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AB S I RIACTT

The 1nvestigation of the lﬁl -> lBl transition of azulene in
crystalline naphthalene is reported. Our study reveals that the oscil-
lator strength of the 0-0 transition at 14,652 cm-l is constant between
4.2°% and 55°K. The 0-0 + 664 vibronic line is affected by a 54 cm-l
lattice phonon. The 0-0 + 857 and 0-0 + 2 x 857 bands show a decrease
in oscillator strength due to a 46 cm"l oRonen. A& 19 cm_l lattice phonon
reduces the oscillator strength of the 0-0 + 384 + 1386, 16,510 - 16,540
and 0-0 + 1191 + 1386 plus 0-0 + 2 x 664 + 1386 vibronic bands. The band

half-widths do not exhibit any &ignificant change between 4.2°K and 100°K.
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I. INTRODUCTION

Bicyclo-{0.3.5] -deca-1.3.5.7.9-pentaene or azulene has a structural
formula shown in Figure 1. New compounds derived from azulene are usually
numbered according to scheme (I) whereas those derived from bicyclo-[0.3.5]-
decane follow scheme (11),,l

A review of the most significant work done on this compound should
mention a 1955 paper by Beer and Longuet—Higgin52 reporting three different
anomalous effects. These results were to be soon afterwards confirmed by
. Viswanath and Kasha.3 These workers reported that in azulene, fluorescence
emission occurs from the second excited singlet state. That is, no normal
fluorescence has been observed from the first excited singlet state, as is
usually the case in this class of hyerccarbons. Fimally, no triplet=singlies
phosphorescence whatsoever has been detected.

The absorption spectrum of azulene vapour was known at the time
these data were published, as it had been studied between 21°C and 74°C
in the visible and between 127°C and 291°C in the ultraviolet region and
reported in 1947 by Heilbronner and Wieland,4 New interest in this compound
resulted in the publication of the results of these new experiments. Polarized
light was used in the study of single crystals, as radiation from different
lines in the spectrum is polarized along certain distinct directions. This
procedure was used by Hunt and Ross in the infra-red region, principally between
300 cm : and 2000 ¢cm . Their work in the infra-red alsoc includes the study
azulene in the vapour and 1in solution.5 Besides that, Hunt and Ross have

gt , : O, 0
casured the absorption spectrum of a pure azulene crystal at 4 K. The



Fig. l.--Structural:formulae of azulene
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absorption of crystalline azulene at 1.5°K has also been reported.7

In a pure crystal, excitons are scattered by the phonons and this
1ead§ to line broadening. Phonons may reduce the site symmetry and favour
some otherwise forbidden transitions. Such is the case in benzeneg and
crystalline naphthalene.g Al though one can deduce from the investigation
of mixed crystals that the electronic excitation in guest molecules is
aif fected by the lattice phonons, no one has reported any detailed study of
thia s enfect,

It is precisely the purpose cf the present work to give-experimental
results on the effect of naphthalene lattice phonons on the electronic tran-
sitions lﬁl - lBl of the guest molecule, azulene. The 0-0 transition
at 14,662 cm_l has a moment polarized along the molecular x-axis. The oscil-
lator strengths and line widths of certain representative parts of the spec-
trum of single crystals of azulene in naphthalene are examined as the sample
is taken from liquid helium temperature up to room temperature. Information
is gained about the coupling between the azulene molecule and the naphthalene
lattice. The naphthalene absorption edge is .at 32,000 cm_l. The emission

and absorption spectrum has been reported by Sidman and McClure:. The azulene

o et ] : : 10 , e
enters the mixed crystal substitutionally and in such small quantities
(less than 0.1%) that it can be considered as an impurity. The presence
of greater concentrations of azulene in the mixture may create a micro-crys-

, . ; . : 1O
IThe polarized red absorption system of azulene in naphthalene in

the bc' plane has a high extinction coefficient along the b axis while it



e
vanishes along the c' axis. It was thus possible to conduct without any

drawback our research using nonpolarized light.
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The spectrum of azulene has interested many workers. We shall

in what follows show some of the salient characteristics of this molecule
that are deducible from group theoretical considerations. For a gualitative
treatment of the physical quantities that can be otherwise obtained from ex-

perimental data, we shall give an account of the work of Pariser.

Considering that azulene has structural formula (I) shown in Figure 1
and taking our z-axis to be the long axis of the molecule, the pi-electronic
states of the azulene molecule can be seen to belong to the symmetry group CEv
irreducible representations. The pi-electrons are associated with 8-shaped
clouds in which each branch has a different sign, the molecular plane is not
a plane of symmetry of the wave function. The AQ and BQ irreducible represen-

tations of symmetry group CQV are therefore not admissible.

TABLE 1

IRREDUCIBLE REPRESENTATIONS OF SYMMETRY GROUP C

2V
f E G G
C2f E C2 v(zx) V(YZ)
(z) A 1 1 1 ]
A | 1 1 -1 -1
B, | 1 -1 1 -1
20 1 -1 -1 1l




We now examine the value of the matrix elements whose square givesﬂ
the transition probabilities and consider*iiwff§|¢i> where ¢i is the wave
function describing the initial state, ¢f is the wave function describing

~ the final state and

I

r=x3+y3+z=% (1)

If we take T = x % and notice that x in the character table belongs

to the Bl irreducible representation, then the direct product for example of

AlBl L (x) = AlBlLl = A (2)

the totally symmetric representation. Therefore the short axis polarized

electronic transition Al -> Bl is~symmetry allowed in azulene (or any other

sz molecule). The long axis polarized transition is given by

Alal Bz ) = AlBlAl =S (3)

Wescan conclude from all this that Al - Bl LA 5d e ORS SaREs c MO Saiciie

polarized and that all z-axis polarized transitions A, -» B. are forbidden.

1 1
We now focus our attention on the treatment given by Pariser.24 The

Pariser-Parr method is applied to compute the pi-electron energies, transi-

+
i

ion moments, charge distributions and bond orders of the ground state and the
lower singlet and triplet states. Two parallel calculations are carried through,

one starting with conventional Huckel molecular orbitals and the other with

-
I

perimeter molecular orbitals.
For the pi-electron dipole moment of the ground state, Pariser calculates

8 D with Huckel molecular orbitals and 3.66 D with perimeter molecu-

: e : ; . 14 : : S
lar orbitals. The experimental value is 1.0 D. In thilc conpeection, 1€ a5
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nteresting to notice that the dipole moments of most of the excited states

te or at right angles to the ground state dipole moment.



Fig. 2.--Energy levels of azulene according to Mann et al
and following Pariser's notation.
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The energies and oscillator strengths calculated by Pariser are com-
pared with the experimental values based on Mann et al,ll Table 2. In this

Eabl el 1A1 H means that the transition considered is between the ground state

IAI, and another lAl state and is directed parallel to the long, or z-axis.
1
i

the same ground state and an excited state 1B13 along the short axis, x, oz

on the other hand, means that we are considering a transition between

perpendicularly to the long .axis.
The theoretical calculations using Huckel molecular orbitals are in
good agreement with the experimental values.
TABLE 2

COMP ARISON WITH EXPERIMENT OF HUCKEL MO ENERGY CALCUL ATION
WITH INTERACTION OF ALL SINCLY EXCITED CONFIGURATIONS

L B R

State |

: |
Calculated | Experimental |
! E(ev) E i | E(ev) f ?
I | = ;
| i j ?
1 { |
A 0 0 0 | 0 |
B T 0.017 1.79 0.009 |
5 |
: i
A | 3.084 0.002 | Sl 810 0.08
S | | |
Bl Zeiio e Se s 4.057 ?
=8| 4.692 1.243 4.52 1.10 |
: |
L | 5.604 0.365 5,204 0.38
. 5,004 - | 0,003 ]
: | | |
e  edgl - T oo |
B | B
A | 6860 | 0015 2642 0.65
‘ | | s
ey | %018 | 0078 f |
Eoas | | o
A | - 7018 e BT =
|




e ss ¢ EXRERIMBNTAL

e Materizgl llsed

The naphthalene used was of zone refined purity. The azulene was a
chromatographed sample provided by Dr. George H. Heilmeir of R.C.A. Labo-
ratories, Princeton, N.J.

Several crystals of different azulene concentrations and thickness
in the range 1 - 10 mm had to be used to cover the temperature range 4.0
to 300°K and to investigate lines of different intensities. The azulene
concentration in the crystals used was found by dissolving the sample in
absolute ethanol and comparing the optical density with that of a known
concentration of azulene in absolute ethanol solution. In doing this, the
visible part of the azulene spectrum was used. In this optical region the
naphthalene does not contribute to-the absorption.

This operation was kindly run for us on a Unicam Spectrophotometer-
Comparator in the Chemistry Department, American University of Beirut, by
Dr. George Hanania.

Using :this method, the azulene concentration in different crystals
was found to be lO“3 - lO-4 moles per mole of naphthalene. In this azulene
concentration range, the half-widths of the _.0-0 and vibronic lines at

& | =
A DK are of the order of 20 cm .

Single crystals of azulene in naphthalene were grown from the melt
using the Bridgman method. A vertical oven was constructed according to
Y : : : o ) . :
details given in the literature”™ and the whole crystallization process

could be observed. The vessel containing the melt was suspended in the

—~ =
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Fig. 3.~-Crystal-growing oven

—-Typical temperature distribution curve inside the oven
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upper part of the furnace, where the temperature was above the melting point
of the azulene and naphthalene mixture.

The vessel was lowered very slowly (at a rate of about 1-2 mm per
hour) down the temperature gradient. As the tip of the vessel passed the
middle of the oven, crystallization began and this process continued as

the growth vessel kept on descending.

The oven is made of two concentric Pyrex cylinders. The inner
cylinder is cut into two equal paits. The halves of this inner cylinder
are separated by a Marinite stopper open in the middle so as to allow the
growth tube to pass through. Figure 3 shows the details of the oven with
the outer cylinder A and the inner two half-cylinders B and C which are
separated by the stopper D into which the growth vessel E is passing.
Resistance wire is wound as a spiral around the inner and outer cylin-
ders and two Thermistemp Model 63 RA temperature regulators are included
at the top and bottom of the furnace.

In the upper part of the oven a circular hole is cut into the
Marinite. The crystal growing vessel E is introduced through this hole.
When in use, this hole is closed by means of a lid containing one of the
Thermistemp sensors. The crystal growth tube is supported by a fine

metal wire passing through a small hole in this lid.

(D]

1
L

(T

The outer part of the oven is made out of Marinite except the
front which is a sliding piece of thick glass so that one can watch the
ntire crystallization process.

The inner, upper and lower heaters are controlled automatically

by the sensors while the current in the outer coil is set to a fixed value.
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Fig. 5.--Growth vessel
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A more refined model of the oven which was built later included two separate
outer heaters which gave the instrument more flexibility for the choice of

the inner temperatures.

3. The Temperature Gradient

One could change the values of the currents in the three coils so as
to get a suitable temperature gradient. The graph of temperature against
position is shown for a typical setting in Figure 4. This graph looks like
- a step function and the more abrupt the change of temperature in the middle

of the oven, the better the chances are of getting a geod! crystal,

4, The Growth Vqssel

The Eypeof wesceliced i shown in Figure 5. As the Pyrex container,
which can be about 15 centimeters in length, is lowered in the oven, the
little curved tail which is 3 capillary tube starts to solidify and produces
the crystal seeds which are responsible for the production of large single

crystals.

3. The Method of Filling the Growth Vessel

Figure 6 shows schematically the set-up for filling the material to

(B

llized, Zone-refined naphthalene was introduced into a Pyrex bowl

®;
M
@
H
<
iy
;

(o

and a few specks of azulene were put directly into the growth vessel. The

mm of mercury) the system was
at point A. Then the naphthalene was distilled by heating the

wl and at the same time cooling the growth vessel part down to liquid
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Fig. 6.--Glass system employed to fill growth vessel
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S0

The vessel was sealed off at points B and C (C was used in the first
place to get the azulene into the system and D served the same purpose for
the naphthalene). Finally, a hook was made on top of the tube which was

now separated from the rest and ready for use.

6. The Polishing and Grinding of the Mixed Crystals

The single crystals.thus obtained mere cut down along their cleavage
planes before being used. Thinner crystals were obtalined whenever needed
by rubbing first on a filter paper soaked in solvent (alcohol, for example),

then by polishing against a dry filter paper.

7. A Description of the Spectrograph

The spectrograph used was a Hilger Model E 742. 1In order to obtain
spectra at liquid helium temperature a double Dewar container with quartz
windows was used., A Hilger timer Model FS 105 was also used to actuate a

shutter. All data were taken with a slit opening of five microns.

8. The Method of Data Analysis and Plate Reduction

The plates (Ilford R40) were run on a Baird Atomic densitometer-com-
rator and a Bristol Model M~1RB 560~33-T4-T24 chart recorder. Graphs re-
lating the optical density of background intensity to the exposure time (in
seconds) were drawn for different wavelengths and only the linear region was

Since one has the relationship

I = T exp (cked) (4)

|

where 1 is the mesasured intensity, IG the ;original intensity of the light,

1

X Tae extinction coefficient, ¢ the concentration and d the thi:-xness of
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the crystal, then it is also true that
| 5 _
log =" = ~-kcd (5)
0

The apparatus recorded the logarithm of the ratio of I and IO and since
we were looking for the extinction coefficient we had only to find the
area as shown on Figure 8 between the background and the graph coming
out of the recorder. This was done with the help of a Haff Model 317
planimeter., The half-widths of the absorption lines under consideration

were measured directly from the charts.

9. [Ihe Iron Arc and the Position of the Lines

The absorption spectra were calibrated égainst Bron arc slhapec B fhe
plate was exposed to the arc for about one second. The current in the
arc measured around 4 amperes. Once the plates were developed, they were
compared with the iron spectrogram taken on a Hilger El quartz spectro-
graph available from the same company. The linear approximation for the

dispersion was used when the lines in the spectrum were to be found very

[
n

1B

i1 I
1 &

near to our absorption bands. The results, unless otherwise stated, agreed

S L ; .
to within 20 cm = with the values given by Sidman and McClure.

10. The Measurement of Temperature

Various devices were used in different temperature regions. These

7\
I-'II

N 0
Setween room temperature and about 50K an Engelhard glass en-
sed platinum spiral was used. The resistance was measured using a

Leeds and Northrup 4735 Wheatstone bridge and a 2430-E galvanometer from

a

i}
fV
=
(D
]
O

mpany.

i
L



Fig. 8.--Measurement of half-width and area for a typical band
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2) Between 100°K and liquid helium temperature, a Honeywell MHSP
2306 germanium cryogenic thermometer (serial number 1065) was used. The
measurement of ‘resistance was done with the help of a Cenco 83412 potentio-

meter and an Eplab students' cell as a standard.

3) A carbon resistor was also used sometimes and it was calibrated
for temperature against the above mentioned germanium resistor. The major
drawback when using this type of resistor for temperature measurements is
that the resistance at room temperature, liquid nitrogen, and liguid helium
temperatures shifts from run to run and even during the same run so that one
has to shift the characteristic calibration curve parallel to itself in order
to get correct temperature readings. Such a typical calibration curve is

represented in Eigure 9.

11, Determination of the "best fit" phonon

If the oscillator strength variation is due to optical phonons (this
1s discussed in moredetail  later), then the ratio of oscillator strengths
should be equal to the ratio of occupation numbers per unit cell, One par-
ticular temperature (SOOK) was chosen and all theoscillator strengths con-

sidered were divided by the oscillator strength at this temperature. On

phonons reported were divided by the corresponding value at 50°K. The

re compared both numerically and graphically and the phonon that
ta within 10 - 15% of our experimental values was chosen.

rrom the relation giving the value of the oscillator strength as a

he occupation number per unit cell and coupling constant, the

.1
b
4
et
2
|
]
b-h
e+

value of q was deduced.
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Fig. 9.~--Typical calibration curve or a carbon resistance
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Fig., 10.--Schematic diagram of the spectral region studied
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BV SRESULTS

The spectral region of interést is shown in Figure 10, in which
the lines indicated with arrows have been studied. The assignments for
the lines are those of Sidman and McClure, except at 16,510 Cmﬁl and
L6 940 cm“l where our values did not come into close agreement with the

~listed values,

Ihetpure "G00 cllectronic lines ot 14,652 cm-l could not be separated
from the vibronic bands 0-0 + 36 at 14,688 cm_l andu@=-0F D) gt 1A 702 cm_l
except between 4.4°K and 530K¢ The ratio of the oscillator strengths of the
0-0 band and the 0-0 + 36 plus the 0-0 + 51 bands has been computed and is
given in Table 3, for the temperature region in which we have data on the
individual bands. The ratio of oscillator strengths can be seen to be
equal to unity, while the half-width does not vary significantly in the
same range.

In order to be able to study the variation over a much wider tempera-

ture .range, the area of the 0-0, 0-0 + 36 and 0-0 + 51 bands were added up

together; this result is shown in Figure 11. Two different crystals were

M

used for the study of the oscillator strength between 4.2°K and 300°K. The
variation of wl/z can be seen in Figure 19,

The 0-0 + 664 band at 15,316 cm_l cannot be separated from its vib-
ronic counterparts 0-0 + 664 + 36 and 0-0 + 664 + 51 above BBOK. Between

~
i

83 K where it can be measured, the ratio of the oscillator strengths
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o B e
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ne no phonon vibronic and the phonons plus vibronic 'bands is seen from

3 to be equal to 4. The oscillator strength for the sum of the three

=
{1}
0y
b
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nown in Figure 12. Here also two different crystals had to be used
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Fig. 11.--Oscillator strength (in arbitrary units) of the
(0-0) + (0-0 + 36) + (0-0 + 51) bands plotted versus temperature.

Two different crystals were used for this study.

ig. 12.--Oscillator strength (in arbitrary units) of the
4} + (0-0 + 664 £ 36) + (0-0 + 664 & 51) bands plotted
mperature. Two different crystals were used.
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Fig. 13.--Half-width of the (0-0 + 664) + (0-0 + 664 + 36) *+
(0-0 + 664 + 51) bands grouped together plotted versus temperature.
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within the temperature region considered (4.20K - 22OOK). The half-width

of the same bands is seen not to vary appreciably up to 190°K (Figure 13).
Table 3 shows also the results for the 0-0 + 857 system of bands

and the variation of the integrated oscillator strength of the 0-0 + 857,

0-0 + 857 + 36 and O=0 + 857 + 5] bands is plotted against the temperature

in Figure 14. The ratio of the oscillator strengths of 0-0 + 857 and 0-0 +

8T hes6 plus: 0=0 =857 + bl M5 approximately ecual to two.

FARLESS

RELATIVE OSCILLATOR STRINGTHS OF FURE AND VIBRONIC BANDS

Lines Half-width Ratio of Oscillator
Strengths
(0-0)/[(0-0 + 36) + (0-0 + 51)] 25 cm L shead

(4. 55

(0-0 + 664)/
[ (0-0 + 664 + + (0-0 + + 51)
[(0-0 + 664 + 36) + (0-0 + 664 + 51}] - i
18 cm -
(4.0 - 837K
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[ {0-0.£5857 t 36)+(0-0-+ 857 + 51)] e 2 =
L2 e
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Fig. 14.--Oscillator Strength (in arbitrary units) of the
(0-0 £ 857) + (0-0 F 857 + 86) + (0-0 + 257 + 51) bands plotted
versus temperature.
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The weaker 0-0 + 2 x 857 and 0-0 + 384 + 1386 bands the oscillator
strengths of which are plotted against temperature in Figures 15 and 16
exhibit practically the same character. The area between 16,510 cmnl and
16,540 cm_l has been integrated and the result is shown in Figure 17.

As for the 0-0 + 1191 + 1386 and 0-0 + 2 x 664 + 1386 doublet, its
oscillator strength between 4.2° and 160°K is shown in Figure 18. Figure
19 shows the half-widths of the systems which have been studied. Note that

0-0 + 2 x 857 and 0-0 + 384 + 1386 are single lines that do not comprise

any satellites.
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Fig. 15.--Oscillator strength (in arbitrary units) of the
(0-0 + 2 x 857) band plotted versus temperature.

Fig. 16.--Oscillator strength (in arbitrary units) of the
(0-0 + 384 + 1386) band plotted versus temperature.
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Fig. 17.--Area between 16,510 cm_l and 16,540 cm-l plotted
versus temperature,.
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Fig. 18.--Oscillator strength (in Arbitrary Units) of the
(0-0 + 1191 + 1386) + (0-0 + 2 x 664 + 1386) bands plotted versus
temperature.
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Fig. 19.--Plot of half-widths versus temperature
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V. INTERPRETATION OF RESULTS AND DISCUSSION

24 11
)

The small value (1.7 x 10_2 Pariser ; 9'x'lO“3 Mann et al of
the oscillator strengfh is due to a large change in the charge distribution
upon electronic excitation. It is thus expected that phonons may induce
sufficiently large changes in the polarization of an azulene molecule to
alter the charge distribution in either the ground and or the excited state.
The results seem to confirm our qualitative expectations.

Figure 20 shows the same absorption bands at three .different tempera-
tures. It is clear from this and similar data that the observed decrease
in the oscillator strength is not due to a broadening of the lines. The
half-width of the single lines and of the envelopes (when two or more lines
are included) does not change between 4.2° and 100°K.

Around 50°K the oscillator strength is weak so that one has to use
samples of higher concentration or larger dimensions, and the neighbouring
lines may then become unresolved.

The 0-0, 0-0 + 36 and 0-0 + 51 lines exhibit a constant intensity
from 4.2° to 55°K. Above 550K, a higher azulene concentration was used.

As a result these lines overlapped. However, the combined area of the

three lines shows no significant decrease in intensity up to 300°K. The

~

0% change seen in Figure 11 for these lines is not significantly greater

)

than the 10 - 15% scatter in the measured areas at high temperatures.

These results show that azulene is not behaving like an oriented
gas molecule . The naphthalene phonon field is strongly coupled to the
azulene vibronic transitions.

- ke
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Fig. 20.--Variation of line-shape with temperature
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At relatively low temperatures where fo - f < 0.5 it appears that

fo
the oscillator strength f(T) follows the relation:

f = f [1- 0 p(T)] (6)
where fo = f(4.2OK), p (T) is the phonon occupation probability per unit
cell, and a is the coupling constant. For the small azulene concentrations

used here, one may assume that there is at most one wulene molecule per unit

cell 1%
TABLE 4
LIST OF THE PHONONS ACTIVE IN THE DIFFERENT BANDS
Vibronjc Bands Best Fit Phonon a + .1 (one branch)
(ecm™1) (cm~1) 5
0=0 none O
0-0 + 664 54 Gl o
0-0 + 857 46 1,
0=0 0 x 857 46 0.9
0-0 + 384 + 1386 155 Q62
16,510 - 16,540 15 9.2

0=0 =119l + 1386

+ 0-0 + 2x 664 + 1386 15 0.2

= 0 , ; : ; :
Beyond 60 K, the above relation is not obeyed. Some lattice per-
urbations must now act to enhance slightly the transition probability to

% 0 e O = :
about 56 at 200 K of its 4.2 K intensity.
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The vibronic transitions 0-0 + 664 are of an intensity slightly
greater than that of the 0-0 line. Thelr integrated intensity seems to
be due to coupling with a phonon of wave number 54 cm—l.

Both the 0-0 + 857 and 0-0 + 2 x 857 seem to be affected by a

Ao phonon, whereas the 0-0 + 384 + 1386, 16,510 m 16,540 cm

i}
and the 0-0 + 1191 + 1386 bands show a decrease probably due to a 15 cm_l
phonon,
The values of a fall into three categories:
(a) « = 0 implies that the 0-0 transition is not coupled to the
phonons.
(b) a = 1 implies that when the phonon occupation number is 1,
the transition probability is reduced to zero. 1In other
words, one phonon alters the charge distribution sufficiently
to reduce the transition probability to zero. The experimental
value of 0.9 + 0.1 indicates then a strong coupling between the
0-0 + 664, 0-C + 857 and 0-0—* 2 x 857 vibronic transitions with
54 cm_l and 46 cm-l phonons.
(c) a =~ 0.2 implies an intermediate coupling. The vikonic tran-
sitions involving the 15 cm-l phonons appear to be weakly

coupled.
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If we now ingquire into the origin of these phonons we meet a number

of anomalous results.

The phonons observed by Sidman and McClure have the value 21, 36,
Sl cm_l in absorption at 14,652 cm_l and 15, 39, 59 cm-l in the 28,090 cm*l
emission system. Rou556t26 studied the Raman spectra of naphthalene and
reports that the six naphthalene optical branches have the values: 109,
NPT TGl el o S avniel G Cm“l for K = 0 at room temperature. Ichishima27

as quoted by Cruickshank?® gives the following relations for the temperature

dependence of these frequencies between +25°C and -190°C:

v, = 125 - 0.0634T om (106)

v = 145 - 0.0633T cm = (126)
3 e

Vo & 78000081 on (74)

v, = 60 - 10.0435T o (47)

y, = 75 = 0.0900T o (52 )

Hence ther

(D

1s a wide divergence between the "observed' optical phonons

0

in emission and absorption on the one hand and the Raman results on the
other., It is known from the specific heat studies of crystalline naphtha-
lene that the Raman results are correct for the ground state lattice. It
is possible that these rather discrete phonon values are due in one way
way or another to the acoustic branches. In the absence of detailed in-

formation on the acoustic branches, one is unable to clarify this point.

Similar anomalous "optical® phonon frequencies have been reported for a
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large variety of molecular crystals by a number of independent workers.
The elucidation of this problem may shed considerable light on exciton

and electron-lattice interaction processes.
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