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Pre-resonance Raman spectra of certain liquid crystalline compounds TB4A, TB7A and
TBI10A, are reported. The anomaly observed in the pre-resonance Raman spectra in the three
compounds was initially explained by the Albrecht—Hutley Model, but its failure leads us to
explain the anomalous intensity enhancement mechanism by invoking an interference effect
between a weak dipole-forbidden excited state and a nearby strong electronic level via
vibrational modes. The presence of a 2' A, dipole-forbidden excited state in TB4A and TB10A
is deduced after an elaborate discussion of their centro-symmetric structure. The structural
difference of TB7A in comparison with TB4A and TB10A is also discussed by taking their
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X-ray data into consideration.

1. Introduction

Vibrational spectroscopy has been a matter of great
interest in both experimental and theoretical research
for a long time. Especially, in recent years, Raman
spectroscopy has been a very useful tool in the investi-
gation of the vibrational dynamics of liquid crystalline
compounds. The spectra—structure correlation, as well
as the connection between structural phase changes and
the corresponding changes in the Raman spectra, are of
particular interest. These aspects have been potentially
exploited in order to obtain information about different
molecular configurations [ 1-8] such as molecular orien-
tation [9], inter/intra-molecular interactions [10], etc.
Enhancement of Raman intensities in the resonance
and pre-resonance region [11-16] has also attracted
considerable attention. The resonance Raman theory
is primarily based on the Kramers—Heisenberg—Dirac
relation and has been explained by many authors
[11-14] in various ways. The Albrecht [ 127 theory which
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is initially used here for explaining the Raman excitation
profile (REP), expresses the Raman cross-section directly
in terms of molecular parameters. Rigorous Raman
resonance occurs when the exciting radiation frequency
falls within the observable vibrational structure, whereas
the pre-resonance Raman effect is observed when the
exciting radiation frequency falls within the high or low
frequency wings, but not under the observable vibrational
structure of the electronic absorption band involved in
the Raman scattering process. The variation of Raman
intensity in different vibrational modes as a function of
incident laser photon energy, commonly known as the
excitation profile, is important for obtaining information
about, for example, the properties of a molecule in
the electronic excited state, the vibrational mode and the
atomic displacement between the ground and excited
states [ 15].

When the energy of the exciting light approaches an
electronic energy level, a monotonic increase of intensity
of different Raman modes occurs in the pre-resonance
region [ 11-167] due to vibronic coupling. Many models
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[11-147] have been proposed to explain the intensity
enhancement theoretically in the pre-resonance region.
However, the agreement of these models with experi-
mental results is only approximate and sometimes they
fail to account for the observed enhancement in many
systems [17,18]. It has been suggested that vibronic
coupling between the electronically allowed and some
forbidden transitions may lead to such inconsistency
[17, 18], and sometimes such anomalies were explained
by invoking the interference effect between electronic
levels and weakly allowed or forbidden electronic levels
via vibrational modes [ 19].

In the present study, the Raman excitation profiles
(in the pre-resonance region) of some Raman bands for
three thermotropic liquid crystalline compounds, TB4A,
TB7A and TB10A are reported. These liquid crystalline
compounds are basically Schiff ’s base compounds and
differ in their long aliphatic chains. The staggered core
[20,21] consists of three benzene rings connected by
Schiff ’s base linkages; the middle benzene ring is sym-
metrically substituted and the peripheral benzene rings
are unsymmetrically substituted. The long saturated
aliphatic chains attached to both ends of the core have
a zig-zag structure. An overall structure for the three
compounds is given below.
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An attempt has been made here to explain the
anomalous intensity enhancement in the pre-resonance
Raman spectra of TB4A, TB7A and TBI10A, an effect
which is unaccountable in the Albrecht and Hutley model
by invoking the interference effect between electronic
levels and weakly allowed or forbidden electronic levels
via vibrational modes.

2. Experimental
The liquid crystalline compounds TB4A, TB7A and
TB10A were synthesized following a standard procedure
[22,237] and purified by repeated crystallization from
an absolute ethanol-benzene mixture until the observed

transition temperatures were constant. The Raman
spectra in the 1100-1700cm ™' region for TB4A, TB7A
and TBI10A dissolved in a non-interacting solvent
(CHCY,), were obtained on a spex Ramalog 1403 double
monochromator equipped with an RCA-31034 photo-
multiplier tube and CCD detector using 514.5, 496.5,
488.0, 476.5, 457.5nm lines from an Ar*-ion laser and
the 441.6nm line from a He-Cd laser as excitation
sources. A slit combination of 200-400-400-20 0 um, a slit
band pass of 2.5c¢cm ™', a scanning increment of 1.0cm ™!
and an integration time of 1.0 s were found suitable in
order to record the spectra with good signal to noise
ratio. A DM-3000 series computer with Spectramax
software was used to control the spectrometer and
process the data. Electronic absorption spectra were
recorded by a Cary 2390 UV-Vis spectrophotometer.

3. Discussion

First the assignment of all the observed bands in the
1100-1700cm ™' region along with their depolarization
ratios was made on the basis of earlier studies on similar
compounds [24] and expected group frequencies [25]
and is given in table 1. Representative Raman spectra
for one of the samples (TB7A) as a function of exciting
line wavelength are given in figure 1. As is evident from
this figure, intensity enhancement is observed for almost
all the ring modes as well as for modes associated with
the Schiff ’s base linkages.

The electronic absorption spectra for TB4A, TB7A
and TB10A are shown in figure 2. Strong absorption
bands at ~ 363 and ~296nm appear in the spectra of
all these compounds. The strong band at ~ 363 nm is
considered to arise from a major active electronic state
in the TB4A, TB7A and TBI10A systems. The other
observed band at ~296 nm is located reasonably away
from the excitation lines used and hence its contribution
has been neglected for the intensity enhancement. It is
to be noted here that the observed absorption bands in
all the compounds are symmetrical and have nearly con-
stant relative intensity ratios, thus reflecting a negligible
effect of chain length. Again all the Raman bands chosen
for this study are symmetrical with a depolarization

Table 1. Assignment and depolarization ratios of Raman bands considered for pre-resonance studies of TB4A, TB7A and TB10A.
The band positions given in the table are approximately the same for the three systems.

Band Depolarization
position/cm ™! Assignment ratio

1165 Aromatic C-H in plane bending mode (v,,) 0.28

1195 Aromatic C-N stretching mode (v4.x) 0.35

1563 Quadrant stretching of benzene ring (vg,") 0.34

1594 Quadrant stretching of benzene ring (v, ) 0.30

1625 C=N stretching mode (vo_y) 0.33
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Figure 1. Raman spectra of TB7A in CHCI,; with six different
excitation lines.

ratio of 0.3 (see table 1). Therefore it is expected that
the Albrecht and Hutley model may explain the intensity
enhancement in the pre-resonance region.

When the frequency of the exciting radiation
approaches an electronic state which serves as a major
active state for the vibrational mode involved, the
intensity enhancement is predicted to be governed by
the frequency dependent dimensionless factor F, given
by Albrecht and Hutley [11] as

) (1)
(e — )
However, if there is another electronic state, other than
the major electronic state, the intensity enhancement is
dependent on their vibronic coupling via vibrational
modes and is predicted to be governed by the frequency
dependent factor F, given by Albrecht and Hutley [ 11]
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Figure 2. Electronic absorption spectra of the three
compounds in CHCI;.

as

22 (v, v, +v3)
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where v,, v, v, and v, refer to the frequency of the
exciting radiation, scattered radiation, major active
electronic state and virtual electronic state (other active
higher electronic state), respectively. The approximation
adopted in the ‘A’ term (Condon approximation) [15]
is equivalent to assuming that the value of the electronic
transition moment is independent of the vibrational
transition accompanying the electronic transition and
only a totally symmetric vibration gives rise to resonance
enhancement via the Albrecht ‘A’ term [15]. Unlike the
‘A’ term, the ‘B’ term arises due to vibronic mixing of
two excited electronic states via both totally symmetric
and non-totally symmetric fundamental modes, pro-
vided that they are energetic enough for such coupling.
The approximation adopted for the ‘B’ term is
non-Condonian in nature [15]. In short, the ‘A’ term
corresponds to intensity enhancement due to the active
electronic state and the ‘B’ term refers to the vibronic
coupling of the major active electronic state with other
active higher electronic states (if any) having similar
polarization. If the Raman intensity is uniquely governed
by one of the terms given by equations (1) or (2), the
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intensity /,,, may be written as [11]

I,,xF; (3)
or

I, ., F5. (4)

In order to calculate the frequency dependent factors
for TB4A, TB7A and TB10A, the v, values have been
taken as 8.174 x 10'* Hz (1 =367 nm), 8.321 x 10'* Hz
(A=360nm), 8253x10'*Hz (A=363.5nm), respectively,
corresponding to the strongest near-ultraviolet electronic
absorption bands of TB4A, TB7A and TBI10A (see
figure 2). In addition, the TB4A, TB7A, and TB10A
systems possess a second strong absorption band at an
energy corresponding to ~ 296 nm. The frequency factor
F, is calculated by taking these absorption bands at
~296nm for each respective system (see figure 2). In
order to make an easy comparison of the theoretically
predicted and experimentall y observed intensity enhance-
ment, dimensionless factors R,, R, and R, are given
as:

_ (Fy )io (F)io I;,o

R, = - R R, =
* (Fy isso ’ !

(FB)iSSO 14880 (5)
and have been calculated for every band at every
excitation line under consideration. The v, mode of
CHCI, at ~667cm™' has been used as an internal
standard to calculate the experimentally observed
intensity enhancement factor, R;. Correction for the v*
dependence of the intensity of the internal standard
mode has been made separately. The relative intensities
used for the calculations are peak intensities, since the
line widths of various bands do not show appreciable
change.

The values of R,, R, and R; thus calculated, are
given in tables 2 to 6 for the five most prominent
bands, viz. 1625, 1594, 1563, 1193, and 1165cm™' for
the three compounds. Other bands in the frequency
range 1100-1700cm™"' for all the compounds show

Table 2. Theoretically calculated and experimentally observed
intensity enhancement for the 1625¢cm™' Raman band in
terms of the R,, R, and R; factors for TB4A, TB7A
and TB10A.

TB4A TB7A TB10A

JJA R, R, R, R, R, R, R, R, R,

5145 067 076 036 068 0.76 059 068 0.76 0.8
4965 087 091 069 088 093 073 088 091 0.74
4880 1 1 1 1 1 1 1 1 1

4765 122 115 174 124 140 141 122 1.14 153
4579 178 147 320 172 145 255 174 145 3385
4416 265 190 233 249 184 560 256 186 2.65

Table 3. Theoretically calculated and experimentally observed
intensity enhancement for the 1594cm™' Raman band in
terms of the R,, R, and R; factors for TB4A, TB7A
and TB10A.

TB4A TB7A TB10A

JJA R, R, R, R, R, R, R, R, R,

5145 067 076 033 068 0.77 065 068 076 0.8
4965 087 091 062 088 091 0.79 088 091 0.77
4880 1 1 1 1 1 1 1 1 1

4765 122 115 172 123 114 152 121 1.14 150
4579 173 147 297 172 144 244 174 145 391
4416 265 190 200 249 184 535 256 186 2.70

Table 4. Theoretically calculated and experimentally observed
intensity enhancement for the 1563 c¢cm™' Raman band in
terms of the R,, R, and R; factors for TB4A, TB7A
and TBI10A.

TB4A TB7A TB10A

JJA R, R, R, R, R, R, R, R, R,

5145 067 076 035 068 0.77 065 068 076 0.8
4965 087 091 059 088 091 0.79 087 091 0.73
4880 1 1 1 1 1 1 1 1 1

4765 122 115 186 123 114 152 122 1.14 158
4579 176 147 347 171 144 244 174 145 349
4416 265 190 238 249 184 540 256 186 2.68

Table 5. Theoretically calculated and experimentally observed
intensity enhancement for the 1195¢cm™' Raman band in
terms of the R,, R, and R; factors for TB4A, TB7A
and TBI10A.

TB4A TB7A TB10A

JJA R, R, R, R, R, R, R, R, R,

5145 067 076 035 069 077 083 068 076 0.8
4965 087 091 068 088 091 089 088 091 091
4880 1 1 1 1 1 1 1 1 1

4765 122 114 178 123 114 145 121 114 131
4579 177 146 294 172 144 264 174 145 224
4416 264 189 218 248 183 390 255 186 1.72

similar trends in intensity enhancement. The observed
Raman excitation profiles (REP) for the 1625¢cm ™' band
are shown in figures 3(a,b,c) for the three compounds
TB4A, TB7A and TBI10A, respectively. Similar band
profiles are observed for other bands, but are not shown
for the sake of brevity. We find that neither the R, nor
the R, term accounts for the observed intensity enhance-
ment (see figures 3 (a,b,c) and tables 2 to 6). Interestingly,
for TB4A and TB10A, the intensity enhancement profile
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Table 6. Theoretically calculated and experimentally observed
intensity enhancement for the 1165c¢cm™' Raman band in
terms of the R,, Ry and R; factors for TB4A, TB7A

Table 7. Lattice constants of the crystalline phases (after
Diele et al. [26]].

and TB10A. Compounds a/A b/A Cc/A f/degree
TB4A TB7A TB10A TB3A 22.58 5.76 17.59 100.2
. TB4A 53.20 5.75 17.57 115.5
JJ/A R, Ry R, R, R, R, R, Ry R TB5A 58.48 5.70 17.94 115.0
TB6A 64.68 5.63 17.39 116.4
5145 067 0.76 034 069 077 075 068 0.77 0.66 TB7A 32.04 5.62 17.59 99.5
4965 087 091 064 088 092 086 088 091 093 TBSA 73.04 5.59 17.59 90.5
4880 1 1 1 1 1 1 1 1 1 TB10A 79.34 5.57 17.39 89.0

4765 122 1.14 188 123 114 131 121 1.14 139
4579 177 146 325 172 144 257 174 145 292
4416 265 189 202 248 183 560 255 185 200

shows a peak at the ~457.9 nm excitation line, whereas
for TB7A the excitation profile shows the usual mono-
tonic pre-resonance increase. In order to visualize the
origin of such an anomaly qualitatively, we subtracted
the contribution of the R, term from the experimentally
observed R; term for each line. The residual enhance-
ment resembles an absorption peak and points towards
the possibility of an electronic state having energies in
these wavelength regions for TB4A and TBI10A, see
figures 3(a,c). However, the absorption spectra of these
three compounds do not show any band around the
position where the Raman intensity enhancement is
anomalous. Therefore, consideration of such an inactive
forbidden electronic level as an origin of the above
inconsistency may be wrong due to the fact that only
dipole-allowed electronic transitions can contribute to
the Raman intensity enhancement [ 15, 197.

Now the outcome of these observations is interesting
in two ways. First, TB7A does not show the same REP
in comparison with its lower (TB4A) and higher (TB10A)
homologues. Second, how would a dipole-forbidden
electronic level contribute to the active electronic state
so that the observed REPs can be understood satis-
factorily? In order to understand the anomaly in intensity
enhancement, it is necessary to consider the structures
of these compounds. As explained before, the overall
structure of the molecules of all three compounds are of
the trans-type. But for a better understanding we wish
now to consider the single crystal X-ray data of the
TBAA homologous series obtained from the studies of
Diele et al. [26] and the data are reproduced in table 7.
A careful examination of these results reveals that for
TB7A, the value of the ‘@’ lattice parameter is less than
that for its lower and higher homologues, and this is a
measurable parameter of molecular length in three
dimensional lattice co-ordinate systems. For the other
members, the ‘a’ lattice parameter shows the usual
increasing trend due to lengthening of molecules by
addition of methylene groups to the terminal chains.

This leads to the conclusion that the alkyl chains in
TB7A are probably in a cis-form, whereas in the TB4A
and TB10A molecules the alkyl chains are in the trans-
form. Again, it is well known that only trans-isomers
are centro-symmetric [25]. From the above discussion
it can therefore be inferred that the TB4A and TB10A
molecules are centro-symmetric, whereas TB7A does not
possess a centro-symmetric structure.

For centro-symmetric molecules such as all-trans
linear polyenes [27,28], diphenyloctatetraene (DPO),
and diphenyldecapentaecne (DPDP) [29] there exists a
lowest singlet excited state known as the 2'A, parity
forbidden state. The electronic origin of the 2' A, state,
being of gerade vibronic symmetry, is inaccessible by a
one-photon process from the ground state (electronic
absorption spectra) due to the alternate parity dipole
selection rule [19]. However, such origins have been
detected by high resolution fluorescence excitation when
the guest molecule is situated in a symmetry-perturbing
environment, such as a Shpolskii matrix [30-32].

The present systems TB4A, TB7A and TBI10A are
spectroscopically less well investigated, and the required
data are not available. Therefore the presence of a 2' A,
parity forbidden level in TB4A and TB10A can only be
inferred qualitatively from the fact that the molecules
are centro-symmetric in nature. Generally, symmetry-
forbidden transitions (2' A, as in the present case) have
oscillator strengths in the range 107°-107? [32] in
comparison to ~107¢ for a singlet-triplet transition.
Strong dipole-allowed states, on the other hand, have
an oscillator strength of ~1.0-1.5 [27]. Due to the
weak oscillator strength, the 2' A, parity forbidden level
alone could not contribute to the Raman intensity
enhancement mechanism [19]. Participation of such
weakly allowed states in the intensity enhancement
mechanism may be understood by invoking an inter-
ference phenomenon between a weakly allowed electronic
state and a nearby major active electronic state via
vibrational modes [19]. Theoretically such contri-
butions may be understood by considering the Raman
scattering intensity, which is proportional to |« pa|2 , Where
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Figure 3. Frequency factors R, , Ry, R; with scaling to unity at the 488 nm line and R,—R, for the compounds (a) TB4A, (b) TB7A,
(c) TB10A.
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®,, 1s the polarizability tensor. The polarizability tensor
may be expressed by the Kramers—Heisenberg dispersion
relation [ 19, 33]

., :12 <Flﬂpll><llu{,IG>
LA W, — w, +1I,

+ CFluglD) (|G
o, +w, +11

(6)

where i/, is the complex damping factor associated with
the vibronic state |I) of energy 4w,, s, is the energy of
the incident radiation, pu,,, is the total dipole moment
operator (nuclear and electronic) in the p(¢) direction,
and (1ju,|G) is the oth component of the transition
dipole moment associated with the transition from the
initial vibrational level of the ground state |G) to
the excited state |I). Similarly, ( |F|,up|l> is the pth
component of the transition dipole moment associated
with the transition from the |I) excited vibronic state to
the final vibrational level of the ground electronic state
|F) . Moreover, in the near pre-resonance and resonance
region of an allowed electronic transition, the first term
in equation (6) dominates and we may neglect the
contribution from the second term, the anti-resonance
term.

We next apply the adiabatic Born—Oppenheimer
approximation, whereupon the polarizability tensor o oo
in equation (6) becomes

1 Cullp,] gnlv) OVILH,) 1] 10)
%o = 5 Z w, — w, +il, @

y.m

where [u,],,= (gluylm and [p],,= (mly,|,) are
components of the pure electronic transition moment,
and |[0) and |u) are the initial and final ground state
vibrational level, respectively. The sum is over all inter-
mediate vibrational levels v of the excited electronic
states m. For a totally symmetric vibration of a centro-
symmetric linear polyene, only one diagonal element of
the polarizability tensor, « 00 need be evaluated [ 34].

Since the electronic transition moment is a slowly
varying function of the internuclear distances, it may be
expressed as a rapidly converging power series expanded
about the equilibrium position in the normal co-ordinate
0, [19]. The first term in the series (known as the A
term) will dominate provided that |(Opt,,,/00) | << | (kg |-
This will be valid for a centro-symmetric linear polyene
in the pre-resonance or resonance region for a totally
symmetric vibrational mode [357]. In addition, for the
case of a dipole-forbidden state, the need for the second
term (the B term) in the expansion can be avoided by
introducing an empirical value for the forbidden transition
moment [197.

Under these conditions, the polarizability expression
for such a system with two excited states m and n,

reduces to

1 s < L8V (Tl0)
%y =T Heml X2
h @, = o+l

(a[5,) (7,10) }

8
w,— w, +1I, ®)

Tl 2

Vn

where the coefficients |ug,,|*, |1,,|* are proportional to

the corresponding oscillator strengths for the transition

from the ground state to the electronic states m and n,

respectively. Thus, £, = [ (4nmc) 3ke*)]v|w,,,|*, where v

is the wave number of the transition and |u,,| is the
electronic transition moment [36].

The combination of weakly allowed states to the
intensity of the Raman excitation profiles may be under-
stood by considering the Raman scattering intensity which
is proportional to |o&pa|2, where o, is the polarizability
tensor. When « - is expressed by the Kramers—Heisenberg
dispersion relation of equation (8), it is seen that ‘mixing’
cross terms arise, which may reduce or enhance the
Raman intensity. This is due, in part, to the Frank—
Condon integrals, for which the sign is a function of
displacement parameter.

As an illustration, let us consider |Otpp|2 obtained from
the expression which is given by [37]:

+Y S 24;4,0w;00; +I';17)
i=1j=1 (6603 +F3.)(6a)% +17)

)

where the sum extends over all vibrational states i,
o; and w; are the frequencies of the ith and jth states,
dw; = w; — w,, 4; and A4; are proportional to oscillator
strengths and I'; and I'; are damping factors associated
with ith and jth states.

Furthermore, let us consider a system with two
electronic excited states, m and n, where the oscillator
strength for the state m is much greater than that of
state n; ft,,> [i,,. For a given vibrational mode j of the
weakly allowed electronic state m, 4; will be very small.
Its contribution to the first term of equation (9) may
therefore be neglected. The Raman cross terms will then
be the only measurable contribution to the Raman
intensity, which otherwise may not be detectable within
the signal to noise ratio limits of the experiment.
However, the proximity of two electronic excited states
is a crucial factor in the determination of the intensity
level for the interference features in the REP. This
can easily be seen from the cross term expression of
equation (9). If the incident radiation w, is in resonance
with state j then dw; = 0 and the maximum contribution
of the cross terms will occur when the separation between
the two coupled electronic excited states is at a minimum,
since then dw, will also be smallest.

Pl = 25T

i=1
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Taking all the above aspects into consideration, it is
believed that the electronic origin of the 2'A, dipole
forbidden electronic state for TB4A and TB10A must lie
in the ~400nm region, close to the major electronic
state which lies in the ~365nm region in our systems,
and the constructive interference between these two
electronic states via vibrational modes gives rise to the
intensity enhancement at 457nm region as observed
for TB4A and TBI10A. Intensity enhancement due to
an interference effect has recently been reported by
Sztainbuch and Leori [19] in their pre-resonance
Raman study on DPDP.

4. Conclusion

We conclude by emphasizing that the three members
of the TBAA homologous series, viz. TB4A, TB7A and
TB10A, have a peculiar structural dissimilarity in so far
as their vibrational/pre-resonance Raman spectra are
concerned. In order to understand the difference in their
vibrational Raman spectra in the solid state, the effect
of alkyl chain stress on the rigid backbone has been
invoked and results in a planar modification of the
backbone for molecules having longer alkyl chains.
However, due to steric hindrance, the intermolecular
backbone spacing is wider for longer molecules than
that for smaller molecules. Single crystal X-ray studies
show that the long alkyl chains of the molecules have
their own adjustable orientation which suits their
stability and lower energy configurational state. This is
reflected in the fact that TB7A has a smaller molecular
length (a probable cis-type structure) than that of its
lower homologues. This pre-resonance Raman study
provides evidence that TB4A and TB10A possess a 2'A,
dipole-forbidden electronic state originating from their
trans-type structure.
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