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ABSTRACT

The stationary states of condensed systems such as crystals
are characterized by energy bands. These energy bands are described
by a dispersion relation and a density function. Within the Frenkel
tight-binding method, the physical quantities that determine the band
structure are the intermolecular resonance interactions.

The density functions for the first excited singlet states of
crystalline benzene and naphthalene are determined experimentally
from spectral data involving band <——band transitions. The experi-
mental results are not in complete agreement with a transition
octopole model for the intermolecular interactions.

Mixed molecular crystals provide theoretically and experi-
mentally tractable systems for studying the properties of molecular
aggregates. This knowledge is basic to understanding the liquid and
biological states and may in the future be of significant technological
importance. Spectroscopic observations on isotopic mixed crystals
of naphthalene are made to determine the energy of the crystal states
that correlate with the leu state of the free naphthalene molecule.

The spectral data for the dilute crystals are interpreted in terms of



a one-particle Green's function and are consistent with the band
structure as observed in band < band transitions. The transition
energies of guest levels disagree with a model involving configuration
interaction with charge transfer states. New ‘theoretical models are
suggested, and the data available for evaluating these models are
outlined.

Very high resolution spectra at 4.2 °K reveal fine structure in
the leu ~'A g and B m -—IAg electronic transitions of the naphthalene
mixed crystals. Some of the structure corresponds to the resonance
splitting of pairs of guest molecules in the host lattice. In the Frenkel
tight-binding approximation, this structure gives directly the inter-
molecular excitation transfer matrix elements responsible for the
exciton mobilities and the energy band structures.

Optical spectra of 13CCSHS—CSH6 mixed crystals show that the
shallow impurity 13CC5H6 shifts the leu factor group components by
2 cm ' and increases the linewidth by 5 cm™ in going from 6% to 50%
JLSCCSHG. The effect is explained qualitatively by an extension of the
Frenkel excifon theory to the mixed crystal system.

Exciton structure in the two lowest ungerade triplet states of
crystalline naphthalene is reported. For the lowest state the calcu-
lated splitting of 40 cm ' is in good agreement with the experimental
result.

The Raman scattering tensor for each vibrational mode is
determined by polarized Raman scattering from oriented single

crystals. The experimental data when compared with the
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phosphorescence spectrum of the C,,Hy - C,,D; mixed crystal allow
unambiguous vibrational assignments to be made and provide a
measure of the intermolecular interactions in the crystal. It is
found that the crystal effects on the gerade vibrations are small.
Frequency shifts are 2-4 cm'l; exciton splittings are less than

1 cm ' and intensities are described qualitatively by the oriented

gas model.
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PART I

Direct Observation of the Entire Exciton
Band of the First Excited Singlet States

of Crystalline Benzene and Naphthalene



I. INTRODUCTION

The stationary states of condensed systems such as crystals
are characterized by energy bands. The individual states within these
bands for periodic systems are designated by Kk, the reduced wave
number vector.1 The standard spectroscopic data concerning the low
energy electronic states of molecular crystals consist of a few lines
(Davydov components) corresponding to some or all of the k = 0 levels.
Only these levels are observed in transitions from the crystal ground
state-(gg = 9) because of the selection rule 2 Ak = 0. In certain cases
even some Kk = 0 levels cannot be observed because of additional
selection rules, e.g., the restrictions 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 were spectro-
scopically allowed, one could determine directly the magnitudes and
relative signs of the interactions between interchange equivalent
molecules. From these data alone nothing could be said about the inter-
actions between translationally equivalent molecules. The latter may,
in principle, be the dominant interactions responsible for the band
structure.

An indication of the magnitude of the translationally equivalent
interactions has been obtained recently from isotopic'mixed crystal
experiments.3’ 4 A more direct approach is given in the present work

and utilizes exciton band«exciton band spectroscopic transitions in



nent crystals (we use the word neat to mean unadulterated crystals,

as distinguished from the word pure used in reference to the chemical

purity of the crystal).
This technique allows all k states to be observed since the initial state
is no longer restricted to k = Q The method was first proposed by
Rashba;5 however, its practical and detailed utilizatian depends upon é
knowledge of selection rules for k = 0 transitions, and the use of
extremely pure, high quality crystals. In a certain restricted Frenkel
exciton limit,where the interactions are extremely short range and
which we believe to be applicable to the low lying excited electronic
states of benzene and naphthalene crystals, the selection rules are
particularly simple; 5 and techniques for obtaining high purity are
known for these crystals. 7 For these cases therefore it is possible to
find the density of states in the electronic exciton band as well as the
total band width, quantities that depend in principle 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 calculations,8 it has not up
to now been presented experimentally. It is of interest to compare
experiment and theory, especially concerning the applicability of multi-
pole expansions, the assumption of pairwise interactions, the location
of ion-pair states, 4 and the quality of the available atomic and molecular

eigenfunctions. 959



II. GENERAL DISCUSSION

A. Band-to-Band Transitions

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

(1) These s‘ystems are of general interest since the electronic and
vibrational states have been extensively studied experimentally and
theoretically in the molecule as well as in the crystal.

(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 in benzene have ranged
from the bottom to the top of the band, 521911

(3) Benzene and naphthalene are some of the few compounds that
have been purified to the degree necessary er 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 a ground state vibrational
exciton band. The absorption process, then, involves 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
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,

12



except for appropriate Boltzmann factors, to the density of k levels in

the electronic exciton b'and 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 in a time fast compared with

the emission lifetime, (3) intensity contributions from phonon transitions

are negligible, (4) the transition probability is k independent, (5) the

Ak = 0 selection rule is valid, and (6) the differences in branch-to-

branch13 transition probability do not alter this intensity distribution.
The width of vibrational exciton bands in molecular crystals is

know1114to be approximately 1-10 cm™'. The vibrational exciton band
of benzene that is utilized in the present experiment is that correspond-

ing to the v¢ (ezg) vibration (606 cm'l), which is known to have an exciton
spli’cting15 of ~5 cm . This finite width could introduce an uncertainty

in the density function p(E). However, the maximum of the density func-
tion determined from v{ coincides with that determined from v” (31g) for
which no exciton splitting has been observed. L Unfortunately, the

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

of these two bamds16

is less than 6 cm™*, which is small compared to the
160 cm * exciton splitting in the electronic state. The finite width of the
vibrational exciton band ' also results in a Boltzmann popula-
tion distribution of the k levels in the lower state; however, for a 500 cm
vibration at liquid nitrogen temperature,ignoring the population difference

between the highest and lowest k states in a band -— band absorption experi-

ment will probably cause an error in p(E) of no more than 10%.



Boltzmann statistics closely describe the population of the energy levels
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 (vide 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
comparison of it with the absorption spectra (vide infra). & should be
emphasized that we use the term phonons synonymously with lattice

vibrations as distinguished from the internal vibrations of the molecule.
B. Selection Rules

The electric dipole transition morﬁents 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 be
neglected., Within the limit of applicability of this approximate Hamiltonia,n;
it has also been shown that the factor group selection rules6 as well as the
Ak = 0 selection rule are valid for all k. The validity of the g ~—~u
selection rule in centrosymmetric crystals for all k has also been proved
in this limit and is of special interest. For, if a breakdown of this selec-

tion rule was seen to occur, the approximations leading to the restricted

Frenkel selection rules would be known to be invalid, causing the interpretation



of the intensity distribution in the band -— band transition to be no longer
straightiorward.. Unfortunately, not obServing such a breakdown cannot
be considered a justification for using this limit. Since, in this restricted
limit, the factor group selection rules are valid for all k, it can

. . : o AT
easily be shown, assuming an oriented site

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
gre allowed: A~— B, A++B,, A~ B,, B,~DB,, B,~—~B,, B, B,
Thus, in a band-to-band transition involving crystal states that correlate
with non-degenerate molecular states, there are three distinct transitions
originating from each of the four branches. For the case where all
branches of the vibrational band are isoenergetic, three of the twelve
possible transitions occur at the same energy for each value of k. The
sum of the intensities of these three is independent of the symmetry
classification of the initial branch in emission or the final branch in
absorption. No additional complications arise when the vibrational
exciton band corresponds to a degenerate molecular state as long as the
site and exciton splittings ére negligible. relative to the width of the
electronic exciton band. Thus, the intensity distribution of the band-to-
band transition gives the density of states in the electronic exciton band

within the other limitations cited above.
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c. Densitz-of-States Function

It is of interest now to consider how the density-of-states function is
determined by the intermolecular interactions in the crystal. This deriva-
tion is straightforward within the formalism 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 others. Ld

Although a higher-order formalism has been
suggested, 2 there exists no experimental evidence demonstrating the
failure of the first-order approach as far as the lowest excited states of
benzene and naphthalene are concerned. On the other hand a disagreement
between the higher-order theory and experiments on crystalline naphtha-

20

lene may exist. Sarti- Fantoni®“? first pointed out an apparent

discrepancy. His criticism has recently been discussed by Silbey, et al. 20b

& and Sarti-’f«‘an’conizoa have pointed out, it is

As Craig and Philpott,
unfortunate that the complete band structure has not been calculated using
higher-order theory. It would be of interest to compare such results with
those of the octopole model and with the present experimental results. How-
ever, it should be remembered that when higher-order terms are considered
the transition probability may be k dependent. This possibility must be
considered before comparison with the present experiments can be made.
Because cf its apparent accuracy, we treat the exciton band struc-
ture for the lBZu states of benzene and naphthalene within the framework -
of the simple first-order theory.2 1 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 Hmit, 6 the

dispersion relation Lfa(lg) that gives the energy of the state with wave

number vector k has an especially simple form,



2

m
fa _ a.f
L) = qulaqLIq(g) 1)

The zero of energy for this equation is the algebraic mean of the exciton

band; or, equivalently, the energy of the corresponding transition in a

hypothetical crystal in which all resonance interactions are zero. 22
Here, m is the number of molecules per primitive unit _cell, ag are the
coefficients corresponding to the at—h representation of the interchange
group, <0 and the Liq(}g) are the k-dependent sums of excitation exchange
matrix elements for the f Lt excited state :21
; n/m . .
Lag® = 2 expileyr-1g) explie(ny -xy) (2)
X
X [ o HetprqrdR (1 = 8,008 00),

where T defines the origin of the n@ unit cell, 7 q is a vector from that

origin to the q—t}}- molecule in that unit cell, and ¢fxq is the localized exci-
tation function24 representing the molecule at the antll_ site in its £ th
excited state.

The density of states in the exciton band corresponding to the f o
excited state of the molecule is obtained by computing Lfa(}:\) for all @
and tabulating the number of states per energy interval. Such a computa-
tion requires evaluation of the pairwise excitation exchange integrals
(%ij). These can be evaluated theoretically or empirically and compared
with experiments. For this comparison, the density-of-states functions
are normalized so that the areas under each curve are equal. The value
of the normalized density function gives the fraction of states at a particu-
lar energy. The Davydov splittings place restrictions on the possible values
of the interchange equivalent interactions since these splittings depend

21

upon sums of the %ij over the entire lattice.“* Note that we reserve



10
the term Davydov splitting for the exciton splitting at E = Q Data
from the spectra of isotopic mixed crystals provide similar informa-
tion about the sums of translationally equivalent interactions. 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.
By considering just the intéractions with the nearest translationally
and interchange equivalent molecules, 772, 77y, 77, 7?21 II’
WI "y 772 IIV? it can easily be shown that for benzene,

.Lfa(’lg) = Z%a cos (k a‘a) + 2?1]0 cos (kbb) + 2772c cos (kcc)

a a b
% 4%1772111 cos ( ka§ ) cos ( kb-2~ )

@)
+ 4aI%WZIm cos ( kblzo' ) cos ( kc% )

o a c
+ 4aIV‘7/ZHV cos ( k5 ) cos ( ke 5 )

where %Iq =fd>§*|H’|¢ng. %a,b,c

molecule I with its translationally equivalent nearest neighbors along

represent - the interaction of

the a, R, and ¢ axes, respectively, and

k =k +kptke
™,
g N, Las “Na<my s Ny
bx g

etc.

The number of values of k = is equal to.the number of primitive unit



11
cells (2Na) along the a crystal axis, since n takes all integral values

between the limits specified. The values of the coefficients a%, a%I, a%v
are respectively +1, +1, +1 fora = A; +1, -1, -1 fora = B;; -1, +1, -1
for @ = By; and -1, -1, +1 for a = B,.

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

= and Knox. s

in detail by Davydov Here we shall assume that only
certain near-neighbor interactions contribute; namely, 7723, %b, 775(:;
%I I and /¢ IIr? where 7?21 I is the next nearest interchange
equivalent interaction. The following dispersion relation is then obtained

for the two branches of the lowest singlet exciton band of naphthalene:
- .
Lk = 277?a cos (kaa) + 2777b cos (kbb) + 2 %c cos (kcc)
a b
14%11 cos (ka 5) cos (kb -2-)

=47

(4)

; a b
I cos (k,c) cos (k, 5) cos (i, 3)

+ 4777 ’ : . a b
III' sin (kcc) sin (ka 5) cos (kb -2—) ,

A
where, for the C, interchange group, the plus sign of L* refersto L %(k)

o

B
and the minus signto L \u(g\). The superscript £ of Lfa(;g) has been omitted.

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

lene, 27, 28

For the band - band absorption studies, purified crystals

1 to 5 cm long were grown from the melt by slowly lowering the cells
through a sharp temperature gradient directly into a liquid nitrogen
cooled chamber. Using this technique, one obtains crystals with few or

no cracks at 77°K that can be cooled to 4. 2 °K with little or no additional
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cracking. As the resultant crystal is in an evacuated container, several hours
are required from the time the container is immersed in liquid helium

until the crystal cools to 4.2 °K. The hot band absorption was monitored
during this period, and while no significant change in the structure of this
absorption was observed upon cooling, the intensity gradually decreased
untilno residual absorption could be detected at liquid helium temperature.

The 0, 0 absorptions in thin crystals were also observed at 77 °K,

27 °K (the temperature of boiling neon; benzene only), and 4.2 °K. The
spectra were taken utilizing a 150 W Xe arc lamp and the third order

of a 600 line/mm Bausch and Lomb grating (212 X 157 mm)ina 2m
Czerny-Turner 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 benzene and naphthalene were observed
at 77 °K, 27°K (benzene only), and 4.2 °K on the above two-meter photo-
graphic instrument. The intensity distribution of the 0 - "606" fluorescence
band in benzene and the 0 - "512" fluorescence band in naphthalene was
determined at 77 °K and 20.4 °K (the temperature of boiling hydrogen)
using the third order of a 600 line/mm grating (102 x 102 mm)ina 1.83 M
Jarrell-Ash Ebert photoelectric spectrometer. Both the photoelectric
and photographic line positions were determined by reference to an iron-
neon standard.

The thin crystals (20u to 2 mm) used for the 0, 0 absorption and all
tluorescence studies were grbwn in a2 manner similar to that used for the
band ~ band absorption spectra. For the fluorescence studies it was
necessary to open the crystal cell, - exposing the crystal to the cryogenic

liquid, in order to prevent the excitation source from heating the sample.
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IV. EXPERIMENTAL RESULTS

A. Band-Band Fluorescence

Figure 2 shows the microdensitometer tracings of the band - band
fluorescence transition at temperatures of 77 °K, 27°K, and 4.2°K in
benzene. Also included in Fig. 2 is the corresponding transiti‘on of a
benzene guest in a deuterobenzene host at 4.2 °K. The isotopic mixed
crystal spectrum demonstrates the sharpness of these transitions when
they are not associated with exciton bands. Jarrell-Ash 1.83 M spectrom-
eter tracings of the benzene and naphthalene band < band fluorescence are
shown in Figs. 3, 4, and 5. Figure 4 includes the neat crystal and the |
isotopic mixed crystal transitions for naphthalene at 4. 2 °K taken with
a 300 line/mm grating (190 x 80 mm) in 18th order. The two accidentally
degenerate vibrations (510 cm ' and 514 c¢m™?) 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 levels in the
electronic exciton bands are coincident with the lowest Davydov compo-
nent. This assumption is believed to be valid since the 0, 0 transitions are -
observed in fluorescence at 1.8°K, and since fluorescence lines involving

ground-state
vibrational exciton bands are shifted only by the value of the/vibrational
quantum. For example, in benzene, the 0’—yY (606 cm ') transition does .
not extend to the red of 38,003 -606 cm™, where 38,003 cm™" is the loca-
tion of the lowest Davydov component above the ground state. Additional
evidence has been presented for the case of naphthalene by experiments

43 With this assumption and the assumption

with isotopic mixed crystals.
of Boltzmann equilibrium within the band, the density function can be

calculated from the fluorescence line shape by dividing the intensity at a
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given energy by the appropriate Boltzmann factor. The plate optical density

was converted 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. The '"double-peaked' fluorescence band shape in

the neighborhood of 20-27 °K for benzene, seen in both F‘igs. 2 and 3, is real.
It is a result of a balance between exponentially decreasing Boltzmann factors
and a density-of-states function that begins to increase more rapidly than
exponentially in the energy range corresponding to T ~ 20-27°K. This shape
for the fluorescence band is exactly that predicted from the derived density
functions.

It is of interest to note that one expects a decrease in 0,0 fluorescence
intensity with increasing temperature. This decrease occurs at elevated
temperatures because the statistical weight of the k = 0 level in the upper
electronic state is very small relative to that ofthe rest of the k levels. Thus
most of the emission originates from within the band, where the Ak =0
selection rule20 prohibits the transition to the absolute ground state.
Actually, this simple picture can be modified since k can be conserved
through various combinations of phonon, photon, and exciton momenta.
Furthermore, as relaxation among the k levels appears complete in a

time short compared with the fluorescence lifetime, the exciton k states

cannot be pure and possibly a large number of states near the bc;tto?n of the
snalt{pww
band have some k = 0 admixture. Alternately, in the presence ofﬂtraps,

4

one might even expect the intensity of the 0, 0 transition to increase with
temperature, at least initially. Rather qualitative experiments here show
some decrease in the relative intensity of the 0, 0 transition of crystalline
naphthalene over the temperature range studied. For benzene the decrease
is more pronounced,A no 0, 0 fluorescence being observed at 27 °K. These

results are complicated by broadening (which can be construed as weakening),
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self absorption, and the (unlikely) presence of residual traps. If there
ig a real difference between the benzene and naphthalene results, it
could be caused by the difference in shape near the bottom of the band
of the density functions for these two systems. The steeper density
function for naphthalene could insure that more states near the bottom
of the band are mixed with k = 0 than in the case of benzene. Another
difference, in the right direction, could arise because of the greater
breadth of the naphthalene exciton band and the greater thermal inaces-

sibility of the higher k states. Obviously, further experiments are needed

in order to clarify these points.

B. Band-Band AbsorEtion

Microdensitometer tracings of the absorption band -~ band transi-
tions in benzene and naphthalene are shown in Figs. 9 and 10. For the
purpose of computing p(E) from these data, the plate optical density has
been converted to sample optical density by calibrating the plate. The
sample optical density is linearly proportional to the density function
p(E). The p(E) function found in this way for the leu state of benzene is
shown in Fig. 7, where a comparison is made with the p(E) function
derived from the fluorescence spectrum. The corresponding p(E) func-

tion for naphthalene is shown in Fig. 11.
C. Phonon Contributions

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

ture. The 0, 0 absorptions shown in Figs. 10 and 12 have been discussed
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previously by Maria,30 Prikhot’ko and Soskin,31 and Maria and Zahlan.32

Phonons are expected to contribute to these éxperimental results in two
ways. Tra.nsitions involving phonons in either the initial or final states
may contribute to the observed intensities and line shapes. The electronic band
structure itself may depend upon the motion of the molecules in the lattice.
A comparison of the benzene density functions at several tempera-
tures (Figs. 6 and 7) shows that the temperature effect is not negligible.
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 halfwidth has
increased from 15 to 45 cm and the wings are considerably extended.
In contrast, the effect on p(E) of changing the temperature from 20.4° to
27 °K is well within experindental accuracy and thus may indicate that the
effects of thermal phonons can be neglected at these low temperatures.
This suggestion is supported by the temperature dependence of the 0,0
absorption spectrum as shown in Fig. 12. There, it can be seen that the
change in linewidth between 1.8° and 27 °K is relatively small. The
highest energy Davydov component broadens by about 4 ecm™* at 27 °K.
This thermal broadening partially masks the middle Davydov component,
which is clearly visible on the photographic plates as a shoulder but is
poorly reproduced in Fig. 12. A broad absorption develops under the
lowest energy Davydov component. However, no measurable change in the
Davydov splitting occurs in this temperature range. On the other hand,
at 77 °K the absorption is quite different. The linewidth of the Davydov
components increases to 30-50 cm'l, and their splitting appears to have
decreased; the upper two components, now unresolved, being shifted

toward lower energy. This decrease in splitting, however, may be only
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apparent since the broad components are not clearly resolved.
These results are not at complete variance with the findings of

82 (MZ) but they differ in several significant respects.

Maria and Zahlan
(1) The linewidths of the Davydov components that we abserve at low
temperatures (T < 27 °K) are two to four times narrower than those

reported by MZ at corresponding temperatures. Our results therefore

agree in this regard with the findings of Broude. 53

(2) The change in
these linewidths in going from 4.2 to 1, 8 °K is not outside the normal
crystal-to-crystal fluctuations (1 cnfl) in contrast to the "sudden 50%
increase in bandwidth 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. The broadness as well as the temperature dependence of the
absorptions of MZ could easily be due to crystal imperfections and
strains, since their crystals were obtained by pressing benzene between
quartz plates. 34 (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 merely
to be an indication of the difficulty in making accurate intensity measure-

ments of intrinsically very sharp, intense lines. L

Little significance
should therefore be attached to the apparent intensities of the sharp
Davydov components relative to the intensities of the broad phonon bands.
Likewise, the apparent relative intensities of the Davydov components
can be misleading. See Fig. 12, for example.

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 ,Qi symmetry. The 0, 0 transition is
therefore no longer forbidden provided there is an interaction between
the molecule and its environment. These crystal interactions are suffi-
ciently strong to induce all ten of the ungerade benzene vibrations in the -
infrared spectrum of the cr_yé’cal14 even though only four of these are
allowed in the gas phase. The infrared crystal spectra are independent
of te1nperature21 between 4.2 and 77 °K indicating that the crystal per-
turbation is not dependent upon the occupation of phonon states.

For the case of benzene, then, it is felt that band = band transitions
at temperatures below ~ 30°K give a qualitatively accurate description
of the density function associated with the leu state. The low energy
tail in fluorescence has a mirror image relationship with the broad
absorptions on the short wavelength side of the Davydov components
(Fig. 12). The absorption tails have been previously assigned as phonon
addition bands by several other au’chors.3 32,36 The fluorescence and the
absorption tails 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 function
cannot be determined accurately from fluorescence measurements at low
temperatures where the phonon contribution is a minimum. Thus, the
effects of 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 temperature by

Maria,30 and Prikhot’ko and Soskin.31 It should be noted that Maria's



19

absorption bands (his Fig. 1) are much broader than ours or than those
of Prikhot’ko and Soskin. The distortion' of this spectrum, as pointed
out by Prikhot‘ko and Soskin, is caused by crystal strains and defects.
Conclusions regarding the intensity, shape, and temperature dependence
of such distorted and overlapbing spectra must be made cautiously. The
naphthalene data of Prikhot’ko and Soskin show, just as for the case of
benzene, that the 0,0 absorption of naphthalene is independent of tempera-
ture below ~ 30°K. The half-widths of the two Davydov components
increase by 10 and 30 cm™" respectively in going from 4° to 77°K.
However, the spectra remain qualitatively the same over this temper-
ature range 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
under  the b polarized Davydov component. Their data indicate that
these absorptions increase in intensity with 'increasing temperature.
From the above considerations of the phonon contribution to 1;5 =0
transitions in naphthalene, the phonon contribution to a band-band transi-
tion at 77 °K can be estimated. It is expected that the transition involving
each k state will be broadened roughly 25 cm™*, There will also be an
intensity contribution from the phonon addition 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 fluorescence
these phonon transitions will originate from all k states of the exciton
band, and, modified by the Boltzmann factoer, they will retracethe density

function ~70 cm " to lower energy. The observed band — band fluorescence



20
and absorption line shapes in both benzene and naphthalene are consistent
with these expectations. For the case of benzene (see Fig. 7), the density-
of-states function determined from absorption is broadened to high energy
relative to that from fluorescence. On the other hand, the density function
determined from fluorescence (see Fig. 3) is broadened to low energy
relative to that from absorption. The same behavior is observed for
naphthalene but the low energy fluorescence tail is even more pronounced

(compare Figs. 8 and 11).

For the above model, which is analogous to the weak coupling
mode118 for vibronic transitions in molecular crystals, the phonon
contribution is a minimum at the low energy edge of the band-band
absorption and at the high energy edge of the 77 °K fluorescence. The
composite density function for naphthalene calculated from these por-
tions of the respective spectra is shown in Fig. 13. The lower Davydov

component is taken as the bottom of the band. The 20.4° and 77°K

fluorescence spectra calculated from this density function are shown
in Figs. 14 and 15. This phenomenological approach for subtracting
phonon contributions accounts only for the temperature-dependent
component of exciton-phonon coupling. Because the phonon frequencies
are roughly equal to the exciton bandwidth, the electronic k band may
not be rigorously separable from the phonon k bands. Such coupling
may well be the source of the anomalous width of the naphthalene b- |
polarized Davydov component.

Figure 14(A) shows the experimental naphthalene fluore scence band
at 20.4 °K. This band can be compared with that predicted by the octopole
model [Fig. 14(B)] and by the composite density function [ Fig. 14 (C)].

The flﬁorescence intensity is obtained from the density function through
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multiplication by the appropriate Boltzmann factors. The disagreement
between Fig.14(A) and 14(C) may indicate that the density function rises
even more rapidly to its maximum than the composite function shows.
Figure 15(A) shows the fluorescence band of naphthalene at 77 °K.
The intensity below 30, 963 cmi® in both the 20.4 °K and 77°K spectra is
atiributed to phonons. This contribution is not considered in the calcu-
lated line shapes, Figs. 15(B) and 15(C). Although the octopole model
(see Fig. 18) disagrees with the experimental result at 77 °K, 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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D. Previous Work on Band — Band Transitions

Band - band transitio‘ns of benzene have been observed and dis-
cussed by A. Zmerli,36 and by V.N. Vatulev, N.I.- Sheremet, and
M. T. Shpak. 317 However, neither group attempted to interpret their

quantitatively
results/in terms of the density-of-states function of the excited state.
In fact, Zmerli interprets his spectra in terms of emission from k = 0
states only. Vatulev, et al., interpret their spectra in terms of emission
from an exciton band containing two branches instead of four. The small
difference between our fluorescence line shape at 20.4 °K and that of
Vatulev, et al., could be caused by the presence of excitation traps
(chemical impurities or benzene molecules at defect sites) in their
samples. A considerable portion of their emitted intensity comes from
defects and impurities as shown in their published spectra while no such
emission is observed in our spectra.

Propstl and Wolf38 measured the fluorescence of crystalline
naphthalene between 2 ° and 100°K. At low temperatures (4-20°K) they
observed fluorescence only from the lower (;\g ) Davydov component. At
higher temperatures (50-90°K) the 0-0 emission arises from both high
(E) and low (?EE ) Davydov components while the 0-v” emissions seemed
to originate from between the Davydov components. Although it was -
recognized by Propstl and Wolf that emission originates from the upper
regions of the exciton band at high temperatures, they did not appreciate
the exactrole of the vibrational exciton band in explaining the difference
between 0-0 and 0-v” emissions. It is precisely this difference that allows
the phonon contribution to be estimated and the density function of the

electronic band to be determined.
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Following the theoretical development of Rashba, . several
Russian researchers have discussed exciton band —— exciton band

25 has summarized these results for the case of

transitions. Davydov
naphthalene and has applied Rashba's ideas to predict the emission

curve from the absorption curve. However, in view of the temperature
dependence of the band «—— band transitions in both benzene and naphtha-
lene, Davydov's assumption that phonon contributioné can be neglected is

not completely justified. If the vibrational exciton bands are narrow, as they
are in benzene and naphthalene, the low energy broadening of the
fluorescence with increasing temperature cannot be explained using -
electronic exciton étates alone. Therefore Davydov's calculation of the
fluorescence line shape is not justified because such a calculation must

use transitions originating at energies lower than the ac polarized

Davydov component, which is known experimentally to be the bottom of

the naphthalene exciton band. Furthermore, Davydov's treatment

assumed a k dependence in the transition matrix element. It is the
approximations discussed earlier that remove such E dependence and

allow the density function to be discussed directly and simply in terms

of the band = band transitions. Davydov therefore did not attempt to

relate directly the band < band spectra to the density function.

Recently Broude, Rashba, and Sheka®? have interpreted the broad
absorptions above the leu 0, 0 transition in crystalline naphthalene in
terms of double exciton states. These states have been previously dis-
cussed in footnote 31 of Ref. 3. This interpretation requires a knowledge
of p(E), which was approximated by absorption band - band transition

spectra taken at 90°K. It is only in the limit discussed in the present
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paper that this approximation is justified. It should be noted that the
17+ 07 absorptions are about as broad as the 0’-1” absorptions because

of these double exciton states.

The density-of-states functions for the first excited singlet states
of benzene and naphthalene have been calculated using the first-order
Frenkel theory described in Sec. II. Sets of 77211. have been chosen in
accordance with restrictions set by the Davydov splittings. For benzene,
the assignments of the Davydov components are in question. The most
recent work of BroudessaL at 20°K gives one line at 37,803 cm™* polarized
parallel to the a crystal axis and three lines (37,839; 37, 846; and 37, 847
cm ) referred to in Broude's Table VI as being "'c-polarized'. One of
the two high-frequency lines however appears weakly in the reproduction
of the b-polarized spectrum shown in Fig. 10 of Broude's paper. But
so apparently does the g\—polarized component. On page 602 of the
translation to this article, however, is stated that there is a variation
of the relative intensities of the two high-frequency components for
different lattice planes, and Broude therefore assumes one to be the
b-polarized Davydov component. Broude's polarization results are

36

consistent with the work of Zmerli, "~ who, however, was unable to

resolve the splittings of the "E—polarized'? lines. Even though our resolution
1s probably at least as good as that used by Broude, we have been unable to

Observe any additional splitting in the highest energy component, 40
observing lines only at 37,803 cm™*, 37,842 cm *, and 37,847 cni .

Recently, Wolf41 has been quotedgb as having observed the a and ¢
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polarizations to be reversed from the above findings. However as Wolf

states, his assignment was taken to be in agreement with Broude's ear-
lier WOI‘k,42 which Broude later revised in light of additional experimental
results. In view of this discussion of the spectral data, we have assigned
the polarizations of our lines as a, ¢, b in order of increasing energy;

i.e., the Davydov components in order of increasing energy belong to the
factor group representations By, By Bauws respectively. This is con-
sistent with the choice of Nieman and Robinson and the finding of Claxton.43
Obviously the situation is not terribly clear and more experiments are
definitely needed on this point. The results of the density-of-states

calculations, however, will be independent of the choice of polarizations,

rovided of course one of the higher energy components is indeed b
p g gy

polarized; the Wij will not be uniquely related to a specific excitation
exchange integral until the polarizations are clarified. The 77 i for
the benzene calculation have been determined by choosing an energy

for the dipole inactive Au component, solving Eq.(18) of Ref. 21 for

M

MI 17 and MI v and then assuming that only the nearest-

E
neighbor interchange equivalent interactions contribute to the Davydov

splitting, i.e., by assuming Mij = ‘?7213..
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The interaction among the translationally equivalent molecules
shift all the Davydov components equally and thus have to be deter-
mined separately. Recent experiments in our 1&‘001‘2&01“5744 have shown
that the interpretation of isotopic mixed crystal data by Nieman and
Robinson3 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 merely indicates that their stated assump-
tions must be reevaluated. We, therefore, have no independent measure
of the translationally equivalent interactions 772 . 772b, 772 " 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 A level. In order to account
crudely for the different a, b, and ¢ crystal axis lengths, the
relative magnitudes of G, 9 %b’ and '%c have been chosen to
agree with the predictions of Nieman and Robinson based on an electron
exchange model for the excitation exchange integrals, i.e.,

%a: ?//Zb: 77&0 = 1050,

The results of these calculations for a crystal of 32,000 molecules,
for various values of the A level, are given in Fig.16. Two choices of
%a’ ”/’72/,0, and 77C  are given in Figs. 16(G and H) to illustrate
the effect of such interactions. p(E) is also calculated from the 772 -
obtained from the isotopic mixed crystal data of Nieman and Robinson.
See Fig. 17 where this p(E) is compared to that obtained from the 20. 4 °K
fluorescence. The poor agreement with experiment is consistent with the

44 From these calculations it can be

complications mentioned above.
concluded that, if Frenkel theory is applicable, the Au level most likely

lies between 37,815 em™ and 37,875 cm™.
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he density function of naphthalene has been calculated from Eq. (4)
for several choices of the 97L's using a model crystal containing 128, 000
molecules. The Davydov splitting Q‘E = 0) is given by 8MI e where
My g = ‘7721 ot 77 I *tU The density function for the case where
the translationally equivalent interactions are nearly zero is very sharply
peaked as shown in Fig. 18.

The band structure of the octopole model has been presented by

8b

Craig and Philpott. We have recalculated it for 128, 000 molecules

using the 272 's provided by R. G. Body.

The result of this calcula-

tion is also shown in Fig.18. Only five of the octopole excitation exchange
integrals were used in our calculation. Although other terms are predicted
to be finite by the octopole model, these do not affect the shape of the
dengity function as can be seen by comparing our result with that of

Craig and Philpott, °P

The fluorescence line shapes at 77° and 20.4°K
predicted from the above models are shown and compared with the
experimental results in Figs. 14 and 15. 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
qualitative estimate of the phonon contributions to the band —— band

transitions.
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VI. CONCLUSIONS

The recent theoretical developments concerning band ~—— band
transitions in molecular crystals have been examined experimentally.
The application of these theories has enabled us to evaluate approximately
the density function for the lowest excited singlet states of crystalline
benzene and naphthalene as well as the temperature dependence and
nature of the exciton-phonon coupling.

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 that the sum of the translationally
equivalent interactions is small. This conclusion has also been derived
from spectra of isotopic mixed crystals. 6 The density function calcu-
lated when these terms are the same order of magnitude as the interchange
equivalent interactions gives reasonable agreement with the experi-
mental result, although this agreement is in no way unique. The
experimental results are in qualitative agreement with the predictions
of the octopole model; no comparison could be made with the model
involving interaction with charge transfer 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 translationally equivalent interactions are neglected.
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Such a calculation places the forbidden Au Davydov component above
all three Bu components but not as far above as predicted by mixed
crystal experiments. = No purely theoretical calculation of the density
function for crystalline benzene is available for comparison with these
experimental results.

These results are not in any sense final, but they do indicate the
power of Rashba's proposal, the importance of & #Q selection rules, 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. In addition the application of this technique
to the elucidation of the band structure of different molecular crystals,
including triplet states, should prove of general interest in the study of
intermolecular interactions in the organic solid state. Of particular interest
are crystals with one molecule per unit cell, crystals with two or more
physically inequivalent sites per unit cell, and crystals with more than

one molecule per unit cell but no apparent Davydov splitting.
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Fig. 1. Schematic diagram of an exciton band « band transition
in a linear crystal compared with a transition from the crystal ground

state.
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Fig. 2. Microdensitometer tracings of the 0 - p! fluorescence
band — band transition of crystalline benzene at 77, 27, and 4.2 °K,
{llustrating the temperature dependence of the linewidth and shape.
Also included is the corresponding transition for ~1% C.H, in C;Dg
showing the 3.1 cm * site splitting of the ground state e,g (vg) vibration.
The mixed crystal transition has been shifted 50 cm™ to the red to

account for the difference in the neat and mixed crystal origins.
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Fig. 3. The 0 -y fluorescence transition of crystalline benzene
observed with the 1.83 M Jarrell-Ash 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 - ""512" fluorescence transition of crystalline naphthalene
observed with the 1.83 M Jarrell-Ash spectrometer. The band at 20.4 °K
was graphed from Fig. 5 in order to correct for the different recorder
speed. The neat and mixed (1% C,,H, in 99% C,,D,) crystal transitions at
4.2°K were observed using the high-resolution grating in the 18th order.
The 0,0 fluorescence line in the neat crystal is even sharper than the
vibronic transition in the mixed crystal. A comparison of these transi-
tions illustrates the participation of k = 0 levels in the neat crystal

vibronic transition, even at 4.2 °K.
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Fig. 5. The 0 - "512" fluorescence transition in neat crystalline

naphthalene at 20.4 °K.
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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 ( E ) and 27 °K ( % )
fluorescence shown in Figs. 2 and 3. The observed Davydov components

are indicated symbolically and designated by their polarizations (see text).
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Fig. 7. Density-of-states function of the *B,y benzene exciton band as
determined from the 77 °K fluorescence ( Q ) 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 attributed to phonons and is shown as a dashed line.
The different roles 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 ( 3: ) and 20.4 °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 is shown with the dashed lines. The deﬁsity
function is obtained from the fluorescence intensity by dividing by

the appropriate Boltzmann factor. This operation magnifies

the experimental uncertainty in the fluorescence lines. The intensity
below the ac Davydov component is not corrected for a thermal

distribution.
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Fig. 9. Microdensitometer tracings of the absorptions to the pure
electronic leu state of crystalline benzene from the 606 cm™ vibra-
tional band ét ~60°K (top) and from the crystal ground state at 4.2 °K
(oottom). The origin of the band - band absorption has been shifted
606 cm'l to higher energy in order to compare the two spectra. The
broad, double-peaked absorption on the right of the three Davydov

lines in the 4. 2 °K spectrum is due to phonons.
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Fig. 10. Microdensitometer tracings of the 0, 0 absorption transition
in crystalline naphthalene (i) at 4.2 °K and (ii) at 77 °K, and (iii) the
exciton band - exciton band absorption transition observedina 1l cm -
thick crystal at 77 °K. The latter tracing has been shifted to higher
energy by the value of the vibrational quantum in order to compare it
with the Davydov splitting. The rising background to high energy is

caused by the onset of other vibronic transitions.
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Fig. 11. Sample optical density for the band « band transition of
Fig. 10. A consideration of Lambert's law shows that the density
function is linearly proportional to sample O.D. within the restric-
tions discuséed in this paper. The background absorption on which
the band <~ band transition is observed is accounted for as a change
in I, . The difficulty in determining I, is represented by the shading

of the curve.
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Fig. 12. Microphotometer tracings of the 0,0 "By - 1Alg transition 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 at 27 °K can be seen on the
photographic plate as a shoulder on the highest energy one. The energy
scale is in an opposite direction from that of Fig. 9. Note the apparent

increase in phonon contribution as the exciton absorptions become sharper.
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Fig. 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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of naphthalene
Fig. 14. (A) The experimental fluorescence band / (0 - "'512") at 20. 4 °K.

The half-width, neglecting the phonon contribution, is 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 half-width equals 15 cm *.
(C) This fluorescence band predicted from the composite density function,

see Fig. 13. The half-width equals 24 cm™.



FLUORESCENCE INTENSITY

62

ol
“"“"b' w%yk.ﬁ,\.}ui
|

"ﬂri;

I T
B

T T T
C

I I T | s

30,850 -

31,000
cm-!



63

Fig. 15. (A) The experimental {fluorescence band of naphthalene at
77°K. (B) This fluorescence band as predicted from the octopole model,

and (C) from the composite function.'
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Fig.

18. Density-of-states function for benzene giving the relative
number of states per wavenumber interval as determined by the dis-
persion relation [Eq. (3)] for various values of the excitation exchange
integrals. The positions of the allowed ( S ) and forbidden (é plus arrow)
Davydov components are indicated along the horizontal axis.

[ (A)‘77zm=-o.9o,?721m=4.85, %IW=4.25, and

My = Py, = P2 = 0ex™. (B) 72 ;= -1.55, 772 1 =3.93,

77 {1y =3.28, 772, = -0.25, 7%, =0, 772 =-0.75 cri .

(C) P72y o = = 2.08, P22y 1 =8.45, P71y =2.80, and 77 = 77¢,,

= 7720 =0cm . ll
(D) 772 I - -2.96, WZI 1 = 2+ 51, 7721 v = 186, 772& =-0.60,

772, =0 and 7720 =-1.80 cm ", (E) 772y = -3.69, %I = 1- 89,
%IIV =1.24, ‘772a =-0.75, 772, =0, and 772 =-2.25 cm .
(FYZ72 ;= -4.22, P2y =1.28, 7721 1y = 0.60, 272, = -1.00,
772, =0, and 777 =-3.00 em . (G) P2y =-4.82, 77 1 = 0.65,
77 ; 1y = 0, and %a=?72b= 7720=o. (H) WZIH=-4.82,

770 ;1 =0.65, P22y 1y =0, 72, =-1.00,772, =0, and

777 . =-3.00 cm.

c
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™

Fig. 17. Comparison of the 20.4 °K experimental ( 2 ) density-of-
states function with that calculated from the %ij of Nieman and
Robinson (+++) [ 22 g = 6.90, 2721 oy = 12.40, 772 1y = 11.70,
77¢, =1.00, J7,, =0, and Z7Z , =3.00 cm'] and from a set of
%ij that approximately fit the experimental function (solid curve)
[Z2; q==-1.55, P70, 11 =38.98, P72, , =3.28, and

i %b - %C =0 cm]. The functions are normalized such

3
that the area under each curve is the same.
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Fig. 18. Density functions for naphthalene giving the relative
number of states per wavenumber as determined from the dis-
persion relation [Eq. (4)] for various values of the excitation
exchange integrals. (A) The octopole model: E

%2.: -4.8, %b = —3.9, %C = "2-4, %I'H= '21.'1:

=1.6 cm ', These were obtained from Ref. 45, also see

|

@ _
Ref. 8b. (B) 2%, =2, 770, = -1,77C = -1, 72, ; = 22,

Al p=-2cm. (CV77, =10, 7L, =-6,772 =-4,77Cq =22,
721

of translationally equivalent interactions. As shown in (C), a broad

= -2cm ", The latter two density functions show the effect

density function, consistent with the experimental result,can be obtained
within the framework of the simple Frenkel approach. Note that the

ordinate scale changes at 300 units.
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PART I

1

The Exciton Band Structure of the "B

2u
State of Crystalline Naphthalene by the
Variation of Energy Denominators

Method Using Isotopic Substitution
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I. INTRODUCTION

Mixed molecular crystals provide theoretically and experi-
mentally tractable systems for studying the properties of molecu-
lar aggregates. Crystals made by isotopic substitution are of
special interest because the intermolecular interactions or force
fields often are invariant to the substitution. Consequently,obser-
vations made on these mixed crystal systems provide information
not only about the interactions in the mixed crystal but also about
those in the pure crystal.

The present work utilizes various deuterated naphthalenes
in isotopic mixed crystal experiments. Spectroscopic observations
are made to determine the energy of the crystal states that corre-
late with the leu state of the free naphthalene molecule. The
spectral data are interpreted in terms of a one-particle Green's
function, and information is obtained about the gas-to-crystal
energy shifts, the intermolecular interactions in the crystal,
and the complete exciton band structure of the crystal. An inde-
pendent experimental evaluation of the recently determined band
structure therefore is provided. It is also of interest to compare
these new results with theory, especially with respect to the applic-
ability of multipole expansions, configuration interaction with charge
transfer states, and the Green's function description of mixed

crystals.
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II. THEORY

A. Exciton Structure in Pure Molecular Crystals

Recent papers have summarized the application of group
theoryl and the development of Frenkel exciton theory2 for molec-
ular crystals. Most important for the present discussion are the
role of individual excitation exchange interactions in the theory

and the concept of "the ideal mixed crystal level'.

The energy of the electronic transition from the crystal ground
state to the lim component of the gt—}l branch of the 2 exciton band

is given byz,
EI%) = T+ A + LI%%) + wik) (1)
where € is the transition energy between the ground state and a

given excited state (f) in the free molecule. The A term is called

the site shift and includes all static interactions that lead to the

gas~to-crystal shift in the transition energy. The resonance inter-~
actions and the exciton band structure are given by Lfa(li) + w (k)
where k is the reduced wave number vector. Here Lfa(lj.\) is the
first-order k-dependent energy and W(l/(\) results from higher-order
mixing of the fozm exciton state with other exciton states. The
transition energy in a hypothetical crystal with no excitation
exchange interactions is therefore equal to € + A. This energy is

the "center-of-gravity' of the exciton band and is termed the ideal

mixed crystal level.
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A number of theoretical paper83 have attempted to describe
the interactions responsible for exciton effects in molecular crystals.
Silbey, et al. 3b have shown that the splitting and polarizations of
the Davydov components in naphthalene can be fit to a parameterized
theory where only a higher-order charge-transfer contribution is
taken to be non-zero. However, a wide range of exciton effects in
the lowest singlet state of naphthalene, beyond the simple Davydov
splitting, can be understood by assuming W(I,{\) to be small and letting
Lfa(lf\) be the dominant k~dependent term in Eq.(1). In fact, except
for the polarizations, which must arise from a second-order mixing
of states, not necessarily related to the exciton splittings, it appears
that the first singlet state of the naphthalene crystal can be considered
an isolated Frenkel exciton state.

For the case of naphthalene, neglecting W(lf{\) and translationally

equivalent interactions skew to the crystallographic axes, - one has,

Lf = e + QL] 10, @)

where £ = leu? o =A, B, and aIOIJ = +1, -1 from the C, inter-

change group. The L's are sums of excitation |
’ .. ‘
exchange matrix elements %ij modulated by e~ “13, £ij being

the vector from site i to site j in the crystal. Lf(li) contains %ij '

for translationally equivalent iand j, while L% II(I,{\) contains the

-~

%ij for interchange equivalent i and j. The magnitude of L]; H(k

determines the energy difference between the two branches of the

f(k) determines the displacement of the mean of

~

exciton band. L
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these branches from the ideal mixed crystal level. For example,
in the case of k =0, the Davydov splitting is 2L§ H(Q) and the dis-
placement of the mean of the Davydov components from the ideal
mixed crystal level is Lf(Q). This displacement at k = Q is termed

the translational shift since it is caused by interactions between

translationally equivalent molecules.

% II(Q\) can be evaluated from the Davydov splitting, no

While L
experimental evaluation of the site shift A or the translational shift
Lf(g) in naphthalene has been available. The entire exciton band
struc‘ture5 and the perturbation shifts of guest levels observed in
isotopic mixed crystals discussed in this paper permit such an
evaluation. Consequently the intermolecular interactions between

equivalent

translationally/and interchange equivalent molecules can be com-
pared. These experimental data (the total exciton band structure,
the site shift, the translational shift, and the transition energies

of isotopic guests) serve as stringent new criteria with which to
evaluate theoretical descriptions of the leu exciton band in crystal-
line naphthalene. This paper will show that none of the past theo-
retical calculations3 of the intermolecular exciton interactions is

in sufficient agreement with the experimental data to establish

confidence in the model upon which it is based.

B. Energvy Levels of Mixed Molecular Crystals

The use of isotopic mixed crystals has long been recognized
as a powerful technique for the evaluation of intermolecular inter-
actions or force fields in crystals. e A fundamental theory of the

energy states of crystal defects has been described by Koster and



76

Sla‘ce;t"7 and explicitly summarized by Rice and Jortner. - The appli-
cation of this Green's function formalism to the general molecular

crystal already has been considered by Merriﬁeld9 and Takeno. 5

An independent approach has been developed by Rashba and Broude, 11

and by Rashba. k2

These general conclusions have been illustrated
further by Craig and Philpott, e and by Body and Ross,3d who applied
the Green's function formalism to isotopic mixed crystals of benzene
and naphthalene. The application of this theory, however, requires that
the dispersion relation or density-of-states function for the exciton band
be known. Thus, the key to the description of the energy levels in
benzene and naphthalene mixed crystals is the density-of-states
function. 5

~ The theoretical formalism used for the understanding of
excited states of mixed crystals in terms of the band structure is
now summarized. The general Hamiltonian of a mixed molecular
crystal can be written as

XX=2H +Zh.+ Z ZV__ +ZZv .+Z ZV.. (3)
p P i! p>m PP pi PL o5y U

where Hp = the Hamiltonian of the host molecule at site p.
hi = the Hamiltonian of the guest molecule at site i.

Vp _— the intermolecular potential between host molecules

at sites p and m.

Vpi = the intermolecular potential between the host

molecule at site p and the guest molecule at site i.
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Vij = the intermolecular potential between guest molecules
at sitesiandj.

Note that p, m and i, j run over mutually exclusive sets, i.e., p
and m only run over the sites occupied by host molecules, and i and
j only run over the sites occupied by guest molecules.
3 Experimental conditions often can be chosen to simplify this
equation. For example,for isotopic mixed crystals, the intermolecular
terms might be assumed to be equal, i.e., me = Vpi = Vi]. . By using
very dilute mixed crystals, a Hamiltonian involving only one guest
may be applicable. Under these experimental conditions the Hamil-
tonian becomes

=5 +3% = H+3 =V__ +h,, (4)
p =i P p>m P L

where the summations are now over all crystal sites; 3¢ is the
Hamiltonian of the pure crystal; and 3’ is the perturbation, hi - Hi s
The basic problem is to find the eigenvalues and eigenvectors
of € in a representation3C based on either localized excitation wave-
functions or the one-site exciton functions. It is only from the

approximate Hamiltonian in Eq. (4) that the simple Green's function,

DE) )™t

V = . 5
iZE)_Ei b ()

is obtained. Eq.(5), which results from the simultaneous homo-

geneous equations, expresses the relationship between the energy
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V of a dilute isotopic guest in an ideal mixed crystal to its energy
E’ in the real mixed crystal. The normalized density-of-states
function D(Ei) is given by N_lp(Ei)AEi, where p(Ei) is the absolute .
density-of-states function that gives the number of exciton states

in the band in the unit interval AEi at Ei , and N is the total number

of states in the band. The zero of energy for this equation is the

ideal mixed crystal level of the host.

The denominator of Eg.(5) can be expanded in a power series
provided |E’|>|E.|. The numerators in this expansion are just the

successive moments of the density-of-states function. Consequently

<o) S -l
vofry BT 2
E o E

where the n =t moment 8, = Z D(Ei)E?. The second moment of the
i

Eq. (5) becomes

density-of-states function is a measure of the individual excitation
exchange interactions since S, = E%E . This relationship was pointed

J
= and is valid whether the series expansion

out by Body and ‘Ross
converges rapidly or not.

When |E’| > |EiI, the series expansion does converge rapidly
and can be truncated after the second moment. By substituting |
V + 6 for E’ and using the binomial theorem, the second-order

perturbation formula of Nieman and Robinson6c is obtained3d



79

provided | V| > |5]. Alternatively, it is required by perturbation
theory that the off-diagonal matrix elements be much smaller than
the energy denominator. In this approximation the quasiresonance

shift 6 of the guest level is given by
2 2

P = 2P
b~ = (6)

Consequently 8, a measure of the excitation exchange interactions,
can be evaluated by varying the energy denominator and experimentally
determining & in each case. Since the transition energy E of a guest,

referred to the ground vibronic state of the crystal, is

E =€+A+5, (M

where the quantities all refer to the guest molecule, 452 can be
calculated from the guest transition energies for any two guest-
host systems:

2 (Ex-E;) - (&-€)

4p = e, (8)
V- V]

This approach is not expected to be a good approximation for iso-

topic mixed crystals of naphthalene because the criteria (]E' ] > IEll

and ]V[ > 16 ]) for rapid convergence of the series expansions are

not met. The relationship between the energy parameters E’, E, V,

6 and the ideal mixed crystal level of the host € +. A is shown in Fig.. i
Equation (5) in its most general form can be used for naphtha-

lene to relate the total density of states and the ideal mixed crystal

level of the guest to the actual transition energy of the guest, pro-

viding of course the D(Ei) is known. Figures 2-5 illustrate this

relationship for some different density functions. The summation
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in Eq. (5) was carried out in 1 cm ' intervals over the entire exciton
pband. The determination of the density functions is discussed in
Ref. 5.

) =wi) = .

~

Figure 2 illustrates the trivial case where L
The density of states is a delta function at the ideal mixed crystal
level. All moments except the zeroth vanish, and E’always equals V.

The density of states shown in Fig. 3 arises when the excita-
tion exchange interactions between translationally equivalent mole-
cules are small. The resulting E’ vs V curve (solid line) deviates
from the 45° line of Fig. 1, but approaches it asymptotically. For
-40 < V<55 cm'l, no guest bound state arises; that is, the guest
state lies inside the host band and increasingly is mixed with the
host exciton states as V approaches zero. The data points are
experimental values (see Sec.IV.D.).

The corresponding plots for the case of transition octopole-
octopole coupling are shown in Fig. 4. This Figure is analogous
to Figs. 1and 5 of Ref. 3¢, pp. 605, 611, except that our Fig. 4
is based on the 95°K, rather than the room temperature crystal
structure. Exciton band levels for both temperatures are given in
Table I of Ref. 3c. When the room temperature crystal structure
is used, better agreement between experiment and theory is
obtained for V > 0 but not for V < 0.

The density-of-states function obtained from band-to-band

‘cransitions5 is shown in Fig. 5 along with the guest energies

obtained from this function.
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C- Relationshig to Exgerimental Data

It is apparent from Figs.2-5 that discussions of the exciton
band structure of mixed molecular crystals can be conveniently
classified as (1) very shallow guests (V < 3bandwidth), (2) shallow
cuests (V> Lbandwidth), and (3) deep guests (V > %bandwidth).

The subclassifications (a) isolated guests and (b) aggregated guests
must be considered for finite guest concentrations.

The present paper presents experimental data only for the
case 2a, applicable for dilute mixed crystals where V is sufficiently
large to produce a bound state separated from the band of energy
levels. These data can be related to the crystal band structure by
the above theoretical formalism. Some experimental data for this
classification are already present in the literature, but tabulations
of these data contain many errors, e.g., around half the entries
and references for Table X.1, p. 472 of Ref. 8 are incorrect. Con-
ceptual errors involve the determination of V, the energy denomi-
nator in the perturbation problem. This problem is discussed in
Sec.IV.C. The available data are re-tabulated in Tables I and II
with the correct energy denominators along with new data obtained
in our own laboratory on other isotopic mixed crystals of naphtha-

lene. These new data were obtained to compare shifts of guest
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levels lying both above and below the exciton band of the host. This

comparison provides an excellent evaluation of the asymmetry in
the density function (compare the examples in Figs.2-5) and of
configuration interaction with higher crystal states, e.g., charge
transfer states (Sec.IV.G.). 13 Additional experimental data have
also been obtained for classifications (1a), (1b), (2b)14 and (3b)15
and will be the subject of future papers.

An interesting theoretical and experimental question concerns
the nature of the exciton band in the presence of small perturbations
[small V, classification (1)]. As the perturbation V approaches zero
the crystal energy levels must approach those of the pure crystal.
Consequently for small values of V there should be little difference
between the electronic states and spectra of the mixed and pure
crystals. This point has been discussed by Craig and Philpott. st
For some intermediate values of V, virtual bound states of
the exciton may be found that are reminiscent of the virtual bound

states of electrons in alloys. A8

III. EXPERIMENTAL

All spectra were obtained photographically using a 150 W Xe
arc lamp and the third order of a 600 line/mm Bausch and Lomb
grating (212 X 157 mm) blazed at 17°27 in a 2-m Czerny-Turner
mount. Eastman recrystallized naphthalene and Merck, Sharp and
Dohme deuteronaphthalenes were purified by zone-refining and

17

potassium fusion.”™ This technique reduces the concentration of
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spectroscopically active impurities to less than one part in 107.
The isotopic purity of the deuteronaphthalenes is 98%. In general,
to avoid contact with oxygen after purification, the crystals were
grown in quartz cells with optically flat windows 10-20u apart.
Thermal contact with the liquid helium bath during the spectro-
scopic experiment was assured either by introducing an atmosphere
of helium gas or by breaking the cell open under the liquid helium.
The 1B2u- lAlg absorption was observed in the following
crystals: C, Hg; @-DC,H,; B-DC,,H,; C,;Dg; 0.0001%,
0.1%and 1% C,Hg in C;Dg; 0.1% and 1% a-DC,,H, in C,,Dg; 0.1%
and 1% B-DC,,H, in C,(Dy; 3% C,oDg in C,0Hg; 1%and 10% C oDy
in @-DC (H,; and 1% and 10% C,,Dg in B-DC,,H,. Corresponding
data for C,gH; in 8-D,C, H,, C,(Hg in ¢-D,C,cH,, and 8-D,C,c H,
in C o Hy are available in the literature.18 The measured transition
energies are tabulated in Tables I and II. Sharp lines (the ac
Davydov components and guest transitions below the band) could
easily be measured with a precision comparator (Fred C. Hensen
Co., Pasadena, California) to the cited precision in all crystals.
In the thinnest crystals of the highest quality, the b-Davydov com-
ponents could be measured reproducibly to this same precision.
Generally, however, the uncertainty in the latter measurement

was 5-10 cm™ ' due to the large linewidth. These broad lines could
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pe measured most accurately from a highly magnified (50 X) micro-
densitometer (Joyce-Loebel Model E12 MK III) tracing of the
absorption with a superimposed iron arc standard. The limited
accuracy in systems containing B-DC,,H, arises because of atypical
amounts of chemical impurities present in this isotope. These
impurities produce a general broadening of the f-DC,;H, Davydov
components. Reproducibility was evaluated for the mixed and neat
crystals of C,,Hg and C,,D, by growing crystals (1) of various
thicknesses in quartz cells and between compressed quartz discs,
(2) from hexane solution on water, and (3) by sublimation. Conse-
quently, the accuracy for these systems is somewhat higher than
for the others. The Davydov splittings in C,(Hg and C,;Dg generally
agree, within the uncertainty of the measurements, with values
reported in the literature. 1 The sharpest lines were observed in
crystals grown by sublimation in an inert atmosphere and mounted
between thin, flexible Teflon washers. Supporting pressure was

applied to the Teflon and not directly to the crystal.
1V, RESULTS AND DISCUSSION

In this Section the approximations that lead to Eq. (5) are
examined, the dependence of guest levels on the variation in energy
denominator is considered, and the magnitude of the translational
shift and site shift is obtained. In view of the new experimental
data, configuration interaction with ion-pair states, the multipole
expansion of the intersite potential, the second moment approxima-

tion, and the origin of the exciton interactions are discussed.
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A. Isotope Effects on the Intermolecular Interactions

In pure molecular crystals the obvious feature of the exciton
band is the Davydov splitting or factor group splitting between k = 0
components. As shown in Table I, the constancy of the Davydov
splitting in all the deuterium isotopes indicates that any deuterium
effeét on the exciton interaction lies within the experimental uncer-
tainty. Since the Davydov splitting equals 2L§ II(Q) = 8M; H(Q) where
MI II(Q) is the sum of excitation exchange integrals over all the
different interchange equivalent molecules, My 11(9\) =4+19.75 £
0.38 cm ' for naphthalene and +20.38 + 0.63 cm™ ' for deuteronaph-

thalene. The sign of M. .. is determined within the C, interchange

111
convention. b2 In view of the above discussion,
Lf(Q) = 2[Ma(9) + Mb(g) + MC(Q)] is assumed also to be independent

of isotopic substitution (Ma(g) is the sum of excitation exchange
integrals over all translationally equivalent molecules along the a
crystallographic axis). The conclusion that resonance excitation
exchange interactions are independent of deuteration is significant
and underlies the conclusions formed in the following Sections.
The observed gas-to-crystal shift in the pure electronic
transitions of molecular crystals such as naphthalene is the sum
of a site shift and a translational shift. The absence of a deuterium
effect on the site shift is important if isotopic guest-host systems
are to be used in determining the magnitude of the exciton inter-
actions. Since the excitation exchange interactions are independent

of deuteration to within approximately 5%, the energy separation
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AEm(li) for the corresponding k levels in all the isotopes should
be just equal to the difference in the gas-phase energies plus the
difference in the site shift terms. AEfa(§) is determined from the
mean values of the Davydov components for C,,Hg and C,, D, to be
115+ 4 cm™". The possible 5% isotope effect on the Davydov split-
ting cancels when the mean values are used in this evaluation,
since this isotope effect shifts the Davydov components in opposite
directions. Craig, et al., £ give the gas phase energy difference
as 118.0 cm™'; hence the difference in the site shift terms is

3+ 4cm . The isotope effect on the site shift is therefore negli-

gible within experimental accuracy.

It should be noted that the dependence of the site shift on
isotopic substitution in mixed crystals of benzene‘?‘1 was detected
by the anomalous behavior of guest levels lying above the host
exciton band relative to those lying below the band. This fact is
especially clear for the case of m-C,DH, as a guest in C;Dg and
CH,. If the site shift were independent of isotopic substitution,
then the guest transition energy E (m-C¢DH, in C¢H) should be
greater than E (m-C,DJH, in CD,) because of the relative direc-

tions of the perturbation shift by the host exciton band, but the
converse was found experimentally. For the present case of

naphthalene no such anomalous behavior was detected. In fact,

the experimental results
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are just those predicted from the experimentally determined5
density -of-states function. The conclusion then is that within
experimental accuracy both the dynamic excitation exchange inter-
actions and the static "'site shift" interactions are independent of
isotopic substitution in neat and isotopically mixed crystals of

naphthalene.

B. Validitz of the Single Guest Hamiltonian

The applicability of Eq. (5) also depends upon the assumption
that the energy levels of a dilute mixed crystal (ca. 1% guest) can
be described by a Hamiltonian for an infinitely dilute mixed crystal
(only one guest). The validity of this assumption is not obvious for
crystals with a guest-to-host ratio of 1:100, but fortunately this
assumption can be tested by observing the guest transition over a
range of concentrations. The pertinent data are given in Table IV.

The principal effect of guest-guest interactions at these low
concentrations is line broadening. The apparent slight shift in
transition energies as shown by C,,Hg in C,;Dg, where a ratio of
1/106 is assumed to be infinitely dilute, is taken to be within the
experimental accuracyi of the data. Both a shift and a broadening
are predicted by the theoretical work of Craig and Philpott,3C who
show in effect that the guest states in the crystal comprise a very
narrow energy band. The width and energy of this band is concentra-
tion dependent. It should be noted that concentration dependent

broadening and apparent shifts in line position also may arise from

inhomogeneous sources.
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For the guest-host systems where the guest level is at a
higher energy than the host exciton band, a guest concentration of
1% to 10% is necessary to observe the guest transition. This
apparent loss of intensity by the guest has been called the Rashba
effect6b and generally indicates that k = 0 states extend beyond the
k = 0 state. However, for "above the band" guests, intensity changes -

~

due to mixing with phonon states also should be considered.

C. Determination of the Energy Denominator

bc Eq. (6)

In using Eqk. (5) or the second-order perturbation formula
to relate guest levels to the exciton band structure it is necessary
to know the value of the energy denominator V. The correct value
corresponds to the energy difference between the ideal mixed
crystal levels of the guest and host. Unfortunately the experimental

values given for some isotopic mixed crystals of naphthalene in the

literature are not correct due to a poor choice in the method of

determining the ideal mixed crystal levels. This method due to

Broudezza

consists of first locating the center of a vibronic band
and then subtracting the vibrational quantum. The approach has
been widely accepted‘z2lo in spite of the fact it was criticized some

time ago in its application to benzene. be

Even though the method
is valid in principle when used critically, it is questionable for
both naphthalene and benzene because of (1) uncertainties in the

assignment of the components of the vibronic exciton band, (2) the
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. : ; 23
existence of quasi-resonance effects from multi-exciton states,

and (3) uncertainties in the appropriate value of the vibrational

quantum. In fact, quasi-resonance shifts in the vibronic levels of
isotopic guest-host naphthalene systems are very apparent from

the quoted data in Ref. 18b. When applied to Co H83e Broude's

method locates the ideal mixed crystal level at 31, 520 cm ', If this

value were correct, the quasi-resonance shift for a C,oHg guest in
C,oDs would be in the Wrong direction (the guest shifted 23 cm

towards the host). In addition, the energy denominator (97 cm ) given in
Table 1I of Ref. 18b for the naphthalene~deuteronaphthalene system
differs from the value of 87 cm ' obtained from the difference between
31, 629 and 31, 542 cm™ due apparently to a typographical or arithmetic
error. It should be noted that recently Broude, Rashba, and Sheka24
have revised the above analysis and now correctly locate the ideal
mixed crystal level near the mean of the Davydov components
(Sec.IV.E.).

Because of the invariance in naphthalene of the excitation
exchange interactions to isotopic substitution,the correct energy
denominators can be obtained from differences in the mean values
of the Davydov components as previously discussed. These data are
given in Table II. Because of the invariance of the site shift these
energy differences are identical within experimental accuracy to

the differences in the gas phase transition energies.
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D. Guest Energies and Quasiresonance
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Introducing a defect into the crystal, even by isotopic substi-
tution, destroys the translational and interchange symmetry. Near-
resonance interactions are still expected, and their magnitude
depends upon the magnitudes of the resonance interactions relative
to the energy denommator.25 The concomitant energy shift has
been called6C the quasi-resonance shift §. That the second-order
perturbation formula [Eq. (6) ] for & is not a good approximation
for the leu state of crystalline naphthalene can be seen by com-
paring the values of 432 obtained from Eq. (8) for the guest-host
systems given in Table II. The second-order calculation predicts
values of 48° ranging from 1200 cm™ to 2600 cm - for the isotopic
mixed crystals given in Table II. The value of 8, which is supposed
to be constant, therefore ranges from 17-26 em using this
approximate theory.

To improve upon this approximation, Body and Ross3d derived
an approximate expression for the energy levels of guests that
depends upon both the second moment and extrema of the exciton
band. Their calculated energies compared unfavorably with experi-
mental results because the incorrect energy denominators were
used. When the correct energy denominators are used, the trans-
lational shift, exciton band maximum, and guest energies derived

from their Eq. (33) are in better agreement with the experimental

data.



91

Alternatively, the Green's function formalism can be used.
Guest energies calculated from Eq. (5) for guests of varying energy
denominators are given in Figs. 2-5 for the different density-of-
states functions. The zero of energy in these Figures is the ideal
mixed crystal level of the host, i.e. where E’ of Eq. (5) is zero.
To plot the experimental transition energies using this zero of
energy, the guest transition energy is measured relative to the
lower Davydov component (ac-polarized) of the host. Call this
energy A. Since the lower Davydov component is known to be the

3d, 5

lowest level of the exciton band, the determination of A fixes

the experimental guest level in Figs. 3-5. Values for Eac s By Vy
and A are given in Table TII. Guest transition energies p;gdicted
from the theoretical curves (E' vs V) in Figs. 3-5 also are given
in Table III. The predicted transition energy E for a particular
value of V is obtained by combining the theoretical value of A and
the experimental transition energy of the ac Davydov component.
By comparing the experimental points with the computed
curves in Figs. 3-5 or the experimental with the calculated transi-
tion energies in Table III, it is found that the experimental guest
levels for the several isotopic mixed crystals of naphthalene agree
reasonably well with the levels predicted from the experimental
density~of-states function (Fig. 5) but disagree by comparison with
the levels predicted from the density-of-states function for the
octopole model (Fig. 4). The deviations between experiment and

theory in Fig. 5 are probably due to uncertainties in the experimental
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function caused by phonon contributions to the band -~ band transi-
tions. . Note that the density function derived when the translation~
ally equivalent interactions are approximately zero (Fig. 3) also
gives a reasonable fit to the experimental data, especially for guest
levels below the band. Of all the density functions considered,
however, only the band structure of Fig. 5 correctly predicts no

bound state for the case of C,(H; in 8-D,C,oH,.
E. Translational Shift

The density-of-states function determined from the band-
band transition has been independently verified by the experiments
reported here. Assuming that this experimental function is accu-
rate, the ideal mixed crystal level lies 81 cm ' above the ac-
polarized Davydov component, e.g. it occurs at 31, 556 cm™ " for
CoHg. Since the mean of the Davydov components is
31,564 % 2 cm—l, the translational shift Lf(g) is -2+2 cm . An
uncertainty of ~10 cm”* should be introduced in Lf(g) to account
for errors in the density-of-states function. Even though
Lf(Q) =M, + M, + M, ~ 0, the components M,, M, and M, indi-
vidually must not be very small since this leads to a density

function like that shown in Fig. 3. This function disagrees with the

experimental observation of the density function, being too strongly
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peaked in the middle. It is therefore concluded that the excitation
exchange integrals between translationally equivalent molecules
are fairly large (< 10 cm™ ") but of differing sign such that their
sum Lf(g) is approximately zero.

The symmetrical positions of guest levels lying above and
below the exciton band of the host provide evidence, independent
of the density-of-states function, that Lf(Q) ~ 0. Table V gives the
energy levels of the C,,Hgy -C,,Dg mixed crystals. The C,,H; guest
level is as far (45.2 cm’l) from the lower C,,Dg; Davydov compo-
nent as the C,,D, guest level is (46 cm™ ') from the upper C,,Hg
Davydov component. This symmetry is also found in the other
isotopic mixed crystals and would not arise if Lf(Q) were large

and the exciton band were highly asymmetric.

Since the ideal mixed crystal level is at 31,556 = 10 cm * for

C 0 Hg, the site shift (A) can now be evaluated.

€+ A !

31,556 = 10 cm”

Il

€ = 32,020 cm” (Ref. 20)

1

A= ~464+ 10 cm .

26 for crystalline naphthalene is 5354 cm ", S0

The sublimation energy
the crystal binding energy is approximately 9% larger in the excited
state than in the ground state. These values can be compared with the
corresponding values of A = -248 cm_l, a sublimation energy of

3800 cm™*, and an increase in binding of 6% for benzene. .
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In a paper on the electronic states of crystalline naphthalene

= it is claimed that dipole-~

by Silbey, Jortner, Vala, and Rice,
dipole, octopole-octopole, and exchange interactions including
crystal-field mixing and three-~-center integrals do not account for
the observed exciton spectra. These authors therefore suggest that
mixing with charge transfer states is responsible for the observed
Davydov structure. To explain the Davydov splitting in the leu
state solely in terms of the charge transfer perturbation, the lowest
charge transfer state is located by these authors at 300 to 500 cm™ !
above the neutral exciton state in both27 naphthalene and deutero-
naphthalene.

The perturbation of isotopic guest levels now is considered in
view of this charge transfer model. In order to explain the quasi-
resonance shifts in isotopic mixed crystals of naphthalene, the
perturbing state must be lower in energy than the "above the band"
guests, and higher than the '"below the band" guests. This conclu-
sion is based on the fact that for corresponding guest-host systems,
e.g. C,oH; in C;;Dg and C,,Dy in C,oH,, the guest levels are
further apart in energy in the crystal than in the gas phase. Thus
the most effective perturbihg state must lie between the two guests.
Since the behavior of all the mixed crystal systems is consistent

with this conclusion, the phenomenon seems to demand a coincidence
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of the perturbing state and the neutral exciton state in all the iso-
topic crystals studied. This extreme requirement indicates that
the perturbing state is the neutral exciton state and not the charge-
transfer states. If the charge transfer states, as presented in

Ref. 3b, were the source of the perturbation, the transition ener-
gies of such guests should be closer together in the crystal than

in the gas phase. 3 In fact, there is other experimental evidence28
that the charge-transfer states are at much higher energies than
used in Ref. 3b and probably are not the source of the Davydov

splitting or quasi-resonance shifts.

In the above discussion, it is assumed that if the charge-
transfer state is the sole origin of the Davydov splitting, it is also
the sole origin of quasi-resonance shifts. It should be emphasized
that this discussion is qualitative and involves the difference between
predicted and actual directions of second-order energy shifts and
does not involve the magnitude of these shifts. It should be noted
that the higher-order perturbation of the guest level by the charge-
transfer state acting through the neutral exciton state has been
neglected. A preliminary estimate of this term shows that it does
not affect the conclusions of the preceding paragraph. However, a
thorough calculation of the charge-transfer perturbation in isotopic

mixed crystals would be of interest in this regard.
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In principle a density-of-states function is obtainable from a
given charge-transfer model for the exciton band. However, it can-
not be extracted from Ref.3b since no matrix elements involving
charge transfer between translationally equivalent molecules were
calculated. Therefore no comparison can be made between this
model and the observed density function, although such a compari-

son would be of tremendous value.

H. Accuracy of the Multipole Expansion

Craig and Phi.lpot’c30 recently extended the work of Craig and
WalmsleyBa by calculating the structure of the entire exciton band
using empirically derived transition octopole moments as parameters.
They also discuss the energy levels of isotopic mixed crystals of
naphthalene in terms of this calculated band structure. Rice and co-
workers, 3b however, have shown from ab initio calculations that
the actual transition octopole moments for the leu state of naphtha-
lene are much smaller than the empirical ones needed to fit the
Davydov splitting. It is therefore of interest to examine experi-
mentally Craig and Philpott's calculated band structure. Criteria
now available for the evaluation of the theoretical model are the
density-of-states function, the energies of guest levels, and the
translational shift.

As discussed in Sec.IV.D., the experimental density function
and guest energies disagree with the predictions of the octopole

model. From Table I of Ref. 3c for the 95°K crystal structure, a
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translational shift of ~33 cm™ ' can be derived. The calculated
Davydov splitting for this crystal structure is 206 cm™ ', The trans-
lational shift may be scaled by the factor (160/206) that brings the
calculated and observed pure electronic Davydov splittings into
agreement. The scaled theoretical value of -26 cm™ " should be
compared with the experimental value of -2 =10 cm™ . These
discrepancies in the density function, guest energies, and trans-
lational shift most likely reflect the inadequacy of the octopole
model. This inadequacy probably arises from the fact that the
molecular size is comparable to the intermolecular separation in
crystalline naphthalene; consequently, the multipole expansion

should converge only slowly.

We have seen that in its present form neither the charge-
transfer model nor the transition-octopole model is capable of
explaining the wide variety of experimental data now available on
the lowest singlet exciton of crystalline naphthalene. Several
possible approaches are available for removing this dilemma.

The charge-transfer or octopole theories may be re-parameterized
possibly to give better fit with the extended experimental data.
Higher terms in the multipole expansion may be included.
Alternatively the charge distribution in each molecule may be
approximated by a number of point charges or point multipoles. 4

The charge-transfer perturbation also can be combined30 with
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the multipole expansion, and, as briefly discussed in Ref. 5,
exciton-phonon coupling may be included. The latter approaches
have the advantage (or disadvantage) of introducing additional
parameters. It should be emphasized in this regard that future
theoretical descriptions of these crystal states must be consistent
not only with the Davydov splitting (1/(\ = Q) and intensities but also
with the location of all k states and the energy levels of isotopic
mixed crystals.

On the other hand, a new approach may be suggested by the

result reported here, which indicates that the sum of the pair-wise

interactions between translationally equivalent molecules is small

even though the individual terms are fairly large. This fact implies,

although it does not require, the presence of two different "types"

of interactions, of opposite sign, whose importance depends upon
relative molecular orientations in the crystal. This idea is supported
by the naphthalene crystal structure. For some sets of molecules,
the molecular planes are perpendicular to the intermolecular axis.
For these molecules one would expect m-electron terms to dominate
the intermolecular interactions. For other sets, the molecular
planes are parallel to the intermolecular axis. For these molecules,
carbon-hydrogen and hydrogen-hydrogen intermolecular distances
are only 2 or 3 A. It therefore seems that sigma electrons could

play a more substantial role than previously imagined. el Intra-

molecular o-7 mixing has received considerable attention, s and

may well be important for these exciton interactions. 14
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V. SUMMARY

The general and specific goals of this work as well as the

experimental results are summarized below.

1.

These experiments are part of a general study of the properties
of molecular aggregates. In particular they focus on the nature
of the energy states and the distance and orientation dependence
of the individual intermolecular interactions in aromatic molec-
ular crystals such as benzene and naphthalene.

The exciton splitting in the lowest excited singlet state of crystal-
line naphthalene has been explained by two different theories:
one involving coupling through transition octopole moments,

the other involving interaction with low-lying charge-transfer
states. Additional experimental data are provided here to
compare with the predictions of these theories. Neither

is in complete agreement with the new experimental results.
It is proposed that the electron density on hydrogen atoms
should be considered explicitly in describing the intermolecular
exciton interactions.

These experiments also served to evaluate the suitability of the
Green's function technique for describing the states of mixed
molecular crystals. The results for naphthalene isotopic mixed
molecular crystals are consistent with the assumptions under-
lying the simple Green's function formulation. In particular,

the invariance of the intermolecular interactions to isotopic
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substitution and the realization of the dilute mixed crystal
limit are of central importance.

4. An independent test of the experimentally determined density-
of-states function is provided. The present results are consistent
with that band structure.

The following values were found for the gas-to~crystal shifts
and splittings described in the theoretical section.

a. Site shift A = - 464+ 10 cm ™.

b.  Translational shift LH(0) = -2 £ 10 cm™,

s Interchange splitting L§ II(Q) = +80 4 cm .

These quantities along with the density -of-states function and
the transition energies of isotopic guests are stringent criteria
with which to evaluate theoretical descriptions of the excited

electronic states of molecular crystals.
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TABLE II. Guest states in isotopic mixed crystals of naphthalene.

Guest Host Vv E

0 Hg CyDs -115+ 4 31,542.5 % 0.2
G0 Ds C o Hy +115+ 4 31,679 £2
a-DC ,, H, 3 Jy . -101 = 6 31,550.7 + 0.5
s a-DC,, H, +101 % 6 31,687 £2
B-DC , H, 5 8 - 89 + 10 81,585.7 + 0,5
& 8 B-DC ,, H, + 89 £ 10 31,694 +38
CoH, B-D,C,oH, - T4 4 31,530 2%
g-D,CcH, C.5Hs + T4 £ 4 not observedb
C o Hs a-D,C,,H, - 51 4 31,519 =22

* V.L. Broude, E.I Rashba, and E.F. Sheka, Sov.Phys.--Dokl. 6,

718 (1962).

PE.F. Sheka, Akad. Nauk SSR Isvestiia Ser.Fiz. 27, 503 (1963).

V = zero-order energy difference (E E, o5t See Sec.IV. . )

guest ~
= transition energy of the crystal state that correlates with the

E
guest.
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The relationship between the energy parameters E’, E,
V, 6 and € + A. Note that the distances are not drawn

to scale.
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FIG. 2.
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The normalized density function D(E, ) and the dependence
of the guest energy E’ on the zero-order guest-host
energy difference V when the intermolecular exciton
interactions are identically zero. Note that the vertical

scale applies to both parts of these figures.
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FIG. 3.
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The normalized density function D(Ei) and the dependence
of the guest energy E’ on the zero-order guest-host
energy difference V for the following excitation exchange

integrals %a =2, Wb = wl, 77zc =-1, M, ., =22, and

III
WI 1 -2 cm” 1, except that levels below the lower
Davydov component are omitted since this component is
known to lie at the bottom of the band. % The 7272 's
could be varied to give this result, but the overall change

in the density function would be small.
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FIG. 4.

116

The normalized density function D(Ei) and the dependence
of the guest energy E’ on the zero-order guest-host energy
difference V for a transition octopole interaction. The
apparent shift of the experimental points in this figure
relative to those in Fig. 3 is a result of the fact that the

zero of energy (E’ = 0) relative to the lowest Davydov

component is different in the two instances.
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FIG. 5.

118

The normalized density function D(E i) and the dependence
of the guest energy E’ on the zero-order guest-host
energy difference V for the density-of-states function

derived from the band <— band transition spectra.
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PART IO

Resonance Pair Spectra

of Crystalline Naphthalene
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L_INTRODUCTION

Theoretical descriptions of the energy states of ideal crystals
are quite common. Ideal crystals vary considerably but generally
are restricted in dimension, composed of simple units, and void
of lattice motion and defects including chemical and isotopic
impurities, vacancies, interstitials, and similar structural faults.
In spite of these obvious approximations the grosser properties of
ideal crystals often are discovered in experimental investigations
because the basic feature of a crystal, the coulombic force
between electrons and nuclei, is represented accurately in the
simple mo-del. Much research effort is expended, however, to
discover and explain the finer properties of solids, and matter in
general, that deviate from the predictions of the idealized model.

For the lowest excited vibrational and electronic states of
molecular crystals, the basic spectral features and details of the
energy band structure are understood in terms of the Frenkel tight-

binding modell’ 3

in which molecular states are the progenitors of
crystal states. Even energy levels introduced by the presence of

an isotopic impurity are described by an extension3 of the Frenkel
theory. In principle, this extension also can be used to describe the
states of chemical impurities, structural defects, and associated
concentration effects. However, electron-phonon coupling generally

is neglected in the Frenkel theory even though the effect is consid-

erable4 above 77°K.
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The present paper extends the earlier research3’ 4

and reports
the experimental observation of energy states produced by the
aggregation of isotopic guests in naphthalene mixed crystals. The
obje'ct of this research, besides providing inforrhation fundamental
to knowledge of the organic solid state, is to evolve, by the close
juxtaposition of experiment and theory, a good understanding of

the properties of molecular aggregates. This knowledge is basic

to understanding the liquid and biological states and may in the
future be of significant technological importance.

The fundamental quantities in Frenkel exciton theory are the
intermolecular excitation transfer matrix elements. These pair-
wise intermolecular interactions are responsible1 for exciton
mobilities and Davydov splittings as well as for the full exciton
band structures of both neat4 and mixed3 molecular crystals.

Such excitation exchange interactions also may contribute signifi-
cantly to energy transfer in the gas and liquid phases.

The experiments reported here were designed to determine
directly both the magnitudes and relative signs of these important
quantities. Very high resolution spectra at 4.2 °K reveal fine
structure in the electronic transitions of naphthalene mixed crystals.5
Some of this structure corresponds to the resonance splitting of
pairs of guest molecules in the host lattice. The individual positions:
of the molecules are assumed to be completely determined by the

crystal structure in the excited as well as in the ground state. For

the case of isotopic mixed crystals these positions are precisely
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those of the pure crystal6 provided the intermolecular interactions
are independent of isotopic substitution.

The electronic transitions of such a resonance pair are
expected to consist of doublets nearly symmetrically displaced
around the corresponding transition of the "monomer" guest. The
resonance interaction energy is just one-half the doublet splitting;
the relative intensities of the doublet components are determined
by the orientation in the crystal of the transition dipoles in the
molecules that comprise the pair. For a pair of translationally
equivalent guests, only a single absorption line would be observed
since the out-of-phase transition moments cancel exactly. The
allowed transition should have the same polarization properties as
that for the isolated guest. Generally, for a pair of interchange
equivalentz’ 7 guests, both transitions are allowed but with different
polarization properties. For example, in naphthalene with space
group Q;h, one line is polarized parallel to and the other perpen—l
dicular to the b crystallographic axis. This polarization is the
same as the polarization of the pure crystal Davydov components.
Indeed, in an isotopic mixed crystal, the nearest-neighbor inter-
change equivalent resonance pair, neglecting quasiresonance effects,
can be considered as an isolated naphthalene unit cell (Fig. 1).

In the Frenkel exciton model the Davydov splitting in crystal-
line naphthalene is 8972 , + 8772 ,, + 8772 ,,n ++++, Where 272 ,, is
the excitation exchange integral for the nearest-neighbor interchange

equivalent molecules, 772, is that for the next-nearest interchange
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equivalent molecules, etc. Obviously in the ideal mixed crystal
limit, 2 the corresponding resonance pair doublets will be split
by 2770 ,, 277C,, , etc., the splittings decreasing as the separa-
tion between interchange equivalent molecules increases. The
validity of the ideal mixed crystal limit of the Frenkel exciton
model recently has been discussed for the isotopic mixed crystals

of naphthalene. 3

For short-range interactions only the first few
splittings are observable while an upper limit can be established
for the rest. Similarly the ‘772&, %b’ %c’ etc., terms that
correspond to translationally equivalent pairs can be observed.
These terms give the translational shiftz’ 3 of the exciton band.
The band structure therefore can be deduced completely from the
resonance pair spectra, provided a large number of small terms
do not dominate. The additional detailed information that this
technique provides can be compared and contrasted with the indirect
information on the intermolecular interactions derived from the
Davydov splitting and experimental band structure of neat crystals,.
and from the quasi-resonance shifts of isotopic mixed crystals.
Some success in the study of resonance pair spectra has
already been reported in a very preliminary Way.s’ 89 The results
reported in this paper are for the lowest singlet and triplet state of
C,oHg molecules in a C,,D; host. Non-isotopic mixed systems such
as naphthalene in durene8 deviate from the ideal mixed crystal limit.

However, the spectra of resonance pairs in these systems are of

interest because the guest-host energy interval is large thereby
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decreasing quasiresonance effects and also revealing higher vibronic
transitions of the resonance pairs. Measurements utilizing a series
of host crystals and uniaxial stresses would permit the evaluation of
the resonance interactions as a function of intermolecular separa-
tion and orientation. Such an investigation should clarify the quantum
mechanical origin of these interactions. So far, neither transition
dipole interactions, transition octopole interactions, e nor pertur-,
bations by charge transfer states11 appear to account for all the

existing experimental data. oy &
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I EXPERIMENTAL TECHNIQUES

e JoSTAmEntation

Two different series of experiments were carried out to
characterize the spectral absorptions appearing in the region of
the 0, 0 guest transition in dilute isotopic mixed crystals of naph-
thalene. The moderate resolution experiments employed a 2-m
/12 Czerny-Turner spectrograph equipped with a 600 line/mm
Bausch and Lomb grating No. 33-53-27-52 (212 X 157 mm) blazed
at 17°27'. As used in the third ordef, the resolving power and
plate factor of this instrument are 50, 000 and 2.4 A/mm. The
high resolution experiments employed a 3.4-m f/38 Jarrell-Ash
Ebert spectrograph equipped with a 300 line/mm grating No. 35-
00-90-78 (190 x 63 mm) blazed at 58.05°. As used in the eighteenth
order, the theoretical resolving power and plate factor are 1,000, 000
and 0.27 A/mm. Generally a slit width of 30y was used with the
2-m instrument and 50 to 100y with the 3.4-m instrument.

In both series of experiments, absorption spectra were taken
using a 200 W high pressure Xe arc lamp and Eastman Kodak type
103a-0 spectroscopic plates. In the moderate resolution experi-
ments, the light was filtered with an aqueous cobalt chloride filter
and a Corning 9863 glass filter to eliminate overlapping orders.

In the high resolution experiments, the light was predispersed with
a Bausch and Lomb 0.25-m high intensity monochromator and

filtered with a Corning 9863 filter, a pyrex glass filter, and an
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aqueous solution of H,SO,, NiSO,, and CoSO, to give a total band
pass of 70 A.

Polarization measurements were made by placing one Glan-
Thompson polarizing prism above another, with orientations differing
by 90°, in front of the spectrograph slit. In this configuration light
polarized parallel to the b-crystallographic axis of the sample only
passed through the upper half of the slit, while light polarized per-
pendicular to the b-crystallographic axis only passed through the
lower half of the slit.

The emission from an iron-neon hollow cathode standard12 was

photographed between these two spectra and served to calibrate

the plate. Spectral line positions were measured with a precision
comparator made by the Fred C. Hensen Company. Vacuum wave-
numbers corresponding to the calculated wavelengths were obtaineci
from the National Bureau of Standards' ""Table of Wavenumbers. " 13
Tracings of the photographic plates were made with a Jarrell-Ash
Model 23-500 microphotometer.

High resolution phosphorescence spectra were photographed
using the Jarrell-Ash instrument in the twelfth order. Front surface
excitation of the crystal was provided by two 200 W high pressure
Xe arc lamps filtered by dilute cobalt chloride solutions and
Corning 9863 glass filters. A Corning 3387 filter was placed before
the spectrograph slit to eliminate scattered light from the source.
The best spectrum was obtained by exposing an Eastman Kodak
103a-0 plate for six h with the sample (1.4% CoH, in C,oDg)

immersed in liquid helium.
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B. Sample Preparation

Isotopic mixed crystals were prepared from Eastman
recrystallized naphthalene and Merck, Sharp and Dohme deutero-
naphthalene. Both isotopes had been extensively purified by potassium
fusion and zone-refining.14 Each isotope was purified separately
because proton exchange occurs15 during the fusion process.
Different concentrations of C,,H; in C,,D; were obtained by
weighing the amount of each isotope added to a pyrex tube suspended
from an analytical balance. Different concentrations for any one
set of experiments were obtained by successive dilution. The tube
was attached to a high vacuum system with a 3-in. Swagelok-Teflon
ferrule fitting. After the sample was degassed and the system pumped
down to 107° Torr, the sample tube was sealed and pulled from the
vacuum manifold. Homogeneous samples were obtained by agitating
the sample for 30-60 min in an oven held at 90°C, ten degrees above
the naphthalene melting point. The sample tubes were reattached to
the vacuum system, and the naphthalene was sublimed through a
break seal to the appropriate crystal growing cell.

Crystals were grown from the melt by slowly (0.05 in. /h)
lowering the cell through a temperature gradient into a dewar filled
with either liquid nitrogen or 50°C water. Two types of crystal
growing cells were used. One consisted of quartz windows placed
a specified distance apart; the other consisted of a 10-mm o.d.
pyrex tube with a seeding tip. The crystals were removed from

the pyrex crystal growing tubes, cleaved, oriented conoscopically,
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and mounted for the spectroscopic experiment.

Crystals a few microns thick were grown by sublimation in an
inert atmosphere and likewise mounted between thin Teflon washers
in a brass ring. Supporting pressure was applied to the Teflon and
not directly to the crystal. The samples were masked to assure
that all transmitted light had passed through the crystal. During
the spectroscopic experiment the samples were immersed in liquid
helium in.a conventional pyrex double dewar with a quartz tip.

The following series of crystals were examined in the moderate
resolution experiments: sublimation crystals a few microns thick
of 1.2%, 1.8%, 3.3%, and 5.0% C,,Hg; and crystals in 20um,
100pum, I mm, 1 mm, 2 mm, and 1 cm thick optical cells at
respective C,,Hy concentrations of 1.2%, 1.2%, 1.2%, 0.10%,
0.50%, and 0.10%.

The following series of crystals were examined in the high
resolution experiments: 1.2%and 0.10% C,,H,; crystals in 1-mm
thick optical cells; and 0.007%, 0.013%, 0.050%, 0.12%, 0.65%,
and 1.40% C, H; crystals that had been cleaved. The thicknesses
of these crystals were 1.2 £0.2, 1.0+0.1, 1.5+0.1, 2.0 0.3,

1.0 0.1, and 1.6 £ 0.2 mm, respectively.
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LI EXPERIMENTAL RESULTS

The experimental results are summarized in Fig. 2 and
Tables I and II. For the simple system of dilute isotopic mixed
crystals of naphthalene in deuteronaphthalene, 23 different absorp-
tion lines were observed where most naively only one due to the
0, 0 transition in the C,,Hg guest is expected. In this section
explanations for the fine structure are considered, and experiments
that lead to an assignment of these spectral lines are discussed.

From the known intensity of the C,oH, transition, an estimate
can be made of the concentration and path length needed (0.1%, 1 mm)
to observe pairs of neighboring guest molecules in the host lattice.
From this fact, the nonlinear concentration dependence, and the
unique polarization characteristics as discussed earlier, the transi-
tions due to such resonance pairs are readily identified.

In addition tb the resonance pair transitions, transitions due
to isotopic impurities are expected to be observed. The various
partially deuterated naphthalenes present in C,;D; can be identified
from the known 0, 0 transition energies. About 11% of the naphtha-
lene contains one 13C atom. The 0, 0 transition in lsCC9 Hg is expected
to lie at a slightly higher energy from the C,,H; transition and to
be roughly an order of magnitude less intense.

Other spectral lines and splittings or apparent splittings may
arise since any crystal is by no means perfect and homogeneous.
Surface effects or surface states should be recognized by observa-

tions made on crystals of various thicknesses. Impurities or lattice
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defects associated with impurities should be recognized from spectra
of C,,D; crystals or mixed crystals as a function of purification.
Strains, crystal twinning, and related effects should not give con-
sistent results from one crystal to another, especially when the

crystals vary in size, and method of growth and mounting.

A. Moderate Resolution Experiments

The absorption lines observed in the moderate resolution
experiments are listed in Table I. No data on the concentration
dependence of the intensity are available for some of the lines
because these lines are unresolved, at the higher concentrations,
from the broad intense absorption due to the monomer transition.
The line designated in Table I as weak is only present in the more
concentrated crystals and is not assigned. Although an accurate
determination of intensities was not possible due to the poor reso-
lution of these lines, it is clear that the intensity of the lines marked
nonlinear decreases more rapidly than the intensity of the monomer
line as the concentration is lowered.

The frequencies of the two monodeuteronaphthalene isotopes
are assigned in agreement with earlier investigations. “ The
intensities of these lines varied with the sample due to the proton
exchange reaction mentioned earlier. The transition at 31, 544.5
e is assigned to 13009 Hy because of the expected 2 em™ shift
from C, Hg and the fact that at low concentrations only these two
transitions are present, the high energy line being about one-tenth

as intense as the other.
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Some of the lines are assigned to resonance pairs on the basis
of their polarization and intensity behavior. The following experi-
ment clearly shows the nonlinear intensity variation in the lines at
31,526.7 and 31, 533.8 cm ! relative to the line at 31,519.5 cm .
Spectra of a 1-cm crystal containing 0.1% C,,Hg; and a 0.1-cm
crystal containing 1.0% C,,Hg were photographed. Monomer
intensities should be constant in the two spectra; pair intensities
and surface states involving C,,Hz molecules should decrease by
1/10; and trimer intensities should decrease by 1/100. The spectra
are shown in Fig. 3. It is found that the lines at 31, 526.7 and
31,533.8 cm™ " are weaker in the 1-cm crystal while the line at'
31,519.5 cm™" is unchanged. In fact in the 1.0-cm crystal all lines
are about the same intensity while in the 0.1-cm crystal the higher
energy pair is about a factor of 10 more intense than the lower
energy line. From this experiment it is concluded that the two lines
correspond to resonance pairs while the low energy line is neither
a C,oHg surface state nor a C, H,; trimer, but most likely is a bulk
lattice defect associated with C,,Hg molecules. The line is not

present in a 2-cm crystal of pure C,,D;.
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B. High Resolution Experiments

Representative high resolution spectra are shown in Fig. 1
and the spectral data given in Table II. The second column in Table II
indicates the concentration at which an absorption was first observed
in the ~1-mm crystals and is a rough measure of the intensity of that
absorptibn. The observations here support the conclusions drawn
from the moderate resolution spectra.

At the lowest concentration only the transitions due to C,oHg
and ISCCQ Hg are observed. The figure clearly shows the l3CCQ Hg
transition at the expected energy and intensity. Although three °C
isomers are present, the corresponding transitions are unresolved.
In the ac polarized spectrum of the 1. 4% crystal in Fig. 1, the a-
and B-deuteronaphthalene transitions are as intense as the 13CC9 Hg
transition in the 0.007% crystal. At these C,,Hy concentrations, the
naturally occurring isotopes are present in the same amount, i.e.
in 0.007% C,,Hg the concentration of 13CC9 Hy is 8 X 10"*% and in
1.4% C,,H, the concentration of C,oH,D is 9 X 10™°%. This result
supports the assignment of the 13CC9 Hg transition, and the data
leading to it are summarized16 in Table III.

In the 0.12% crystal the transitions assigned as resonance
pairs in the moderate resolution experiments begin to appear.

Fig. 1 also shows that the 13CC9 Hy absorption is no longer resolved
at this concentration and that a diffuse b polarized absorption is

developing in the region between the guest and host transitions.
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In the 0.65% crystal both the monomer linewidth and the
diffuse absorption increase. New lines appear at 31, 537. 6,
31,534.9, and 31, 531.4 cm™". The first two can reasonably be
assigned to resonance pairs containing one 13009 Hg molecule as
this species is expected to appear at this concentration (3 times
that for the “C-"C pairs) and energy (% the monomer “°C shift).
Experiments on C enriched naphthalene should verify this assign-
ment. The line at 31, 531. 4 cm ' is not well characterized; it may

arise from trimers, also expected at this concentration, or lattice

defects of some sort. The monodeuteronaphthalenes also are
observed in the 0. 65% crystal.

At 1.4% the lattice defect at 31,519.5 cm " in the moderate
resolution spectra appears and is split into three components,
probably corresponding to a “e isotope and site splitting. Also
appearing in the 1.4% crystal is a transition in another 13CC9 Hg -

C 0Hg pair; this transition is weaker than that in the other such

pairs because it corresponds to the ac component of the interchange
pair. Mixed C-isotope pairs correlating with the lines at 31,545.5 and
31, 588.5 cm " are unresolved from the broad absorption associated

with the monomer transition.

C. Doublet Splittin S

In some of the spectra, lines that are expected to be singlets
actually split into doublets. This effect was observed and is indi-
cated in Table II for the lowest energy resonance pair. Another

example is shown in Fig. 4, and the corresponding spectral data
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are given in Table IV. Here transitions due to C,(Hg, a-DC, H,,
and 8-DC,,H, are observed in a 0.1% C,,Hg 1-mm crystal. Each is
split into a doublet and except for §-DC,,H,, is accompanied by the
transition in the “c species. The concentration of 3-DC,,H, is too
low for the 13CC9 H, D transition to appear. Although several isomers
containing one **C atom and one deuterium atom are possible, the
corresponding spectral lines are not resolved. In addition to the lines
listed in Table IV, transitions due to other resonance pairs and -
partially deuterated naphthalenes were indicated faintly on the photo-
graphic plate.

Observations leading to an explanation of the doublet splitting
are summarized below. It appears that the doublet components for
B-DC,,H, are not equally intense. The occurrence of the doublets
is concentration dependent since only single lines appear for the
resonance pairs, “c species, and higher deuterated isotopes, these
being present in lower concentrations. The int‘ensities of the two
components for C,;Hg and a-DC, H, appear equal only because of
their high optical density. The fact that the doublet splitting in
Table IV is larger for g-DC,,H, is due to the difficulty in measuring
the position of the very weak component. Visually the splitting
appears the same for the three doublets.

In the 1.2-mm, 0.007% crystal, only the b component of the
0,0 C,,H; absorption appears split into a doublet. The second com-
ponent of the ac line probably is too weak to be observed since the

observed ac line occurs at the same energy as one of the b lines.
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Alternatively, the presence and absence of splitting in the two
polarizations may arise from different parts of the sample being
used to record the two polarizations with the stigmatic optics. In
two different crystals having about the same concentration and
thickness, the splitting is present in one but absent in the other.
The differences in thickness and concentration are not sufficient to
account for this effect.

From these experimental results, it is concluded that the
splitting arises from some crystal inhomogeneity, e.g. regions
with a slightly different crystal structure leading to a small change
in the intermolecular interactions. In many of the crystals a 1 e
variation in the transition energy across the crystal appeared as a
change in the line position on the photographic plate again due to the
stigmatic optics. This observation supports the proposed origin of
the doublet. It should be noted that the 1 em™" splitting or shift is
only 0.2% of the total gas-to-crystal shift in naphthalene.

Other explanations can be eliminated by these experiments.
For example, some directional stress that makes the two interchange
equivalent molecules in the unit cell inequivalent, should produce
doublets of equal intensity. The possibility that the doublet arises
from the formation of a guest exciton band at high concentrations is:
eliminated by the splitting in the 0.007% crystal.

An orientation effect9 may occur for the monodeuteronaphtha-
lenes but not for naphthalene. The observed doublet for naphthalene

does not arise from such an effect. Assuming that the splittings in
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the monodeuteronaphthalenes also are not due to an orientation
effect means that the orientation effect for these molecules is less
than half the 1.1 cm™ " linewidth. In monodeuterobenzene the orien-
tational effect is 1.2 cmi for the leu <-1Ag transition. As discussed

17

by Nieman and Tinti, " the orientational effect in the SBlu ~'a g

transition is about five times larger.
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At first the smaller orientation effect in naphthalene is sur-
prising because the intermolecular interactions, as manifested in
the gas-to~-crystal shift and exciton splittings, are larger in
naphthalene than in benzene. However, the observation of an orien-
tational effect depends upon two factors. The crystal field must
affect the zero-point energies of the ground and excited states to
a different extent, and this influence must change for the different
orientations of the molecule in the crystal site. Consequently, the
fact that the orientation effect is smaller and the intermolecular
interactions larger in naphthalene implies either that the effect on
the two states is nearly the same in any one orientation or that the

intermolecular interactions are more isotropic in naphthalene.

It is indeed possible that the doublet appears by a different
mechanism under different conditions. In which case, many of the

preceding arguments are no longer valid.

D. Phosphorescence Spectra

High resolution phosphorescence spectra (SBlu—— lAg) of 1.4%
CoHg in C,yDg reveal three satellite lines near the intense 0,0
transition of the monomer guest as shown in Fig. 5. The two lines -
at +1.3 and -1.2 cm™ ' relative to the monomer transition tentatively
are assigned to the resonance splitting of the nearest interchange
equivalent pair since precisely this splitting is anticipated from

the Davydov splitting for the triplet state found in the pure crysta1.14
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A third line is expected due to the 11% natural abundance of 13CC9 H,
and is observed at +3 cm™’. The latter assignment is reasonable
since the corresponding 13C-isotope shift for the singlet state is

+2.0 cm . These isotope effects are in qualitative agreement with
the isotope effects found for the benzene molecule. 9 If the assign-
ments are correct, the translationally equivalent exciton interactions
are not twice the interchange equivalent interactions for the lowest

triplet state of crystalline naphthalene as predicted ’cheoretically18 -

and suspected to be true for anthracene. i3

The dependence of the intensity on concentration was not
determined because of the long exposure times (6 h) required even
for this high concentration and the uncertain influence of energy
transfer processes that would affect the accuracy of such a study.
Polarization measurements would have required increasing expo-
sure times by a factor of four and are better undertaken with other
experimental techniques.

It is of interest that the resonance pair and Davydov splittings
give a value of 1.25 + 0,25 cm * for the excitation exchange matrix
element while exchange narrowing of the magnetic resonance linezo
gives a value of 5.0 =0, 7 cm” for the exchange integral. This
discrepancy probably arises from the assumptions inherent in the

analysis of the magnetic resonance linewidth.,21
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1V, _DISCUSSION AND CONCLUSIONS.

The effect of guest aggregation on the energy states of naph-~
thalene isotopic mixed crystals (C,,Hg as a guest in C,,Dg) has
been observed by high resolution optical spectroscopy at 4.2 °K.

In the concentration range studied (< 5%), transitions involving the
lowest singlet and triplet states of guest pairs are observed. A
diffuse concentration dependent absorption also is observed below
the host exciton band. This absorption is due to the 1Au component
of the interchange equivalent resonance pair and to naturally occur-
ring isotopic impurities. The fact that these transitions are diffuse

is explained qualitativelyzz

by the mixing of these states with levels
in the exciton band. This interaction causes levels to move out of
the band producing the diffuse absorption.

The data on the resonance pair absorptions are summarized
in Table V. These transitions were assigned on the basis of three
independent observations: (1) the concentration at which they first -
appeared, (2) the nonlinear dependence of intensity on concentration,
and (3) their polarization. The excitation exchange matrix elements
in Frenkel theory are just one-half the resonance pair splitting.
The signs of these intermolecular matrix elements are meaningful
within a specified interchange (:onven’cion'7 and are derived from the'
observed polarization and energy of the spectral lines from a given
pair. Since the lower energy component of the interchange pair is

polarized in the ac plane (B representation of C,), and the higher

energy component is polarized along the b axis (é representation
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of C,), the sign of 772, is positive. For the translation pairs the
sign is determined by the energy of the optically allowed component.
The experimentally derived matrix elements and signs are summar-
ized and compared, in Table VI, with values derived from a transi-
tion octopole model23 for the interaction. Figure 6 shows the naph-
thalene crystal structure and the relative positions of the resonance
pairs.

The first column in Table VI specifies the lattice vector
between the centers of C,,H; molecules. .The length of this vector
is in the second column. The magnitude and sign of the pairwise
excitation exchahge integrals calculated from the transition octopole
model for the intermolecular interaction are in the last column. |
The values of these integrals determined from the resonance pair data
are in the column titled Exp. These values were obtained by neglect-
ing quasiresonance effects and assuming the components of each
pair split symmetrically about the monomer line. The assignments
of lines to specific resonance pairs is somewhat arbitrary. Certainly
the largest interchange equivalent interaction corresponds to the
nearest interchange equivalent pair separated by 3(a + b). The
translation pairs are assigned to agree, as closely as possible,
with the octopole model. An experimental assignment can be made
from uniaxial stress experiments. The agreement between the octo-
pole and resonance pair data is only fair. The disagreement in sign
between the experimental and octopole data may be due only to the

use of a different phase convention. All other interactions, including
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next-nearest interchange equivalent molecules, are assumed to be
less than half the linewidth (3 X 6 cm™ ") of the central guest absorp-
tion at the expected intensity of these transitions. If the additional
absorptions could be resolved and assigned, one would have a direct
measure of the intermolecular interactions throughout the crystal.
One should remember that these additional terms may have positive
or negative signs.

Since the Davydov splitting equalsz’ S 8M; II(Q) where M; II(Q\)
is the sum of excitation exchange integrals over all the different
interchange equivalent molecules, the fact that M II(Q\) =+15.3 e’
+3 cm ' =18 cm ' is in good agreement with the 160 cm™* Davydov
splitting and indicates that only nearest and next-nearest interchange
equivalent interactions are required to give essentially the total
Davydov splitting. It should be noted that quasiresonance effects,
interactions with more distant molecules, and the experimental
accuracy in column 3 of Table VI readily explain the difference
between the 144 cm™* obtained for 8MI II(Q) from the resonance pair
data and the 160 cm™ Davydov splitting.

The normalized density function calculated using the reso-
nance pair matrix elements in the dispersion relation is shown in
Fig. 7. In this calculation the matrix elements were assigned to
specific pairs of molecules to give the best agreement with the

3,4 on the density of states. This assign-

earlier experimental data
ment supports the idea of the presence of two different "types' of

interactions. % Only one translationally equivalent interaction is
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positive in sign, and only one neighboring pair of translationally
equivalent molecules has the molecular planes perpendicular to
the intermolecular axis. The remaining translationally equivalent
interactions are negative in sign, and the remaining translationally
equivalent molecules have the molecular planes parallel to the
intermolecular axis, sce Fig. 6.

The conclusion then is that several independent experimental

resu1t53 4

indicate that the lowest excited singlet state of crystal-
line naphthalene is an isolated Frenkel exciton state, and in spite
of several theoretical investigations, the quantum mechanical
origin of the exciton interactions remains uncertain. New theoreti-
ca13 and experimental investigations have been suggested. A gene-
ral theoretical expression giving the spectral lineshape of a mixed
crystal system as a function of the concentration of the compounds
over all concentration ranges also must be developed. Such an ex-
pression should explain quantitatively the diffuse absorption ob-
served between 31, 550 and 31, 580 cm'yl, and may better relate the

resonance pair splittings to the band structure by accounting for

the asymmetry in the splitting about the monomer line.
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TABLE I. Moderate Resolution Spectral Data

Concentration

7(x0.5cm *) Polarization Depsndenas Assignment
31, 559.9 b >ac irregular B-DC o H,
31, 550. 5 b >ac irregular a-DC , H,
31,544.5 b >ac ST
31,542.5 b >ac linear CisHy
31,538.2 b >ac
31,536.8 b =ge
31,533.8 b >ac nonlinear translation pair
31,531.4 b >ac weak
31, 526.7 ac nonlinear interchange pair
31, 519.5 linear lattice defect
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TABLE III. Natural Concentrations of Isotopic Species

Atom Abundance Molecule Abundance

c-13 1.1% “CCy H, 11%
D 1.6 x 10729 C,oH,D 6.4 x 10729
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TABLE IV. Doublet Splittings

73 et I Assignment Splitting C Shift
31, 558, 1 \'

8-DC . H, 1.7
31, 556. 4 W

13

31, 552. 5 W OZ"D CCQ H7 1 8
31, 550. 7 s '

a-DC H, 1.0
31, 549.7 S
31,545.6 W translation pair
31, 543.8 m “CC, H,

1.8

31, 542.0 vs

C,oH, 1.0
31.541,0 vs

& Accuracy is+0.2 cm , linewidths are 1.1 cm™, slitwidth is

0.3 cm .
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TABLE V. Principal Lines of the Pure Electronic Transition
of C;uHy in C;4D;

7 (*0.5cm ) Polarization Intensity Assignment

31, 550 to 31, 580 b Diffuse absorption due to other
isotopic species and the ‘A,
component of the interchange pair.

31, 545.

5] b >ac nonlinear translation pair
31, 541.8 b >ac linear C,0Hg monomer
31,538.5 b >ac nonlinear translation pair
31, 536.7 b >ac nonlinear translation pair
31, 533.9 b >ac nonlinear translation pair
31, 527.0 ac nonlinear interchange pair
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TABLE VI. Pairwise Intermolecular Interactions

in the 1B211 State of Crystalline Naphthalene

Interaction in ecm™*

o

Position A Exp (cm™ ') Octopole?
3@ +b) 5. 10 +15.3 -21.1
b 6. 00 -5.1 -3.9
zl@a+b)+c 7.89 <3| +1.6
a+c 7.96 +3.17 -0.15
a 8.24 7.9 -4.3
c 8. 66 ~3.3 -2.05

- X Body, private communication.
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FIG. 1. Resonance pairs, an isolated naphthalene unit cell.
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Polarized absorption spectra of naphthalene mixed crystals,
C,oH; as a guest in C,yD,, in the region of the 'By -1Ag
guest transition. The intense absorption at high energy
corresponds to the le exciton band of the host. The
arrows indicate lines that are apparent on the photographic

plate but lost in the microphotometer trace.
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Absorption spectra of (A) a 0.1-cm crystal of 1.0% C,,Hg
and (B) a 1.0-cm crystal of 0.1% C,,Hg in C,oDg. Note
the intensity variation of the three lines that are marked
next to the intense monomer absorption, and compare

with the discussion in the text.
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Spectrum of a 1-mm crystal of 0.1% C,oHg in C,,D, that
had been fused with potassium for 40 h. The doublets and
*®C transitions are marked. The high concentrations of

a-DC,,H, and 8-DC,,H, arise from the isotope exchange

reaction mentioned in the text.
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FIG. 5. The 0,0 3B mu= IAG transition of C,,Hg; photographed at
o
high resolution showing satellite lines probably due to

1 v
B0, Hg and a resonance pair.
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FIG. 6. The naphthalene unit cell showing the relative positions

of the resonance pairs.
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FIG. 7. The normalized density function D(Ei) calculated from

the dispersion relation using matrix elements derived
from the resonance pair splittings: M(a) = +3.7 cm'l,
M(b) =-7.9 cm™, M(c) =-3.3 cm™, M(a+¢) =-5.lcm™
M(za+3b) = +15.3 cm™, and M(Fa+zb+c) = +3 cm™,
The lattice vector between the centers of the molecules
forming the resonance pair is given in parentheses.
This calculation gives the energies of the Au and Bu
factor group components as +48 em™ and -98. 4 cm™,
respectively. The zero of energy is the ideal mixed
crystal level. Note that the ordinate scale changes at

0. 012.
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PART IV

Optical Transitions in 13CC 5H6 - C6H6 Mixed
Crystals in the Region of the Factor Group

Components of Crystalline Benzene.



169

Recent investigations of the energy levels in mixed crystal

systems have been reported. k=g

The exciton band structure has
been classiﬁed2 according to the concentration of the guest and the
magnitude of the local perturbation. This scheme results in the
following classifications and subclassifications: (1) very shallow
guests, (2) shallow guests, (3) deep guests, and (a) isolated guests,
(b) aggregated guests. Only for the cases 2(a) and 3(a) are the
theoretical description and the experimental result shown to be in
quantitative agreement. 4y % Some experimental data for case 2(p)
have been reported and discussed qualitatively in terms of the
exciton band structure. 3 No theoretical expression was presented,
however, to predict the spectral lineshape as a function of concen-
tration in the mixed crystal system. On the other hand, theoretical
results3 predict the appearance of virtual bound states or broad
absorptions for classification 1, but no experimental results are
available regarding this point.

The present paper reports spectral data for carbon-13 mixed
crystals of benzene. This perturbation falls in classification 1. The
s He-C g mixed crystals are of special interest because the
theoretical estimates predict only a broadening of the exciton struc-

ture while experimental considerationsG’ Z

indicate that the lines
assigned as Davydov components in C Hg or the other lines reported
in this spectral region8 might actually be due to the lowest singlet

transition in ~CCH,.
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To clarify these points, spectra of Phillips' Research Grade
benzene containing approximately 6%, 25%, and 50% 1SCCS‘HG were
obtained and are shown in Figs. 1-2. The polycrystalline samples
were grown in 14u, 10y, and 8u quartz cells, respectively, after
degassing in a vacuum system at 10~° Torr. During the spectroscopic
experiment the crystals were in contact with liquid helium. The 0,0
absorptions were photographed with a 200 W Xe arc lamp and a
3.4 M Jarrell-Ash Ebert spectrograph using the twelfth order of a
300 lines/mm grating (190 mm X 80 mm) blazed at 18.3°. The
theoretical resolution and reciprocal dispersion are 680, 000 and
0.72 A/mm, respectively. A high intensity Bausch and Lomb 0.25 M
monochromator was used to predisperse the light.

It is apparent from the figures that no pronounced changes in
the relative line intensities are observed over the concentration
range studied. In other words, none of these transitions are due to
lSCCSHG; in fact, no transition due to 13CC5H6 is observed.

Theoretical conclusions following from Craig and Philpott's
one-dimensional moolel1 with a periodic impurity are consistent with
this experimental result. The energy levels of such a mixed crystal
are described by using the wavefunctions of the pure crystals as the
basis functions. The presence of this shallow impurity manifests
itself only as a slight shift in the energy of the host states and a
broadening of the host transitions. The spectral broadening arises
from the mixing of the dipole-allowed k = 0 exciton states with other

exciton states. For a periodic impurity this mixing is restricted by
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a selection rule based on the translational symmetry. A random
impurity distribution can be considered either as destroying all
translational symmetry or as a superposition of all periodicities.
Thus, mixing of all k states is possible. The exact lineshape pro-
duced by this perturbation depends upon both the magnitude of the
perturbation and the density-of-states function of the exciton band. i
The observed shift of +2 cm™~ for the energy of the Davydov compo-
nent in going from 6% to 50% CC.H, as well as the 5 cm” ' increase
in linewidth is explained by such a model. In fact, rough estimates
predict a 2 cm " shift and an 8 ecm™” increase in linewidth. It should
be emphasized that the energy shift is predicted to be in the direction
of the impurity, and indeed this is observed. Similar effects also
have been observed in mixed crystals of naphthalene by employing
deuterium substitution. .

The conclusions are (1) the lines appearing in the region of
the C H, factor group structure are not attributable to naturally
abundant 13CC5H6, (2) no absorptions due to the virtual bound states,
predicted theoretically, ‘ were observed even though concentrations
of °C,C,H,and °C,C,H, should be in excess C of 2% and 0. 03%,
respectively, and (3) the extension of the Frenkel tight-binding model
quite accurately describes the energy levels of mixed molecular
crystals although a quantitative treatment of the concentration

dependence has not been done.
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FIG. 1. Photographs of the 0,0 leu benzene absorption in crystals
containing "°CC_H, at concentrations of (A) 6%, (B) 25%,
and (C) 50%. (D) Absorption spectrum of an apparently
strained crystal containing 50% 13CCBHe. The effects of
strain generally vary across the length of the slit and
thus can be distinguished from the effects of isotopic
substitution.s’ 11 Broude's polarization results8 are

used to indicate the factor group components. The 2 cm

shift of the factor group components to higher energy in
going from 6% to 50% °CC.H, is seen by careful compari-

son of the line positions with respect to the iron-neon

standard.
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FIG. 2.

177

Microdensitometer tracings of the absorption spectra
pictured in Fig. 1. The broadening of the factor group
components with increasing 13CC5H6 concentration
clearly is shown. The broad absorptions at higher

energy have been assigned as phonon addition bands. 7
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PART V

Exciton Structure in Two Triplet

States of Crystalline Naphthalene
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Exciton Structure in Two Triplet States
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TR URING the last few years much emphasis has
ﬂj been placed on excitation exchange interactions
and the concomitant energy transfer in weakly ab-
sorbing systems.!? This communication reports pre-
liminary work on pure crystalline naphthalene (C;oHs)
and is intended to illustrate further the importance of
excitation exchange interactions even when no strong
transition dipoles are present. In addition, the position
of a new triplet state of naphthalene is reported.

The naphthalene was purified in a manner similar
to that used earlier®# The important parts of the
purification process consist of preliminary zone refin-
ing, followed by a fusion with potassium at 100°C,
and finally a further extensive zone-refining stage. The
middle portion of the zone-refined ingot is sublimed
into various sample cells for spectroscopic observation,
the bottom, least pure, part being kept at —78°C
during this process to prevent contamination. Contact
with air is rigorously avoided during the entire process,
all steps after the first zone refining being carried out
in a grease-iree, well-outgassed vacuum system. Crys-
tals in the sample cells were grown from the melt by
slowly lowering the cells through a sharp temperature
gradient directly into a liguid-nitrogen-cooled chamber.
Large, translucent crystals that did not have a ten-
dency to crack when cooled to liquid-helium tempera-
ture could be made in this way. Since there is no
added gas in the sample cell, thermal contact between
the crystal and the cold bath is poor, and as much as
8-h submersion is required to reach thermal equilib-
rium at ~4°K. Decreases in temperature can be fol-
lowed by the disappearance of “hot band” structure
and the sharpening of spectral features.

The purity of the naphthalene was determined by
examining the spectrum of the crystal at 4.2°K. As in
earlier experiments,? no emission in the phosphores-
cence region could be detected visually or spectro-
scopically. Only the fluorescence spectrum of naphtha-
lene itself was detected in the near-ultraviolet region.
In addition, a 40-mm thickness of crystal at 4.2°K

showed no detectable impurity absorption. Because of
the sharpness (1-10 cm™) of absorption features of
many impurities at very low temperatures, this sets
an upper limit of such impurities at about 1 part in
10’4 In particular, no trace of B-methylnaphthalene
absorption or emission was found. On the contrary,
an extensively zone-refined, 7-mm-thick sample, not
treated with potassium, was found to exhibit fluores-
cence, weak phosphorescence, and complex absorption
due to impurities. This finding is consistent with the
experience of other workers®® with zone-refined naph-
thalene, and indicates the inadequacy of zone refining
alone as the method of obtaining wltrapure organic
compounds. Thus, it is felt that the naphthalene used
here is by far the purest that has yet been prepared,
and that the usual artifacts in crystal spectroscopy
and energy-transfer experiments associated with im-
purities are absent.

Exciton splittings for the first (*B;,) and third (?)
triplet (*Bs.)7? states of naphthalene were observed di-
rectly in absorption in the 40-mm crystal cooled to
4.2°K. The two Davydov components (polarization
unknown) for the (0-0) band of the first triplet are
well resolved; they are found to lie at 21 20341 cm™
and 21 2134-1 cm™. The absorption is barely detect-
able in the 40-mm crystal.? The center of gravity of
these components is close, as expected, to the (0-0)
band of the phosphorescence spectrum of CyHs in
C1Ds, which lies at 21 208.7 cm™.3 In addition to the
(0-0) band, four other vibronic components have been
observed, each having its own unique exciton splitting.
The measured vibrational frequencies in the triplet
state are 497, 955, 1345, and 1841 cm™, in excellent
agreement with those reported by Avakian and Abram-
son® who used an indirect, low-resolution technique for
observing the 2B,;.14;, absorption in the crystal.
Davydov splittings of 10, 6, 8, 6, 6 cm™, respectively,
appear to be roughly consistent with the relative in-
tensities of the five vibronic components. Summing
over these vibronic splittings and allowing for a residual
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splitting of a few cm™ from bands too weak to detect
give a total splitting that lies extremely close to the
theoretical value of ~40 cm™ obtained by Jortner,
Rice, Katz, and Choi! However, the center of gravity
of the Davydov components, predicted by this same
theory to be shifted substantially away from the zero
of energy, is not in agrecment with the position of the
CilHs in CyDs phosphorescence origin which indicates
little or no shift. This could mean either that the real
value of Kj (see Table III, p. 314 of Ref. 1) is around
—1X10~¢ eV or that some of the other constants Kj,
Ky, -+, Kg make contributions that cancel the effect
Of Kg.

An oscillator strength of f=35X 107100306 can be esti-
mated from the absorption intensity. This value is in
good agreement with the oscillator strength calculated
from the ~10-sec radiative lifetime of the B, state,10-12
and constitutes the first evidence that oscillator strengths
obtained from phosphorescence lifetime measurements,
corrected for all presently known nonradiative effects,2:13
are indeed reasonable.

As in benzene,* the second wungerade triplet state of
naphthalene lies just below the first singlet. The Davy-
dov components (polarization unknown) appear at
30785+£1 cm™ and at 30814241 cm™, while the a
and b components of the first singlet (our measure-

ments) occur at 31 47541 cm™ and at 31 62445 cm™,
respectively. The absorption intensity to this new tri-
plet, as in the case of benzene,* is a factor of 10-100
greater than that to the first triplet.

* Work supported in part by the U.S. Army Research Office.

11 Contribution No. 3309.

. Jortner, S. A. Rice, J. L. Katz, and S.-I. Choi, J. Chem.
Phys 42, 309 (1965); and extensive rcfcrcnccs cited thcrc This
paper dxscusscs tnplct clectronic excitons in organic crystals.

2J. R. Bernstein, S. D. Colson, R. Kopelman, and G. W.
Robinson (to be published); this paper is concerned with vibra-
tional excitons and the lowest singlet electronic exciton structure
in crystalline benzene.

3 M. A. El-Sayed, M. T. Wauk, and G. W. Robinson, Mol.
Phys. 5, 205 (1962).

( 48, )D. Colson and E. R. Bernstein, J. Chem. Phys. 43, 2661
1965).

8 H. C. Wolf, Z. Naturforsch. 18a, 724 (1963).

6 I, Lipsett (private communication).

7R. Pariser, J. Chem. Phys. 24, 250 (1956).

8 This result emphasizes the advantage of using liquid helium,
where the absorption lines are sharper. There would be little
chance of observing this weak absorption at 77°K in the 40 mm
crystal. The higher triplet was, however, observed not only at
4°K but also at 77°K bracketed by hot band structure from_the
singlet.

9 P. Avakian and E. Abramson, J. Chem. Phys. 43, 821 (1965).

10 . H. Gilmore, G. E. Gibson, and D. S. McClure, J. Chem.
Phys. 20, 829 (1952); 23, 399 (1955).

11 C, A. Hutchison Jr. and B. W. Mangum, J. Chem. Phys.
32, 1261 (1960).

12 G. W. Robinson, J. Mol. Spectry. 6, 58 (1961).

13 M. R. Wright, R. P. Frosch, and G. W. Robinson, J Chem.
Phys. 33, 934 1960)
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PART VI

The Phosphorescence Spectrum, Vibronic
Analysis, and Lattice Frequencies of the
Naphthalene Molecule in a Deuteronaphthalene

Crystal
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I. INTRODUCTION

In studies of molecular properties, benzene undoubtedly is
considered the prototype aromatic molecule. Naphthalene, however,
complements this role in spectroscopic studies of intra- and inter-
molecular perturbations. Relative to benzene both the naphthalene
molecule and crystal have lower symmetry; consequently spectro-
scopic transitions that are forbidden in benzene are allowed in naphtha-
lene. Similarly, effects characteristic of benzene may be atypical of
other aromatic molecules, e.g., crystal field perturbations, 1
vibronic and spin-orbit coupling mechanisms, 2 and some radiation-
less processes3 including temperature, environment, and isotope
effects. %

A detailed study of these phenomena in naphthalene is limited
by ambiguities in the assignment of the fundamental vibrational
frequencies. The uncertainties in the present assignments and the
need for additional experimental work repeatedly have been cited
in the literature5 and become apparent when one attempts to com-
pare the results of normal coordinate calculations with experimental
data, to determine vibronic spin-orbit coupling mechanisms, and
to identify the source of spectral absorption and emission in
crystalline naphthalene.

The pfesent paper reports the observation of many weak
lines in the phosphorescence spectrum of the naphthalene molecule.

It should be emphasized that these data only could be obtained
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through the use of extremely pure naphthalene crystals. The phos-
phorescence spectrum shows absolutely no trace of f-methylnaph-
thalene emission. The 0, 0 transition of S-methylnaphthalene should
be ;found6 at 20,9808,1+ 0.5 cm ‘. Similarly, none of the unidentified
spectral lines reported in Table V of Ref. 6a are present in Fig. 1.

It is found that ambiguities in the vibrational assignments can be
eliminated by comparing the phosphorescence spectrum with the
fluorescenc:e'7 and Raman8 spectra. In particular, confident assign-
ments of the b 1g and ng modes can be made, and the two nearly

°b at 510 and 512 cm™* are resolved and

degenerate vibrations
shown in Fig. 2. The assignments of the normal modes are dis-
cussed in greater detail in Ref. 8. The data also have been used to
interpret9 the phosphorescence and absorption spectra of pure
crystalline naphthalene. In fact, the polarizationgb of the 3B1u ‘—lAg
vibronic transitions confirm the assignments here that are based

on the Raman polarizations. i This confirmation is possible because
the symmetry-based selection rules for spin-orbit coupling require
that an a o vibration introduce no M intensity, a b,g vibration no N
intensity, and a bg vibration no L intensity through either the first-
order spin-orbit or spin vibronic perturbations or the second-order
spin-orbit vibronic perturbation. M, N, and L represent the short
molecular axis, the normal to the molecular plane, and the long
molecular axis, respectively. Using the coordinate system recom-

mended by Mullikan, £ M transforms as By, L transforms as By,

and N transforms as By .
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L _EXPERIMENTAL

The weak lines in the phosphorescence spectrum were observed
by combining several special experimental techniques. These tech-
niques involve intense excitation, long exposures using a fast,
moderately high resolution spectrograph, liquid helium tempera-
tures, and extremely pure isotopic mixed crystals.

Front surface excitation of the crystal was provided by an
800 W Xe arc lamp combined with a 5-cm focal length quartz lens,
an aqueous CoCl, filter, and a Corning 9863 glass filter. The
phosphorescence was collected with a 10-cm focal length lens,
passed through a Corning 3389 filter, and imaged on the 20u slits
of the spectrograph. The spectrograph employs a 600 line/mm
Bausch and Lomb grating (212 x 157 mm) blazed at 17°27" in a
2-m £/12 Czerny-Turner mount. The phosphorescence primarily
is dispersed into the second-order spectrum of the grating where the
plate factor and resolving power are 3. 6 A/mm and 50, 000, respect-
ively. The intensity from the grating sharply decreases between
4700 and 6000 A. An Eastman-Kodak type 103a~F spectroscopic
plate was exposed for two hours. This system, for the resolution
obtained, is more sensitive than conventional photoelectric
detection using dc amplification. A tracing of the photographic
plate was obtained with a Jarrell-Ash Model 23-500 microphotometer.

A mixture of 1% Eastman recrystallized naphthalene and 99%

Merck, Sharp and Dohme deuteronaphthalene was purified by zone-
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refining and potassium fusion. Ll To avoid contact with oxygen
after purification, the mixture was transferred, in a clean vacuum
system, to a 2-mm thick quartz optical cell. The crystal in the
cell was grown from the melt by lowering the cell through a sharp
temperature gradient into liquid nitrogen. Thermal contact with
the liquid helium bath during the spectroscopic experiment was
provided by introducing an atmosphere of helium gas into the cell
after the crystal was grown. The use of isotopic mixed crystals
and liquid helium temperatures provides extremely sharp spectra.
Many of the weaker lines and much of the fine structure would not
be detected under conditions that yield broader spectra. An appre-
ciable intensity enhancement also is obtained from the efficient
host-guest excitation transfer that occurs12 in these systems.

The spectral line positions were measured relative to the
emission of an iron-neon hollow cathode standard 13 using a pre-
cision comparator made by’the Fred C. Hensen Company, Pasadena,
California. Wavelengths were calculated and checked using the
IBM System/360 Model 50 computer. Corresponding vacuum wave-
numbers were obtained from the National Bureau of Standards'

14 The precision for the transition

"Table of Wavenumbers. "
energies listed in Table I is two units in the last significant figure.
The spectral intensities were estimated visually and are designated
by s = strong, m = medium, w = weak, vw = very weak.

A Cary 81 Raman Spectrophotometer was used to obtain the

C,o Dy phonon spectrum shown in Fig. 3.
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1 BESULIE
A, Nibrational Assigninents

The phosphorescence spectrum is shown in Fig. 1, and the
transition energies and assignments are given in Table I. An attempt
was made to verify the assignment of both the g and u fundamental
frequencies by their activity in progressions. The IBM System/

360 Model 50 computer was used to compare all possible combina-
tions giving total g symmetry of roughly 80 frequencies with the
phosphorescence spectrum. These frequencies had been assigned

15 of the Raman and infra-

as fundamentals in earlier investigations
red spectra. Unfortunately this technique is practical only to the
0,0-1000 cm . Beyond that point, numerous combinations of both
gand u modes are possible for each observed transition, and a
detailed analysis cannot be made with confidence. A 4 cm ' agree-
ment between the comb'mation and phosphorescence frequency was
considered satisfactory. The transitions shifted from the 0,0 by
more than 1000 cm ' are assigned either as fundamentals in agree-

ment with the Raman data8 or as the expected combinations involving

Vi, Vs, Vg, and v,,. Some discussion of these assignments is given

below.

Lines 1 and 2 in Table 1 are assigned as a~ and B-deutero-
naphthalenes to agree with the isotope effect on the JBzu —* 1Ag
transitions. Preliminary evidence16 indicates, however, that this
assignment may be reversed for the ‘B w State even though the

magnitude of the shifts agree with that found for the singlet state.
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It is reasonable to assign either Line 26 or Line 28 as v,
and the other as 360 cm™ " (by,) + 618 cm ' (by). No other

combination of gerade or ungerade fundamentals resulting in total

g symmetry agrees with the energy of Line 26. Line 28 is favored
as the fundamental because it is more intense and appears in
combination with v,, v;, v;, and v;; while Line 26 does not. Line
28 at 0,0-982.8 cm™ " might also be assigned as 176 (bg,) + 810 (by),

°d that the 810 ¢cm ' infrared transition

but recently it has been found
disappears at low temperatures.
Lines 29, 30, and 31 can be assigned from the following list:

2 X v, =1020.0 e’ @g), v+ vy =1022.0 cm " (byg), 2 X v,
=1024.0 cm " (ag ), and v, (ag ). Since all four lines are resolved
in the Raman spectra, f and only the 1022 cm frequency appears
in combination with v; and v,, it is concluded that both v; and v, +v,,
probably are present but unresolved in the phosphorescence spectrum.

Other than several u X u combinations, the assignments for
Lines 32-36 may be chosen from the following list: v, (a g),
vy + Vyo = 1153.2 (byg), v, + vy = 1157.4 (bzg), Vio + Vys = 1159.9

(bag), Vis + Vis = 1164.1 @, ), vy (0gg), vip (byg), and vy (byg).

17

g
The last two possibilities, however, contradict calculations

that show all bg and b, modes at  less than 1100 cm™". Due to
the lack of decisive criteria, none of these lines is assigned.

Table II summarizes the observed fundamentals. These
assignments are consistent with, in fact supported by, the Raman
scat_tering tensors.8 and 3B1U. - JLAg polarized absorption. % A few
additional comments regarding the data in Table II should be made:

Although v, is very weak in the phosphorescence spectrum, its
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appearance in the Raman and fluorescence spectra leads to a defini-

tive assignment as a_ . No combination frequency agrees with 469.5

g
and 727.5 cm " thereby supporting the assignments of these as
fundamentals. Other than v,,, alternative assignments for 950.8
e are 210 (a, ) + 740 (a,) and 2 X 475 (bg,), but both of these
possibilities are inconsistent with the Raman tensor for this mode
that is characteristic of a b,g vibration. Other than v,;, the only
assignment for 771.5 em” is 210 (au) + 562 (byy), but the 210 cm
transition, predicted by calculations, k3 has never been observed.
Mixing of v, and v,,, allowed by the reduced symmetry of
the molecule in the crystal field, i is evident from the form of the
Raman scattering tensors and the appearance in phosphorescence
of both combinations with v,, vy, vy, Vi, Vi3, V14, and v;s. The
near degeneracy of v, and v,, was suspected first from gas-phase
spectroscopic data. =0 Fluorescence spectra21 of naphthalene
dissolved in glass matrices tended to confirm this suspicion
although the vibrational frequencies in the matrix were quite
different from those observed in the vapor. Figure 2 shows v,
and vy, clearly resolved in the mixed crystal phosphorescence
spectrum at frequencies nearly identical to those observed for

naphthalene vapor.
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The transitions near the 0,0 in the mixed crystal phospho-
rescence spectrum are assigned to lattice vibrations or phonons
in the final state because of the small shift from the 0, 0 and the
relatively large linewidth. The common distinction between lattice
vibrations and molecular vibrations in molecular crystals is made.
Line 5 in Table I displaced 8.2 cm™ ' from the 0, 0 is left unassigned
because both the shift and linewidth are too small to be convincingly
interpreted in terms of lattice modes.

The remaining transitions near the 0, 0 are compared in Table III
with the Raman active lattice modes of pure naphthalene and deutero-
naphthalene crystals. The Raman spectrum of the deuteronaphtha-
lene phonons at room temperature is shown in Fig. 3. The lack of
agreement between the mixed crystal and pure crystal frequencies
may indicate that the lattice vibrations of the isotopic guest are
localized, to some extent, in the region of the guest. In a pertur-
bation approach using the eigenfunctions of the pure crystalas a
basis, one would expect the mixed crystal phonon spectrum, as
observed in phosphorescence, to depend upon the density of states
of the pure crystal as well as the energy of the k = 0 levels. In
view of this hypothesis and the observation of a transition at 0, 0~
27 cm 1, it is of interest that preliminary neutron diffraction data
indicate22 a peak in the naphthalene lattice spectrum (phonon

density of states) between 20 and 30 cm™ .
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It is also apparent from Table III and the early polarization
data of Kastler and Rousset23 that the phonon k = 0 components
occur in symmetric and antisymmetric pairs split by 3 to 20 e,
Such small splittings may imply that a rotational or librational
Frenkel exciton model can be used to describe the lattice vibrations
in molecular crystals as it has been used24 to describe the molec-
ular vibrations and electronic states. An effect to be explained by
such a model is the coupling between the phonons and electronic
transitions. For example, the phonon transitions in the 4.2°K
mixed crystal phosphorescence are weaker than the no-phonon
transition by at least a factor of 100, in contrast to the fluorescence
and phosphorescence of the pure crystal at 77°K where the transi-

tion intensitie325 appear equal.
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C. Spin-Orbit Couplin

Spin-orbit coupling generally is aLccepted26 as the mechanism
that explains interconversions between moleculai‘ singlet and triplet
states. The polarizations of the vibronic transitions assist in evalu-
ating the active spin-orbit routes provided the symmetry properties
of the vibrational modes and electronic states are known. For the case
of naphthalene, the 0,0 and totally symmetric vibronic transi-
tions are the most intense components of the °B P e 1Ag spectra.
This fact implies that the lowest triplet state is geometrically
similar to the ground state and is primarily mixed with singlet
states via the first-order spin-orbit term in the Hamiltonian.

An interesting and unrecognized feature of the naphthalene
phosphorescence spectrum is the activity of a few non-totally
symmetric vibrational modes. This spectral feature is significant
to the intramolecular heavy-atom effect on the phosphorescence
process since the phosphorescence of 1, 4- and 2, 3~dihalonaphtha-
lenes consists27 of two subspectra. One, as in naphthalene, is com-
posed of the 0, 0 and totally symmetric vibronic transitions. The
other (subspectrum II) requires a vibronic perturbation. As
pointed out by El—Sayed,28 the presence or absence of subspec-
trum II in naphthalene, the parent compound, depends upon the
mechanism of the heavy-atom effect. It therefore is of interest to
examine whether any of the non-totally symmetric vibronic transi-

tions in naphthalene correlate with subspectrum II and the spin~
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orbit coupling mechanism of the halonaphthalenes. The halonaph-~
thalene subspectrum II primarily is polarized in the molecular
plane, while the naphthalene vibronic transitions primarily are
polarizedgb perpendicular to the molecular plane. It therefore

is concluded that the presence of a heavy atom, at least for this
specific case, does not intensify mechanisms present in the parent
compound but essentially introduces new spin-orbit routes which,
according to El-Sayed, i may involve carbon-halogen vibrations

or sigma electrons of the carbon-halogen or carbon~-carbon bonds.
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TABLE II. The gerade fundamentals appearing in the

C,oHg phosphorescence spectrum.

D,;, Symmetry Number Frequency (cm™")
ag vy 512.0
Vo 764.8
v, 1381.6
Vg 1577.0
Do V10 392.6
Vi1 727.5
- 5 950. 8
byg » 469. 5
Vs 771.5
Vig 982.8
Bag Vin 510.0

Vs 1629.'2
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TABLE III. Comparison of phonon frequencies (cm™') in mixed

and pure naphthalene crystals.

. b b
CoHg in ClODBa CoHg CloDaC CoHg CloDaa
4.2°K 4,2°K 4,2°K 293 °K 293 °K
27
46
65 56 52 46 42
69 64 51 46
T 81 76 71
68
38 82 74
99 120 110 109 99
141 128 125 112

4present work.
bM. Suzuki, T. Yokoyama, and M. Ito, Tech.Report ISSP, Series
A, No. 284 (1967).

“Estimated from the 293 °K data for C,,D, and the temperature

dependence of the C,,Hg frequencies.
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The phosphorescence spectrum of C,Hg ina C,,Dg

host crystal. Although transition energies are marked,
the abscissa is linear in wavelength. The ordinate gives
the percent transmission of the photographic plate. The
last four lines in Table I are not shown here. The arrow
designates the position of the 0, 0 transition of

B-methylnaphthalene.
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FIG. 2. The nearly degenerate fundamentals v, and v,,.
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FIG. 3. Room temperature Raman spectrum of the

deuteronaphthalene lattice vibrations.
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PART VI

Raman Scattering Tensors for

Single Crystals of Naphthalene
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I. INTRODUCTION

The effect of the crystalline state upon molecular spectra has
been studied extensively, 1 but relatively little attention has been
given to Raman scattering by molecular crystals. The observation
of polarized Raman scattering from oriented single crystals allows
the scattering tensor for each vibrational mode to be determined.
Such experimental data allow unambiguous vibrational assignments
to be made and provide a measure of the intermolecular interactions
in the crystal.

Generally the zero-order description of a molecular crystal
is based on the oriented gas model. In this approximation spectral
intensities, polarizations, and frequencies are identical to those
of the molecule in the gas phase. Each state other than the ground
state is at least n-fold degenerate where n is the number of mole-
cules in the crystal. The intermolecular interactions in the crystal
remove these degeneracies producing spectral splittings, frequency
shifts, and intensity changes.

The experimental da’ca,2 reported in this paper on the polarized
Raman spectra of crystalline naphthalene serve to clarify ambigui-
’cies3 in the assignment of normal frequencies, and to test intra-
molecu]aur4 and 'm‘cermolecular5 potentials. In addition, the data
should complement and be compared with results of recent experi-
menta16 and theozz‘etical'7 investigations of the effect of intramolecular

interactions in crystalline benzene.
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II. EXPERIMENTAL

Eastman recrystallized naphthalene was purified by zone-
refining and potassium fusion. 8 Single crystals were grown by
slowly lowering (0.05 in. /h) evacuated pyrex tubes (13 mm i.d.)
of naphthalene from 100 °C through a sharp temperature gradient
to 60°C. The transparent crystals were cooled slowly to room
temperature. After removing the crystals from the tube, the
cleavage plane (001) was found; the crystallographic axes were
identified; and the crystal was cut along the principal axes of the
refractive index ellipsoid. The crystal birefringence, the extinction
directions, the conoscopic isogyres, and a Laue X-ray diffraction
pattern were used to identifyg’ k0 the crystal axes. Agreement among
these independent determinations verified that the (001) plane had
been found in the first step because naphthalene, like anthracene,
also cleaves along the (100) plane. The crystal was cut with precision
commensurate with the optical experiment by using a jig having
faces cut at the appropriate angles. The accuracy of the polar-
ization measurements is limited by the collection of Raman
scattered light by /12 optics. This accuracy is sufficient for the
present purposes because only qualitative measurements are
needed as the light scattering is very anisotropic.

Raman spectra of the crystals obtained at room temperature
and 77°K are shown in Fig. 1. For the room temperature experiment,
crystals polished with a clean chamois were placed on a microscope

slide in the optical train shown in Fig. 2. For the low temperature
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experiment, the polished crystal was placed in a cell, shown in
Fig. 3, supported at the end of a stainless steel rod in a double
pyrex Dewar. 6a By threading the rod into different faces of the
cell, the crystal could be rotated while immersed in liquid nitrogen.
A few cracks developed in the crystal while being cooled to 77°K,
but by judicious positioning of the crystal, scattering from the
cracks was avoided. Only a few spectra were photographed at
77°K since only one doublet (v,,) was resolved.

The data obtained from these experiments is given in Table I.
Line positions were measured with a precision comparator relative
to the emission of an iron-neon hollow cathode standard11 recorded
between the polarized Raman spectra. Wavelengths were calculated
and checked using the IBM System/360 Model 50 computer. Corre~
sponding vacuum wavenumbers were obtained from the National

Bureau of Standards' ""Table of Wavenumbers." 12

The frequency
shifts given in Table T are accurate to £2 cm'l, and where tenths
are specified, to = 0.5 cm™ .

The relative magnitudes of pairs of elements in the Raman
scattering tensor is determined in these experiments. The procedure
used has been described previously. ia Briefly, light scattered by
virtue of a diagonal component is separated from that scattered by -
an off-diagonal component by placing one Glan~-Thompson polarizing
prism above another, with orientations differing by 90°, in front

of the spectrograph slit. In this conﬁguratibn light polarized parallel
to that of the source passes through half the slit while light polarized
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perpendicular to this passes through the other half. Visual estimates
of the intensities on the photographic plates also are given in Table I
and designated by S = strong, M = medium, W = weak, and F = faint
in order of decreasing intensity. |

A Raytheon LGI12, 1 W argon ion laser was used to excite the
Raman spectrum. Spectra were recorded with a £/12 2-m Czerny-
Turner spectrograph equipped with a 600 line/mm Bausch and Lomb
grating (212 X 157 mm) blazed at 17°27'. The plate factor in second
order is 3.6 A/mm, and the actual resolving power is approximately
50, 000. The very excellent grating combined with a pre-slit inter-
ference filter provides spectra almost entirely free of ghosts and
scattered light. Kodak 103a-F plates were used generally with
exposure time of 2 h, although the more intense lines could be
photographed in 10 min.

The number of lines observed in the naphthalene Raman
spectrum often has been used as a criterion of instrument sensi-

tivity. 14 It therefore is of interest that 58 lines are recorded in

Table I, although some lines reported in other investigation515
were not observed, presumably due to the higher purity8 of our
samples.

The IBM System/360 Model 50 computer was used to compare
all sum and difference combinations of roughly 80 possible funda-
mentals® looking for 4 cm ' agreement with the Raman data.

Unfortunately a confident detailed analysis cannot be made because

several assignments are possible for each line; consequently, only
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the fundamentals are assigned in Table I. The reader should be
assured that more than one reasonable assignment exists for the

remaining frequencies.

IL_RESULTS AND DISCUSSION

A. Raman Scattering Tensors

The Raman scattering of light by molecular vibrations is

described by a symmetric tensor. 1

In an oriented gas approxi-
mation, the crystal tensor is determined by molecular properties,
and the total intensity of the light scattered by the crystal is just
the sum of the light scattered by the individual molecules. The
Raman scattering tensor of the crystal must be measured in a
coofdinate system conforming with the symmetry and optical
properties of the crystal. For polarization measurements the
coordinate axes must coincide with the principal axes of the

refractive index ellipsoid, 18

X, Y, and Z respectively referring
to the acute bisectrix, the principal optic axis, and the obtuse
bisectrix. These axes are shown on the model of the naphthalene
crystal pictured in Fig. 4. The use of the crystallographic axes
a, b, and ¢ or a, b, and ¢’, where ¢’ is perpendicular to a and b,
is not suitable for this experiment since light propagating along b
is not polarized along a and ¢ but along X and Z.

The relative magnitudes of the elements in the crystal tensor

can be obtained from the molecular tensor by a similarity transfor-

mation relating the molecular coordinate system to the crystal
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coordinate system. The direction cosines in the transformation are
well known. 19 The polarized light scattered by the crystal is pro-
portional to the square of the appropriate tensor element. The
intensities, i.e. tensor elements squared, are given in tensor form
in Fig. 5. These data are rearranged in Table II to facilitate a
comparison with Table I. The notation M, L, and N is used to
designate the short molecular axis, the long molecular axis, and
the normal to the molecular plane. In the coordinate system recom-
mended by Mullikan, 20 1 transforms as By, L as By, and N as By;.
Each element in the molecular tensor for a totally-symmetric
vibration is unique, although symmetry does require that the tensor
be diagonal. The relative magnitudes of the three diagonal elements
depend upon.the specific vibration. The following approximation,
however, allows a relative estimate of the tensor elements to be
made. It is assumed that the element in the Raman scattering
tensor for an ag mode is independent of the vibration and propor-~
tional to the corresponding element in the optical polarizability
tensor. This essentially assumes that the change in polarizability
due to the molecular vibration is proportional to the polarizability.
The ag intensities given in Fig. 5 and Table II are derived from
this assumption and the fact21 that the normal, long, and short
axis optical polarizabilities are in the ratio of 1.0 to 4.2 to 3. 3.
Note that the data in Fig. 5 and Table II do not make any predictions

about absolute intensities or relative intensities of different modes.
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It is quite obvious from Table II that the scattered light is
sufficiently anisotropic to distinguish the vibrational modes of
different symmetry. If the intermolecular interactions are suffi-
ciently large, the n-fold degeneracy of each molecular mode will
be removed, and the two k = 0 factor group components should be
observed. The tensor for the a o factor group component consists
of thé diagonal and Xz elements while that for the bg component
consists of Xy and yz. The magnitudes of these elements may still

be related to those of the oriented gas model but this relationship
is not necessary nor expected. The main conclusions of the above
discussion are that in the limit of weak intermolecular interactions
no exciton splitting is expected and the Raman intensities should
conform to the predictions of the oriented gas model. Within these
conditions, polarization measurements identify the normal modes
and allow the magnitudes of the intermolecular interactions to be
evaluated.

In spite of their obvious value such measurements are not
very common. Some time ago Nedungadi22 reported gerade vibra-
tional exciton splitting in crystalline naphthalene that was assigned
on the basis of polarization experiments. Under improved resolution,
Raman intensity, and decreased scattered light, it is found that
these lines actually arise from nearly degenerate molecular vibra-
tions (vide infra). Polarization spectra of the naphthalene lattice
modes were reported by Kastler and Rousset. = The real utility

of Raman polarization work awaited the development of the cw-laser.
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This advance quickly was popularized by S.P.S. Porto and co-

workers. 14 Laser Raman spectroscopy recently has been used
with crystals of naphthalene, anthracene and some halobenzenes
by Ito, Suzuki, and Yokoyama. = Unfortunately the polarization
measurements were made in the ;}\19\9\' crystal axis system which,

as discussed above, may give misleading results.

B. Assignment of the Fundamental Frequencies

The assignment of the fundamental vibrational frequencies of
molecular naphthalene has not been made with certainty. This fact
often has been mentioned in the 1iterature.25 For the gerade modes
the problem arises because all fundamentals are not Raman active
and some are nearly degenerate. In addition, criteria used in making
assignments have not been very restrictive, e.g. criteria based on
the Teller product rule, sum rules, thermodynamic data, and iso-
tope effects have the disadvantage that one incorrect assignment
can be compensated by a second. Normal coordinate calculations
are significantly helpful but not entirely conclusive, especially for
large polyatomic molecules with many nearly degenerate fundamental
and combination tones.

Ideally one would like to make assignments by using a high
resolution experimental technique that is capable of observing and
characterizing by symmetry each fundamental tone. Polarized Raman
spectroscopy of oriented single crystals approaches this idealiza-

tion for the gerade modes. Each symmetry species is readily
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identified from its characteristic scattering tensor. By using high
resolution, sensitive detection, and the conclusions drawn from
electronic spectra, a confident assignment of the gerade modes
can be made. In particular, the Raman tensors readily distinguish
between the blg and bzg modes where no experimental iden’cification3
had been available. Especially significant to the assignment of these
two symmetry species is the fact that in the present work no vibra-
tional transitions in the Raman or phosphorescence spectra were
observed below 388 cm™". The two nearly degenerate vibrations3
at 510 and 514 cm™ " also are resolved.

The fundamental gerade frequencies summarized in Table III
are assigned primarily on the basis of empirical considerations.
It is assumed that each fundamental will be active in the Raman,
phosphorescence, or fluorescence spectra. The vibrational analysis
of the phosphorescence26 and ﬂuorescencez7 is available elsewhere.
Very weak Raman transitions, i.e. those appearing with only one
or two tensor elements, are not considered fundamentals. The
remaining frequencies are sorted according to the form of the
Raman scattering tensor, and their assignments are considered
below. The comments in Ref. 26 regarding the fundamentals are
applicable here also. The only uncertain assignments in view of
this work are v, and some H-~stretching modes. The conclusion is
that the gerade modes of a large polyatomic molecule only can be
assigned after considering Raman and electronic spectra, and

theoretical calculations. The complex theoretical problem can be
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simplified experimentally by the use of liquid helium temperatures,
polarization data, high resolution, extremely pure crystals, lasers,
double monochromators, and sensitive photoelectric detection
techniques.

The assignment of the normal modes is especially significant
in understanding vibronic activity and singlet~triplet coupling mech-
anisms and in identifying the emitting and absorbing species in
crystal spectra. A complete and accurate experimental analysis
also serves to evaluate computational procedures and intramolec-

ular potentials.

1. The ag Modes

The totally symmetric vibrations are expected to have strong
diagonal tensor elements: zz >yy > xx. The observed and oriented
gas intensities are given in Tables T and II, respectively. The lines
at 514, 763, 1022, 1382, 1464, 1577, and 3057 cm” have quite
unambiguous ag tensors. The remaining two ag fundamentals can
not be so unambiguously assigned. Another hydrogen stretching
mode must be present as well as 2 "mid-range' frequency. There
really are no empirical criteria for choosing the former but the
fluorescence spectra of crystals27 indicate that the latter is
1146 + 2 em™

Empirically the presence of a fundamental near 1020 cm™
only could be suspected due to the combinations 2 X v,, v, + v,

and 2v,,, appearing near 1020 cm™. The Raman intensity indicates
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a fundamental present, and in our spectra all four transitions are
resolved, although the possibility of factor group splitting introduces
a further ambiguity.

The remaining frequencies with a_ tensors (737, 1019, 1162,

g
1369, 1378) can be assigned as sum or difference bands appear by

mixing with intense fundamentals.

2. The blg Modes

These vibrations are expected to have intense xz and weak xx
and zz tensor elements. The only possible frequencies are 388,
392, 723, 725, 950, 1146, and 1524 cm™'. The fundamentals are
assigned as 392, 725, and 950 cm™ .

The low frequency vibrations at 388 and 392 cm " are either
b,g or bzg'modes. The N polarization of the 3Blu e lAg absorption
indicates that the 392 cm™" line is not a by mode while the intense
xz Raman polarization indicates that it is a b,g mode. The 725cm” "
frequency is chosen over 723 cm”™’ because it is more intense and

26 The 1146 and 1524 em™

also appears in phosphorescence.
frequencies most likely are not bJLg modes in view of the calculations
of Scully and Whiffen28 and Evans and Scully. 49 The calculations

show that all b 1g and byg modes must have frequencies less than

1100 em™ .
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3. The bzg Modes

These vibrations are expected to have a weak zz tensor
element and intense xx and yy elements. The only possibilities are '
388, 773, and 783 cm™ . Since it is unlikely that two fundamentals
of the same symmetry have such close eigenvalues, a better choice
is the 983 cm™" frequency observed in phosphorescence. The 773 cm™’
frequency is chosen as the fundamental over 783 cm " because no
zz element appears, and a 773 cm” ' mode appears in the phospho-
rescence spectrum. The computer search for agreement between
Raman lines and combination tones reveals seven reasonable alter-
native assignments for 783 cm . The remaining bg mode also is
assigned from the phosphorescence spectrum as 469.5 even though
it is only weakly Raman active. Lines at 191 and 285 cm™" that had
been assigned as bzg mode530 were not observed, probably due to

the higher purity of our crystals.

4. The by, Modes

The byy modes are expected to have intense yz and weak xx
tensor elements. The possibilities are 510, 1168, 1244, 1443, 1458,
1627 cm'l, and the frequencies in the H-stretching region. As for
the ag modes, the two b3g H-stretching modes cannot be chosen on

empirical arguments. The 1442 em™” frequency is chosen over

1458 cm™ " because it is more intense, and the 1458 cm ™ line likely
27, 31, 32

32

appears by mixing with v,. The 1BZu —'A o electronic spectra

show that 938 cm ' also is a b3g fundamental. Freeman and Hollas



226

have assigned v, as 1099 cm™ " from the gas-phase fluorescence.
However, it is difficult to see why this frequency does not appear

in the crystal ﬂuorescence27 if it is intrinsic to naphthalene.

5. Comparison with Calculations

The data for this comparison are given in Table IV. The
experimental values are derived from the fluorescence, phospho-
rescence, and Raman spectra from the empirical considerations
discussed above. The calculated values for the ag and b3g modes
are taken from Table‘ 4 of the paper4 by Neto, Scrocco, and

4,33

Califano. While recent calculations ™ + 34

favor Freeman and Ross
assignmeht of 1099 cm™ as Vg, both the absence of this frequency
in crystal fluorescence and the by, Raman tensor of the 1168 cm™

,S28b

line support Scully and Whiffen assignment of 1168 cm” as Vig e

The calculated blg and bzg frequencies are taken from the

48 and Evans and Scully. 2k In general

papers of Scully and Whiffen,
the agreement is poorer than for the in-plane vibrations. The only
real disagreement arises because we observe no gerade mode near
880 cm™ . Consequently the fourth b,g is assigned as 388 cm™t

rather thano% 81 e
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C. Intermolecular Interactions

The differences in gas phase and crystal spectra are related
to the magnitude and nature of the intermolecular forces in the
crystal. These differences are observed as gas-to~-crystal frequency
shifts, exciton splittings and shifts, site and orientational splittings,
intensity 'changes, and temperature-dependent linewidths and line-
shapes. The appearance of these effects in benzene spectra has
been discussed35 extensively with respect to both experiment and
theory. Relatively little attention, however, has been given to the
case of naphfhalenea Except for site and orientational splittings,
which are absent in C,,Hg, the importance of such effects for the
gerade modes of crystalline naphthalene is discussed below. This

36

work complements both past™ ™ and current research5 that primarily

has been concerned with the ungerade modes.

1. Gas-to-Crystal Frequency Shifts

Gas phase gerade vibrational frequencies of the naphthalene

32, 37

molecule are available only from fluorescence spectra. The

available data are given in Table III and indicate that the shifts are
2-4 cm_l. This fact is consistent with the behavior of the ungerade

modes, o8 but the shifts for benzene often are much larger. 0
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2. Exciton Splitting and Shifts

Exciton structure in the gerade vibrations of crystalline
naphthalene has been reported, but these splittings actually are
transitions to nearly degenerate molecular vibrations. The observed
exciton splitting, polarization data, and mixed crystal frequencies
indicate that the factor group splitting in crystalline naphthalene is
less than 1 em™'. The only resolved factor group splitting (v,)
measures 0.7 cm” with the ag component at higher energy. Figures
6 and 7 are a photograph and microphotometer trace showing the
polarization and splitting of v,,. Figure 6 includes a photograph of
the v, Raman transition; the doublet there does not correspond to
factor group splitting since one of the lines is unpolarized. The
unique polarization of the v,;, components indicates this splitting
is indeed factor group structure and not, for example, due to
13CC9H8 . Both the polarization data and the close coincidence of
the mixed crystal frequencies with the pure crystal frequencies,
as shown in Table III, contradict the possibility that the factor
group splitting is large but only one of the two components is
observed in the Raman spectra.

A comparison of the mixed crystal phosphorescence and pure
crystal Raman frequencies in Table III shows that within experimental
accuracy the ideal mixed crystal levels are coincident with the pure
crystal vibrational exciton band. Consequently the interactions

between both interchange equivalent and translationally equivalent
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molecules must be very small (< 0.5 cm-l). This fact contrasts

with the reported exciton splittings for the ungerade modes5’ a2

being generally larger than 1 cm™* with some as large as 10-15 cm™ .
Theoretical calculations of the naphthalene intermolecular

interactions based on atom-atom potentia.ls5 predict splittings

larger than 1 cm™ " for half the gerade modes while in the experi-

ments reported here all splittings are less than 1 cm ', For example,

the calculated splitting for v,, is +3.2 cm compared to the experi-

mental value of -0.7cm”™’, the sign from E(bg) - E(ag). In contrast, the

calculated splittings for the ungerade modes are generally too small.

Quantitatively the calculations only differ from experiment by

factors of 2 to 4, but the qualitative difference between the results

for gerade and ungerade vibrations may indicate that some finer

features of the intermolecular interactions are not well represented

by the atom=-atom potential model even though some macroscopic

features38 are described quite well.

3. Intensity Effects

A comparison of the data in Tables I and II shows that the
intermolecular forces enhance the intensity of the light scattered
through the weak tensor elements while the strong elements are
just those predicted by the oriented gas model. Intensity changes
occur because the intermolecular forces and symmetry alter the
intramolecular forces and symmetry. This change can be described

by a mixing of the normal molecular modes. Strizhevsky39 has
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discussed crystal induced mixing or Fermi resonance while
BernsteinGb has documented the effect in benzene infrared spectra.
An unambiguous example involving v; and v,, arises in naphthalene

crystal spectra. In the vapor31’ 32

the activity of these modes is
quite different: v,, appears as an intense fundamental while v,
appears only as weak combinations. In both the Raman and phospho-
rexcence26 of the crystal, the activity of the two modes is nearly
identical: both appear with equal intensity and as combinations

with other modes.

Since the Raman spectrum is characterized by groups of
lines while electronic spectra are characterized by progressions,
mixing with a fundamental appears to be a necessary criterion for
Raman activity. An especially clear example of this effect arises
in C,,D; where, at 2272 cm'l, the intense fundamental v, is nearly
degenerate with many combination bands and overtones. Figure 8
shows that many combinations gain intensity by mixing with vy;
their intensity decreasing with increasing energy denominator.
Away from this fundamental and in C,,Hy, the Raman transitiohs

in this region are extremely weak.

4, Linewidth and Shape

The intermolecular interactions also affect the temperature
dependence of the width and shape of the Raman lines.as summarized
below. The frequencies of 763, 1378, 1464, and 3057 cm are

especially diffuse at room temperature. The frequency shifts,
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documented in Table I, that appear for many of the modes between
room temperature and 77°K are more correctly considered asym-
metric sharpenings of the lines, e.g. see index numbers 27 and
28 in Table I. The hydrogen-stretch v, is roughly 4 cm™ " wide at -
room temperature where the width of most other modes is 1 cm~ 1.
At 77°K all linewidths are an instrument limited 0.5 cm™". The
bottom spectrum in Fig. 1 was taken at 77°K while the others
were taken at room temperature.

Although the mechanism of the observed effects is uncertain,
theoretical developments could proceed along the lines of phonon

coupling, intermolecular induced anharmonicities, thermally

induced inhomogeneities in the lattice, or some general formaliza-

tion of which these three are a part. In addition to the thermal effects,

preliminary data indicate that the intensity of combinations in C,yDg
is less than-in C,(Hg. This decrease may arise from a change in
the vibronic coupling or anharmonicities in the deuterated compound.
Interestingly enough, both temperature, environment, and
"anomalous' isotope effects also have been observed in the relaxa-
tion rates in benzene and naphthalene. 20 Such effects may be
explained in terms of changes in Franck-Condon factors ;41
consequently, a theory that explains the effects in the Raman or
infrared spectra might contain significant implications concerning
energy relaxation processes, especially since the temperature
dependence of the Raman lineshape in both benzeneea and naphtha-
lene is most severe for the hydrogen-~stretching modes, and these

play a key role in the relaxation processo4
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IV SUMMARY

A compai‘ison of the phosphorescence, 28 fluorescence, al

and polarized Raman spectra of naphthalene crystals enables the
fundamental gerade vibrational frequencies of the naphthalene
molecule to be assigned empirically. The empirical assignments

generally agree with those Freeman and Ross, 4

28b

and Scully and

Whiffen made on the basis of valence force field calculations.

Although more refined ca.lculations4’ 33

favor the assignment of
1099 cm™ rather than 1168 cm™ " as v,9, a 1099 em™ frequency is
not present in the crystal spectra while the Raman scattering tensor
definitely indicates that the 1168 cm”” transition corresponds to a
b3g species. The Raman spectra also show no transitions near

880 cm” " or below 380 cm™’, except for the lattice modes. This

result disagrees with the computationszs’ a3

15

and earlier experi-
ments™" that indicate a b,g mode near 880 cm™" and gerade vibrations
at 191 and 285 cm™". This negative result is quite significant since
we use higher purity samples and still report more Raman transi-
tions than the previous investigators. In addition, the nearly degen-
erate fundamentals at 510 and 512 cm™ ' are resolved as well as their
combination bands, overtones, and the fundamental near 1020 cm ' '
Information concerning the intermolecular interactions in the
crystal also is obtained from the Raman spectra. It is found that the
gas-to-crystal frequency shifts are only 2-4 cm™ ', the exciton split-

tings and shifts are less than 1 cm'l, and the Raman intensities

qualitatively correspond to the predictions of the oriented gas model
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although cases of Fermi resonance are clearly evident, e.g. v,
and v,;, and Fig. 8. Using an atom-atom potential model, 5
calculation55 of the exciton splittings in the naphthalene vibrations
generally underestimate the splittings in the ungerade modes while
the splittings in the gerade modes are overestimated. This quali-
tative difference may indicate that some finer feature of the inter-
molecular potential is not accurately represented by the atom-atom
potential model. However, for the one observed factor group split-
ting v,,, the calculation did not predict correctly the ordering of
the components.

The temperature dependence of the shape and width of the
Raman line is documented. Since the largest effect arises from
the ‘carbon-hydrogen modes, the suggestion is made that a theory

explaining this effect might also contribute to the theory of energy

relaxation processes.
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TABLE II. Oriented Gas Intensities
Relative Intensities

Mode

XX XZ VA7 zy vy Xy
ag 10 <1 83 <1 42 4
bIg 1 76 1 18 4 3
bZg 61 g <1 2 61 34
b3g <1 18 17 64 14 2
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TABLE III. (continued)

& Refs. 32 and 37.

k Mixed crystal phosphorescence, accuracy is = 0.5 cm .

€ pure crystal Raman, accuracy is + 2 cm-l; + 0.5 cm where
tenths are specified.

4 Crystal fluorescence, Ref. 27ab.
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TABLE IV. Comparison of Experimental and Calculated

Vibrational Frequencies

Mode Exp. Calc.? Av
(cm™) (em™)  (em™)
ag vy 512 511 -1
Vy 765 771 +6
Vg 1020 1014 -8
v, 1146 1170 +24
v, 1382 1373 -9
Vg 1464 1445 -19
Vq 1577 1584 +7
Ve 3014
Vg 3057 3069 +12
iy Vo 392 365 -27
v, 727 704 23
Uiy 950 920 -30
Py Vis 388 881
Via 468 485 +17
Vis 772 770 -2
Vie 983 971 -18
by Vi 510 495 - -15

Vig 938 939 +1
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TABLE IV. (continued)

S Exp. Czuc_:;a av
(em ) (cm )  (em™")
Vi 1168 1114 -54
Voo 1244 1254 +10
Uy 1445 1436 -9
Vs 1629 1612 -17
Vs 3015
Vay 3066

2 Refs. 4, 28, and 29.



251

FIG. 1. Photographs of the C,,H,; polarized Raman spectra
designated by the elements of the scattering tensor.
Although the abscissa is linear in wavelength, the
frequency shifts of the most intense transitions are
specified. Two lines originating from the laser are
labeled by L. The zz-zy spectrum on the bottom was
taken at 77 °K; the others were taken at room tempera-
ture. Slit widths are 2 cm™, 0.9 cm™", and 0.45 cm™
for the first four, the fifth, and the sixth bands,

respectively.
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FIG. 2. A diagram of the apparatus. The laser wavelengths are
selected by a dense flint prism P and the aperture A.
L; and L, are lenses that focus the light in the crystal
C and on the spectrograph slit S. A mirror M reflects
the light through the crystal. The scattered light passes
through the interference filter I, the polarizing prisms

N, and is imaged in the focal plane F of the spectrograph.
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FIG. 3. A photograph of the low temperature crystal cell that
- facilitates rotating the crystal at 77 °K.
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FIG. 4. The naphthalene crystal exhibiting the xyz axis system.
y is perpendicular to the page; x is close to the a

crystallographic axis, which is horizontal.
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FIG. 5.

259

The Raman scattering tensors for the naphthalene
molecule and crystal. The tensor elements are squared
to indicate the relative intensities. The crystal tensor
is based on the oriented gas model, and for the ag

modes it is assumed that a =1.0to 4.2 to

N 2L, Oy
3.3; see text,
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FIG. 6. Photographs of v;;, and v; on the left and v, on the right
taken with the sample at 77°K and a slitwidth of 0. 45 em .
Close examination of v;; shows that the component above
the standard (zy) is superimposed on one of the standard
lines while the component below (zz) lies to the right of
this line. The complete polarization of these two factor
group components demonstrates the excellent quality of
the polarization data. The doublet appearing for v, is
not factor group structure since one of the lines is

“unpolarized.
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FIG. 7. A microphotometer tracing of v, and v,, in an unoriented

crystal clearly showing the factor group structure.
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FIG. 8. A microphotometer tracing of vy in C,;(D; illustrating

what should be a classic example of Fermi resonance.
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PART VIII

Propositions
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ABSTRACTS OF PROPOSITIONS

David M. Hanson

Proposition I. Stark modulated absorption spectroscopy is to be used to

detect and characterize some higher energy states of molecular crystals.
This technique makes it possible to observe these transitions even though
more intense transitions to Frenkel exciton states lie at the same energy.
Information will be obtained about the dipole moments, symmetries, and

the interactions of these states that are important in the processes of

relaxation and the mechanisms of charge generation and transport.

Proposition II. A technique using photon angular momentum is proposed

to measure the second-order spin magnetic dipole transition probability
between singlet and triplet states in molecules. The experimental results
will determine the importance of this radiative mechanism, test theoretical
estimates of this process relative to the spin-orbit coupling mechanism,

and allow some intrinsic properties of triplet states to be measured.

Proposition III. The physical and chemical dynamics of molecular solids

represents an area of chemistry in which relatively little research of a
fundamental nature has been done. This proposition discusses in some
detail potential research on photochemical oxidation-reduction reactions
and electron transfer processes in solids. While these studies are of
general chemical interest, the conclusions should be significant to the
study of similar processes in biological systems. Preliminary suggestions
also are made for research in the areas of photochromism and phase

transitions in solids.
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Proposition IV. The identification and assignment of the factor group

components in the spectra of molecular crystals is fundamental to under-
standing the spectra in terms of the intermolecular interactions. For the
leu state of bénzene, the prototype aromatic molecular crystal, the
assignment always has been somewhat ambiguous. The reasons for this
ambiguity are summarized, and an experimental approach is proposed

for avoiding the difficulties faced in earlier investigations.

Proposition V. The relationship between magnetism and chemical bonding

is discussed. It is proposed to use optical, gamma resonance and electron
magnetic resonance spectroscopy to investigate systems of weakly inter-
acting electrons. Some interesting, novel, and basic systems are suggested.
Interpretation of the experimental data will lead to better understanding

of chemical bonding, especially the coupling between the sigma and pi
electrons in planar aromatic molecules, and the exchange interactions

that determine the balance between ferromagnetism and antiferromagnetism

in weakly interacting systems.



270
PROPOSITION I

The electronic states generally characterize solids as insu-
lators, semiconductors, or metals. 1 In some respects molecular
crystals are an exception to this scheme. For these solids the
concepts of a valence band and a conduction band are ambiguous
because the electrons are highly localized. The ground and lowest
excited electronic states are better described by the Frenkel tight-
binding method in which molecular states are the progenitors of
crystal states. - At higher energies, however, crystal states not
present in the free molecule should be found. Such states may be
similar to the Wannier and conducting states of insulators, semi-~
conductors, and metals or may be unique to the molecular solid,
e.g. states in which both an electron and hole are localized on
neighboring lattice sites.

Experimental investigations of the higher energy states have
resulted from interest in the electrical conductivity3 of molecular
solids. Some highly excited states have been observed indirectly
through the photoconductivity of photoionization action spectrum.
The observable in these experiments is the end result of a compli-
cated series of processes; consequently, the conclusions derived
from the experiments are somewhat controversial.4

The chain of processes resulting in photoconductivity or
photoionization could be better understood if the properties and

presence of higher crystal states were elucidated using a more
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direct technique. Direct absorption spectroscopy, even utilizing
optical pumping or multiphoton phenomena, is not suitable because
the spectral absorption is dominated by transitions to Frenkel
exciton states, i.e. states that are also present in the free mole-
cule. A spectroscopic technique must be used that is sensitive to
the purely crystal states but insensitive to the Frenkel states.

It is proposed that Stark modulated absorption spectroscopy
is just this technique. By using phase sensitive detection at nw
where n is some integer and w is the Stark modulation frequency,
only the n th order Stark spectrum is recorded. For n=1 only the
crystal states should appear since these have a larger dipole
moment than the Frenkel states. For example, the dipole moment
for an electron and hole localized on neighboring molecules is
five Debye; the dipole moment for the lowest excited states of
benzene, naphthalene, anthracene, etc.,is zero.

A series of Stark spectra of various molécular crystals will
serve to locate and characterize some of the more highly excited
electronic states of molecular crystals. Information will be
obtained about dipole moments, symmetry properties, and the
mixing of states in the presence and absence of the‘ electric field.
Besides characterizing electronic states that may be unique in
solid state physics, this information will be useful in understand-
ing relaxation processes, and the mechanisms of charge genera-

tion and transport in molecular crystals.



272

REFERENCES

J.M. Ziman, Principles of the Theory of Solids (Cambridge

University Press, Cambridge, 1964).
J. Frenkel, Phys. Rev. 37, 17 (1931); ibid. 37, 1276 (1931).

(@) F. Gutman and L. E. Lyons, Organic Semiconductors

(John Wiley and Sons, Inc., New York, 1967); (b) D. Fox,
M. M. Labes, and A, Weissberger, Eds., Physics and

Chemistry of the Organic Solid State (Interscience Publishers,

Inc., New York, 1967) Vol. III.

(a) G. Castro and J.F. Hornig, J. Chem. Phys. 42, 1459
(1965); (b) M. Pope, H. Kallmann, and J. Gia‘chino, J.Chem.
Phys. 42, 2540 (1965); (c) M. Sano, M. Pope, and H. Kallmann,
J. Chem. Phys. 43, 2920 (1965); (d) M. Pope, J. Burgos, and
J. Giachino, J. Chem. Phys. 43, 3367 (1965); (e) N. Geacintov,
M. Pope, and H. Kallmann, J. Chem. Phys. 45, 2639 (1966);
(f) N. Geacintov and M. Pope, J. Chem. Phys. 45, 3884
(1966); (g) R.F. Chaiken and D.R. Kearns, J. Chem. Phys.

45, 3966 (1966); (h) M. Pope and J. Burgos, Mol. Cryst. 1,
395 (1966); ibid. 3, 215 (1967); (i) M. Silver and R. Sharma,

J. Chem. Phys. 46, 692 (1967); (j) N. Geacintov and M. Pope,
J. Chem. Phys. 47, 1194 (1967); (k) M. Pope, J. Chem.

Phys. 47, 2197 (1967); (1) G. T. Pott, Bull. Am. Phys. Soc.

13, 478 (1968).



273

PROPOSITION II

The conservation of angular momentum in the exchange of
energy between atQms and the radiation field has been researched
thoroughly. 1 Similar consideration has not been given to the prob-
lem involving molecules because angular momentum does not commute
with the molecular Hamiltonian. The polarization effects, observed
in the atomic case, will appear for molecules under special conditions.
In some molecules the electronic spin is little affected by molecular
symmetry, spin angular momentum then approximately commutes
with the Hamiltonian. Effects of angular momentum conservation in
the absorption and emission process involving changes in the electronic
spin might then appear, e.g. in triplet «—— singlet transitions. Even
in the absence of spin-orbit coupling these transitions occur through
the interaction of the spin magnetic moment with the radiation field.
The first-order term causes transitions within a spin manifold while
the second-order term causes transitions between spin mamifoldsq.2
The radiation emitted by this mechanism should be left circularly
polarized (+1), right circularly polarized (-h), or linearly polarized
(0) as determined by the conservation of angular momentum. In a
molecular triplet state, the spin-spin interaction mixed the T ” and
T _states; therefore, the circular polarizations will only appear in
a sufficiently high magnetic field.

Spin-orbit coupling is presumed, however, to be the dominant

mechanism allowing transitions between singlet and triplet states3
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and is neglected in the above discussion. Phosphorescence produced
through the spin-orbit mechanism is linearly polarized because the
transition matrix element involves only singlet states. The fraction
of circularly polarized light in phosphorescence is a direct measure,
then, of the importance of the second-order spin magnetic dipole
mechanism.

Theoretical estimates of this quantity have been made. s It
is found that the direct mechanism may contribute 1% to 20% of the
total phosphorescence intensity in aromatic hydrocarbons where the
spin-orbit interaction is weak.

Experiments have been proposed7’ 8 to measure the magnitude
of this effect. The experiments require careful measurements of the
angular dependence of the intensity and polarization of the phospho-~
rescence or use of the interference technique proposed by Selenyi. 2
In these techniques both transition mechanisms contribute to the
observation. It is doubtful whether the experimehtal conditions can
be defined sufficiently well to distinguish the small magnetic dipole
contribution from experimental artifacts, e.g. scattered light, poorly
oriented molecules in poorly oriented samples, and optical anisotropy
in the sample, 10

A better technique for this measurement was developed by
R.A. Be‘th11 to measure the angular momentum of light. The torque
exerted by the incident light on a doubly refracting plate is measured.

This torque is due to the conservation of angular momentum at the

surface of the plate. Linearly polarized light from the spin-orbit
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mechanism exerts no torque while the circularly polarized light
from the direct mechanism does. The advantage of this technique
over the others is that only the light produced by the direct transition
is observed, and that intensity easily can be compared with the total
phosphorescence intensity.

These experimental results will determine the importance of
the second~-order spin magnetic dipole mechanism in causing ''spin-
forbidden' transitions, test the theoretical calculations of spin-orbit
coupling and. the radiative process in molecules, and measure the
intrinsic properties of triplet states such as vibronic coupling as it

would be in the absence of spin-orbit mixing with singlet states.
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PROPOSITION III

The physical and chemical dynamics of molecular solids repre-
sents an area of chemistry in which relatively little research of a
fundamental nature has been done. This subject covers a wide range
of phenomena, and although represented by a series of books with a
very general title, A the chapters in the books primarily treat the
mechanisms of charge generation and transport, and energy dissipa-
tion, multiplication, transfer, and trapping. Other areas in this field
are discussed descriptively rather than in a detailed mechanistic
sense. This proposition discusses photochemical oxidation-reduction
reactions and electron transfer processes in solids. While the research
is of general chemical interest, the conclusions should be significant
in the study of similar processes in biological systems. Preliminary
suggestions are also made for research on photochromism and phase

transitions in solids.

Only the results of a few investigations of solid state photo-
chemistry have been reported. It is readily seen that this research
is not very extensive. Most recently, the photoreduction of solid
ferric oxalate has been observed by gamma resonance spectroscopy -
but no mechanism for this reaction was discussed. 2 In a recent
communication3 it was reported that Eu’ina CdF, host is photo-
reduced to Eu*?, A simple kinetic scheme supported the hypothesis

that two different types of Eu”® ions are reduced. The two ions



278

arise from two types of charge compensation: interstitial fluoride
ions and trapped electrons. In this research the wavelength depend-
ence of the quantum yield was not even measured. That determina-
tion would have provided a good test for the two-ion hypothesis.

The most complete study has been that of Heidrich and
Mossbauer. E Although photochemical oxidation-reduction was
observed in several systems, the results primarily are for solid
ferric citrate. The reaction here, as for ferric oxalate, involves
the reduction of the ferric ion and the oxidation of the ligand,
eliminating carbon dioxide. The ferric citrate data are consistent
with a charge transfer transition as the primary process in the
absorption. Although this possibility is consistent with the solution
photochemistry, the quantum yield in solution is constant above
some threshold value, whereas in the solid, the quantum yield runs
through a maximum at 5500 A. Due to the low absorption coefficient
here, it is suggested that the primary process involves photodisso-
ciation of the ligand; the chemical intermediates then react to reduce
the metal ion. This possibility can be tested by determining the time
interval between the absorption and the production of ferrous iron.

The photochemical reduction most readily occurs in the
presence of an easily and, to some extent, irreversibly oxidized
ligand. Presumably in systems containing anions such as iodide,
the reaction easily and rapidly reverses, i.e. the excited charge-
transfer state rapidly decays back to the initial state. These decay

processes also are candidates for research.
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It is proposed to study further photochemical oxidation-reduction
reactions in solids using ferric oxalate as a model system because
the molecular structure is relatively simple, the cation is easily
reduced and observations made by a variety of techniques, and the
solution photochemistry of oxalate35 is relatively well understood.
Finally, iron is quite fundamental to both chemistry and biology.

The chemical stoichiometry in solution '156

2 Fe™(C,0,):;° s aMm™(C,0,)7 +3C,0,+2CO, .

A tentative mechamism7 involves at least one, perhaps two,
intermediate excited states. One ferric ion is reduced in the charge
transfer transition; the other is reduced by an intermediate oxalate
radical ion.

The experimental approach to elucidating a similar reaction
in the solid state seems clear. The products and quantum yields
can be determined from the evolution of carbon dioxide and the
ferric-ferrous gamma resonance spectrum. The metastable electronic
and chemical intermediates can be detected by optical or magnetic
resonance spectroscopy. At very low temperatures the intermediates
should be quite long-lived. Flash techniques, now on the nano- and
picosecond time scale, can be used to determine the kinetics of the

electron transfer processes.

Photochromism is a word used to classify diverse chemical

reactions by the observable effect, a color change upon exposure
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to light, even though specific mechanisms may differ, involving
isomerization, dissociation, oxidation-reduction, or electron
trapping. Solids exhibiting this effect are becoming technologically
useful for the storage, transmission, and display of information
and for the control of light intensity. Consequently, the results of
basic research in this area are of interest. Several review articles
have been published8 but are primarily descriptive in content.

The problems encountered in investigations of molecular
photochromic activity are apparent in the recent work on salicyli-
deneaniline. ¢ The molecular electronic states must first be
characterized, and then the principal effects responsible for photo-
chromism can be identified. In return for this effort information is
obtained about the mechanism of the color change, inter- and intra-
molecular rearrangements, hydrogen-transfer reactions, and
radiationless transitions. 2

The review articles contain sufficient examples for years of
research making it necessary to choose research topics carefully.
A case that complements McClure's salicylideneaniline work is
salicylidene-m-toluidine. The latter molecule, unlike the former,
is photochromic only in the crystal. 8 In view of the similarity
between these two molecules and the extensive ground work carried
out by McClure, a spectroscopic investigation of the intermolecular

photochromism should proceed relatively efficiently.
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Phase transitions in solids are an example of the inseparability
of structure and dynamics. Although there are three aspects to
research on phase transitions, the thermodynamics and statistical
mechanics of the problem receive the major emphasis. The prime
consideration is evaluating the intermolecular interactions that
determine the stable phase, structure, at any particular tempera-
ture and formulating this many-body problem in a general statistical-
mechanical way. The dynamical aspect, the mechanism by which the
structural changes occur, has received little attention.

10 that phase transitions in ferroelectric

It has been suggested
crystals occur because a lattice vibration approaches zero frequency
at the transition temperature. The motion of the nuclei in this vibra-
tional mode is just that required to transform one structure into
the other. It is proposed that this mechanism is the general mech-
anism for structural phase transitions in solids. This hypothesis
can be tested by observing the temperature dependence of the
Raman and infrared spectra and neutron diffraction data on the
lattice vibrations of a variety of crystals having phase transitions.

It is only because of recent technological advances in the Raman

and far-infrared that the lattice vibrations in the 0 to 200 cm

region of the spectrum have been accessible to observation.
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PROPOSITION IV,

One effect of the crystalline state upon the electronic spectra
of molecules such as benzene is the splitting of the molecular transi-
tions into multiplets. These multiplets are the k = 0 componen’cs1
of the electronic exciton bands and commonly are called Davydov
components2 or factor group components. 4 The identification and
assignment of these components is fundamental to understanding the
crystal spectra in terms of the intermolecular interactions. - The
Davydov components can be identified readily from the spectra of
isotopic mixed crystals studied over a large concentration range5’ ¥
or from their characteristic polarization. - Polarization measure-
ments also serve to assign the Davydov components to the appropriate
representation of the factor group.

For the leu state of benzene, this assignment always has been
somewhat ambiguous. The earliest experimental WOI‘k7 showed a doub-
let in the crystal spectrum corresponding to the 0,0 transition in the
molecule. This observation was consistent with the predictions of
Davydov8 but not with the group theoretical predictions of Winston. 9
This discrepancy has been discussed by Fox and Schnepp, Hl and
recently by Kopelman, 3 and Bernstein, et al. % It is now well
known that there are four exciton states at k = 0, but an optical

transition from the crystal ground state to one of these is forbidden

by symmetry. One thus expects to observe three components, and
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ii, 1
’2(

indeed three spectral lines have been observed 37,803 cm_l,

37,839 cm™’, and 37, 846 cm™Y) .11 These lines are assigned as Davydov

components primarily because three components are expected. One
might also expect, however, to observe an additional line due to the

0, 0 transition in 13CC5H6 which is present at a concentration of 6.6%

13

as a natural isotopic impurity. This transition is shifted™™ by +3.7 cm

relative to the CgHg transition in a C4Dg host. In fact in some

11,14 ¢ive lines have been reported (37,799 cm™’, 37, 803 cm'l,

37,839 cm™ ', 37,846 cm™

papers,

and 37, 847 cm™ ).

>

Unfortunately the isotopic mixed crystal technique5’ 8 cannot

be used to identify which lines are Davydov components because in
such experiments, only a doublet is resolved due to the inhomogeneous
composition of the crystals. Alternatively the three Davydov compo~
nents could be identified with a high degree of confidence if three
and only three lines were observed to be totally polarized along the
appropriate crystal axes. A series of such polarization experiments
has been reported by Broude. 14 This and related work have been
summarized recently in Sec.V of a paper by Colson, Hanson,
Kopelman, and Robinson. 15
There are two main problems associated with the polarization
experiments. Suitable single crystals must be obtained and their
crystallographic axes determined. Once this is done, the spectra
must be sufficiently sharp, the resolution sufficiently high, and the
polarization sufficiently complete to determine whether the lines are

polarized uniquely along the respective crystallographic axes.
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In regard to the first problem, because of the transition
intensity, thin (~5u) benzene crystals exhibiting at least two
crystal faces are needed. The faces and axes in them must then
be identified. Both optical and X-ray identification techniques are
more easily applied to thick crystals. Furthermore, the optical
method requires that the relationship of the optical axes to the
crystallographic axes be known. If one uses X-ray techniques, one
is faced with the difficulty of handling these thin crystals. Growing
the crystals in quartz cells is unsatisfactory because the scattering
cross section for the quartz is much larger than that for the thin
hydrocarbon crystal.

Broude's latest resul’cs14 are based on the X-ray and refrac~
tive index measurements of Guy and Lemanceau. 15 Although these
data are probably correct, an element of uncertainty in the assign-
ment of the a and ¢ polarized Davydov components is introduced
because Broude was unable to measure the refractive indices in
the same crystals that were used for the spectroscopic studies.
Furthermore, no refractive index measurements were made on
crystal faces exhibiting the b axis. The b axis was identified tenta-
tively on the basis of the spectral line intensities. It should be
remembered that the actual purpose of the experiment was to learn
about the spectral line intensities after assigning the axes.

In regard to the second problem, one cannot claim with any
certainty that each line that Broude reports14 is uniquely polarized

along a crystallographic axis. Even Broude does not make this
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claim for the b component. In his Fig. 10, the three levels near
317, 843 cm” are not clearly resolved. This is also true of another
reproduction of these spectra. L7 Furthermore, the a-polarized
line also appears in the b-polarized spectra. Consequently the b-
polarized line may actually be unpolarized, appearing with finite
intensity along each axis. The intrinsic poor quality of spectra
obtained from thin crystals is a well-known fact. 18

Further ambiguity regarding Broude's assignments arises
when the presence of phonon addition bands that may mask other
lines and the relative intensities of the three Davydov components
are considered. In the spectra taken by Colsonlz, the weakest line
is the middle component and not the high energy component as
Broude reports. This discrepancy may be due to changes in the
linewidth or to a preferential orientation of the polycrystals. The
results are, however, entirely reproducible for several different
samples. Also, one would expect the ac face tovbe favored in the
polycrystalline samples, thus decreasing rather than increasing
the relative intensity of the b-polarized component.

Because the correlation of transition energies with polariza-
tion is a criterion for evaluating theoretical models19 that explain
the Davydov splittings as well as for determining the sign and assign-
ment4’ 18 of the individual intermolecular interactions, the verifica-
tion of Broude's results is a problem of considerable importance.
This fact often has been mentioned in the literature, 20 and several

different research groups have made attempts in this direction. 4l
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What is needed for this verification are good polarization measure-
ments at high resolution using well-oriented crystals of excellent
quality with correctly assigned axes. With these data one could
prove or disprove the unique polarizations of these lines and the
ordering of the components as a, ¢, and b.

The difficulties and uncertainties faced by other workers can
be averted by using a farily large crystal (~ 1 cm’) in the polariza-
tion work. Such a crystal is easily prepared in an unstrained state.
All axes are available for study in the same crystal and are readily
identified by X-ray or neutron diffraction techniques. This crystal
is also easily mounted and, most important, precisely oriented in
the optical path.

The problem of using such a large crystal is that the absorption
spectrum is virtually a continuum. This difficulty can be circum-
vented by observing the 0, 0 fluorescence rather than the absorption.
At temperatures where the upper Davydov components are populated,
each component will fluoresce with its characteristic polarization.
Presumably the temperature should be kept below 20 °K or resolution
will be lost through the thermal broadening of these transitions. 15
Since this emission is expected to be very weak, 15 and since it is
necessary to collect the fluorescence only over a small aperture,
one of several techniques for the detection of very low light levels,

must be used.
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PROPOSITION ¥

The magnetic properties of matter arise from the same physical
effects as chemical bonding. In fact, the Heitler-London description1

2of

of the chemical bond is fundamental to the Heisenberg-Dirac theory
magnetism. The Heisenberg Hamiltonian has been quite successful in
phenomenologically explaining and correlating the magnetic properties
of systems characterized by weak interactions, e.g. rare earth and
transition metal salts, organo-metallic crystals, 3 and radical-ion

4 In spite of the success of this empirical approach, the basic

salts.
form as well as the approximations in the Heisenberg formula recently
have been criticized quite severely. ° It seems clear that in specific
applications, the physics represented by the simple Hamiltonian is not
well understood. -

It is proposed, after a brief discussion of the Heisenberg-Dirac
theory and its relationship to the Heitler-London description of chemi-
cal bonding, to use gamma resonance spectroscopy to study the pressure
dependence of chemical bonding and the magnetic properties in a selec-
ted series of rare earth compounds. Spectroscopic studies of some
new ''magnetic'' molecules are mentioned also. This experimental
approach should lead to a more complete understanding of magnetism
in weakly interacting systems.

7

The Heisenberg Hamiltonian as formulated by Van Vleck' is

B = =2 ), dyj <8 2
i>]

Tiy= Iy - 28y @)
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The sums are over the appropriate electrons in the system; the indices

represent, somewhat symbolically, both the electrons and the elec-
tronic wavefunctions. J’is the effective electron exchange integral
consisting of the actual integral and a term depending upon the overlap
of the wavefunctions and an attractive potential. The potential term is
equivalent to the exchange integral g appearing in molecular orbital
theory. Ferro- and antiferromagnetism thus arise from an electro-
static coupling of the electron spins. For positive J’ the lowest energy
state is ferromagnetic; for negative J’ the lowest state is antiferromag-

3,8 the sign of J’ depends upon

netic. If J and V are positive quantities,
the magnitude of the overlap integral. Most molecular systems are
antiferromagnetic, i.e. have singlet ground states, due to the elec-
tronic overlap.

A chemically interesting case in which to study the balance

9

between ferromagnetism and antiferromagnetism is benzyne.” The

magnetic system consists of two neighboring sigma electrons that, by

10

rough theoretical estimates, form a singlet ground state. Triplet

ground states may occur, however, for meta- and para-benzyne. 11
Good calculations of the electronic structure of these molecules should
be tractable and when combined with experimental studies, will lead to
a better understanding of chemical bonding especially the coupling
between sigma and pi electrons in planar aromatic molecules.

The radical-ion salts generally are antiferromagnetic. % Eq. 2
predicts these crystals would become ferromagnetic if the overlap
were decreased. This decrease might be brought about by adding

large alkyl substituents. The alkyl groups would increase the lattice

parameters without affecting the magnetic electron interactions in
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other ways. In additional experiments, resonance pairs of magnetic
electrons can be generated in host crystals by photochemical bond

12 The above research might lead to a mole-

dissociation reactions.
cular magnet, either a radical-ion salt or a hydrocarbon polymer with
sites of oriented spin. Even if the molecular magnet proves to be a
technological dream, studies of such systems by optical or magnetic
resonance spectroscopy will provide empirical data on chemical
bonding and electron exchange interactions. The intermolecular
distances and consequently the electronic overlap can be changed by
using different crystals or, more desirably, by applying uniaxial
pressure.

Finally, it is proposed that gamma resonance spectroscopy be
used to study chemical bonding and magnetism in the europium
chalcogenides as a function of temperature and pressure. Gamma
resonance spectroscopy is well-suited for such an investigation
because information can be derived from three sources. The isomer
shift and quadrupole splitting are determined by the s electron density
and electric field gradient at the nucleus, respectively, and conse-
quently depend upon the nature of the chemical bonds. The mag-
netic hyperfine structure measures the internal magnetic field at the
nuclear site. For work at high pressures and low temperatures
gamma resonance is better than magnetic resonance spectroscopy
because a tuned cavity is not required.

Both experimentally and theoretically, the europium chalcoge-
nides form an excellent series of compounds for this study. The

13

nuclear transition energy in europium is low™" resulting in a large

recoil-free fraction.. The magnetic properties vary in the series,



294

14 Calculations

EuO being ferromagnetic and EuTe antiferromagnetic.
are tractable because the Eut?ion is an S state ion in a cubic lattice.1®
In addition, related compounds have interesting variations in their
magnetic properties, e.g. Eu metal and EuF, are antiferromagnetic
while EuH, and Eul, are ferromagnetic.

The uniaxial pressure experiments should prove extremely
useful in elucidating the nature of the interatomic interactions, the

significance of electron overlap, and the fine balance between ferro-

magnetism and antiferromagnetism.
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