Dy of the phosphorescing triplet
state, the dipole allowed singlet state, and the spin-orbit Opérator for
i=T, S, and R, respectively. In this wa.y €205 bzg, and €ig vibralions are
group theoretically predicted to be active in the phosphorescence spectrum
for the free Dy molecule.

16 hag analyzed various first- and second-order mechanisms

Albrecht
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,

17 of the lowest triplet with the 3E1u

utilizing the ey, vibrations v, and v,
state which is spin-orbit coupled to the dipole-allowed singlet states 1Azu.

and lElu. Assuming this mixing route and that the lowest excited singlet has

BZH' symmetry, the vibronic structure of the phosphorescence implies the

3By, assignment for the lowest triplet state in point-group Dg.

For the lowest excited benzene singlet state, 18

B,y symmetry in point-
group Dy has been established with greater certainty than the triplet sym-
metry. The spatial forbiddenness of the transition between the ground 1Alg |
state and the lowest excited leu state can be formally removed by vibronic
mixing with the dipole allowed lE,‘u and lAzu states. The latter route

. requires a by, fundamental of which benzene has none. However, &,, vibra-
tions can mix a By, and an E;; sta.té. Thus, vibrations of species €y aTe
group theoretically predicted to be active in the fluorescence and singlet

absorption spectra. Vibronic calculationslg predict that the €ap vibration

v, should dominate.
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~ In the C. site of the C;D; host crystal, only the u, g-classification of
molecular states is retained and, therefore, the above group-theoretical
arguments are no longer rigorously correct. However, it is found experi-
mental]_ty' (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 0, O band.

One feature common to both emissions is the activity of a 72 em™
lattice phonon. This frequency is apparently determined primarily by the
C,D, 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 ') and is usually phdtographed only for the stronger molecu-
lar bands. Crystalline C,D, does have two observed20 optical phonons in
this range with frequencies of 62 and 77 cm™ at 4.2°K. ‘Some unobserved
optical phonons are also esi:im:atedz0 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.
1. C,H;

The more active vibrations in the phosphorescence speclrum of C;H,
in a C;D; host are the same as previously assigned in the solid glasses.
However, the much sharper lines in the mixed crystal allow a more nearly
complete analysis. For example, some of the fundamentals of 13C12C5H6 '
can be assigned (vide infra). C;H, has four degenerate fundamentals of €
symmetry in Dgp--ve, vy, vy, and yy-~of which vy dominates the phosphores-

cance in all solventg, being roughly a factor of five more intense than the
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next strongest vibronic origin built on p, . In a C;D, host many other weaker
”f.aise“ origins are resolved and assigned. Progressions of the totally sym-
metric 990 cm™ (alg, ¥,) Quantum are ga.lsd foupd built on v;, on the two [
fundamentals v, and v, the single degenerate g fundamental v,,, the
electronic 0, 0 and combinations and overtones of overall symmetry €2 bzg,
and €.

Figure 2 shows a microphotometer tracing of the phosphorescence
spectrum of CyHy from the 0,0 to 0,0 - 2500 cm . The analysis ol lhe
C¢H; phosphorescence is given in Table II for energies greé.’ter than
0,0 - (vy + VI); Table III compares the relative intensity of the stronger
vibronic origins in the C Hy phosphorescence and fluorescénce spectra as;,
determined from microphotometer tracings of photographic plates.

Fig.. 2 and Tables II and I show the' general dominance of ezg
vibrafibns,and in particular of v, and vy, in activating the triplet emission
Spectrum in qualitative agreement with vibronic theory. 16,19 The almost
exclusive activation of the benzene phosphorescence by the modes v, and
v, 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 isotopés. The only €y g
fundamental not assigned in the phosphorescence is v, . The fundamental
Ve is quite weak. However-, when in combination with p; it steals intensity
from yg by Fermi resonance. The totally symmetric progression built on the
Vm(elg) origin is the wea.kest_progression.analyzed, being_mveaker than
some progressions based on cdmbinations or overtones of _q—fundan}entals-
of overall symmetry eag The only g-fundamentals which were not assigned
in the phosphorescence of C I, are uz(alg), v3(a2g), and v.,(ezg). However,

v, and y, are assigned from the fluorescenée spectrum, No u-vibrations

are seen in either emission.
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Caption for Fig. 2.

Microphotometer tracing of a lower resolution
plate of the C X, phosphorescence. The bands

labeled "a' are due to *C12C H,; and discussed
in the text.
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TABLE IIL Relativé intengity estimates for the stronger vibronic
' ' origins in the C.H; phosphorescence and fluorescence

spectra,
: 3 1 1 1
Symmetry  Vibration B, A1 g Ba" 4 g
€ Vg 1 100
v 100 20
vy 25 3
214 1 3
Vit Ve <1 5
bzg Vy o 1+ <1
e v 1 | 22
Ve - 1
0,0 SRR 1 b

: aTJncorrec_:ted for Fermi resonance with v, + v,.
b:Due to appr@ciable reabsorption, no relative intensity

estimate is given.
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- 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 II . 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 b, modes, both fundamentals and
combinations, are relatively much more intense in the phosphorescence. The .
only bye mode we have assigned in the {luorescence is the fundamental v,
 which appears very weakly. No vibrations of species bzg are seen in the gas
phase leu - 1A1g spectrum. 18 However, its intensity is so much less than
v, and, therefore, the electronic 0,0, that it is not possible to draw definitive
conclusions from its appearance. The preéence of a bzg vibronic origin in
the free molecule would support a B;y; assignment for the lowest singlet state,'
but in the crystal the b&,,g origiﬂ could easily be due to crystal site interactions.

. The intensity of the totally symmetric fundamental y, relative to the
most intense vibronic origin is much greater in the fluorescence than in the
phoeﬁhorescence. It seems reasonable to attribute this to a greater enhance-
ment of the 0, 0 in the fluorescence since the transition is only symmetry and
not spin forbidden; However, the possibility that vibronic mixing by v, in the
phosphorescence is enhanced simultaneously with the 0, 0 in the crystal can
not be eliminated.

Site splitting & g5 defined in Sec. Il is observed for the degenerate g
fundamentals vg, v,, and v, amountiﬁg to3.1cm, 5.5 cm , and 0.54 emﬂl,
respectively. The splitting of v, is seen only with the highest resol}ﬂ:ion
employed and is not shown in Table II. Fig. 3 is a densitometer tracing
of y, and v, with this highest resolution. No distinct splitting is seen in vy,
but, as seen in the Fig.:3, _t'he Vg linewidth is roughly equal to the total

 bandwidth of the split v, fundamental. v, could be much more sensitive to
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Caption for Fig. 3.

Microphotometer tracing of the 0, 0-y, and 0,0-y,
CgH, phosphorescence lines at the highest
resolution employed.
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crystal quality than Vs ‘5o that its greater linewidth (0.5 cm ) need not
completely represent unresolved site splitting. On the other hand, the
absence of a splifting in v, supports the a.s.éign ment of the gplitting in y,
~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
observed ca. 8.5 cm” to low energy of the very strong 0,0 - y, - ny, progres-
sion. The intensity ratio of y, to the unassigned line is > 100 and much
larger that the intensity ratio (g 10) 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 vy,.

The e;g fundamental v,, is also split (6, =6.8 cui"). The vibronic

Ss
intensity of the two components is different in the fundamental (see Fig. 2),
but in the observed combinations of v, with vs (e, X byg = €y) and with v, ,
Vg and vg + 1, (elg X eyy =byg + by + elg) the splitting repeats itgelf. The
intensity of the components also tends to equalize in these combinations.

For the totally symmetric progression built on v,, the intensily difference
remains. The mode v,, is not observed in the fluorescence, apparently
since it has e, symmetry in Dgp, but the overtone 240 (eag) is seen very
weakly and a site splitting of 7 cm* can be inferred. Thus, even though

the vibronic intensities of the site split components of v,, in the phospho-
resceﬁce is different, the réporte_d site splitting and the frequencies of the
components are certainly correct.

In the combination and overtone vibronic bands, site splitting in many
_Ll-fundamentals can be inferred. Consider for example the three lines at
808.3, 818.1, and 826.8 cm ' removed from the 0, 0 which are assigned as
2v6, (em)2 = €g + ;5 in Dgy. The observed splitting could arise by two

different routes, both yielding three lines. The first mechanism assumes
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the degenerate fundamental v, is not split,. but that the site and intramolecu-
lar anharmonic terms removes the threefold degeneracy of the overtone 2v,,.
If this were the case, the expected splitting would be small and the pattern
not necessarily symmetric. If, however, ‘the fundamental v is split in the
sile, 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 Tablec II the intensities are roughly in this ratio in the phosphores-
cence and the splitting nearly symmetrical. The fundamental v,, is thus
predicted to occur at 404.2 cm™ and 413.0 cm” with a site splitting 6 of
8.8 em . In the infrared spectrum of C,H, in a C;D, host e::c‘ystal,‘la V,s COnsists
of a doublet at 404.8 cm © and 413._0 em (SSS = 8.2 cm) in excellent agree-
ment with the values inferred from the emission spectra. A small deviation
is expected both from anharmonicities and from Fermi resonance among the
trio of lines corresponding to 2v,, each of which rigorously has only sym-~
metry ag in the Ei site. The same band observed in the fluorescence, how-
ever, does not show this intensity pattern, the high-energy component at
827 e being more intense relative to the other two.

Similarly, the doublel at 1101.6 and 1110.9 cm™, which 1s assigned to
vy, + Vi, 1S the combination of y,; with each of the site-split components of
V4. Assuming no anharmonic corrections or resonances, the inferred value
of vy, is 687.4 cm which compares with 696.9 obscrved in the infrarcd.

The quartet assigned to v,4 +v,;, at about 1390 e yields for the degenerate
fundamental v,, the frequencies 978.3 e and 982.8 cm for an inferred
site splitting of 4.5 em . This should be compared with 5.6 em* observed

in the infrared.
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TABLE IV. Summary of C,H, data (cm™).
Dsh Vibration Fundamental frequency
symmetry number b c d Site
class and type®  gas liquid solid™ splitting
g v, (CC) 995.4  (993) 990. 5
(3073)  (3062) 3063.3
2, v(H')  (1350) 1346
bsg v,(ch) (707) (707) 704. 9
v (H") (990)  (991) 1004. 9
erg ye(C) 608,0  (606)  606.3, 609.4 3.1
v,(CH) (3056) (3048)  3042.0, 3047.5 5.5
v(CC)®  (1590) 1586 1584, 2 <0.3
vo(H")  (1178) 1177  1174.3,,1174.8, 0.5,
&g volHY)  (846) 850  862.5, 869.3 6.8
agy v, (HY) 674.0 675 696. 9
| [697]
by wo(cy  (o10) 1010 1011.3
[1011]
v,,(CH)  (3057) (3048)
bou 11(CC)  (1309) 1309 1312. 6
: [1313]
v(H')  (1146) 1146 1146.9
[1147]
. ve(CH) 308.6 404 404.8, 413.0 8.2
| ' 1404, 413]
(967) 969 978.3, 983.9 5. 6

Ve (HT)

[978, 983]
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TABLE IV, {Cont'd)

Qsh Vibration Fundamental frequency
symmetry number a b o Site
class and type gas liguid solid splitting
&1 v E 1087 1035 1034.8,1038.6 3.8
[1034, 1038]
V14(CC) 1482 1479
V;o(CH)® 3047 3036

|

% The vibrational numbering for this and the other isotopes
follows Refs. 17 and 26.

PTaken from summary given in Ref. 26. ( ) indicates
calculated values,

CRref. 18.

dhe frequencies of the u-fundamentals are from Ref. 4. The
values inferred from the u.v. spectra, rounded-off to the nearesi
=1 :
cm , are given in parentheses,

eUncorrc—:c:ted for Fermi resonance.
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Table IV summarizes the fundamental ground state frequencies of C,H;

in a C;D, 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 u-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. Sixteen 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
egvironment. For comparison, Table IV also includes the vapor and liquid

phase fundamentals.

13 12

2. C*C,H,

The isotope ®Cis present in natural abundance in the amount of 1.1%.
Thus, roughly 6.6% of any benzene will contain at least one “C atom. For
all the partially deuterated benzenes, more than one isomer with the chemical
formula 13CIZCE.,HnDﬁ__n exists. The corresponding vibrational frequencies of
each of these isotopes will be very similar and difficult to resolve. However,
only one isomer ISCHCSHR exists. Electronic spectra provide a means of
obtaining some of the vibrational frequencies of 1?’CmCsI-IG as an “impurity"
in ‘the CsH; guest in the C,D; 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
difierence, but by the vibrational energy difference plus the zero-point
energy contribution. Thus, even if a particular vibrational frequency is
unchanged by introducing 13C, the corresponding vibronic lines will be
separated in energy by zero-point effects which may bc 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 ‘°C-benzene,
the 3C to “C phosphorescence intensity ratio is less than 6% since the
transition energy for C-benzene lies above that of — C-benzene, Thus, at
low temperatures excitation energy transfer to the loweét lying trap, i.e.,
the RC-benzene, can reduce the relative intensity of emission from the
13C-‘1sotope. Definitive assignments of all but the more intense ®C-lines
are further hampered by the intense background of 2C-lines along with
phonon structure on very heavily exposed plates.

Since 13CJRC?;H6 has vibrational symmetry C the degenerate

2y?
vibrations of ‘203116 are split into a and b components. In the 91 site

the vibrations of 13CIZCSHG 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 ‘~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
mCﬁHﬁD, discussed in a following section, are in general <1 cm™ and,

thus, are expected to be vanishingly small for 13CI?'C,;HG. Therefore, the

oniy new vibrational structure anticipated is the removal of the 12CEH6

vibrational degeneracies.
A somewhat surprising result for 13CIZCSH13 is that the isotope shifts
from 12‘,CE,HB in the electronic origins of the phosphorescence and {luorescence

are quite different, contrary to the observations for the deuterium substituted

21,11

isotopes. These shifts to high energy from the corresponding IL‘Q'CE;HS

‘ps -1 1 1 3 1
transitions are 3.7 and 7.8 cm in the B,,- Ay and B - A 0,0

2 g
lines, respectively. The electronic origin in the singlet transition, as will

be discussed in Section V, is determined from the 0, 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 invelving a known funda-

22,23

2 . . . -
mental Ber C:H,, viz. v, of species a,, The mixed crystal value

observed for this fundamental is 982, 0 em™ compared to a liquid value22 o)

984 em™*.

{

The other 1'3‘(1‘?"3051-1‘i fundamentals assigned with some certainty are

Vg Vs, Voo, 304 vy, These were obtained from the phosphorescence wherein

sa’
they serve as origins for progressions in »,. The 0,0 and 0, 0-y, lines are very
weak and, thus, were only photographed with the faster, lower resolution spectro-
graph, The bands involving Yoa, b are seen in Fig. 2 as a weak doublet to

high energy of the very strong (, 0-y,-uy; progression of mcaHﬁ. The pro-
gressions built on ¥, and v, are too weak to see on the exposure correspond-

ing to Fig. 2 as is the 13012051{8 0,0. The fundamental frequencies are pre-
sented in Table V. The observed ~ C-shifts are also tabulated and compared

with the shift calculated from Whiffen‘s24 force field employing the modifica~

tions of Albrecht.za The agreement between the predicted and observed

shiits for the fundamentals v, v,, Vs, and v,, ,, is excellent and generally

within the experimental error limits of +0.3 cm™.

This range is imposed
mainly by the uncertainfy in the phosphorescence electronic origin, The
vibronic bands terminating in the ground state fundamentais are nearly as
sharpas the 12CGH6 lines at the same resolution, confirming our expectations
of a very small orientation effect for 13CmC,,,HG.

Other lines are observed in both emissions which seem due to
¥C-benzene, but the analysis leaves some doubt. For example, v, is
expected to be stronger than the assigned v, in the fluorescence (cf, Table

III). A single line of about the correct intensity relative to v, of 12C--benzene

is seen 599.5 cm™ from the **C-0,0. If the v -splitting is greater than

6a, b
about 5 cm” and if the low energy component is the one observed, the other



TABLE V. Somec obscrved andlzcalculatcd fundamental
frequencies of *CC.H,.

e o
3¢, H, fundamental av(®c-"¢)
frequency {em™) a observedb predicted ¢
" -982.0 8.5 8.4
v, 702.0 2.9 3.5
Vs 1003.8 1.1 1.0
1174.6 0.0 0.3
o2, b {1172. G 2.0 2.4
e S—— ]

. . -1
A The experimental error is #0.3 cm .

PThe mean of the site-split fundamental v, of 12C3H5 was used
to calculate the Av observed.

c.":‘»ee text,
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cdmponeht of v, would be unresolved from the overexposed v; band of
¥C-benzene. Two véry weak lines are seen in the phosphorescence at 600
and 606 cm™ from the 13C--O, 0 and,‘ thus; seemingly support the assignment
- to Yea, b However, this analysis can not b.e confirmed by a progression of
v, built on Vea, b Moderately intense lines are seen in the correct spectiral
region in both the fluorescence and phosphorescence emissions, but they

are not easily assignable to Vea,b + Vr Because of the different “*C-shifts
in the phosphorescence and fluorescence electronic origins, the Y*C-lines
are shifted relative to the —C-lines in the two emissions, Some lines show
the correct shift, but a sufficient number do/élx? tE:Lre absent, to make an
analysis difficult. Moreover, v 6a,b + v, is most 11kely in Fermi resonance
with V, a,b and possibly also Vea, bt Viz .‘ Therefore, we do not conjecture
a possgible assignment for y, a,b
expected to be stronger than the assigned Voa, b? and present the results for

, even though in the phosphorescence it is

v a,b only as tentative,

For the other 13CmC_,,HnI) isotopes, which are of course present

: [l ¢
- . s . 13

in the other isotopic benzenes, no assignments to ~C-benzene are made.
However, some of the unassigned weak lines, especially in the spectrum of

sym-C,H,D,, could easily be due to 13¢M CH, D, .

3. sym-C,H;D4

From the correlation diagram shown in Fig. 4, the active vibrations
in the phosphorescence of sym-CgH;D; (point group Pah) are predicted to

4

have symmetry a,”, ¢, and o". However, only vibrations which correlate
directly to the active C;H, vibi'ations given in Table III, V& Vs, V5, Ver Vas
and vy, Or are strongly. mixed with them in the lower symmetry isotope are
intense vibronie 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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FIG. 4. Correlation diagram for the groups af

benzene isotopes™.

CollsD P-CoHD, CoH, 8ym=CyH,yD,
Eav th JQesh Qah

ay (x)

b, ()

b, (2)

\

blg

Ay -axig always perpendicular to the plane of molecule; y-axis

through C,; and x-axis between C; and C,,



2ks

Caption for Fig. 5.

Microphotometer tracing of a lower resolution
plate of the sym-C,H,D; phosphorescence. The
bands labeled "a'" are from a plate exposed 1/20
as long as the rest of the spectrum; "b" denotes
bands assigned to m-CgH,D, and m-C,H,D,
impurities,
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free molecule, | Thus, as shown by the normal coordinate analysis of
Brodersen and Langsreth,zs. relatively strong mixing occurs between v, and
Vigs V4 and vy, and ¥y and vi,. Weaker lmixing does occur to some extent
among all vibrations of the same gymmetry, and in particuiar in the 91 site
symmetry among all the vibrations of sym-C;H,D,. This latter mixing.,
howevér, does not appear to be very strong since the predicted vibrations
are the more intense, Figure b shows a microphotometer tracing of the
phosphorescenceISpectrum of sym~-C,H,D, in crystalline C.D, near the elec~
tronic origin. All of the observed fundaments serve as false origins for
totally symmetric », (a,, 955 cm™) and v,, (a;, 1003 cm™) progressions.
The analysis of the sym-CgH,D; phosphorescence out to 0,0~ (y; +v,) is
given in Table VI. Some of the lines shown in Fig. 5 are due to

m-C,H,D, and m—CﬁH,zD4 impurities. These were identified from the
phusphorescence of the corresponding isotopes in a Cel)s 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~C,H;D,, as in C;H6 , 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 €' and two e (vide infra) fundamentals and inferred for the third
e” fundamental., vy, 'was'obtained from the fluorescence. Because of the |
greater linewidth in the flﬁorescence, the site splitting in v,;, could be as |
large as 3 cm™ " and not be resolvable, For v,, the site splitting must be
<1 em™ assuming roughly équal _intens;ities for the two components since

only one line was observed, . The results are summarized in Table VIL



TABLE VII. Summary of the sym-C,H,D, data (cm™)
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syng%}étry Vibration  Fundamental frequency Site
class number . gas liquid solid splitting
a/ v, (956) 955 954, 6
v, (3074) (3062) 3046. 3
v,  (1004) 1003 1002. 9
ve  (2204) 2282 2281, 4
8 vy 697 697 703.9
v 017 918 927.8
vy 531 533 546. 2
e’ Ve 504 594  591.8 593.5 1.7
vy 2282 2274  2269.0 2274 5
vy 1580 1575  1571.2 1572.2 = 1.0
v, 1101 1101 FR
Ve 833 833  831.5 834.6 3.1
Vi 1414 1412 1410.8 <1
Vo 3063 3553 3060. 6 <3
e’ Vo (T07) 711 718.2 722.7 4.5
V1o (370) 375 [378] [387]  [8.5]
Vin (924)  (926)  936.6 940.7  4.1C
_ m —

Ref. 26. Values in parentheses are calculated.

b

brackets are inferred from combinations, -

CSee text.

Not corrected for'poésible Fermi resonance (FR). Values in
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None of the three possible a) vibrations -= vy, vy, and vy, -~ were agsigned

from the emission spectra. These were observed in the infrared for

- sym-C,H,D, in hoth Cf‘iH6 and C,D. hosts and are reported in Ref. 4. For
the ground state funcamentals that are seen both in the infrared spectrum
and in the electronic emission spectra the agreement is within experimental

error except for v,,. The site split components of the fundamental v,, in
the phosphorescence have quite different intensities and the high energy

component of the vibration is too weak {o observe in most combinations.

The two components are seen:only in v, and in the doublets tentalively assigned
to vy, + y; and to v, + v,;, where the splitting repeats ’but the intensities be-
come more nearly ‘equal. This behavior is similar to v}, in both C H, and
sym-CgHyD,, but for ¥17 the intengity differcence is greater. The more intense
component of vy, agrees with one of the infrared values in a C;D, host, but
the weaker component differs from the other infrared value by ca, 2 cm™
which is outside the combined experimental errors. The infrared values

for this sym-C,H,D, vibration in the two hosts‘ C.H; and CgD, show larger -
than usual shifts (ca, 1 cm™'), but this borders on the reported exXperimental
error. Considering the weakness of the high energy component in the
phosphorescence, the assignment to »,,, may be questioned, but, if this is

not the correct assignment and the other component of v, is unobserved,

then the vibronic intensities of the two components must be greatly different
as vy, is seen as a doublet in the mixed crystal infrared spectrum.

An alternate assignment of the véry weak 940; 7 cm™ component would be

to v, of either one (or both) of the two 13Ci2C,H, D, species present.

Brodersen and Langseth have assigned a Raman line at 947 cm'l, observed

in liquid sym-C;H;D;, to 13C12C,H,D,. If the 1*C-~isotope shift in the phosphor -

escence 0, 0 of ¥C:2C,H,D;, is roughly equal to the 7.8 cm™ 13C-ghift seen for
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13C12C H,, then the line at Av = 940.7 em™ becomes Av = 948.5 cm” based
on the unobserved 13C-0, 0. This near agreement with the Brodersen and
Langseth value and the weakness of the vibronic line suggests that perhaps
the assignment to *C is correct. We choose Lo report in Table VII a sile
splitting of 4.1 cm™ based on (1) the few tentative combinations involving
both components of v,, in the phosphorescence and (2) the observation of

a comparable site splitting in the infrared.

At Av~1100 cm? the fundamental v (e’ ) is in resvnance with
the combination vy, + v, (€’ +a’ + a/). The strongest two lines in this region,
which might be assigned to y; since this fundamental is expected to be strong
in the phosphorescence, are degenerate with two of the harmonic values for
Viot Vg Since six lines are observed, the v, component of the Fermi
multiplet is apparently responsible for two of these lines; however,
unambiguous assignments can not be made. Similar problems
occur 2270 cm ™ to the red of the 0,0. The fundamental v, is expected to
occeur in this region, but again overlapping combinations make a unique
assignment difficult especially from the phosphorescence (see Table VI), How-~
ever, in the sym-Cg H,D, fluorescence, as in that of C;I;, the relative vibronic
intensity of v, is increased and, therefore, the lines assigned to v, stand
out more clearly. Of course the higher the energy of the ground state
vibration, i.e,, the further it is removed from the 0,0, the morxe 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 v, and u,, in the 3050 cm™ region are the least
certain. As seen by comparing Figs. 3 and &, the density of lines is less

in the C;H; emissions and these complications are not so prevalent,



259
4. CHD

C.H;D has vibrational symmetry C,y for a hexagonal carbon
framework. As seen fi'om the correlation diagram in Fig, 4 , degener-
ate vibrations are split into a and b components in fhis ldwer symmetry
and é.ll vibrations group theoretically can be active in the phosphorescence
spectrum. However, those vibrations which correlate directly to the
more intense"vibrations in the phosphorescence of C H; or are strongly
mixed with one of these active Vibrationszsagain dominate. For ex-
ample, the b, vibrations v,; and v,,), are mixed wilh v, and v, respective-
ly. For the b, vibrations strong mixing occurs among vy, V5, and vy
and between v, and v,,. Thus, besides the strong vibrations corre-

~sponding to those shown in Table 13, the vibrations vy, vqp V15 a30d
Visp also Serve as relatively strong vibronic origins .of totally symmétric
progressions. The weakness of the remaining vibrations again suggests
that the molecular symmetry classifications are still approximately
valid in the 91 site.

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., v, and v, are interchanged.

Since there are no degenerate species in point group sz , Site
gplitting 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.* The expected line' pattei-n is given in Table I for the

different isotopes for different choices of the effective site symmetry.
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The phosphorescence spectrum near the electronic origin for 0. 5%
C,H;D in a C;D, host crystal is shown in Fig. 6. Table VIII gives the com-
plete analysis for the measured bands out to 0,-0f v, a,b + ¥;). The elec~
tronic origin consists of a pair of lines separated by 6.5 cm™* and all other
vibronic bands are doublets or triplets with a total band width of approxi-
mately 7 cm™. These general features have been previously described by
NT. They assigned the 0,0 doublet to different orientations of the guest in
the crystal, the 6,5 cm™ "splitting” representing the difference in zera-
point energies among distinet guest molecules with different orientations of
the deuterium atoms in the nearly C,n 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~
le.r symmetry and .o_f the orientational effect, the overail density of lines is
greatly increased in the C;H,D phosphorescence. Therefore, we have
primarily concentrated on the lower energy funda.menfals and the more intense
combinations.

For example, consider the doublet assigned to 0,0-y,(a,;) in Fig. 6.
Each of these represents the subtraction of a .quantu_m of the totally symmetric
-mode vy frem its .respecti.ve 0, O“Iine. NT have been able to show from

concentration studies that for some of the more intense lines, the high (1ew) _
renergy member of a vibroﬁic doublet corresponds to the high (low) energy
‘member of the 0,0 band. Therefore, in the analysis for v, presented in
Table VIII the subtractions are made assuming this correlation holds for all
vibronic bands. Two vaiuee are in this manner obtained for v, 979.0 em™t
and 979.4 cm ™. The difference in these two values results from the inequiva-

' ce of the guest-host interactions when two guest molecules undergo the

.me vibration in two physically different crystal directions corresponding
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Caption for Fig. 6.

Microphotometer tracing of the stronger bands
of the C;H,D phosphorescence. The vy a,b bands
are taken from a plate exposed 1/5 as long as
the rest of the spectrum. Lines under the

trace indicate assignments.
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td jfhé two different guest orientations, ' This apparent splitting, namely

0.4 cm™ for v,, is the orientational effect on this vibration for CgH,D in a
C,D; host crystal. 1If this vibration were observed in the infrared or by the
Raman effect with sufficient resolution, it would app-eé.r aé a close doublet
with a splitting of 0. 4 em™, instead of the apparent 6.9 cm™ splitting
observed in the phosphoreécence.

Since the crystallographic site symmetry is C; and not C,, , triplets
are predicted in Table I instead of the generally observed doublets. In f{act,
triplets are observed for some bands, e.g., v, j, and v; 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 three electronic |
origins are assigned to .thle higher  energy component of the 'O,‘O.

‘In Table VIII this nearly degenerate pair are designated as
0,0+ and 0,0%; the third origin 6.5 cm ™' to lower energy is
‘called 0, 03. ' |
For the vibronic bands which appear as doublets, the vibrational
energy quantum corresponding to origins 0,0 and 0,0" 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 0, 0' and

0,0° to obtaln the respective vibrational quantum for these two guest orienta-

tions. The vibrational energy in the third orientation is obtained by
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subtracting the low—ehergy line of the triplet vibronic band from 0,0°. I
this fashioh, three different frequencies are generally obtained for a given
vibrational mode as shown in Table VIIL

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 0, 0! and 0, 0® 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 isvery ﬁearly th. However, the
effect on the vibrational energy in these two cases is quite large, amounting

10 1-3 cm™

, compared {0 an average orientation splitting of 0.7 cm™ between

0, 0* and 0, 0%, It should be noted that both pdéitive and negative energy shifts

are observed for the orientational effect, Where the fundamentals reported

here overlap with bands obscrved directiy in the infrared the agreement is

excellent. No orientation effect has been reported for Yy OF Véb as it is
difficult to cohclusively assign all the lines in these regions (1170 and 1575
cm™* removed from the 0, 0 band, resfgectively). It appears that these funda-
mentals are in Fermi resonance with combinations (see Table VIII).

Since these or.ientational effects are all small, it is necessary to
carefully analyze the sources and the magnitudes of the errors and their
propagation in obtaining thé final result. The first consideration is, of
course, the validily 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 Ln_fg_?,__ and Ref. 4)., These coneiderations 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 < 0.5 em™t.
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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

only to +0.1 ecm™,

5. p-C.H,D,

For p-C,H,D,, which has vibrational symmetry D, for a hexagonal

carbon framework, the correlation diagram in Fig. 4 shows that all the

g-vibrations a, and b,  can group theoretically be active in the

g Pigr 3g
phosphorescence spectrum. DBesides those vibrations which correlate
directly to the more active vibrations of C,H,, a significant activity is also
seen of the vibrations Vmb(bsg) and (b, g) Wh;ch mi;c with V4_(b3g) and », b(bzg) s
respectively. As in C,H,D, no degeneracies remain in the vibrational mani-
fold of p-C,H,D,. However, inversion symmetry is preserved in the lafter
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 0, 5% p-C,H,D,
shown in Fig. 7, the eléctronic 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 em™. The
origin of the electronic splittings and their relative magnitude for various
isotopes has been discussed by!NT, Procecding as in C;H,D, in general

three different frequencies correspondmg to 0,0% 0,0°, and 0,0’ are
observed for each vibrational mode summarized in Table X, These ba.nds
are the only ones for which an unambiguous assignment of the orientation

effect could be made,
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Caption for Fig. 7.

Microphotometer tracing of the stronger bands
of the p-C,H,D, phosphorescence. The vy region
is taken from a plate exposed 1/5 as long as the
rest of the spectrum. Lines under the trace

indicate assignments.
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V. 'B_, — ‘A, ABSORPTION SPECTRA
NV\’\MI\I\I\&WMNV\/\NWM

The vibronic absorption spectra of the guest in an isotopic mixed
cryst'al‘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
ﬁbrations be studied but the orientational structure of the 0,0 band can be
observed directly. Unlike the fluorescence, the guest singlet — singlet
absorptibn spectra can be very sharp in properly prepared crystals. Care
must be exercised to avoid straining the crystal to obtain maximum sharp-
ness.27 In the thicker érystals of CsHy in CyD,, absorption linewidths as
narrow as 0.6 cm™ have been measured. The structure of the guest 0,0
absorption bands is given in Table XI for mixed crystals of C,H,, C,H,D,
p-C,H,D,, and sym;CGHSD:s at < 0.005% in C,D, 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 isl, 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 0,0
band would consist of one line. From a comparison of Tables VIII, X, and
XI one can see that this difference for the 'B, ~ ‘A transition is ahout

g
1/5 that of the s'Blu - 1A1 _transition, but in both transitions the overall

splitting for p-C,HD, is ibout twice that for C,H.D. For a detailed dis~
cussion of the significance of these differences, see NT.

The thin crystals (~ 20 u) are required fo observe the higher vibronic
guest transitions as such absorptions are completely masked by the host
absorption in the thick sa.mples. -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



277

i

Table XI. 1B2u4— A g Electronic Transition Energy for Isotopic

Guests in a CgD, Host Crystal at 4. 2°K.

mixed crystal® (cm ™) gas® (cm™)
2CH, Dyon 19C 12 CyH, Dy oy MC,H Dy
- CgHg | 37853.3 37856. 9 38086. 1
37885. 2 37888, 8
CoHsD 37884, 0 37887, 7 38124
sym~CgH,D, 37947.9 37951.4 38184

2 Uncorrected for interaction with the C,D, host.

PThe CgH, value is from Ref. 18, For the other isotopes the

0,0 is taken from Ref. 21.
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Table XII. Analysis of the leu"'""— 1AJLg Absorption Spectrum of
1% CgH, in C,D; at 4. 2°K,

hair Vac Av Assignment Cias
] v
2641. 00 37,853.3 0 0-0
2605, 34 38,371, 3 518, 0} ’ 522, 4%
v
2605. 20 38, 373. 4 520. 1 °
2577. 89 38,779, 8 926. 5 v’ 923
2543. 9 39, 297(b) 1444 v+ vy
dRet. 18.

b

F. M. Garforth and C. K. Ingold, J.Chem, Soc.,

1948, 417
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those of ground state vibrations as excited state levels are more apt to be
shiffed by interactions with the host, The excitation exchange interactions
are typically larger for the singlet vibronié bands than for the ground state

 vibrational bands and thus quasiresonance interactions®®

with nearby host
bands could cause a different shift in each vibronic level. A few C/H, in
C.D, levels are given in Table XII from which it can be seen that the v/ site
splitting (2.1 ecm™) is less than that of the vg (3.1 cm™%). This splitting
should not necessarily be the same as that of the Ve ina pure C.H, crystal,
which has been re]g:worted?‘9 to be 9 ecm™', since resonance interactions must
contribute to the splitting in the pure crystal. |
Absorptlions due lo lac—containing benzene have also been observed

(see Table XI). In thick crystals of about 0. 04% C,H,, 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, 3C,-benzene, and to pairs of gdest mdlécules in adjacent sites
("dimers" or "resonance pairs'). The line at 37856.9 cm” " is assigned to
13C12C, H, based on the presence of a 982 ¢m * (vy, a,) Drogression built on this
origin in the !B,y —~ 'A;p emission spec:trum, .as described earlier, and on its
.intensity relative to the 12C;H, 0, Ozabsorp:tion at very low concentrations. The
18C,-benzene assignment is made from anl.‘-_analogy with the deuterium isotope

t;ll’21 that is, the 13(32'—1ine is expectéd'to be shifted twice as much as the

effec
43C, -line. Also in analogy with the deuterium effect, the o-, m-, or p-C,-
-shifts are expected to be nearly equal (within 10% of one another). The assign-
‘ment of the line at 37848.6 cm;1 to a.resonance pair is made on the basis of its
concentration dependence; that is, its intensity decreases more rapidly than that
of the CzH,; "monomer' absorption with decreasing C;H; concentration. The line

at 37851.2 cmbl, 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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Caption for Fig. 8.

Microphotometer tracing of the C;H, electronic
origin at two concentrations in a 2 mm. thick
CeD; host crystal. See Table XII for the
frequencies. ‘ ,



% TRANSMISSION-

281

0.0025 %

0.043 %

viecm=l) ——

c,d,e



282

Table XIII. Structure Observed Near the Electronic Origin for C;Hj,

and CgH,D at Higher Concentrations in a C;D, Host.

To. 04% guest in a ~ 2 mm CgD; host crystal.

: ISee Fig. 8.

C.H, C H,D'
vem I Assignment | vem I Assignment
‘a¥ 37,8609 w 18C,12C,H, || 37,892.5 w
’ } 1302IZC4H5D
37,891.6 w
b 37,856.9 s 18C C,H, 37,888.8 s -
: ) _ 13012C5H5D
37,887.7 s
¢ ~37,854.1 w,sh —
d  37,853.3 s Monomer || 37,885,2 vs
. _ : - } Monomer
37,884.0 vs
‘e 37,852.3 w —
f 37,851.2 w 37,882.7 . w
37,881.8
Resonance ' Resonance
g 37,848.6 w Pair 37,880.0 w,b Pair
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too near the intense monomer absorption. At the highest resolution employed,
additional absorption lines \}ery near the monomer line are resolved. These
are -given in Table XIII, but are uni'esolved in the lower resolution spectrum
shown in Filg, 8, Their concentration dependence and, therefore, thelr
definite assignment is unknown. Similar lines were seen for the other deuter-
ated isotopes. The CyHD data is also given in Table XIII, ‘note the consis-
tency of the orientational effects. |

It should be pointed out that polarized absorption spectra of pairs of
molecules in isotopic mixed crystals allow the magnitudes and relative. signs
of pairwise infermolecular 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

30

molecular crystals.

VL 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
erystal. The magnitude of the effects are generally insensitive fo igsotopic
substitution, u~ or g—s_ymfnetry clagsification, or to the vibration 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 comparirig in-plane and out-of-plane vibrations. Apparent
~ exceptions for the site shifts are the particular in-plane vibrations v,, v,,
Vg, and vq. 'However, the anomalously large gas-to-crystal shift for these

vibrations paira,llel_s an anomalously large gas-to-liquid shift, while for the
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bfl;ér fundﬁmentals 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 airerage site shift
_ for the in-plane vibrations is. very nearly zero and certainly within gas
phase experimental error (2-3 cm™) for unresolved bands. For the out-of-
plane vibrations the average site shift (solid-gas) is greater than 10 cm™,
This trend is followed in the site splittings (see Tables IV and VII).
The average site splitting for the out-of-planc vibrations is ~ 7 em™" while
the in-plane vibrations have an average site splitting of roughly 3 em” Y, |
For the orientational effect the distinction between in-plane and out-of-plane
bands is less clear and it appears that the effect is more dependent on the
Ijarticu_lar vibrational mode. We note, however, that for vm(CC']L ) the -
orientational effect as seen in the infrared® in CH;D and p-C,H,D, is the
largest observed. Furthermore, the average maximufn splitting among the
orientational components is generally less than site splitting. |
We suggest that the distinction between in-plane and out-of-plane

24 for the out-

rhodes is probably due to the greater vibrational amplitudes
of-plane displacements. This could imply that interaction with the crystal
environment is.greater and, therefore, larger site shiits, site splittings,
and orientational effects result for larger vibrational displacements. For
the lower symmetry isotopes which exhibit orientational effects, the rhixing
among vibrations, especially in the 9‘1 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.

~ The site splitting observed in the fundamental v, for C,H, is 3.1 cm’~

1
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Table XIV. Change in the 1600 cm™ vy and vy + v, Fermi Couple
Splitting ‘with Totally Symmetric nv, Additions

no Vg +¥ (Vg+ Vi) + v,  Site Fermi splitting
(cm™) (cm-l) splitting (cm-i)
(cm™) solid®  gasP
0  1584.3  1602,8 1.2 19.1 20
1604. 0
1 2568.1 2594, 3 1.2 26.8 26
2595.5
2 3551.6 3583.5 1.3 32.5 31
| 3584, 8
3  4534.1  4571.5° 37.4 37
v, 606. 3 3.1
609. 4

@The mean of the split (v + ;) + oV, component is used Lo

calculate the Fermi splitting.

. PR, M. Garforth, C. K. Ingold and H. G. Poole,
J. Chem. Soc., 1848, 427,

CThis band is too weak to observe any splitting.
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When toially symmetric additions are made to v, (vs+v,) + nv; comes into
Fermi resonance wifh vy + ny, and the measured splitting decreases to
roughly 1.2 em™" as shown in Table XIV. The assignment of the "y, compo-
nent" 'in the Fermi doublet is made by comparison of the intensities of the
members of the Fermi couple with the v, fundamental in the fluorescence
and phosphorescence cmiésion's (cf. Table III and Fig. 3). The dccreasc in
the meaéured splitting of v, for C,H; in the Fermi couﬁle is apparently due
to the resonance; Note, however, that the "lost splitting"

does not appear in the other half of the couple »,. In sym-C,H,D, this same

resonance does not appear to be as strong since the observed value for v,+v,

is closer to the harmonic value. The site splitting in this progression is
more nearly constant and equals 1.7, 1.9 and1.5cm™ forn.=0, 1, and 2

respectively. Furthermore, vy in sym-C,H;D, is split by 1.0 _cm"l.

Even though the site-split components of a degenerate fundamental
ﬁsually have very nearly equal vibronic intensities, the fundamentals Yy in
both C H; and sym-C,H;D; and v, .in sym-CgH;D; are exceptions, Exactly
how to evaluate this difference in vibronie intensities is not clear at present.
An unknown amount of mixing 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 such intra-site
interactions are small. The inverse, however, need not be true; that is,
nearly equal intensities does not necessarily imply strong intra-site inter-
actions. It may just be that in these cases the site-split components are
equally good "intensity stealers." In combination and vvertone bands the
relative intensity of the components is variable. For example, the compo-

nents of (v, + ;) and 2y, in C;H, appear as expected in the phosphorescence,
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‘but;in‘the fluorescence 2vy, differs from this intehsii:_y pattern, whergas " - -
(vy; + vy6) 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 pr‘eviously discussed.

One would also expect ah increased mixing and interaction among
different molecular vibratibns. These effects are expected to show up most
.clearly where they are symmetry forbidden or weak in the molecule but
allowed in the crjstal site. For example, for the well known case of
(vs + v,) + ny, interacting with v, + nv,, as given inl Table XIV, crystal
effects are not obvious. However, for sym-CeHng‘vm + 1y, and vy ‘(see
: Fig.. 5 and Table.VI) and v,, and v, seem to be examples of crystal site
induced interactions. A further possible indication of the magnitude of the
crystal site induced effects can be_obtainéd from anharmonicities. Observing
ny, outto n=256 in the CgH, fluorescence, the anharmonic effects are small
in accordance with the above observations. The only other vibrations whose
overtones are observed are v, and v,,, but in these céses Fermi resonance
in the crystal site among the three cbmponents 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 perturbed 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, g vibrations in the singlet and triplet spectra. The most
pronounced effect of the crystal is the appearance of the 0, 0 progressions
in the two emissions. This, along with the observation of site splittings,

indicate_s that the molecular symmetry is not strictly Dyp,. but these

effects could correspond to very small molecular distortious.
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Trap-Trap Triplet Energy Transfer in Isotopic
Mixed Benzene Crystals

5. D. COLSON AND G. W. ROBINSON

Gates and Crellin Laborafories of Chemistry
California Institute of Technology, Pasadena, California 91109

ABSTRACT

The phosphorescence and fluorescence spectra of three component
(two different guests in a C4D, host crystal) isotopic mixed benzene
crystals are studied as a function of guest concentration, excitation lamp
intensity, and temperature. The energy relaxaticn processes in these
systems are discussed and it is established that few, if any, host triplet
excitons are produced during the interconversion of "trapped' singlet
excitation into "trapped" triplet excitation. Triplet-triplet excitation
transfer from one guest (trap) to the other lower energy guest (supertrap)
is observed at temperatures where the host guest AE is greater than 30 KT,
The concentration dependence of the frap-supertrap triplet energy trans-
fer is interpreted in terms of a Perin model to indicate that the energy
can be transferred over ~204 in this system. At high lamp intensities,
the phusphorescence intensity is found to depend upon the square root of
lamp intensity. This is discussed in terms of a guest-guest annihilation
madel. Evidence is also presented far the generation of impurities at

thesc high lamp intensities,



I. INTRODUCTION

Intermolecular transfer of electronic excitation has been subject
to numerous investigations. The transfer of triplet excitation has
been studied in systems ranging from chemically mixed1 to pure (neat)
crystals, 2 using both optical 8 and EPR 1 spectroscopy. The primary
mechanism for the transfer of triplet excitation from one guest mol-
ecule to another in dilute chemically mixed crystals is that of thermal
"boiling out' of the trapped e}icitation into the host triplet exciton band.
The host crystal excitons can then migrate through the crystal and be
" retrapped by another chemical impurity. L As the chemical impurities
usually form quite deep (~2000 cm_l) traps, this type of transfer is
strongly temperature dependent and occurs only at relatively high
temperatures. On the other hand, exeitation transfér in neat crystals
| (exciton transfer) relies upon the direct interaction of the initial and
final molecules and, neglecting complications from phonons, defects and
impurities, is very ra.pid2 and nearly temperature independent. In fact,
triplet exciton transfer and the resultant triplet-triplet a,nnihilation4 are
S50 rapid, compared to the triplet radiative lLifzstime of aromatic mol-
-ecules, that there are few examples of phosphorescence from aromatic
molecular crystals. 5 For this reason, the exchange interactions that
are responsible for the transfer of triplet excitation, are muck more
difficult to determine than the interactions giving rise to singlet

excitation transfer.
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It has been shown, 3 however, that the transfer of excitation

. among shallow traps formed by isotopic guests is very similar to
that in neat crystals and, yet, is slow enough at low temperatures to
allow one to observe phosphorescence from the traps. The transfer
mechanism is similar to that in neat crystals in that, when the trap
is much deeper than KT, the transfer rate is nearly independent of
temperature and can be quite rapid. In that the transfer rat':é depends
upon the exchange interactions between the host molecules and the

host and guest n:lols'ecules,3

it provides a direct measure of these
interesting quantities. The transfer of excitation from one isotopic
trap to another is determined by using two different isotopic

guests that produce traps of different depths (a trap and a supertrap).
The deviation of the trap-supertrap intensity ratio from the concen-
tration ratio is itaken to indicate energy transfer.Nieman and
Robinson . reported the phosphorescence intensity ratio for a 0.4%
CcH,, 0.4% CsH;Din C,D,; mixed crystal to be Ip(CBHS)/I p(CetlsD) ~

10 at 4.2°K, indicating a considerable amount of triplet energy
transfer even though AE/KT ~ 60.

The object of this paper is to present new experiments on iso-
topically mixed benzene crystals. The phosphorescence and fluores-
cence of mixed crystals containing two different isotopic traps are
studied as a function of concentration and lamp intensity. - Some very

interesting effects are observed at high light levels.
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II, EXPERIMENTAL

a. Preparation of Samples

Isatopic mixed benzene crystals were grown in evacuated crystal
cells of ~ 201 to 2 mm thickness by a technique which has been previously
reported. 6 The normal benzene was Phillips research grade (99. 89 mole
percent pure), and the deuterated benzenes ;ﬂrere obtained from Merck,
Sharp and Dohme, Ltd., Montreal, Canada. ’i‘he CyDs Was reported to
be 99, 5 atom percent pure and in its absorption spectrum the variocus other
. isotopes were seen to bé present at the following approximate mole
fractions: CgHD, ~. 02, CgH,D, ~. 005, C,H,D, ~.0005, and C,H.D
and C.Hy ~ 107, All crystals were prepé.red irom benzene which had
been further treated to remove chemical impurities by refluxing over
cesium as described in Ref. 7. Some mixed crystals were prepared
from components that were separately purified while others were
purified as a mixture. There was no evidence of isotope exchange
during purification as long as the refluxing temperature was kept below
~100°C.

b. Recording the Spectra

The emission spectra were recorded on a 1. 83 M Jarrell-Ash
Ebert spectrometer equipped with an EMI 6256s photomultiplier and
with a 600 line/mm grating blazed at 1 1. The phosphorescene line
widths for these mixed crystals are known6 to be toa sharp (~ 0. 05
cmnl) to be accurately displayed by this instrument. In order to
provide the maximum signal for intensity measuring purposes and,

at the same time, to resolve clearly the emission from the different
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Experimental setup. The sample S is positional in a quartz
tipped helium dewar and "surrounded' by low pressure
G.E., 4 watt mercury lamps L,, L,, L,. To collect more
of the liéht from these lamps, they are placed inside a
magnesium oxide éoated cylinder in which appropriate
holes are cut for observing the emis;sion and for exciting
the sample with L,. L, is a Hanovia Model LO 735 A-T,

low pressure 12 watt mercury discharge lamp. Photomulti-
plier P, is used to monitor the stability of L, and le is used

to record the benzene emission apectrum.
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Figure 2. Time dependence of the phosph.orescerice intensity at the
highest excitation light level. 0.2% sym-C,H,D,, 0.2%
CgH, in CyDg. Here, (a) is the 0,0 - v, transition of sym-

Cgl;D; and (b) is the corresponding transition of CeHg.
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either by extrapolating back to the time the lamps were turned on or

by turning them off and evaluating the amount of degradation by re-
measuring the emitted intensity at llower light levels. - Either method
worked equally well giving an increased uncertainty in the measurement
of ~3%. This decreased quantum efficiency was found to be irreversible |
but it had no effect on the relative intensities of the trap and supertraps.
After correcting for this phenomena, it was found that all other changes
in the quantum efficiency with changing light level were completely

reversible.

¢, Measurement of Intensities

As the half widths of all lines were very nearly the same, their
intensities were taken to be proportional to their peak heights. Be-
cause of changes in molecular symmetry, the number of lines and
the distribuﬁon of emitted intensity among these lines changes

markedly in going from one sample to another. 6

Thus, no attempt
was made to measure the total intensity emitted by each sample. The
‘relative intensities of the various emitting traps as a function of
concentration was determined as follows: The highest condentration
to be studied was prepared from the pure liquids. This solution was
then used to prepare the mdre diluté solutions, being.careful to
f)roperly mix each sample to 'keep the concentration ratio of the two
isotopic guests from changing upon dilution. All concentrations

were determined by weighing in small, glass stoppered weighing

flasks. The intensities of the more intense emission lines from each
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guest were then meas_ured, and a trap-sﬁpertrap intensity ratio
'deterhrhined at each concentration. This concentration dependent ratio
Wés then extrapolated to determine its value at infinite dilution, and
this value was used as a reference for determining thé amount of
excitation transfer from the trap to the supertrap. This procedure
corrects for a number of possible evils in that one does not need to
aSsumé that the trap-supertrap concentration ratio is pre.cisely known,
- that the emission quantum yields are indepehdent of isotopic substitution,
or that all or a specific fraction of the total emitted intensity of each
trap has been accounted for, ~The Iarngest source of'error seems to be
in the determination of the intensity ratios, which are found to be
dependent upon sample preparation and upon the portion of a given
crystal from which the intensity originates. For some crystals, the
intensity ratio has been found to vary by as much as ~ 3% from one
portion to another. As any determination of transfer distances relies

heavily upon an accurate determination of the infinite dilution ratio

(vide infra), only rough estimates could be determined from this work.

d. Temperature Effects on the Intensities

A controllable factor, which was found to strongly effect the
phosphorescénce intensity ratio; was the sample temperature. While
it was found that the change in the ratio in going from 4. 2°K to 1. 8°K
was not outside the éxperimental error, this ratio could be appreciably
changed by heating of the sample with the excitation source. If the

evacuated cells containing the 2 mm thick crystals were not broken
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open, little if any trap phosphorescence could be detected; even
‘though the same.crystal when in direcl conlact with liquid helium gave
a trap-supertrap phosphorescence ratio near unity, Similar but less
dramatic effects were observed for the fluorescence intensity ratio.
This problem was even more serious al the highest light levels used
" in some of these experiments. It was found that, even for the 20 u
thick crystals in direct contact with boiling He, the triplet energy
transfer could be inhanced measurably (~10%) at these light levels.
The change was attributed to heating of the sample since the effect
was not observed for crystals in contact with superfluid He at any
. light levels. Thus, all intensity ratios were measured for samples
in direct contact with either boiling or superfluid helium at normal

light levels and wifh superfluid helium at the higher light levels employed.

III.  DISCUSSION

a. Energy Relaxation Mechanism

Before undertaking a detailed discussion of the experimental
results, it is important to understand clearly the inter- and intra-
molecular relaxation mechanisms that are operative in these some-
what compiicated systems. A typical isotopic mixed crystal would
be composed of 0. 2% C,H,, 0.2% sym-C,H,D,, and 99. 6% C,D,. The
replacement of each hydrogen with a deuterium atom results in an
~33 cm  blue shift of the 0, 0 transition for the lowest excited singlet

6

and triplet states of benzene. ~ Thus, the C;H, and sym~-C,H;D,
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impurities form, ‘respectively, 200 and 100 cm traps for the host
singlet or th'e_ host triplet excitons. These are designated ag super-
traps and traps (see Fig. 3). The crystal is usually excited by nearly
-monochromatic ultraviolet light that is absorbed by the B y State of
the host. That this excitation is very rapidly (~ 10 sec) trapped by
the singlet traps and supertraps, is shown by the lack of host
fluorescence at total impurity concehtrations as low as 0.1 mole percent.
For traps in isotopic mixed cryétals, the intersystem crossing
rate (from the singlet to form triplet molecules) is of the same order
as the fluorescence rate. Thus, making the plausible assumption that
the intersystem crossing rates for host and guest molecules are nearly
the same, it is possible to conclude that few, if any, host triplet -
excitons are generated from the host singlet excitons. In fact, under
these conditions, no host triplet excitons will be produced unless either
1) there is intermolecular intersystem crossing from the guest singlets
into the host triplet manifold, 2) there is guest-host t_rlplet excitation
transfer during the relaxation process subsequent to guest intra-
molecular intersystem crossing, or 3) triplet excitation is thermally
-pumped out of the triplet excited guests and into the host exciton band.
That none of these mechanisms is very important for the benzene
system at 4. 2°K can be seen from the following'experiment. An ~2 mm
thick crystal of 0, 2% C ¢Hg, 0. 2% sym-CoH;D, in 99. 6% C,D, at 4. 2°K
Wwas excited with nearly monochromatic (AV1 ~380 cm ) light obtained
from a 150 watt Xe lamp and a 0,75 M Jarrell-Ash monochromator,

The phosphorescence (p) and fluorescence (f) were monitored phato=-
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Energy relaxation processes in three component isotopic
mixed crystals. The various steps are designated by the
arrows as follows: (a) the absorption process, (b) trapping
of singlet excitons, (c) fluorescence, (d) intersystem
crossing to produce triplets, (e) phosphorescence, (f) non-
radiative relaxation to the ground state, (g) trap-supertrap,
triplet-triplet energy transfer, and (h) trap-supertrap,

singlet-singlet energy transfer.
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'graphically with a médium quartz spectrograph. When the 0,0
transition of the host was excited, the supertrap-trap émission
intensity ratios were Ip(CsHG)/Ip(CGHSDs) ~ 2, and I(CgH,)/T(CoH,D, ~ 1.
How'ever, when the supertrap (C;Hg) alone was excited, the only
emission observed was the supertrap i)hosphorescence and fluorescence,
If any 6f the above three mechanisms were very important at this
temperature, phosphorescence from the sym-CyH,D, trap would
" have been observed. |

The only other poésible relaxation processes are those resulting |
from trap-trap, supertrap-supertrap, and trap-supertrap interactions
and from radiative and nonradiative degradation to the ground state.

All of these relaxation routes are shown schematically in Fig. 3.

b. Phosphorescence Lifetimes

To aid in the interpretation of the phosphorescence intensity
ratios in light of the expected isotope effect on the phpsphorescence
efficiencies, the lifetimes of the various traps were measured with
and without the présence of a secqnd trap. The intensity was measured
for one decade,aiteft'he' steady state illumination was shut off, It
~ was found to be exponential, as can be seen in Fig. 4, and independent
of the isotopic substitution of the host 6 and guest, The time requi_red
for the intensity to fall to 1/e of its original value for the cases |
studied is given in Table I. The constancy of these lifetimes is a some~-
what surprising result in light of the findings of Wright, Frosch, aﬁd

Robinson. 8 They found that the lifetime of C¢Hy in an argon matrix is
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Figure 4. Triplet Lifetimes
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TABLE I

TRIPLET LIFETIMES OF ISOTOPIC TRAPS IN CgDg

T(sec)¥

Other '

Trap Trap CeH3Dz| CgHgqD2| CgHsD | CgHg  —
Measured

CeH3 D3 8.08 830 823  8.80
CgHaDp | 8.87 8.08 8.92
CeHsD | 8.62  8.68 837 850
CeHg | 851 8.51 8.54

*10.3 sec
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16 sec while that of CsDg is 26 sec. This isotope effect has been
explained8 as a change in the lifetime for nonradiative decay to

| the ground state. Not observing this effect for the triplet lifetimes

of benzene isotopic mixed crystals could indicate that the radiative

decay process has been sufficiently shortened by the effects of the .

- erystal field that the slower nonradiative decay proccsses can no longer

favorably compete. Inany case, as the lifetimes are .found to be

~ constant, they need not be considered further in the interpretation of

the phosphorescencle intensity ratios. The tendency for the trap

lifetimes to be shorter than those of the supertraps might be real but

is just outside the experimental uncertainty. Trap-supertrap energy

~ transfer by an exchange mechanism is not expected to significantly

alter tﬁe respective emissibn lifetimes if they are determined by

extinguishing a steady state excitation source. 9

C. Concentration Dependence of the Supertrap-Trap Ratios

The conc;entration dependence of the phosphorescence and
ﬂuorescenc_e supertrap-~trap ratios is given in Fig. 5 for mixed
- crystals of CgHg and C,H,D in a C,D, host crystal. The simplest
" theory that caﬁ be used to relate the concentration dependence of the
intensity ratios is that of Perrin. 10 In this theory it is assumed that,
if there is a supertrap within an "active sphere' of radius R, around
an excited trap, the cxcitation will be transferred to the supertrap,

and if not it will not be transferred to any supertrap. As the transfer |

probability drops off exponentially for an exchange interaction, this
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Figure 5. Concentration dependence of the supertrap-trap emission
ratios for equal molar solutions of C4H; and C,H,D in CeDs
at 4.2 °K and moderate light levels. The concentration scale

gives the value for each trap.
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will be a reasoﬁable first approximation, Using this approach,

11

"Nieman "~ has derived an expression for the fractiony of traps

that, after excitation, transfer their excitation to a supertrap:

1- (-1 )N |
7:
-l Na@ g - N T

(1)

where £ s and ft are, respectively, the concentrations of supertrgps
and traps expressed as mole fractions, and N is the total number of
molecules in the active sphere.
In terms of the supertrap-trap ratios, ¥ for triplet transfer is,
7x=‘———"‘—"PPX :ix - o (2)
b
where Px is the phosphorescence intensity ratio at concentration x
divided by the rafio at infinite dilution, and Fx is fhe correspondiﬁg
ratio for fluorescence. F, is included to account for the distortion
- of Px by singlet-singlet ransfer. A.plot of v for vari'ous values of
N and of Yx from the data given in Fig. 5 is shown in Fig. 6.
 These expressions take into account, by the way, intermediate
trap to ti'ap transfer steps that lead eventually to supertrapping. This
feature is particularly important in the limit of high trap, low super-
frap concentrations Where most supertrapping involves many trap tb
trap steps. |

Because of the large experimental unc ertainties, onre can only
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¥ (solid curve) and Yx (open circle) as a function of guest
concentration for an isotopic mixed crystal containing

equal amounts of CgHg and C;H;D in C,Dg;. The concentra-

tion scale gives the value for each trap.
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‘conclude that the active sphere contains ~ 70 molecules. In order

to interpret this result in terms of an average distance R, over

which triplet excitation can be transferred, one must make an
assumption about the anisotropy of the pertinent exchange interactions
in the benzene crystal. If the transfer probability is assumed to be
nearly isotropic (i. e., the "active éphere” is nearly spherical) one
finds from the crystal structure of benzene that R, ~154, the'second
neighbor' distance. However, if a two-dirhensional model is assumed
to be characteristic of the anisotropy (i. e., the "active sphere' is a
planar figure) one finds R, ~304, i.e. , one must go to 4th nearest
neighbor to cifcumscribe an area containihg this many molecules in

a two~-dimensional. Because of the approximate nature of the

entire approach, the most that can be concluded is that if a triplet
excited trap and an unexcited supertrap are within ~ 20A of each other
in the host crystal, the excitation will most likely be exchanged. These
transfer distances,in particular the one associated with the ndw probably
isotropic model,are considerably shorter than those first‘estimated

| by Nieman and Robinson, 3

d. Dependence of the Emitted I'nt'ensity on the Lamp Intehsity

Perhaps the most interesting {inding of this study is the effect
of light on the relative emission quantum yields. This effect is shown
in Fig. 7 for a 0. 04% CgH,, 0.04% C.H,D;, in C,D, mixed crystal,
where it can be seen that I(phos. ) « [ I(lamp) ]-% at high light levels.
The same relationship is found to hold for a mixed crystal containing

only one type of trap. The degradation of the emission yield with
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Figure 7. The dependence of the phosphorescence and fluorescence

intensity on the lamp intensity at 1.8 °K.
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time at high lamp intensities hés already been accounted for in
preparing Fig, 7.
| The dependence of the emitted intensity on the lamp intensity
has the following characteristics. 1) There is no change in the
supertrap~trap phosphorescence or fluorescence intensity ratios
at the highest lamp intensity, even at guest concentrations as high as
1%. 2) The fluorescence intensity is 1ineariy dependent upon the
light level for all lamp intensities. 3) The high intensity slope was
found to vary somewhat from sample .to sample, its value averaged
over several samples being 2 + .3, i.e., I(phos.) = K [ I(lamp)] 0. 5_*_' 07,
This scatter probably represents the accuracy with which the |
phosphorescence and lamp intensities can be measured.
| The dependence of the phosphorescence intensity on the lamp
intensity at high light levels suggests that triplet~triplet annihilation
proclesses might be determining fhe steady state concentration of
triplets., As we have already established that few,~ if any, host
triplets are formed in these mixed crystals (see Sec. III-a), any such
annihilation must be occurring between excited trap or supertrap species.
If this is true, itis sbmewhat'surpr'ising that annihilation can readily
occur at concentrations Where there i§ effectively no trap-supertrap
triplet energy transfer. This would imply that the probability fdr
annihilation is due to much longer range interactions than the prob-
ability fof transfer. In faét, it must be considerably longer range |
as only a small fraction of the existing traps and supertraps are |
excited even at the highest light levels. That a small percéntage of the

guests are excited is known from the fact that the supertrap=-trap
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' phosphorescence intensity ratios do not change with lamp intensity.
If a large fraction of the supertraps were excited, the 'probability for
trap to supertrap transfer wouid be markedly reduced. In the limit of
complete saturation, the phosphorescence ratio would be the same as
that of infinite dilution. Nothing like this has been observed and estimates
of the amount of radiation absorbed by the crystal show that indeed only
a few percent of the guest molecules can be exc1ted under the steady
- state conditions possible with the exciting intensities used,

Long range triplet-triplet annihilation is not out of the question
. and, infact, would be expected if there were a strong triplet-
'triplet absorption- at the same frequency as the emission. Such an
‘absorption would pley the role of the strong singlet-singlet ab‘so‘rption
in the long re.nge triplet-singlet transfer mechanisrn established by
" Ref. 12, However, as no triplet-triplet absorption has been found in
- the region, if the annihilation is indeed long range, it Amost likely goes -
by a different mechanism, | _ ‘

It should be.mentioned that not seeing trap to supertrap exci-
tation transfer does not mean there is _no"-tr_ap to trap or supertrap to
supertrap transfer. In fact ""resonance" transfer is expected to be
- more probable than a transfer that requires energy to be given up to
the lattice, In the language of Robinson and Frosch 13 the transfer of
energy from a trap to a supertrap requires the supertrap to be

excited to an electronic plus phonon state that is degenerate with the

- trap state That this is 10 to 100 times less probable than a purely

electronic excitation can be seen from the emission spectrum. The
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Pphosphorescence of these isotopic mixed crystals consists of very
sharp lines and the phonon addition bands are considefably weaker

6 Thus the annihilation

(~ 50 times) than the zero phonon lines,
mechanism might actually be much shorter range than supposed above
if rapld "resonance" transfer of excitation among traps and supertraps
could effectively bring the excitations close to one another.

Different annihilation mechanisms, involving a trapped triplet
- excitation and eithér a hosf singlet exciton or a lam_p photon obviously
cannot be eliminated. Even though the singlet excitons are very short
~ lived, the triplet state is so long liw}éd that there is a fair probability
of a singlet exciton being generated near by. However, as the prob-
ability for singlet-triplet annihilation is completely unknown, nbthing
more quantitative can be said about the validify of .this explanation.
Annihilation of a trapped ti'iplet excitation by a 2537 A photon from the.
lamp is likewise a possible explanation since the positions of the
higher lying triplet states have yet to be established.

Tﬁe data could also be explained by conjecturing that a transient
impurity is gene'rated'by some absorption process involving two
photons. This impurity would have to have a lifetime no longer than
a few seconds since the phosphorescence intensity at the "instant"
the lamp is turned on is used in preparing Fig., 7., It .élso would have
to be ineffective 1n quenching the fluorescence. Even though this com-
bination of circumstances possibly exists, it seems much less probable

than the annihilation mechanism,
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IV, CONCLUSIONS

It has been confirmed that electronic excitation is transferred
from one isotopic guest to another at very low temperatures, The
benzene triplet state exchange interactions are such that an isctopic
trap ~ 200 cmd. deep can transfer its excitation to a slightly lower
lying impurity roughly 20 A away. Evidence is also presented for
even longer range transfer between degenerate isotopic guests gng

~for annihilation of the trapped excitation at high light levels. The

formation of impurities is also found at these very high light levels.

The energy relaxation processes‘ in these crystals have been dis-
cussed and it has been established that few, if any, host triplet
excitons are produced during the interconversion of "trapped" singlet

excitation into "trapped" triplet excitation.
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Proposition I

A study of the PtH "molecule" and its relation to hetero-

geneous catalysis.

The need for an improved understanding of the fundamental
concepts involved ln heterogeneous catalysls has been recently

pointed out by Brennan1

. Little is known about the nature of
the simplest catylitic reactions involving atomization of dia-
tomic molescules and, in particular, about the state of the
adsorbed atom (adatom) on a metal surface. It is propoéed

that the methods of attenuated-total-réfiection (ATR) spect-
roscopyz and matrix isolation spectroscopy3 be applied to the
study of the interaction between Pt and H. Previous direct
evidence as to the nature of the Pt-H "complex" has only been
hobtained from the optical absorption spectra of finély divided
solids”. The solids are used as a support for metalic catalysts,
Indirect evidence haé been obtained by studyling a large

number of properties of metal surfaces exposed to a variety
of reactants,5 and by following the kinetics of catylitic
atomlzation on hot wires through pressure measurements in a
flow systeml. However, none of the experiments to date have
been successful in presenting a clear picture of the adsorbed
_state of H. It is hoped that the new, more gquantitative
experiments outlined below will lead to'an~improved understand-~
ing of the basic concepts governing catylitic hydrogenation.

The ATR techniques will not only provide a much more sensitive

method of taking the IR absorption spectrum of adsorbed hydrogen
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but will allow one to utilize clean,'single cfystal sur-
faces. This should make any conclusions more reliable than
. thosé.previously drawn from the spectra of H adsorbed on
small Pt -particles which are in turn supported on alumina.
The 1nterpretaﬁion will be further aided by an

infrared spectroscopic investigation of the Pty
molecule isolated in an inert matrix.

Even though ATR spectroscopy 1s based upon a rather
simple application of classical optics, it has only come
into use during the past few years. The mény advantages
of this method over conventional‘IR reflection methods and
often over transmission methodé are yet to be realized by
spectroscopiéts in general. Maxwell's theory for light
propagation in semiconductors predicts that the electric
field of a totally 1ntérnally reflected piane wave pene-

- trates the rarer medium with exponéntially'decreasing in-

tensity such that it has been reduced to one half power at

0.693 Ay n2
X. — * g - n B e 1
| S ZUTSinze- nzlz)g ’ 21 nq <
e>ec:ritica.].

It has been verified experiﬁentally that the resultant
wave actually appears to be reflected from beneath the

reflecting surface.6
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ATR spectroscopy is based upon the attenuation of the in-
cident beam by placing a spectrally absorbing medium on or
near the rarer side.of the reflecting surface. .Obviousiy,'
the substance to be studied must have a lower refractive
index than the ATR crystal or there will be no reflection
at any wave length.

Many of the advantages.of internal reflection methods
(ATR) over those based upon external reflection are given
by Harrick.’ S;nce the intensity loss for total internal
reflection is significantly less than that for external
reflection, many more internal than external feflections
are feasible without significant power losses. Indeed,
this 1s found to.be the case. .ATR'optics utilizing up to
350 reflections have been successfully used, and, in fiber
optics, as many as 2 X 104 reflections have been-reported.7
This Tesults in a marked improvement in the signal to nolse
ratio. Anothef'problem, other than light scattering, as-
sociated-with the spectroscopy of adsorbed species is that
of obtaining significant light intensity at the reflecting
surface. Since the radiant density near the surface
(0 to A/10 A) is greater for internal than for external
‘ reflectionq7 if the light beam could somehow be internally
reflected at the metai surface, the interaction with the |
chemisorbed speciés would be grcater than if the becam had
been ekternally reflected. One possible way of obtalning
such an internal reflection spectrum would be to deposit

e metalliec film direetly on the surface of a high refractive
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index prism designed to give many internal reflections.
The refractive index of thin metalic films 1is a function
éf their thickness and,thﬁs, by carefully cont;qlling_the
film thickness (~25 A), one could match the refractive index
of the metal with that of the supporting crystal and observe
internal reflection at the exterior metal surface. However,
this method is beset by complications. The metal film,
being an absorber itself, could significantly damage the
important signal to noise ratio. Twenty reflectlons Would.
require the light to pass through a total of 1000 K of
metal for a 25 K thick film. This would result in a power
loss of about 50%. Preparing the metalic films and con-
trolling their thlickness would be tedious at best. Further-
more, the interpretation of such spectra would be questionable
since there may be no direct:relationship betweeﬁ the daty-
list-reactant ihtéractions for such thin films with those
for the more general case of thicker films. However, it
would be at least as meaningful.as that based on the p¥e~
sently available data. As these problems are not insurméunt-
able, one should still try this technique since it lends
itgself so well to the study of the kinetiecs of reactions
at the metal surface.

Such spectra.couid also be obtained by pressing a thick
metal film (1 to 1004), which had previously been exposed
to hydrbgen gas, against an ATR prism. (Figure 1) The
metal film could be formed on a malleable support such as

?eflon to 1mprove4the contact with the crystal sufface.
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Figure I
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The sample holder should be built evacuable so that reactant
pressures could be controlled precisely and forelgn impuri-
ties eliminated. The major complications expected for such
a system wduld arise from reactant-prism interactions and
possible pressure effects if high."vise" pressures are
reguired to obtain intense signals. Intense spectra at low
pressures are anticipated if carefully milled and aligned
surfaces are used.

it is, therefore, proposed that the method of ATR
Spectroscopy be applied to obtain the IR absorption spect-
rum of chemisorbed szon platinum films. Hp, HD, and D2 |
isotopes should bé used and it is felt that a marked im-
provement in the resolution could be gained by working at

B

low temperatures (77 - 4°K). Pliskin and Eischens = observed
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considerable sharpening of their spectra by 1owefing the
temperature to —50°C. The line shape of the absorption
peaks can be foliowed as a function of temperature and of
adatom surface concentration. ‘The observed changes in
line width should allow one to differentliate between the
free translation and hopping models for the migfation of
adatoms. The time dependence of the absorption intensity
can also be used to study the kinetics of the adsorption
_and desorption processes. |

There is presently no spectral data availaﬁle for the
PtH molecule to use in the interpretation of the above men-
tioned experiments. All that 1s known is that complex hy-
drides of platinum exhibit absorptions in the 4.5 to 4.9 4
region which have been attributed to excitation of the -
PtH stretching mode.8 The IR PtH spectrum is therefore of
considerable interest, both from a fundamental standpoint
and to aid in the 1nterpretation of the catalyslis eXperi-
ments. It 1s proposed that 1solated PtH molecules be ob-
tained as follows. Pt vapor from a hot wire and an inert
gas can be simultaneously deposited on an optical window
which is cooled to LOK by contact with liquid He. An-1%
Pt mixture prepared in this way can then be impregnated with
H atoms generated from.Hz by an RF fleld. .The small, "hot™
H atoms are capabie of penetrating into the édlid deposit
and can thus seek out and react with.the-dissolved Pt atoms.

Alternately, a few percent of Hy can be mixed with
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‘the rare gas and then deposited simultaneously with the

Pt. Ne and'Nz'matrices should be used as they are knoﬁrnB'9

to give the narrowest line widths in other matrix isolation
sﬁectra, and as the use of such different hosts will help

‘one understand the matrix effects on the observed transitiohs.-
The study of the spectra as a function of H concentration
could be ﬁery illuminating as'there have been numerous
suggestionslas to the nétufe and number of Pt-H complexes..

10

While Eley has presénted.kinet;c evidence_for a

H—H

\ﬂ/

Pt
complex, the spectroscoplc evidence of PliskinéEiéhens“
could not confirm it. The spectrum of Pt in an Hp matrix
should also be taken with this thought in mind. 1If deposits
of high Pt concentr?tion can be qbtained in inert and hydro=-
'~ gen matrices, the IB.speCtra of platinum - hydrogen compleies
contalining different numbers of platinum‘ahd hydrogen atoms
will be observed. |

It is hoped that the combination of thesé ATR and matrix

isolation spectra, covering a wide variety of platinum-
hydrogen "molecules', will result in an 1mprdved understand-

ing of the fundamental concepts governing the bonding of

hydrogen to a platinum surface.
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Proposition II

Neutron diffraction of metal surfaces contaminated by

deuterium

The low energy electron diffraction study of the
contamination of clean, slngle crystal surfaces by slmple"
gases has been very important in the de%elopment of the
‘present.understanding of these heterogeneous reactionsl.
For instance, using this technique, 1t has been estab-
lished that oxygen molecules undergo surface diffusion
on metalic Ni and that the reaction of O, with Ni 1s
catylized by surface defacts. TIn addition; strong evi-.
dence has been presented to indicate that the reaction
of 0, with the Ni results in the replacement of some of
the surface nickel atoms by oxygen atoms.l However, the
low energy electron diffraction technique cannot be ap;
plied to the study of adsorbed hydrogen or deuterium
because of their low electron scattering power.l Thus,
the study of this very important class of systems has
been limited to less direct methods (see Proposition I).

In contrast, the scattering cross-sections of neut-
rons are not determined by the atomic number of the ele-
ment. In fact, theA'cross-section for coherent scattering
of thermal neutrons from deuterium is larger than from
palladium and nearly as large as from platinum.2 Thus,

the pattern for neutrons scattered from a clean metal

surface will be significantly different from that obtained
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from a surface contaminated with deuterium. (Deuterium
has been chosen for‘this discussion because of its low
incoherent scatterigg cross-section in comparison to
hydrogenz.)

Neutroﬁ scattering spectroscopy also has the advan-~
tage of being a cleaner technique than electron diffrac-
tion because of the low neutron absorption cross-section
of many elements. The neutron source can be external to
the evacuable chamber containling the metal to be studied

where as the electron Y"gun' has to be mounted inside the

chamber1

» greatly lncreasing the probability of impurity
contaminatioﬁ_of the metal surface. However, this pene-
tratingvability 1s probably the main reason neutrons
have not previously been used for these studies. While
electrons are strongly_scattered by the surface, the-
primary signal from neutron scattering will be from the
bulk of the sample. At high deuterium levels where a
considerable number of deuterium atoms have "dissolved"
into the bulk of a crystal such as platinum, the spectra
of the bulk might be very interesting. However, if one
ls also to gain information about the surface reactions,
the standard neutron sbattering techniques must be re-
Tined. o

It 1s proposed that the scattering from the bulk
of the metal can virtually be eliminated by replacing

all but the first few atomic layers of the metal with

& strong neutron absorber. For 1nstance; & thin film
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of palladium can be formed on a cadium crystal. The
cadmium, being a strong absorberz, will not reflect
neutrons and, thus, any scattering will be due to the
metalic ‘film. |

Another shortcoming of the neutron diffraction
approach 18 due to the relatively small heutron scatter-
ing cross-sectlons. 'The neutron intensity scattered
from a few atomic 1ayers will be very difficult to detect
using the relatively feeble neutron source available from
ordinary thermal.reactors. However, there have recently
been numerous advances in the production of pulsed neu-
tron sourceé,with very high flux? the use of which would
make the experiment considerably éasier. Ih fact, neu-
tron pulses from underground nuélear explosions are
-presently being used in neutron specfroscopyu. These
extremely intense pulses are thermalized with bpron con= -
taining plastics and havé been used to.obtain,diffractioni
patterns of higher quality frqm a single burst than can
be obtained after several hours of'counting using an
ordinary thermal reactor.

Thermal neutrons can aléo be inelastically scatter~
ed from the surface by exciting-a vibrational mode of the
crystal or of the metal-deuterium complex bdnd. Thus
the study of the inelastic scattering of neutrons from
metal surfaces contaminated with-déuterium‘will be com~

plimentary to the experiments outlined in'Proposition I.
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It is therefore proposed that the elastic and lnelas-

tic neutron sbattering of deuterium contaminated metal

films deposlited on cadium crystals be studied as outlined

above.

I,
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Proposition III

The effect of high pressures on the crystal struc-

ture and spectrum of molecular crystals

A number of organic molecules have been shown to
crystallize under high pressures, and in some cases, the
IR spectrum of the resulting crystal has been signifi-
cantly different from that of solids normally produced
by low-temperature crystallization.l This suggests an
Interesting technique by which one might learn more about
the excitation exchange integrals which result in the
exciton band structure? of molecular crystals. Presently,
the assumptions of a given theoretical model for calcu=-
lating these integrals are checked by calculating the
exciton structure for a number of crystals of different
moleculesB. A much more meaningful approach would be to
do the calculation for a numher of different crystals
of the same molecule. That is, if, by the application
of pressure, a molecule could be caused to crystallize
into a different structure, one would be able to compare
the theory and experiments for a new set of intermole-
cular orientations and distances. One, of course, must:
consider the effects of preésure on the validity of the
theoretical model. An assuﬁption that 1s an excellent
approximation for a c¢rystal whose intermolecular distances

are controlledxby London dispersion forces may not be
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valid at all for a crystal whose density has been drasti-
cally increased by external pressure. A low pressure
phase change would be ideal for avoiding'such compli-
cations.

The benzene crystal is a particularly interesting
case to which this technique might be applied. Not only
is 1t known to form high pressure crystals which are
stable at pressures much below 5 K barl, but its exciton
structure has been shown to be sensitivé to external
crystal strains.4 Unfortunateiy, the structure of the
high pressure crystal is not known, but its IR spectrum.
indicated that this crystal (like the low temperature one)
can be assumed, to first order, to be an ordered array
of benzene moleculesl.' That is, the theoretical assump-~
tions applicable for one form will most likely apply
to the other.. |

In order for this technique to work, the crystal
symmetry need not cﬁange, only the lattice parameters.
Howéver.-;t-would be especially interesting to study ben-
zene crystals whose symmetry is different from that of
the ordinary crystals. The symmetry based selection
rules prevent one from observing all of the Davydov
components of the 0;0 exciton band of ordinary benzene
crystals and, as a result, one is forced to resort to
indirect methods to obtain any quantitative data from the
spectrum.2 If a crystal structure with less restrictive

symmetry propertieS;can'be formed at high pressures, -
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the interprefation of the data would be easier and the
comparison with theory would be a more critical éheck
of the theoretical assumptions.

There are two difficult problems‘assoéiated with
this type of experiment; obtaining a "high pressure crys-
tal" at low temperatures (4.29K) and determining the crys-
tal structure at these low temperatures. Without a '
knowledge of the crystal structure, the pressure pertur-
bablons on the spectra are almost impossible to inter-
pret. The X-ray techniques presently used for high
pressure studies? can be adapted for low temperature
work by using a dewar similar to that used for low tempera-
ture studles of nérmal crystals.6

The high pressure crystals are most easlily prepared
in a diamond anvil press5 to which the pressure is mechani-
cally applied. A simple modification of this device in
which the pressure ls applied by compressed He gas would
be adequate for low temperature experiments. A typlcal
experiment might be performed as fqllows:s A single, high
pressure crystal 20mthick is first prepared at room
temperature (as described in Ref. 1) in a diamond anvil
press that is attached to a cold finger of a liquid He
dewar. The dewar will have to be such that the cold |
finger can be rotated into one position for optical ab-
sorption studies and into another for the X-ray analysis.

The crystal is then cooled over a period of several hours
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to 779 and then to 4.29% by blowing cold He gas through
the liquid helium reservoir of the dewer. A constant
"vice pressure" can be malintained during cooling by
keeping the pressure of the pressure inducing He gag

at a constant value. The absorption spectrum and X-ray
scattering pattern can then be determined for comparison
with the corresponding findings for normal benzene CIys=-
tals.

The crystal will most 1likely crack quite hadly
during cobling but, hopefuliy. the applied pressure will
be sufficient to prevent a phase change to the normsl
cr&stalline form.

The literature 1s barren of any but preliminary
studies of the effects of pressure on the crystal struc-
ture and spectra of organic molecular crystals. There
have been no experiments combining the crystal structure
determinations with optical spectroscopy at low tempera-
tures. Thus, it is proposed that these studies be under-
taken to provide a deeper understanding of the inter-
molecular interactions in the solld phase. There &are
numerous very interesting systems to be studied; the
benzene example diécusséd above merely serves as an il-
lustration. If the.crystal growing techniques can be
developed, the simpler diatomic molecular drystals, where
the theory is more tractable, would also be interesting

examples.
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Proposition IV
The spectra of “transition state molecules™

The kinetic theory of bimolecular reactions has genera-
ted considerable interest in molecules which have yet to be
detected. An assumptlon of the absolute rate theory. is that
an actlivated complex is in complete equilibrium with the
reactive speciesl. The success of this theory has baused
many to wonder 1f metastable intermediates are involved in
these reactions. It is the object of this proposition to
point out that, if there is any potential for the formation
of stable intermediates, this potential will most likely
be ?hhanced in a solid matrix by the repulsive interactions
with the surrounding molecules. If this is the case, and ir
'the reaction can be performed in solid matrices, the re-
sultant "frozen" intermediates can be 6haracterized spect-
roscopically. Even if such an intermediate does not have
é stable ground state, it could have numerous bound excited
states that can combine radiatively with the dissociative
ground state. If emisslon from the bound excited states
can somehow be observed, the nature'of'fhe repulsive poten=
tial can be obtained directly from the spectrum.

To impliment these ideas, it is proposed that simple
bimolecular reactions be carried out in the solid phase at
low temperatures and that the spectra of trapped intermediates

be searched for and analyzed.
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Cne iﬁtereéting experiment would be to.deposit a gas
mixture of 1% Cly in H, on an optical_window which is cooled
by contact with liquid He. The IR spectrum of the solid
deposit could then be taken to characterize the unreacted
state. If the sample is thgn exposed to_UV-excitation,

‘the Cl, molecules which are excited to the dissoclative
Hﬂqstatez will interact with the surrounding Hz lattice

with considerable energy (vzo.oob cm‘l) and, thus, a number

of possible products can be produced. The result will de-
?end upon the final states available and the rates of reléxa-
tion into these final states. Thé formation of new species
such as H,Cl would be observable in the IR spectrum. A
shallow attractive potential will_result in dissociation
limits in the vibrational or rotational structure from which
the stability of the products in the matrix can be determined.

Luminescence from bound excited states of these new
molecules could be searched for by using higher energy ex-
citation. Perhaps a cleaner system for this purpose would
be a 1% mixture of HC1l in solid Hp. If the sample were
irradiated'wi&1a.pulée of high energy electrons, the highly
excited H atomé formed might réact with HC1l fdrming HZCl
in an electronically excited state. If this specles then
relaxes radiatively to the ground state, the nature of the
emission wili characterize the ground state potential function?
A dissociative ground state will yleld a continuous emission
spectrum while a weakly bound final state will produce a

- partially discrete spectrum with dissociation limits in the
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vibrational progressions. The extent of the continuous emis-
sion will display the nature of ground state repulsive forces
in that a strongly repulsive state will result in a broad
continuum emission and the converse will be observed for a
weakly repulsive one.

The formation of new species with stable ground'states,
should be searched for by exciting an appropriate mixture
of gases (HCl in H2) with radio frequéncy radiation. Dis-
crete spectra (not due to hydrogen or chlorine) superimposed
on the hydrogen continuum could be analyzed to give the stabi-
lity of these spedies in the gas phase. Continuous emission
spectra from species with unstable ground sﬁates éould only
be detedted in spectral regions where the hydrogen continuum
was.very weak. Even then, unless it had some structure,
its assignmént,to'a speclilc specles would be very difficult

at best.
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Proposition V

The Exciton Band Structure and Mobility of the Lowest

Excited Triplet States of the p-dihalogenated Behzenes

Some very interesting and puzzlling questions have
been raised by the spectroscopic studies of Castro and
Hochstraséer on the p~dihalogenated benzenes. They found
that, while the lowest triplet state of p-diiodobenzene
(DIB) exhibited large Davydov splittingsl (~120 cm=1),
no measurable splitting (<0.3 cm~l) was observed for the
p~-dibromobenzene (DBB) or p-dichlbfobenzene (DCB) crystals.2
‘This in itself is not too surprising in light of the large
differences in the crystal structures. The DIB crystal has
a D;g space group with four molecules (translationally in-
equivalent) per primitive unit cell, each at a physically
equivalent site.3 Both p-dichlobenzene”-and p-dibromobenzene5
crystalize in the space group ng with two molecules (trans-
lationally inequivalent) per unit cell. ‘“The dimensions of
these unlt cells are given in Table I. Two of the four trans-
lationally ineqqivalent (TI) molecules in the DIB unit cell
are very nearly. parallel and have .a small center-~to-center
distance (3.5K), where as thé two TI-molecules in the DBB
and DCB crystals are nearly perpendicular and have a relatively
large center-to-center distance (7.9 X). Th'us, as 1t 1is the
interaction between the TI-molecules that determines the mag-

nitude of the Davydov splittingsé one would expect quite

different results for the two types of crystals. The observed
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differences are certainly in qualitative agreement With thege

expectations.

TABLE I
Dihalogenated Benzene Unit Cell Dimentions

P-Dichlorobeniene P-Dibromobenzene P-Diiodobenzene

g_(ﬁ) 14,80 15.36 17.01
b(R) 5475 5.75 732
e (k) 3.99 4.10 | 5.95

A surprising feature of their studies is that relatively
intense exciton phosphorescence was observed2 from neat crys-
tals of DBB and DCB but no such emission could be detectedl
from the DIB crystal. Not.observing phosporescence from DIB
is consistent wlth findings for benzene and'naphthalene crys-
tals. The lack of emission is explainéd7 by allowing for
triplet-triplet annhilation of two triplet excitons to yield
one highly excited molecule and one molecule in its grbund
state. The migration of'the triplet excitons through the cry-
stal is said to be so rapld that the annhilation rate is much
faster than the radiative transition to the ground state and,
thus, the equilibrium concentration of triplets is too low to
yield detectable emission. The shortér radiative lifetimes

of the halogenated benzenes (v'I].O"3

'sec) might make the ob-

servation of exciton_phbsporescence Possible as exciton fluores-
. -8 .

cence (10 sec) is a common occurrence in molecular crys-

tals. However, the TS, transition of DIB is stronger
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than that of either DBB or DCB. Thus, unless the lntermole-
cular interactions of DIB are much larger (including those
between translationally equivalent molecules) than those of
DBB or DIB, the iodo compound should have the higher phos-
phorescence yleld if one assumes that the excitation migration
mechanisms are the same for both systems. From crystal struc-
ture considerations alone, the translationally egquivalent

(TE) interactions along the ¢ crystal axes of bofh DBB and DIE
- are expected to be nearly as large as the largest interactions
in the DIB crystal. In fact, there is reasonably strong
experimental evidence to support such an expectatién as part
of the phosphorescence of DBB is very broad and shifted to

the red from the sharp exciton phosphorescence. Since these
features are characteristic of excimer (excited dimer) emission,
the broad portion has been assigned to excimer phosphorescence
from a strongly interacting TE-palr of molecules by Castro
and Hochstrasser.a Thus, as TE-interactions and TI-interac=-
tions both lead to excltation migratlion, no explanation has
"been given for the appearance of phosphorescence from DBB

and DCB crystals.

It is the purpose of thls proposition to offer an explana-
tion for the appearance of T1~>SO emission from DBB and DCB
and to indicate experiments by which the explanation can be .
verified. |

The pﬁosphorescence abilities of these crystals can be
explained very reasonably in terms of the anisotropy in the

intermolecular interactions. For the DBB and DCB crystals,
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since there is virtually no interaction between TI-molecules,
an excited moleculé can only transfer its exoitation'along
the a, b, or ¢ crystal axes. However, as the eicitation ex-
change integrals for weak transitions'fall off very rapidly
with distance, the interaction between a molecule and its

" neighbor along the a axis (15 K) can be neglected. Similarly
the interaction with its neighbor along the ¢ axis (4 A) is
expected to be considerably larger than that along the Db
axis (5.7 Z). Thus, the excitatlion will effectively travel
along the ¢ axils of.the crystal, greatly reducing the probabi-
lity for annhilation. The only opportunity for annhilation
will be when two exclions are generated on the "same ¢ axis"
and then subsequently come together. As the fraction of
molecules in the sample which are excited with normal excita-

-k

tion sources 1is of the order of 107, such a coincidence is
highly unlikely and even a slight amount of spreading along
the b axis will probably lead to negligible annhilation.

If this is the correct interpretation of the data, it
provides an excellent opportunity for differentiating between
the random walk and coherentmodels for excitation transfer.
There has been no direct measuremerit of the spread of excita-
tion transfer through a crystal, even though the subject has
generated numerous disoussions in the literature ranging
from the very quaiitative9 to the purely theoretical.lo The
two limiting models of excitation transfer have recently been

11

compared by Robinson~~. He concluded that the coherent model,

which neglects scattering from phonons and defects,will be
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closer to reality for molecular crystals than the random walk
model which assumes a scattering process occurs after every
"Junp" of the excitation. The real situation undoubtedly

" lies somewhere between these two limits which predict guite
different rates for the spread of the excitation through the
crystal. If the initial distribution is Gaussian,the coherentll
and random walklz models predict the respective widths for

the probabllity distribution functlons

am

4

X (Coherent )«

- 2mT %

X (Random) z?a(‘%f) ,
where a ls the distance traveled during a single jump, m is
'the value of the excitation exchange integral, and 7 is the

1l

average lifetime. For DBB, estimating m+l0 cm™ = and setting

a=c=l A and T=0.0003 seclB, one finds

X (Coherent) = 24 cm,

X (Random) = 5X10'4 cm,
and for DCB, setting T=0.02 sec13;woneifinds

160 om

1.1X10"% em

X (Coherent)

X (Random)

Thus 1t 1s reasonable to assume that X will actually be of -
the order of 1 cm. Such a spread of the excitation can easily
be measured by the following experiment. A long single crystal

can be grown and orlented such that the ab face caﬁ be
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{1luminated with light which will only be absorbed by the low-
est excited singlet state. The singlet excitons generated in
this manner.will be found in the first few mm of the crystal
because of the strong 1S-eps transition probability and be-
cause even the coherent model would predlict thelr spreading
out to be less than one mm. Thus, the triplet excitous formed
by intersystem crossing will be initially located in a well
defined region of the crystal., The intensity of the phosphores-
cence as & function of distance from the excited end along
the ¢ axis can then be studied either under pulsed or steady
state excitation conditions and compared to the various theore-
tical models. The temperature dependence of the transier
rate can be used to evaluate the_scattering of thermally popu=-
lated phonons with the exciton. Naturally, extreme care should
'“beniékén iﬁmﬁhe exbériment toAélimiﬁétékscattered light

from the excitation scurce and from different emitting

regions of the sample. The large differences expected when
the orystal is oriented such that the transfer rate along the
a and b axes can be measured should provide a good test of the
experimental techniques. In this regard, the temperature
dependence of the width of the exciton band-»exciton band
transitions should be measured so that the total triplet
exciton band width can be independently measured and utlillzec
in the interpretétion of the excitation transfer data. For

a complete discussion of this latter technique see

prt IT of this thesis where it 1s applied to the lowest sing-

let states of benzene and naphthalene.
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