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Influence of crystal fields on the quasimetallic reflection spectra of crystals:
Optical spectra of polymorphs of a squarylium dye?®

M. Tristani-Kendra® and C. J. Eckhardt®

Department of Chemistry, University of Nebraska-Lincoln, Lincoln, Nebraska 68588-0304

(Received 27 December 1983; accepted 10 April 1984)

The reflection and Kramers—Kronig absorption spectra have been obtained from the monoclinic
and triclinic polymorphs of a squarylium dye, 2,4-bis (4-diethylamino-2-hydroxy phenyl)
cyclobutadienediylium-1,3-diolate. The extremely different optical responses were found to arise
from two molecular singlet transitions of essentially long axis polarization. Successful application
of a four oscillator molecular exciton—polariton theory required the use of point charge densities
rather than point dipoles in an extension of the theory which employed both interactions between
the two singlets as well as a frequency dependent lattice damping. An intermolecular charge

transfer transition is also assigned.

L. INTRODUCTION

The optical spectroscopy of interacting dye molecules,
whether of their aggregates found at high molecular concen-
trations in solution or of single crystals, has been of contin-
ued interest for nearly five decades.! In solution the intense,
red shifted J band is the most striking manifestation of col-
lective interaction while in the crystal the appearance of qua-
simetallic reflection bands of high reflectivity and widths on
the order of an electron volt are the hallmark of the strong
coupling observed in these systems. Much effort has been
expended in the study of these systems in attempts to under-
stand the large changes in bandshape and shifts in frequen-
cies from those observed in the free molecule.”

The excitonic origin of these spectra affords an effective
approach to analysis but, because the coupling is strong and
the formation of aggregates and single crystals is often un-
predictable, the details, both experimental and theoretical,
have not been rapidly developed. In the case of aggregates in
solution, major questions exist regarding the structure of the
aggregates as well as their optical response. Although struc-
ture is not a problem with the dye crystal, study is hampered
by the resistance of spectra to sharpening at low tempera-
tures. Thus, complete description of the spectra of the aggre-
gates and crystals has proved to be elusive. Part of this diffi-
culty arises from a paucity of detailed experimental results .

Correlation of the structure of J-band aggregates to the
arrangement of molecules in crystals which have spectra
similar to that of the aggregate have been attempted.* These
studies, while quite illuminating, have not been as conclusive
as desired because total agreement between crystal and ag-
gregate spectra was not achieved. Often, a given dye will
have polymorphs and an exhaustive characterization of
crystal structure and spectra may be required to obtain the
requisite spectral agreement. Part of the difficulty in obtain-
ing a match between the crystal and aggregate spectra may
arise from failure to obtain spectra from that polymorph
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NSF Grant No. DMR-7908759.
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whose packing would most mimic the structure of the aggre-
gate.

There is also a lack of structure-spectra studies among
various dye polymorphic crystals and, without this informa-
tion, attempts to understand the more complicated problem
of dye aggregates is more difficult. The use of crystal poly-
morphs to study topological influences upon transfer of exci-
tation energy has been a neglected approach although it may
be expected to effectively provide perturbation of lattice pa-
rameters without change of the crystal basis.

In the reflection spectra of dye crystals, where there is
also a lack of extensive data, characteristic structure which is
generally associated with damping is observed. The most
distinctive structural feature in the quasimetallic reflection
band is a substantial dip in the reflectivity which is observed
between the high and low frequency edges of the band. In so-
called normal systems this dip is found to be at or near the
resonant frequency of the free molecule.* However, there are
anomalous cases where the dip is both deep and broad and
found to begin more towards the red edge of the reflection
band and to be so deep as to divide the band into two appar-
ently separated systems.’ This strongly indicates depen-
dence upon the internal field of the crystal. The presence of
dissipative processes is also implied and requires refinement.

A model system for the study of these processes is pro-
vided by crystal polymorphs of the squarylium dye, 2,4-
bis-(4-diethylamino-2-hydroxyphenyl) cyclobutadienediy-
lium-1,3,-diolate (HEAPS). Both monoclinic and triclinic
crystals have been found and crystal data and spectra from a
face of each crystal have been reported.® The two poly-
morphs exhibit distinctively different optical responses
which afford an excellent opportunity for a detailed investi-
gation of the influence of the internal field on the optical
structure.

The object of this study is the detailed investigation of
the electronic excitations of these strongly coupled crystals.
Solution and glass spectra of the free molecule are presented
with the crystals’ specular reflection spectra and their
Kramers-Kronig transforms. Analysis of the data using an
expanded molecular polariton approach based on the work
of Mahan and Philpott is developed. There is particular fo-
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cus on the determination of the dipole—dipole coupling and
the effect of internal electric fields on the reflectivity.

The paper presents in the following section the experi-
mental findings which are followed by assignment of the
transitions in the free molecule. These assignments, together
with other experimental information on the free molecule
and crystal structures, are employed in calculation of the
reflection spectra for the various principal directions of the
polymorphs in the subsequent section. Effects of various
models for the dipole—dipole interaction, coupling of higher
states and influence of the internal fields are analyzed in the
final section.

Il. EXPERIMENTAL

The dye, (HEAPS), provided by Exxon Research was
used without further purification. It was dissolved in de-
gassed methylene chloride using an ultrasonic cleaner. Crys-
tals were grown in the dark under nitrogen and the two poly-
morphs normally obtained could be separated by inspection.
The monoclinic (P2,/a,Z = 2)° form grew as large (typically
3 mm long and 1 mm on an edge) prismatic crystals with
faces {001}, {100}, {201}, {012}, and {010}. Figure 1
shows a typical crystal of the monoclinic polymorph along
with the projections onto the (100) and (201) faces.

The triclinic (P1, Z = 1)® form is a much smaller
(~3%0.1 mm) acicular crystal exhibiting { 100}, { 110}, and
{001}. A typical crystal is shown in Fig. 2 together with the
projections onto (100) and (110). In the triclinic system the
crystal symmetry does not constrain the principal directions
{PD) to lie along any given crystal axis and the polarization
of molecular transitions is likely to be the dominant factor
controlling these directions.

Near-normal incidence specular reflection spectra were
obtained from single crystals of the polymorphs using appa-
ratus similar to that previously described.” Solution spectra
were measured on a Cary 14.

MONOCLINIC P2,/a

(2071) (001)

(100)
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FIG. 1. Crystai morphology and projections for the monoclinic polymorph.
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(170)
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FIG. 2. Crystal morphology and projections for the triclinic polymorph.

1. RESULTS

A. Solution and matrix spectroscopy

The room temperature, and 10~° M spectrum of
HEAPS in methylene chloride is shown in Fig. 3. It is com-
prised of two electronic systems whose transition energies,
Franck—-Condon factors and dipole lengths are detailed in
Table I. In addition a weak transition is observed at 35 000
cm™ !

At room temperature, a 10~* M solution showed no
evidence of aggregation. Organic glasses at 77 K in some
instances gave a suspension of microcrystals but no true ag-
gregation.® The low solubility of the dye in common glass-
forming solvents was a severe limitation to formation of ag-
gregates.

The frequency of the lowest energy transition peak is
solvent dependent. For a range of solvent dielectric con-
stants from 1.9 to 59, the peaks shifted + 340 cm ! from
that in methylene chloride. An EPA glass yielded a shift of
— 290 cm ™' from the methylene chloride value. In light of
the sensitivity of the dye spectra to solvent dielectric proper-
ties, quite different solid state spectra are not unexpected for
the two polymorphs.
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FIG. 3. Solution spectrum of HEAPS at ~ 300 K in methylene chloride.

J. Chem. Phys., Vol. 81, No. 3, 1 August 1984

Downloaded 13 Apr 2007 to 129.93.16.206. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



1162

TABLE 1. Features from the solution spectrum of HEAPS in methylene
chloride.

M. Tristani-Kendra and C. J. Eckhardt: Reflectivity of dye crystals

TABLE IL. Spectral features for the HEAPS polymorphs.

Triclinic Monoclinic
Dipole
Energy Franck—Condon length Energy Reflectivity Energy Reflectivity
Transition {cm™Y) (€3 (A) Direction (em™!) (%) Direction (cm™!) (%)
S, 15 530 0.85 2.8 (100) max 13 400 56.5 b 15200 81
16 670 0.13 15 100 320 19 800 90
17 810 0.02 18 200 26* 24 100 2.5
s, 25510 1.0 0.7 21200 65
24 000 132 c 15000 28
(110)max 12 800 63 17 200 17.5
15100 44 _
B. Crystal spectroscopy 18 000 50° b, (201) 13 600 79.5
o 20 600 65 17 200 23.5
1. Monoclinic 24 000 12*
The absolute reflectivities of the (100) and (201) faces of (110)min 13400 11
the monoclinic form are shown in Fig. 4 together with the
*Shoulder.

disposition of the two molecules to the principal directions.
The main features are indicated in Table I1. The b-axis polar-
ized spectrum shows the typical quasimetallic reflection
spectrum of a dye,® which is characterized by high reflectiv-
ity and a wide, 7 500 cm ™! stopping band. This is indicative
of strong coupling of excitons and is well within the Simpson
and Peterson limit.'? Of particular interest is the weak struc-
ture to the blue of the stopping band, at 24 400 cm ™' since
there is some theoretical support for it.

The principal directions for the B, factor group (FG)
transitions polarized perpendicular to b are shown for (100)
and (201) faces in Fig. 4. For (100) there is substantially di-
minished intensity. On (201), however, there is high reflectiv-
ity most of which is found in the low frequency region and is
quite unlike that usually seen in crystals of quasimetallic
dyes.

2. Triclinic

Dispersion of the principal directions up to 30° was ob-
served on the (100) face and was found to have little effect on
the spectra. On the (110) face, the edgewise orientation of the
molecules constrains all in-plane polarized transitions to
project parallel to the edge of the projection of the molecular
plane. As a result the principal directions remain fixed in the
energy region studied and are aligned 9° and 99° {designated
the max and min directions) off the projected long axis of the
molecule.

100
80;
60
40

20

REFLECTIVITY (%)

10 15

ENERGY (10° cm™)

FIG. 4. Absolute reflectivities for the monoclinic (100) and (201) faces.

The absolute reflectivities and projections for (100) and
(110) are shown in Fig. 5 and Table II. The spectra for (100)
were measured along the frequency dependent principal di-
rections. The two extremes of the principal directions are
indicated in Fig. 5 for (100). The max direction for (100)
exhibits a highly distorted quasimetallic reflection spec-
trum. The apparent stopping band is virtually split in two
with a deep minimum at 16 700 cm ™", and there is signifi-
cant structure within the stopping band. This deep dip has
only been reported once before in another dye, bis-1,5-(di-
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FIG. 5. Absolute reflectivities for the triclinic (100) and (110) faces.
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methylamino) pentamethinium iodide (ADI), and was attri-
buted to strong dissipative processes.’ Unlike the b direction
in the monoclinic system, there is no structure to the blue of
the stopping band although the blue edge shows evidence of
aband near 24 000 cm ~ . The breadth of the stopping band,
10 000 cm ™', is greater than that of the monoclinic system
and indicates strong coupling. The min direction of the (100)
face presents negligible structure.

On (110), the max PD has a less distorted spectrum than
seen on (100). The stopping band is 11 000 cm ™! wide and
there is structure within the band along with distortion of the
blue edge near 24 000 cm ™", In the min direction there is
structure which does not correlate to that in the max direc-
tion.

The reflectivity data presented indicate how extremely
different the optical responses of the two polymorphs are.
Since the progenitor molecular transitions are the same and
there are no differences between the two crystals, other than
packing, the effects of solid state interactions are undoubted-
ly determining the radical changes in the spectra.

C. X-alpha molecular orbital calculation

An AIM-X a-SCF calculation similar to that previous-
ly described'! was made to elucidate the electronic structure
of HEAPS. This calculation has proved amenable and effi-
cient for such large systems. The triclinic crystal atomic co-
ordinates were used with a value of 0.8 for alpha. The lowest
energy dipole allowed transitions obtained are two nonde-
generate singlets S, and S,. S, is from the HOMO (q,,) to the
LUMO (b, ) and S, originates from the penultimately occu-
pied molecular orbital of @, symmetry and terminates with
the LUMO. If the long axis is defined as the vector from the
center of inversion to the nitrogen, then the polarization of
S is 11° off the long axis towards the hydroxyl oxygens,
while .S, is 125° in the same sense. The hydroxyl oxygens
participate inductively in the pi system and this tends to
rotate transitions toward the oxygens.'?

In such limited calculations the calculated transition
energies and intensities lack close agreement with experi-
ment, but their relative values are useful. A bulk energy shift
of the transition energies to obtain agreement of .S, with the
lowest energy peak observed in solution places .S, at 24 300
cm™!'. S| is ten times more intense than S,.

h-] [l —-—==Db
S1200  f
oy -
< :: | b, (207)
1
L ¢ (100)
lon 80‘ 1 \
-
- H N
i AY
- / \
a 401 |\ R
v AN
8 I' -\ \‘
* 1
an) ,/ 7 Ve
la LA Nt —ta2 2T

18 15 20 25 30
ENERGY (10° cm™)

FIG. 6. Kramers—Kronig transforms for the monoclinic crystal.

TABLE 111. Kramers-Kronig transform features for the HEAPS poly-
morphs.

Triclinic Monoclinic

Energy Absorptivity Energy Absorptivity

Direction (cm™') {#cm™' mol™') Direction (cm™') (/em™' mol ™)

{(100)max 13300 7.54x10* b 14400 1.25%10°
14800 4.38x10*" 16900  7.11x10*
18400 4.37x10*" 24100 1.23x10*
20400 7.46x10*
24000 2.11x10*° ¢ 15100 3.82x10°

(1T0) max 12800 9.36x 10 17200  2.96x10*
15100 5.85x10*" _
17900 7.14x10*  5,(201) 13100  1.04x10°
18900 7.14X10* 16800 2.60x10*
24000 221%x10*°

(1T0) min 14400 1.34Xx 10

*Shoulder.

D. Kramers-Kronig transforms
1. Monoclinic

The resultant absorption curves obtained by Kramers—
Kronig transform of the reflection spectra for the mono-
clinic polymorph are depicted in Fig. 6 and Table III. The
similarity of the b axis and b-perpendicular spectra for the
(201) face in contrast to their quite different appearance in
their reflection spectra demonstrates the interpretive prob-
lem of arguing solely from reflection spectra. The peaks at
14 400 and 16 900 cm ™' in the b-axis spectrum are the 0-0
and 0-1 vibronic components of S;, and the 24 100 cm ™!
peak is associated with S.,.

For the perpendicular b direction on the (201) face, the
0-0 component of S, occurs at 13 100 cm ™! and the 0-1 at
16 800 cm ~'. The asymmetry of the 0-0 component is evi-
dent in the transform and indicates a large exciton shift for
that component. The Davydov splittings for the 0-0 and 0-1
components of S, on (201) and (100) are in Table IV. Dipole
lengths calculated from integrated intensities are given in
Table V for S,.

The dichroic ratio (8 ) will be defined as the ratio of in-
tensity in the b-axis polarized spectrum to that in the perpen-
dicular 5 direction for the monoclinic faces and max to min
for the triclinic faces. The dichroic ratios for transition mo-
ments obtained from the X-alpha calculation are shown in
Table V along with the experimental dichroic ratios for the
first singlet transition. The dichroic ratio for the (201) face is
a very slowly varying function of angle in the region of inter-
est, so the experimental value of 4.3 for the (100) face was

TABLE IV. Davydov splittings (cm ') for S, in monoclinic polymorph.

Component Experimental Long axis® 11°®

(201) 0 1300 1820 1931
1 100 24 25

(100) 0 — 700 — 682 1242
1 — 300 —21 9

* Transition moment used for calculated spectra in Fig. 9.
® X-alpha transition moment for best fit listed in Table VI.
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TABLE V. Dichroic ratios for various transition moments along with crystal dipole lengths.

Dichroic ratio ( 8)

S, dipole .
6=11 =6 6=135 exp(S,)" 6=125 lengths (A)°
Monoclinic (100) 2.7 4.2 43 4.3 33 2.6(b), 2.8(c)
(201) 32 27 3.1 2.1 1.3 3.0(b,)
Triclinic (100} 520 50 0.5 large 0.3 2.4 (max)
(110) 33 36 199 12.3 >999 2.5 (max)

* Obtained from Kramers—Kronig transform integrated intensities.

®Calculated for the directions indicated in parentheses with a 6° transition moment.

used to make the polarization assignment. This resulted in
possible transition moments at 6° or 135° to the long axis. A
transition moment 6° from the long axis yields dichroic ra-
tios (Table V) for the (100) and (201) faces in good agreement
with the experimental values. For the second singlet, 8 is
indeterminate because the ill-defined structure in the per-
pendicular b direction in the S, energy region prevents defin-
ition of the band shape. # > 1 for the two monoclinic faces,
however, is consistent with the X-alpha assignment of 125°
for S,.

Use of the real part €, of the complex dielectric constant
obtained from the transforms permits definition of the range
of the stopping band. In the b polarization direction corre-
sponding to the 4, factor group, €, becomes negative in the
14 000 to 21 500 cm ! energy region. On the (201) face, the
B, factor group direction is found to have negative values of
€, from 12900 to 17 800 cm ™.

2. Triclinic

The transformed absorption spectra for the triclinic
crystal are shown in Fig. 7 and in Table III. For (100) the real
part of the dielectric function is found to be negative from
13 200 to 15 400 and from 19 600 to 23 400 cm ™. Two re-
gions with €, < 1 are also found on the (010) face of TCNQ",?
although not to the extent seen with HEAPS. The min direc-
tion for (100) shows no significant structure.

In the max direction for (110), €, falls below zero from
12 800 to 23 200 cm . The min direction has a single broad
peak.

Theoretical 8°’s were also determined for the triclinic
faces and are listed along with experimental S, values in Ta-
ble V. For (100) the ratio is extremely large since there is little
identifiable structure in the min polarization direction. For
neither the theoretically calculated transition moment (11°)
nor the 6° moment found by examining the monoclinic trans-
forms does the experimental dichroic ratio for the triclinic
(110) agree. That experimental value includes the 14 400
cm™! peak in the min direction. Exclusion of that peak
makesf3 larger and puts it in general agreement with the 6° or
11° moment assignment. It is useful to define an alternative
dichroic ratio (8') as I ..., (110)/1,,,, (100) which has an ex-
perimenal value of 1.26 whereas the theoretical values for a
6° and 11° transition moment are 1.31 and 1.29. In addition
to the previous arguments, the assignment of a moment at
135° would be ruled out by consideration of the {100) triclinic
face where that assignment would result in 8 = 0.5. Thus,

the polarization of the first singlet consistent with both poly-
morphs is 6°. Errors inherent in determining an experimen-
tal dichroic ratio exist but even a 20% error in the 3 value for
the (100) monoclinic face would result in an angular change
of only + 3° from the present assignment. For the oriented
gas model used here, S, may be taken as polarized slightly off
the long axis in the direction of the hydroxyl oxygens. The
agreement with the oriented gas model is reflected in the
dipole lengths determined from integrated intensities (Table
V).

In Table V, the X-alpha polarization of S, (125°), on the
triclinic faces leads to 8’s of 0.3 and > 999 for the (100) and
(110) faces, respectively. An experimental value for S, is dif-
ficult to ascertain, but it is clear that £ should be significantly
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FIG. 7. Kramers-Kronig transforms for the triclinic crystal.
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greater than 1 for both faces. A polarization for S, consistent
with all four faces is that it is essentially 6° off the long axis.

V. DISCUSSION
A. Charge transfer band

The 14 400 cm ~! transition in the min direction of the
(110) triclinic face, which was excluded from the dichroic
ratio calculation of S,, is assigned as an intermolecular
charge transfer transition. From the packing of the mole-
cules an ideal arrangement exists for an intermolecular tran-
sition. This is most clearly seen from the (110} projection.
The molecules are as close as 3.35 A and overlayed so that
the nitrogen of one molecule almost lies over the center of the
four member ring of the second. As Tanaka has pointed out,
such a staircase arrangement is quite favorable for a charge
resonance interaction in dye crystals.'* In the min direction
of the (110) face the normal to the molecular plane (z axis) has
a large projection on the principal direction. An intermole-
cular transition polarized perpendicular to the plane of the
molecule should not be observable on {100) since there the z-
axis is 108° from the min principal direction. The min direc-
tion of the (100) face reveals no significant structure.

Further support for an intermolecular charge transfer
transition lies in consideration of the shape of the band in the
(110) min direction. The band does not mirror the structure
seen in the max direction as would be expected if it were a
projection of the same transition. In addition, a charge trans-
fer transition is suggested by the location of the principal
directions in the (110) face. The long axis transitions are
completely transverse to the wave vector of the incident
light. If only in-plane transitions were considered in this ori-
entation, the principal directions should lie along the pro-
Jected edge (long axis) of the molecule and perpendicular to
it. The principal directions are found, however, to be rotated
9° and 99° off the long axis of the molecule. This can be
explained if there is an out-of-plane transition in the same
energy region as the in-plane transition. The principal direc-
tions would reflect the polarization of each transition and
the effect of a weak out-of-plane transition would thereby be
to rotate slightly the principal directions off the projections
of the in-plane transitions.

It is conceivable that the band is due to a vibronically
allowed out-of-plane component of S,. This would be consis-
tent with the location of the peak and the principal direc-
tions. However, the band shape does not correlate with the
structure in the max direction and it shows no hint of the
congested structure associated with such transitions. The
14 400 cm ™~ ' band may then be assigned as a charge transfer
band.

B. Molecular polariton theory

1. Single state

In strongly coupled systems a theoretical description
amounts to solving for the polariton dispersion curves
wherein stationary states of the coupled exciton and photon
fields must be explicitly considered. This coupling is intro-
duced by using the retarded electromagnetic field as the ex-
citing field. Although a complete theoretical description
would necessitate a multiparticle theory, a single-particle

approach developed by Philpott’® and based on earlier work
by Mahan'® can be illuminating.

It was shown in an earlier paper® that the application of
a single state molecular polariton theory to the (100) faces of
the polymorphs failed to describe the experimental spectra.
Similar results obtain for the calculated spectra of the (201)
and (110) faces. The relevant equations have only two adjus-
table parameters: the background dielectric function €, and
vibronic damping constants I, . Other qualities are either
measured or calculated. Of the calculated quantities, only
the analytic lattice sum admits of different computational
approaches. In the previous study where agreement was not
obtained, the point dipole approximation was used in calcu-
lating the lattice sums. Although there are dye crystals in
which it has proven to be a good approximation, here it is
suspect because of the size of the transition dipoles involved.
Since this approximate polariton theory considers only one
state and allows for no explicit coupling to higher electronic
transitions, effects arising from such coupling can not be
discounted.

It has been known for some time that the point dipole

approximation is not always appropriate nor valid.'” At
small intermolecular distances relative to the size of the mol-
ecules, it is a poor approximation of the total resonance in-
teraction.'® Two models will be explored, the extended di-
pole and the charge density.

In the extended dipole model,'® two centers of opposite
charge in the molecule located at a distance d apart define
the charge distribution. For two extended dipoles, the calcu-
lation involves the interaction of four charges in a pairwise
fashion. This would be expected to better reflect the actual
extent of these rather sizeable transition dipoles.

The dipoles were oriented in the direction of the S,
theoretically calculated transition moment, and the distance
between the charges was varied. The charges, symmetrically
located about the inversion center of the molecule, were
scaled to yield solution transition dipole strengths. For the
monoclinic case a value of d = 10 A gave good results. The
analytic lattice sum for the interaction of molecules at equi-
valent positions (47/V,)t,, . (0) (numbers specify the sum-
mation site, letters the transition: » = S, and ¥, is the volume
of the unit cell)is — 295 cm~'/AZ, and for the inequivalent
sum (477/ Vo)t ,.,,(0)is — 77 cm—'/AZ Therefore, the factor
group sums are — 218 and — 372 cm~'/A?for 4, and B,
factor groups. Table I contains the spectroscopic informa-
tion for S, used in calculating the reflection spectra and Ta-
ble VI lists the parameters for the calculations. The calculat-
ed spectra for the monoclinic system using the extended
dipole sums are shown in Fig. 8. The spectra are in good
agreement with experiment for such a simple model and are
certainly superior to those obtained using point dipole sums.
For the b direction, the bandwidth of the spectrum 7700
cm™ ' is only 200 cm ™~ wider than that of the experimental
one. The perpendicular & (201) spectrum is blue shifted 800
cm ™', and the main band is broader than the experimental
one. There alsois a 700 cm ' red shift in the perpendicular b
(100) calculated spectrum relative to the experimental one.

The calculated spectra for the triclinic crystal in Fig. 8,
use a value of d = 6 A resulting in a lattice sum of — 808
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TABLE V1. Parameters for calculated reflection spectra.

M. Tristani-Kendra and C. J. Eckhardt: Reflectivity of dye crystals

Factor Damping Background
Direction group sum® constant® dielectric constant
Fig. 8
Monoclinic b —218 800, 999, 100 1.8
b, (201) —372 400, 800, 80 1.5
¢ (100) -3n2 2000, 600, 100 1.5
Triclinic (110) max - 808 999, 999, 999 1.5
(100) max — 808 999, 999, 999 15
Fig. 9
Monoclinic b - 200 800, 999, 100 1.9
b, (201) — 400 500, 500, 100 1.5
¢ (100) — 400 999, 300, 50 1.5
Triclinic (110) max — 350 999, 999, 999 2.0
{100} max — 700 999, 999, 999 1.5
Best fit 11°
transition moment
Monoclinic b — 200 800, 999, 1000 1.8
b, (201} — 456 500, 400, 50 1.5
¢ (100) — 456 2000, 600, 80 1.5

*(47/ Vo)t 1,1,(0) + ¢1,5,(0)] in cm ™ '/A%
*rlinem—.

cm /A2 Here there is less success in matching the experi-
mental results and the calculated band for the (110) max
direction only roughly approximates the blue edge of the
stopping band. This somewhat ad hoc placement of the di-
pole in the extended dipole model is not particularly satisfy-
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FIG. 8. Calculated spectra for the triclinic (upper) and monoclinic (lower)
crystals using extended dipole lattice sums.

ing nor is its one dimensional nature. A model that better
reflects the geometry of the charge distribution of the mole-
cule should be considered and may aid in calculating the
spectra for the triclinic polymorph.

The atomic monopole or point charge model'” allows
one to incorporate into the lattice sum calculations the ge-
ometry and symmetry of the charge distribution of the mole-
cule. The model may be expected to better describe the actu-
al charge distributions and electrostatic interactions of the
molecules in the crystal. In this model, the resonance inter-
action energy is calculated from the interaction of point
charges located at each atomic center. As in the extended
dipole method the 11° transition moment was used with a
direct Lorentz-Lorenz sum to calculate the dipole-dipole
interactions.?® The radius of the summation sphere varied
from 80 to 110 A depending upon the particular crystal sys-
tem. For the monoclinic case, the (47/V) t ..\, (0) and (47/
Vo) £,y (0) sums are — 418 and — 38 cm™'/A?, yielding
A, and B, factor group sums of — 380 and — 456 cm™!/
A2, whereas (47/V,) 1,1, (0)is — 278 cm—*/A? for the tri-
clinic crystal. The calculated spectra represent no significant
improvement over the extended dipole results, except that
the perpendicular b (201) direction matched the experimen-
tal curve better. The experimental triclinic spectra were once
again poorly reproduced.

In an effort to test the limit of the single state theory
used, the analytic lattice sums were used as freely adjustable
parameters in fitting the calculated spectra. The position of
the calculated band, its band shape and the calculated exci-
ton energies in relation to the experimental results were the
criteria used in the fitting procedure. The macroscopic fields
were calculated and not treated as adjustable. The long axis
transition moment assignment was used in fitting the calcu-
lated curves. The €, term incorporates the effects of higher
energy transitions on the S, transition. It was observed that
increasing the value of €, affected the high energy edges of
the bands by moving them towards lower energies. The vari-
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FIG. 9. Calculated spectra using fitted sums and a long axis transition mo-
ment for the triclinic (upper) and monoclinic (lower) crystals.

ation of the analytic lattice sums was manifest in the position
of the red edge of the bands. Increasingly negative values of
the FG sums moved the red edge of the band to lower ener-
gies. No reasonable fit was obtained without the FG sums as
shown in Table VI.

The resultant fitted spectra are shown in Fig. 9 and the
corresponding parameters for the plots are listed in Table
VLI. In the triclinic case the best agreement only allowed de-
finition of the edges of the stopping band. The single state
theory used cannot describe the multiparticle region where
there is much structure. In the monoclinic system the stop-
ping bandwidths as well as the band shapes reasonably agree
with the measured spectra. The large variance in the perpen-
dicular b polarized directions is explained in terms of direc-
tional dispersion. This sensitivity to k was brought to light in
a slightly different manner when the Davydov splittings for
the monoclinic case were compared using the best fit with a
long axis transition moment and the theoretically calculated
one of 11°. These transition moments can be thought of as
lower and upper bounds on the experimental 6° moment.

The best fit with the X-alpha transition moment used
the parameters listed in Table VI in the calculation of the
spectra. A tabulation of the Davydov splittings for the two
transition moments and the experimental results from the
transforms is shown in Table IV. A very large discrepancy is
obtained for the splittings for the perpendicular b (100) direc-
tion; in fact, the direction of the splitting using the X—alpha

TABLE VII. Factor group macroscopic lattice terms calculated for differ-
ent transition moments.*

Direction Long axis® 1°®
Monoclinic b 0 0
b, (201) 6 142
¢ (100) 854 354
Triclinic (110) max 121
(100) max 779

* 4/ V,)( firk) in cm™'/A%

®Transition moment.

transition moment is reversed from that observed. The rea-
son can be ascertained by examining Table VII where the
two transition moment choices are compared. There is such
a large projection of either transition moment in both factor
group directions on the (201) face, that there is little differ-
ence between the two. But in the perpendicular b (100) direc-
tion the small difference in orientation between the transi-
tion moments results in a large difference in the macroscopic
field (ﬁ-f() terms. It is those terms which determine the values
of the Coulombic excitons (see Ref. 15) and thereby the split-
tings. This demonstrates the dependence of the crystal spec-
tra, particularly in the strong coupling regime, on the macro-
scopic field.

In Table VIII comparison is made between the best fit
spectra and those using point dipole, point charge and ex-
tended dipole analytic lattice sums. The FG sums and ¢,
values used are shown along with the exciton energies which
define the stopping band and the bandwidth. These energies
and bandwidths are compared to the values from the trans-
forms. For the sake of comparison, the X-alpha transition
moment is used for all calculations. In the perpendicular b
(201) direction of the monoclinic polymorph the best fitted
sum was the point charge lattice sum which resulted in a 50
cm ™! shift between the calculated band and the experimen-
tal one. In all cases, the improvement in going from point
dipole approximation to the point charge is evident. In some
instances the extended dipole gave good results but the un-
certainty in locating that dipole makes the point charge
model the preferred method for these dye systems. In addi-
tion there is less manipulation of the point charge sums
wherein only the charges are scaled to yield free molecule
oscillator strengths. In the extended dipole method not only
are the charges scaled but the positions of the charges are
adjustable.

A more physical interpretation of the analytic lattice
sums is instructive in the comparison of the different meth-
ods of calculating internal fields for the polymorphs. The
analytic lattice sums used for the polymorphs in the fitting
procedure and those calculated by the point dipole and point
charge models are shown in Table IX. Examination of the
crystal packing and the point dipole sums for equivalent
molecules reveals that the localized nature of the point di-
pole model fails to account for a side by side positive interac-
tion of the large transition dipoles. The use of the point
charge model which incorporates a more realistic charge dis-
tribution results in less negative lattice sums which approach
the best fit values. However, in the triclinic polymorph the
point charge model overcompensates for the spatial exten-
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TABLE VIIL. Exciton energies® and stopping bandwidths (cm ™).

M. Tristani-Kendra and C. J. Eckhardt: Reflectivity of dye crystals

Best fit Ext. dipole®  Pt.charge®  Pt.dipole® Experimental

Monoclinic

b
FG Sum (cm~'/A?) — 200 —218 — 380 —1091
€ 1.8 1.8 1.6 1.6
Coulombic 14 001 13 838 12 356 <256 14000
k = 0 polariton 21563 21536 21393 17845 21500
Bandwidth 7652 7 698 9037 >16736 7500

b, (201)
FG Sum (cm™'/A? — 456 —372 — 456 — 1088
& 1.5 1.5 1.5 1.5
Coulombic 12070 12 891 12070 <256 12900
k = 0 polariton 17 821 17 857 17 821 17779 17800
Bandwidth 5751 4966 5751 >17523 4900
Triclinic

(110) max
FG Sum (cm~'/A?) — 450 — 808 —278 — 1328
€ 1.8 1.5 2.0 2.0
Coulombic 12329 8 255 13 843 <256 12800
k = 0 polariton 22528 22219 22 645 17810 23200
Bandwidth 10 199 13 964 8 802 >17554 10400

(100) max
FG Sum (cm~'/A?) — 800 — 808 —278 —1328
& 1.5 1.5 2.0 20
Coulombic 13285 13215 16 127 4064  13200/19 600
k = 0 polariton 22555 22510 22 861 17819  15400/23 400
Bandwidth 9270 9295 6734 13755 10200

® Exciton energies shown that define the stopping bands. Factor group lattice sums calculated for an 11° transi-

tion moment.
®Charge distribution model used in calculated spectra.

sion of the charge distribution and results in a less negative
lattice sum than that found by the fitting procedure. Perfect
agreement is not expected considering that the charge densi-
ties are calculated by approximate methods. In the mono-
clinic form, the inequivalent sum calculated by the point
charge model is in closest agreement to the best fit value.
The examination of the lattice sums from the fitting
procedure affords the best estimate of the internal fields of
the polymorphs. In the triclinic polymorph the equivalent
sum is more negative than that of the monoclinic form. This
is particularly evident for the triclinic {100) face which exhib-
its a stopping band split in two with a shape reminiscent of
the joint density of states function of a one dimensional crys-

tal.
Another difference between the two polymorphs is

manifested in the blue edges of the stopping bands in the b
direction for the monoclinic case and the max directions in
the triclinic. In the first a small peak outside the stopping

TABLE IX. Lattice sums® (cm~'/A?) used in single state theory.

Point dipole® Point charge® Best fit
Monoclinic
t,1,0) — 1089 — 418 — 328
ty,2,(0) 2 —38 — 128
Triclinic
21,.1,(0) — 1328 — 278 — 800 (100)
— 450 (110

*Calculated for an 11° transition moment, (47/¥,) omitted for compact-
ness.
® Charge distribution model used in calculated spectra.

band is observed to higher energies, and in the other aband is
apparently convoluted into the stopping band. The theory of
Fanconi ez al.’ does predict structure outside the stopping
band toward higher energies. An alternative is that in both
cases the effect of the coupling S, and S, is operant. This
would not be expected to be large because of the low intensity
of S, but could be mitigated by its like polarization and close
proximity to S,. Inclusion of some exciton—exciton coupling
may also better define the triclinic spectra. In an effort to
explore this possibility, a polariton theory using two states
was sought that incorporates explicit coupling between elec-
tronic states.

2. Two state

Mahan’s formulation of polariton theory includes an
explicit coupling of two electronic states.'® Using these equa-
tions and recasting them into a form compatible with calcu-
lations employed previously allows more convenient com-
parison to the single state form.

The equations of motion of a dipole in the presence of an
electromagnetic field are the basis for a derivation of the
crystal dielectric function. The unit cell is considered to have
two translationally inequivalent molecules. The free mole-
cule oscillator strength may be written

fi=2mw,u,l/he’.
Then the energy dependent polarizability of a state is
4ra,(E) = (4mu}/ Vo)A, (E), (1)

where
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A(E)= ¥ 26,63/ —E?,

m is the mass of an electron, @, is the uth free molecule
excitation energy in cm ™', u; is the dipole length of the jth
transition, £ 2 is the Franck—Condon factor for the uth free
molecule vibronic transition with excitation energy e, , E is
the energy, and ¥, is the volume of the unit cell.
The point dipole interaction energy terms can be recast
as
Tr,s = (V0/477.urus) [Iar,as (k) :t Iar,ﬂs (k)] s
where the r,s specify the electronic transition and a, £ is the
site of the molecule in the unit cell. The + refers to the two
factor groups. The interaction energy can be broken into two
parts. The first is an analytic function of k, the exciton wave
vector, and the other, the so-called macroscopic term, is a
nonanalytic function of k. For optical frequencies, the ana-
lytic term can be replaced by its value at k = 0. Then

L (K) = (47,8, / V) [ L0 g0 (0) + (P - K)(fig, - K)],

where [i,, is the transition moment for transition » on mole-
cule a.

Following the treatment of Philpott,’* a background
dielectric constant is included to account for the effects of
the higher electronic states not explicity considered. This
modifies the interaction energy, but does not affect the ana-
lytic term since it is dominated by close dipole pair interac-
tions. Thus

Lo () = 4,4, [i5,(0) + (47/Vo€0){ [, - K))
Where ia’.'ﬂs (O) = (47/ Vo}ta"ﬂs (0).
The resultant form of the dielectric function is

n* =€, + 24m/ VoA Yu?A E) (1 + A,(E)
X [Ty5,15 (k) £ 112, (K)] } 85 - b, ) + 454, (E)
X A1 + AE)[ 1,1, (K) + 1,0, ()] } (81 - o)
=28, - P, )& - Ju,u A (E)A(E)
X 75 (K) £ 11, 5:(k)]) (2)

where
A={1+A4,(E)[],,,K) +1,,k)]} (1+A4,(E)[],(k)
+ 15 (k)] ) — A(EA(E)[,,1,(k) £ 1,,5,(k)]

The &, is the light polarization for the factor group of inter-
est and the other quantities are defined as before. Some phen-
omenological damping is introduced to account for relaxa-
tion channels of the vibronic excitons due to decay into the
multiparticle regions, scattering by lattice phonons and oth-
er lattice energy dissipation mechanisms. This gives

A(E)= Y 2e,£2 /e —E*—iET), (3)

where I, and I"'? are the damping constants for the uth
vibronic levels of the first and second transitions. By consid-
ering only one electronic transition, Eq. (2) simplifies to the
single state form used earlier.5

Both point charge and point dipole lattice sums were

1169

TABLE X. Lattice sums® (cm™'/A?) used in two state theory.

Monoclinic Triclinic

Pt. charge®  Pt.dipole® Pt charge® Pt dipole®
i1,1,(0) — 418 — 1089 - 278 — 1328
i1r2-(0) —38 2
i1515(0) — 418 — 1089 —278 ~ 1328
i15,25{0) —38 2
i1,15 (0} — 418 — 1089 —278 — 1328
f 1n2s (0) —38 2

Monoclinic
A, factor group B, factor group

Pt.charge® Pt dipole® Pt.charge® Pt dipole®
Sum(r) — 456 — 1091 — 380 — 1087
Sum(s) — 456 — 1091 — 380 — 1087
Sum(rs) — 456 — 1091 — 380 — 1087

 Calculated for an 11° transition moment.
® Charge distribution model used in calculated spectra.

used in this extension of Mahan’s theory. A problem arises in
that the charge distributions from the X-alpha calculation
needed to calculate point charge sums give an incorrect tran-
sition moment polarization for .S,. The S, transition is ex-
perimentally polarized parallel to the S, transition so the
same transition charge distributions were used for the two
singlets. However, the distributions were scaled to yield the
dipole strengths appropriate to the transition. In Table X,
the different analytic lattice sums calculated by using the
point charge and point dipole models for the polymorphs are
presented. For the monoclinic case, the different factor
group sums are defined as follows:
sum(r) = iy, 1,(0) £ iy, (0), sumis) = iy, 1,(0) £ i1,,(0) and
sum(rs) = i,,,,(0) + i},,,(0). The triclinic form has no factor
group splitting, and therefore, the sums used are the individ-
ual lattice sums. Notice that in the single state theory, the
sum (r) values were used. The fact that the polarizations of S,
and S, are taken as identical makes sum(r)=sum
(s) = sum(rs). As before, the point dipole sums in this calcula-
tion gave very poor results, and the specira calculated using
the point charge sums do not give a good description of the
actual spectra except for the perpendicular b (201) direction.
A fitting procedure adjusting the analytic lattice sums
was employed. Three lattice sum parameters are available
for adjustment, one for each transition and one representing
a coupling between the two transitions. Variance of the
sum(r) and sum(s) terms leads to a shift of their respective
bands with increasingly negative sums moving the bands to
lower energies. As before, the €, term affects the higher ener-
gy edge of the bands with an increase in ¢, displacing the
edge to lower energies. Since the sum(rs) term is 2 measure of
the coupling between the singlets, its adjustment varied the
peak height of S, and the stopping bandwidth of S,. Increas-
ingly negative values of sum(rs) lead to greater coupling.
Both edges of S, are affected and shift in opposite directions
to increase the bandwidth at the expense of S, which dimin-
ished in intensity. Although there are several adjustable pa-
rameters, no resonable reflection curve can be calculated
without a value of sum(rs) in the vicinity of the FG sum
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FIG. 10. Calculated spectra using fitted sums and including S, and S, for
the triclinic (upper) and monoclinic (lower) polymorphs.

values used in the single state form of the polariton theory.
Plots for the monoclinic and triclinic polymorphs are shown
in Fig. 10 and Table XI lists the parameters for each plot.
The adapted theory of Mahan describes the monoclinic
b direction fairly well. The best fit for this direction repro-
duces the stopping band width along with the general band
shape. The structure near 24 000 cm ' matches that of the

TABLE XI. Parameters for calculated spectra using two states.

experimental spectrum. In all of the calculated spectra for
this direction, the shape of the multiparticle region was not
well described. After a dip in reflectivity at 17 800 cm ™1, the
calculated spectra rise much more rapidly and peak at lower
energy than the experimental spectra. The fitted value for
sum(r} (see Table XI) is in better agreement with the point
charge calculation of sum(z) than the point dipole one. (Table
X). In contrast, best fit values for sum(s) and sum(rs) are
closer to the point dipole sums.

In the perpendicular to b (201) and (100) directions the
best fitted lattice sum values were once again identical to
those calculated by the point charge model. Weak structure
is observed in both directions at 25 400 cm ! which corre-
lates with the slow rise in reflectivity from 20 000 to 30 000
cm ™' in the experimental spectra. The main peak in the cal-
culated (100) spectrum is displaced slightly from the experi-
mental peak.

For the max directions of the triclinic (100) and (110)
faces, the best that could be achieved with the fitted sums
was to match the bandwidths of the experimental curves.
Higher values of damping constants did not lower the calcu-
lated stopping band region to match the experiment; rather
it washed out the little structure present in that region. For
both the (100) and ( 110) faces, .S, appears to be responsible for
the structure near 24 000 cm ! within the stopping bands.
The transition is not strong enough to perturb the middle of
the stopping band which indicates that other types of inter-
actions contribute to that structure. As seen in the mono-
clinic case the sum(r) point charge values were much closer
to the best fit ones than were the point dipole sums and the
reverse is true for the sum(s) and sum(zs) terms (see Tables X
and XI). It appears that in both polymorphs the point charge
model overcompensates for the spatial extension of the tran-
sition charge distribution for S,.

The difference between the high energy edges of the
stopping band in the monoclinic & direction and the max
directions of the triclinic polymorph is found to be due to a
difference in the coupling of the two singlet transitions. The
sum(rs) values for the best fits are much more negative for the

Figure 10 Figure 11 Figure 12
b b, (201) (100) (110) max  (100) max b b, (201) (1T0) max (100} max

Lattice sums®

Sum{r) — 200 — 456 — 456 — 300 — 700 — 200 — 456 - 300 — 700

Sum(s) — 4000 — 456 — 456 — 4000 — 4000 — 4000 — 456 — 4000 — 4000

Sum(rs) — 800 — 456 — 456 — 1700 — 1700 — 800 — 456 — 1500 — 1700
Damping constants®

r 800 500 2000 999 999 800, 0.5, 0° 500 999, 0.1, 300° 999, 0.1, 300°

r; 999 400 600 999 999 999, 0.1, 0° 400  999,0.1,300° 999, 0.1, 300°

r} 100 50 80 999 999 500, 0.1, 0° 50 999, 0.1, 300° 999, 0.1, 300°

r; 2000 600 400 200 999 2000, 100, 0° 600 200, 100, 0° 999, 100, 0°
Background
dielectric (&) 1.8 1.5 1.5 2.0 1.6 1.8 1.5 2.0 1.6

* Units in em ™~ /A%

b Superscripts label the singlets and subscripts the vibronic levels in each. Unitsinecm™".

1

<The three numbers are those needed to define each I'/,(E ) for damping according to Eq. (4).
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triclinic stopping bands than the monoclinic. This trend is
indicative of a larger coupling between the singlets in the
triclinic crystal, however, it must be remembered that the
sum(rs) is just the analytic part of the resonance interaction
term I,, 5 (k). For the b direction in the monoclinic crystal,
the rs interaction term is 1, (k) — 1}, ,,(k), with the resul-
tant being i), ,(0) — 7,,,(0), since the macroscopic terms
cancel each other out. In the triclinic case, the macroscopic
terms remain (Table VII). In both the triclinic faces the total
rs lattice sum is more negative than the monoclinic b direc-
tion, reflecting the greater coupling between the singlet tran-
sitions.

The explicit inclusion of a second singlet in the polari-
ton calculations was successful at explaining the structure in
the region of the high energy edge of the stopping bands.
However, the multiparticle regions remain poorly defined.
In particular, the location of the second peak in the b-axis
reflection spectrum is incorrect and the structure for the
stopping bands of the triclinic polymorph is in poor agree-
ment. In the calculations presented, a frequency indepen-
dent damping has been associated with the vibronic compo-
nents. The damping term accounts for losses due to various
lattice relaxation mechanisms. It is reasonable to expect
these losses to be frequency dependent.?! Several damping
functions were explored including an exponential form ex-
pected for relaxation through phonon channels® but the
most successful one was a Gaussian of the form
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FIG. 11. Calculated spectra for the monoclinic b axis (includes a
Gaussian damping function) and the perpendicular b (201) direction are
compared to the experimental spectra. Both S, and S, are considered.

i =4 exp[ —(E—e,,/e,,B)z] +C, (4)

where 4 was on the order of the frequency independent
damping previously used.

The calculated spectrum using this function, along with
the experimental spectrum, is shown for the monoclinic b
direction in Fig. 11. Parameters are in Table XI. The effect of
the frequency dependent damping for .S, is to place the peak
in the multiparticle region further to the blue and be in better
agreement with the experimental curve than that obtained
using frequency independent damping. .S, structure was re-
produced without using frequency dependent damping. The
agreement of the calculated spectrum with the experimental
one is now quite good.

For the perpendicular b (201)direction no improvement
was obtained by including frequency dependent damping in
the calculation. In Fig. 11 the best calculated spectrum is
shown. The direct comparison of the calculated spectrum
with the experimental one supports the conjecture that the
observed peak at 17 200 cm ™" is the result of two peaks. A
similar broadening was observed in the perpendicular b (100)

direction.
The Gaussian damping function for S, only, was used in

the calculation of the spectra for the max polarization direc-
tions of the triclinic faces (Fig. 12). The agreement of the
calculated spectrum with the experimental one for the (110)
face is remarkable. The structure within the stopping band is
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FIG. 12. Calculated spectra considering S, and S, and using a Gaussian
damping function for the triclinic polymorph are compared to the experi-
mental spectra.
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FIG. 13. The Gaussian damping functions wI". are shown alongside the
calculated spectrum for the (110) max direction as in Fig. 12.

reproduced and only the magnitude of the reflectivity is in
disagreement with the experimental curve. Notwithstanding
its large separation from the 12 800 cm ™! peak, the structure
at 15 100 and 18 000 cm ™! is shown to be vibronic and illus-
trates the difficulty of extracting such information from
strongly coupled systems. The calculation of the (100) max
direction was not as successful and the well separated peaks
observed experimentally can not be reproduced.

There is no strong theoretical reason to expect the
damping to be described by such a Gaussian function. Given
the complexity and lack of knowledge of damping phenom-
ena, other functions are just as valid and in some instances an
exponential function worked well. To understand this
damping better, it is useful to know the energy region
spanned by the frequency dependent damping functions. In
Fig. 13 the calculated spectra for the (110) max direction is
shown along with plots of the damping functions for each
vibronic component of S;; I'}, I'}, I'; multiplied by the
polariton energy in cm ™. The damping is introduced phe-
nomenologically in the polarizability as a product of '/, and
energy [see Eq. (3)]. The resultant damping functions wl™,
are Gaussians superimposed on a linearly increasing back-
ground, with half-widths on the order of 4000 cm . Appro-
priately, the structure in the stopping band is correlated with
the regions in which the damping functions vary greatly
from the background value. The low and high energy edges
of the stopping band can be reproduced using a frequency
independent value of I"}. This not unexpected result is
found for the other spectra as well.

With the introduction of frequency dependent damp-
ing, the molecular polariton theory has been extended to its
limit. The band shapes and positions of the experimental
reflection spectra for the monoclinic polymorph and the
(110) max direction of the triclinic crystal were described
well. There are still some problems describing the triclinic
spectra in that different analytic lattice sums were necessary
to fit the (110) and (100) faces.

V. CONCLUSION

An extensive study of the specular reflection spectra of
the monoclinic and triclinic polymorphs of a squarylium dye
(HEAPS) has revealed the complexity of interactions in

these strongly coupled systems. Elucidation of the effect of
the internal fields upon the optical response must necessarily
be based upon the properties of the constituent molecules.
This requirement is met through assumption of an oriented
gas model for the assignment of the first two singlet molecu-
lar transitions. These are polarized 6° from the long axis of
the molecule with the first comprised of three vibrational
components. The observation of an out-of-plane band in the
triclinic crystal can be attributed to an intermolecular
charge transfer transition. The assumption that the elec-
tronic transitions are those of the free molecule is subject to
doubt in systems such as these where tightly packed, highly
polarizable molecules are subject to large fields. However, it
is unlikely that the differences can be too great and it is diffi-
cult to devise a reasonably tractable alternative. The subse-
quent agreement of the calculated spectra based upon these
assignments lends support to the assumption.

The radically different reflection spectra of the two po-
lymorphs, which are representative of the extremes pre-
viously observed for quasimetallically reflecting crystals,
can be treated using the theory of molecular polaritons. A
consequence of this investigation is that the lattice sum cal-
culations for these large, extended systems with high oscilla-
tor strength transitions should not be executed using the
point dipole approximation. The failure of the point dipole
approximation for the calculation of the reflection spectra
leads to the use of point charges to calculate the lattice inter-
action. While the adoption of a more realistic charge distri-
bution produces reasonable agreement of bandwidth and en-
ergies, structure on the blue edge of the reflection band must
be replicated by including coupling to a weak but close lying
singlet state. This has little additional effect on the calculat-
ed curve save for the production of the weak structure at the
high energy edge which is seen in the experimental reflection
spectra. A transition of greater intensity would undoubtably
produce greater effect. Directional dispersion accounts for
much of the observed change of shape of the reflection bands
in these systems. In fact, the monoclinic spectra are reasona-
bly well described without further addition to the theory.
The triclinic system, however is little improved by account-
ing for directional dispersion.

The major problem of the reflection spectra of dye crys-
tals which display structure similar to that found in the tri-
clinic crystal wherein the band is nearly split in two is not
solved by the above modifications. Since the region of the
band involved is associated with relaxation processes, the
crystal damping was examined. The use of constant damping
provides little improvement and frequency dependent
damping is found necessary for a description of the crystal
relaxation processes. Since the damping considered was in-
cluded in the crystal dielectric function, it should account
for decay channels associated with the lattice. For decay
through phonon channels, an exponential dependence on
the frequency would be expected. While such a response pro-
vided some improvement in the monoclinic spectra it was
not otherwise effective. However, quite good results were
obtained using a combined Gaussian and linear dependence
on the frequency for each of the first singlet vibronic levels.
The effectiveness of this form of damping is of particular
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interest since the usual exponential expression for phonon
relaxation processes was not nearly as effective. A purely
linear dependence was also of slight use.

A more realistic physical approach to calculating the
reflection spectra is certainly of value. The agreement with
experiment is actually surprisingly good for such a limited
model. The general moelcular polariton approach is an effec-
tive one to understanding these strongly coupled systems.

The lack of aggregation spectra for the dye in solution is
unfortunate since it prevents comparison of such spectra to
those of the dye crystal polymorphs. However, the crystal
packings of the polymorphs are of the types expected for
aggregation, and to this degree, provide insight on the influ-
ence of structure on spectra. Determination of the desired
spectra-structure correlation for both aggregate and crystal
must await a system wherein comparison of the crystal poly-
morph spectra to that of the aggregate can be achieved. Nev-
ertheless, this approach, which is the first to approach un-
derstanding of aggregation by use of polymorphism,
provides a method of approach for the determination of the
structure of dye aggregates.

The observation of the quasimetallic stopping band in
both factor group directions on the (201) face of the mono-
clinic crystal admits of supporting surface exciton polariton
states. This is the first such molecular crystal wherein such
excitations can be supported in more than one direction. The
understanding of these surface excitations will be furthered
by the ability to study the two dimensional dispersion of
these surface excitations. Work in this area is now being pur-
sued.

An understanding of the optical and electronic re-
sponses of dyes is necessary for many commercial uses. The
propensity of dyes to form polymorphs suggests a systematic
approach to structure—spectra correlation which should be
useful in understanding dye aggregation as well as other in-
teractions in a strongly coupled lattice.
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