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Optical Shuttering and Filtering Action
in Nematogens of Supra Molecular
Hydrogen-Bonded Liquid Crystals

N. PONGALI SATHYA PRABU
AND M. L. N. MADHU MOHAN*

Liquid Crystal Research Laboratory (LCRL), Bannari Amman Institute
of Technology, Sathyamangalam, India

A novel series of linear supra molecular hydrogen-bonded liquid crystals (SMHBLC)
have been isolated. Complimentary hydrogen bonds are formed between various alky-
loxy benzoic acids. The formation of hydrogen bond is conformed by FTIR studies. This
series exhibits rich phase variance as evinced by various textures through polarizing
optical microscopic (POM) studies. Differential scanning calorimetry (DSC) studies
revealed that the transition temperatures and corresponding enthalpy values are eluci-
dated from the DSC thermograms. Phase diagram has been constructed through POM
and DSC data. An interesting finding is the observation of a new smectic ordering
labeled as smectic X. This phase has been characterized by various techniques. Optical
tilt angle in smectic C phase of various homologues has been measured and fitted to
theoretical values. The critical exponent B value estimated by fitting the data of tilt angle
is found to agree with the Mean Field prediction. Light filtering action of these mesogens
in nematic phase has been studied. It is interesting to find that the magnitude of the cut
off frequencies in higher homologues is almost similar while lower homologues behave
as a band pass filter. Another unique feature is the observation of a notch filtering action
in one of the homologue. Yet another interesting finding is the optical shuttering action
of the mesogens in nematic phase. On application of an external field at a threshold
field, these mesogens inhibits light thus behaving as optical shutters. In view of the
above properties, these mesogens can be exploited for commercial applications.

Keywords Light filtering action; optical shuttering; smectic X; supra molecular
hydrogen-bonded liquid crystals

1. Introduction

Liquid crystals possess anisotropic properties and are recognized as new dynamic functional
molecular materials with wide area of application in the display device sector. Among the
different types of liquid crystals existing, thermotropic liquid crystals form an elite class.
Many groups are working on hydrogen-bonded liquid crystals (HBLC) due to abundant
availability of various acceptor and donor functional groups and versatility for commer-
cial applications [1-12]. Hydrogen bond, the fifth type of interaction existing between
the chemical components, takes part actively in the synthesis, and is considered to be the
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basis for the origin of new stable mesophases with a wide thermal stability [4]. The first
ever hydrogen-bonded liquid crystalline material is resulted from the dimerization of aro-
matic p-n alkyloxy carboxylic acids. Hydrogen bonds having lower bonding and activation
energies showed a profound influence on their thermal properties, viz., melting points,
enthalpies of vaporization, and mesomorphic phase behavior [11]. There are reports [13]
in the literature that to obtain mesogenic hydrogen-bonded liquid crystals, it is enough if
one of the compounds exhibits mesogenic properties. It is surprising to note that meso-
gens exhibiting liquid crystalline phases can also be formed through two nonmesogenic
compounds [14-16].

HBLC nematogens exhibit optical shuttering action [17, 18] and light-modulating
applications [19]. Design, synthesis, and characterization of supra molecular hydrogen-
bonded liquid crystals (SMHBLC) materials which can be used for applicational purposes is
achallenging task. Alkyloxy benzoic acids are mesogenic in nature and form complimentary
hydrogen bonds with any aliphatic acids giving rise to HBLC. It is reported [18-31] that
when any mesogenic/nonmesogenic moiety is interacted with alkyloxy benzoic acid, HBLC
are formed with single, double, and multiple hydrogen bonds. These hydrogen-bonded
materials can be used for applications only if it possesses a phase that can be tuned by an
external stimulus like an electric or thermal field. The design of the molecular structure
helps in a proper molecular alignment of the phase, which plays a pivotal role in ascertaining
the extent of utility of the mesogen. With our previous experience [17-28] in synthesis and
characterizing of various types of liquid crystals and with the above aims, a novel series of
hydrogen-bonded mesogens are synthesized. Light modulation, filtering action, and optical
shuttering action can be realized with proper design of the mesogens.

The central theme of the aimed research work involves in design, synthesis, and
characterization of eight homologous series of SMHBLC formed between p-n-alkyloxy
benzoic acid (nBAO) and p-n-alkyloxy benzoic acids (mBAO) referred as nBAO + mBAO,
where m varies from 5 to 12. These right series can be referred as SBAO + mBAO, 6BAO +
mBAO, 7BAO + mBAO, 8BAO + mBAO, 9BAO + mBAO, 10BAO + mBAO, 11BAO +
mBAO, and 12BAO + mBAO that give rise to 56 different hydrogen-bonded complexes.
In this paper, systematic study of the mesogenic properties exhibited by seven complexes
of 12BAO + mBAO homologous series are discussed.

2. Experimental

Optical textural observations are made with a Nikon polarizing microscope equipped with
Nikon digital CCD camera system with five mega pixels and 2560 x 1920 pixel resolutions.
The liquid crystalline textures are processed, analyzed, and stored with the aid of ACT-2U
imaging software system. The temperature control of the liquid crystal cell is equipped
with Instec HCS402-STC 200 temperature controller (Instec, USA) to a temperature res-
olution of +0.1°C. This unit is interfaced to computer by IEEE — STC 200 to control and
monitor the temperature. The transition temperatures and corresponding enthalpy values
are obtained by differential scanning calorimetry (DSC) (Shimadzu DSC-60, Japan). FTIR
spectra is recorded (ABB FTIR MB3000) and analyzed with the MB3000 software. Liquid
crystalline sample is taken to its isotropic state and filled in four micrometer commercially
available (Instec Research Instrumentation Technology, Colorado, USA) polyimide coated
homogeneous aligned antiparallel cell. Silver leads are taken for contact and is connected
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Figure 1. Molecular structure of 12BAO + mBAO homologous series.

to the Agilent 4192A LF Impedance Analyzer. The p-n-alkyloxy benzoic acids are supplied
by Sigma Aldrich, (Germany) and all the solvents used are HPLC grade.

2.1 Synthesis of HBLC

Intermolecular hydrogen-bonded mesogens are synthesized by the addition of one mole of
dodecyloxy benzoic acid (12BAO) with one mole of p-n alkyloxy benzoic acids (nBAO,
where n represents pentyloxy to undecyloxy benzoic acid) in N, N-Dimethyl formamide
(DMF). Further, they are subjected to constant stirring for 12 hours at ambient temperature
of 30°C till a white precipitate in a dense solution is formed. The white crystalline crude
complexes so obtained by removing excess DMF are then recrystallized with dimethyl Sul-
foxide (DMSO). The molecular structure of the present homologous series of dodecyloxy
benzoic acid with p-n- alkyloxy benzoic acids (12BAO + mBAO) is shown in Fig. 1, where
m represents the alkyloxy carbon number.

3. Results and Discussion

Hydrogen-bonded complexes isolated under the present investigation mostly are white
crystalline solids and are stable at room temperature (30°C). They are insoluble in water
and sparingly soluble in common organic solvents such as methanol, ethanol, and benzene
and dichloromethane. However, they show a high degree of solubility in coordinating
solvents like DMSO, DMF and pyridine. All these mesogens melt at specific temperatures
~86.2°C (Table 1). They show high thermal and chemical stability when subjected to
repeated thermal scans performed during polarizing optical microscopic (POM) and DSC
studies.

3.1 Phase Identification

The observed phase variants, transition temperatures, and corresponding enthalpy values
obtained by DSC in cooling and heating cycles for the 12BAO + mBAO series is presented
in Table 1.

3.1.1 12BAO + mBAO Homologous Series. The mesogens of the dodecyloxy benzoic acid
and p-n-alkyloxy benzoic acids homologous series (12BAO 4+ mBAO) are found to exhibit
characteristic textures [32], viz., nematic (threaded texture, Plate 1), smectic X (worm like
texture, Plate 2), smectic C (broken focal conic texture, Plate 3) and smectic F (chequered
board texture, Plate 4) respectively. The phase sequence of 12BAO 4+ mBAO series obtained
by POM and DSC studies can be represented as below:

Isotropic = N — Sm C = Crystal (12BAO + 5BAO and 6BAO)
Isotropic = N —Sm C = Sm F = Crystal (12BAO + 7BAO)
Isotropic = N — Sm X = Sm C = Crystal (12BAO 4+ mBAO, where n = 8§ to 11)

Single and double arrow indicates monotropic and enantiotropic transitions.



"POAJOSAI JoU ‘# ‘sasaypuared ur uaAIS SI S/f Ul v ‘uni Jurjood «(9) ‘uni uneay ‘(y) 210N

808 ¥'8¢C1 LTl 8'GEl (®) Wod
(T8°€E) L'08 (Tr'o) 8'LTl # (STL) 1°8el (®dsa
LoD e1el # (L6v) 1°6€1 (81°92) T'98 (W dsa OXN I
L 6'vCl 96Tl 9¢el (®) NOd
(sTIe€TL (SS'¥) S¥Tl # (€9°L) Ss€1 (0 dsa
(01°9) 6°LTI # (8S°L) 0°0¥1 OI'€r) 6'LL (W dosa OXN 0T
9v9 8Tl LSt 6°¢cl (®) Wod
#9°LD) ¥'¥9 (98%) vl # 9Tv) £eel (®dsa
(91°9) 1°621 # (9Tv) §'LET (S0'12) $'89 (W dsa OXN 6
v'19 890I1 LLTT evel (®) NOd
(96'90) T'19 (90 €911 # (€9)9¢€l (®) osa
(6D v6ll (FTe) €6€l (SE€D I'EL (W dosa OXN 8
L'6S 9601 96ll £9¢1 (®) WOod
(2880 58s (6T T60l  (TEO) I'611 (91°9) 97¢el (®2sa
(2 8111 # (6L1) 9°6€1 (96°'L2) 9°0L (W d>sa dON L
§79 6601 6°8¢l (®) Wod
(€7'90) 0'C9 (S1°1) T601 (05°9) 1°8€1 (®) osa
# @rovivi (L6'97) 9'89 (W osa ON 9
e9 8'¢8 6°6¢l (®) WOod
@819 0°€9 (96'0) ¥'€8 (LrL) esel (®) osa
# 8L 1eer  (61°SH) v'0L (W) dsa ON S
re1sk1) d 0) X N jow 01 [e3sA1)  sonbruyog],  QoueLIBA ISeyq  JoquInu uoqre))

sanbruyoa) Juarepip Aq paurelqo sarmerodwd) uonIsuel], °T I[qeL,

210z |udy ST 85:2T e [e101|q1g Alun 8IS MOXSO N ] Ag pepeojumoq

193



Downloaded by [Moskow State Univ Bibliote] at 12:58 15 April 2012

194

N. Pongali Sathya Prabu and M. L. N. Madhu Mohan

Plate 3. Broken focal conic texture of smectic C.

Plate 4. Checkered board texture of smectic F.
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Figure 2. FTIR spectra of 12BAO + 11BAO complex.

3.2 Fourier Transform Infrared Spectroscopy (FTIR)

IR spectra for all the seven homologues of 12BAO + mBAO series have been recorded
in the solid state (KBr) at room temperature. As a representative case, FTIR spectrum of
12BAO + 11BAO complex is shown in Fig. 2 and is discussed elaborately. It is reported
[33, 34] that in the alkyloxy benzoic acids, carboxylic acid exists in monomeric form, and
the stretching vibration of C=0 is observed at 1760 cm~ . Further, it is known [34] that
when a hydrogen bond is formed between carboxylic acids it results in lowering of the
carbonyl frequency, which has been detected in the present hydrogen-bonded complexes.
A noteworthy feature in the spectrum of the 12BAO + 11BAO is the appearance of sharp
peak at 1674 cm~! , which clearly suggests the dimmer formation in particular the carbonyl
group vibration. [35-37]. A carboxylic acid existing in monomeric form in dilute solution
absorbs at about 1760 cm™! because of the electron withdrawing effect. However, acids
in concentration solution or in solid state tend to dimerize through hydrogen bonding. It
is reported [34] that this dimerrization weakens the C=0O bond and lowers the stretching
force constant K, resulting in a lowering of the carbonyl frequency of saturated acids to
~1710 cm™". This result concurs with the reported data of Kato et al. [33]. Hence, in the
present complexes the formation of H bonding is established by FTIR. A similar trend of
result is followed in all the synthesized hydrogen-bonded complexes.

3.3 DSC Studies

DSC thermograms are obtained in heating and cooling cycle. The sample in the crimped
aluminum cell is heated with a scan rate of 10°C/min and held at its isotropic temperature
for two minutes so as to attain thermal stability. The cooling run is performed with a
programmed scan rate of 10°C/min. The respective equilibrium transition temperatures and
corresponding enthalpy values of the various homologues are listed in Table 1. These DSC
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Figure 3. DSC exothermic thermograms for all homologues.

results concur with the POM data. The DSC exothermic curves of all the complexes have
been depicted in Fig 3.

3.4 Phase Diagram of Pure p-n-Alkyloxy Benzoic Acids

The phase diagram of pure p-n-alkyloxy benzoic acid is reported [38] to compose of two
phases namely, nematic and smectic C.

3.4.1 Phase Diagram of I2BAO + mBAO. Figure 4 illustrates the phase diagram of 12BAO
+ mBAO homologous series. Following conclusions can be made from the phase diagram.

i) Phase diagram consists of four phases, viz. nematic, smectic X, smectic C, and

smectic F.

ii) Thermal phase width of nematic is larger in lower homologous compounds com-
pared to the higher counter parts.

iii) Four compounds (12BAO + 8BAO, 12BAO + 9BAO, 12BAO + 10BAO, and
12BAO + 11BAO) exhibiting smectic X phase with varying thermal ranges.

iv) smectic F, the highly ordered phase is observed only in the 12BAO + 7BAO
complex with large thermal span.

4. Optical Tilt Angle Measurements in Smectic C

The optical tilt angle has been experimentally measured by optical extinction method [39]
in smectic C phase of all the members of the 12BAO + mBAO homologous series. Figure 5
depicts such variation of optical tilt angle with temperature for various members of 12BAO
+ mBAO (where n = 5 to 11) series respectively. In Fig. 5, the theoretical fit obtained from
the Mean Field theory is denoted by a solid line. The magnitude of the tilt angle increases
with decreasing temperature and attains a saturation value. The high magnitudes of the tilt
angle are attributed to the direction of the soft covalent hydrogen bond interaction which
spreads along molecular long axis with finite inclination [40].
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Figure 5. Temperature variation of tilt angle in smectic C phase for 12BAO 4+ mBA series. Solid

line denotes the fit.
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Tilt angle is a primary order parameter [39] and the temperature variation is estimated
by fitting the observed data of 6(7T') to the relation

T a (Tc — T)? 9]

The critical exponent 8 value estimated by fitting the data of 6(T') to the above Eq. (1)
is found to be 0.50 to agree with the Mean Field prediction [41, 42]. The solid lines in the
Fig. 5 depict the fitted data for various mesogens. Further, the agreement of magnitude of
B(0.5) with Mean Field value (0.5) infers the long-range interaction of transverse dipole
moment for the stabilization of tilted smectic C phase.

5. Characterization of Smectic X Phase

In the higher homologues, viz., 12BAO + 8BAO, 12BAO + 9BAO, 12BAO + 10BAO,
and 12BAO + 11BAO, a new phase named as smectic X phase has been observed. We
had characterized this phase in our previous results [23, 43, 44] in various other HBLC
systems. This phase is sandwitched between nematic and traditional smectic C. The optical
morphology of this phase is a worm-like texture and is shown as Plate 2. The thermal phase
width of smectic X varied from 0.7°C to 2.9°C in various homologues. The presence of
the helix, which is detected by the optical studies. and the tilt angle measurements in this
phase confirms it to be a new smectic ordering.

5.1 Textural Observations of Smectic X

On slow cooling from nematic phase at a rate of 0.1°C/min a new phase labeled as smectic
X is observed. The darker part of the worm and its opposite handed is clearly visualized
in Plate 2, which determines the phase to be tilted. This evidence supports it to be a titled
phase. Furthermore, the variation of the optical tilt angle with temperature is another strong
evidence for this ordering to be smectic. This phase stabilizes as the temperature is further
decreased and the corresponding fully grown smectic X phase texture is shown in Plate
2. The worms are curved and are observed through out the liquid crystal cell. In fact,
they act as the grating elements, which manifest the helicoidal structure of this phase.
The observation of diffraction first and second order pattern in this phase is a token of
evidence for the presence of helicoidal structure. In the entire thermal span of this phase,
neither the size (diameter) nor the length of the worms is altered. On further decrement of
temperature, broken focal conic texture of smectic C (Plate 3) is observed. These results
are in concurrence with our previous reported data.

5.2 Thermodynamics of Smectic X

The smectic X phase is observed over a very narrow thermal span. The nematic to smectic
X phase transition is second order as it is not resolved in DSC thermograms even at a very
low scan rate of 1°C/min. On the other hand, in all the higher order homologues exhibiting
smectic X phase, the phase transition from smectic X to smectic C is first order transition
with considerable enthalpy values as given in Table 1. Figure 3 depicts the exothermic DSC
traces for various homologues, which also includes isotropic to nematic and smectic X to
smectic C transition. Furthermore, the nematic to smectic X phase transition, which is not
resolved in DSC, is clearly resolved in POM experiment both in the heating and cooling
cycle, which indicates the transition to be enantiotropic.
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Figure 6. Temperature variation of tilt angle in smectic X phase for 12BAO + 8BAO and 12BAO +
9BAO complexes.

5.3 Optical Tilt Angle Measurements in Smectic X

Optical tilt angle in smectic X phase of various complexes has been measured. As a
representative case, the tilt angle in 12BAO 4 8BAO and 12BAO + 9BAO is plotted
in Fig. 6, the theoretical values are shown as solid line. The critical exponent 8 value
estimated by fitting the data of 6(T) to the Eq. (1) is found to be 0.50 to agree with the
Mean Field prediction [41, 42]. The magnitude of the tilt angle increases with decrease of
temperature. The saturated magnitude of the tilt angle in 12BAO + 8BAO and 12BAO +
9BAO complexes is ~12°. This magnitude of tilt angle is considerably less compared to its
value for the same complexes in its corresponding smectic C phase.

5.4 Helicoidal Structure in Smectic X

In the present work, the helical pitch is measured using a He—Ne red laser light on the liquid
crystal sample filled in a commercially available buffed conducting cell. The details of the
experimental set up are reported [23] elsewhere. The first and second order diffraction
patterns are observed, which confirms the presence of the helicoidal structure in smectic
X phase. The magnitude of the helix in 12BAO + 8BAO and 12BAO + 9BAO complexes
is observed to be ~20 w. At the smectic X to smectic C transition, the sharp diffraction
pattern diffuses indicating the phase transition.

6. Optical Shuttering Action

From our previous work [18, 25, 45] on HBLC, we observe that when a threshold magnitude
of field (at both the bias) is applied to the LC cell in nematic phase, the shuttering action
takes place, i.e., the percentage of transmitted light becomes extinct in the conducting area,
which is clearly noted from the texture given (Plate 5) while the texture is unaltered in
the nonconducting area of the LC cell .This extinction of transmitted light from the LC
cell is referred as optical shuttering action and is purely based on the molecular alignment
with respect to the applied field. Thus, the physical mechanism is the orientation of the
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Plate 5. Optical shuttering action observed in 12BAO + 6BAO complex.

dielectrically reoriented domains. In off state, the domains allow the light to pass while in
on state the light is inhibited.

The present complexes, viz., 12BAO + nBAO (n = 6, 8, and 11) when subjected
to various strengths of external dc bias voltage, optical shuttering action is observed. In
the entire thermal span of nematic phase, when an applied dc bias voltage (Ej) exceeds a
threshold value (E)), the emergent light from the liquid crystal is observed to be extinct,
which is referred as optical shuttering action. This transition is classified as Ey to Ej,
which is referred to as OS (Optical Shutter). As a representative case, optical shuttering
action in 12BAO + 11BAO is discussed. Plate 5 depicted clearly indicates the optical
shuttering action in the nematic phase with influence of applied field. From Plate 5, the
optical shuttering action is observed in the conducting while nematic texture is seen in the
nonconducting area. Immediately after withdrawing the bias voltage, the original texture of
the nematic phase is retained. Thus, this process is reversible with applied bias voltage. In
the entire thermal span of nematic phase of these complexes, this phenomenon is observed.
While in the other phases succeeding nematic phase no such transition is found. Thus, the
above transitions can be represented as:

Ey = E; (Optical Shutter) 2)

The threshold values of all the SMHBLC are tabulated in the Table 2. These data are
plotted as Fig. 7. It is remarkable to note that the threshold voltage values increase with
increase in alkyloxy carbon number of the homologues. As the chain length increases the
conjugation is also enhanced. The 1/d ratio plays a vital role in increasing the threshold
voltage.

Table 2. Threshold field values obtained for various complexes

Hydrogen-bonded complexes Threshold values (Volts/micrometer)
12BAO + 6BAO 1.75 and —1.75.
12BAO + 8BAO 2.0and —2.0

12BAO + 11BAO 2.75 and —2.75.
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Figure 7. Variation of threshold voltage with respect to alkyloxy carbon number.
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6.1 Orientation of the Domains

201

As a representative case, the variation of capacitance with various strengths of applied
stimulus in nematic phase of 12BAO + 11BAO complex is plotted in the Fig. 8. From Fig.
8, the following points can be observed:

i) As the voltage is increased, the magnitude of the capacitance linearly increased in
both the polarities. Thus, it can be inferred that same type of molecular orientation
process is occurring in both the polarities.

ii) Atthe threshold magnitude of the field (£2.75 V/u) where optical shuttering occurs,
the exponential behavior in the magnitude of the capacitance is noticed. This stands

Capacitance / nF

0.274
12BAO+11BAO
02724 . Nematic
0.270
| ]
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Figure 8. Light intensity profile as a function of applied stimulus for 12BAO 4 11BAO complex in

nematic phase.
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Figure 9. Filtering action in 12BAO + 5BAO and 12BAO + 7BAO complexes.

as a token of evidence that optical shuttering is induced because of the dielectrically
reoriented domains.

7. Light Filtering Action

It is reported [46, 47] that nematic liquid crystal optical filters are capable of transmitting
light substantially at all wavelengths while reflecting light over a single, generally narrow,
and wavelength band. From the literature of nematic liquid crystals [48], it can be inferred
that the unique optical properties of liquid crystal elements can be exploited to provide a
wide variety of narrow band filtering functions extending over a wide wavelength range
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Figure 10. Filtering action in 12BAO + 8BAO complex.
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Figure 11. Filtering actions in higher order homologues.

from the near ultraviolet to the far infrared. The liquid crystal sample is filled in four
micrometer commercially available polyimide coated homogeneous aligned antiparallel
cell. The LC sample is mounted on circular graduated stage of polarizing microscope
which is sandwitched between crossed analyzer and polarizer.

It may be recalled that the vector n representing the direction of preferred orientation
of the molecules in the neighborhood of any point is termed as director. Its orientation can
change continuously and in a systematic manner from point to point in the medium. So, the
external forces and fields acting on the liquid crystal can result in a translational motion
of the fluid as also in an orientational motion of the director. The director is parallel to
the molecules and perpendicular to the transmitted light. The normalization was done with
respect to the maximum percentage of light transmitted from the LC cell.

Figure 9 represents the application of 12BAO + 5BAO and 12BAO + 7BAO complexes
as band pass filters while the variation of percentage polarized transmission with wavelength
for the 12BAO + 8BAO complex indicates the usage of it as notch filters in its nematic
phase, which is clearly portrayed in Fig. 10. From Fig. 11, it is observed that the higher
homologues, viz., 12BAO + 9BAO, 12BAO + 10BAO, and 12BAO + 11BAO complexes
show a similar trend of transmission of polarized light which clearly indicates that the
visible region is allowed to pass, while the ultraviolet radiation is blocked. Thus, these
liquid crystal complexes can be used as an effective filter for ultraviolet region of the
spectrum.
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