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Studies of dispersed liquid crystals in binary mixtures with ionic liquid and
their excitation by electric signals
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We report the results of dispersion studies of two nematogens (i) 6CHBT (4-(trans-4-n-
hexylcyclohexyl)isothiocyanatobenzene) and (ii) PCHS  (4-(trans-4-pentyl-cyclohexyl)
benzonitrile) in their binary mixtures with phosphonium based ionic liquid [Pgge14][Ntf3]
(trihexyl(tetradecyl)phosphoniumbis(trifluoromethylsulfonyl)amide). The morphology and
properties of these mixtures have been investigated by using differential scanning calorimetry
(DSC), polarizing optical microscopy (POM), Fourier transform infrared spectroscopy (FTIR),
thermogravimetric analysis(TGA), and, their excitations by electric signals. For both the liquid
crystals, nematic droplets are found to be dispersed in the ionic liquid having a particular anion,
i.e., [Ntf]. These droplets resemble closely with the common droplet morphologies observed in
polymer dispersed liquid crystals. Thermal and morphological investigations on the mixtures
show decrease in the peak value of isotropic to nematic transition and broadening of the
associated peak with decrease in the compositions of nematogens in mixtures. As a result,
nematic droplets in a wide temperature range ~20 °C (i.e., from ~ 16 °C to ~ 36 °C) are observed
for various mixtures. Electrical excitations of the mixtures show significant changes in the
droplet size and nematic director orientation inside the droplets due to change in the anchoring
conditions with the application of external electric pulses. Influence of the electric field on these
nematic droplets and their stability over a wide temperature range suggests its potential for

various device development applications.
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Introduction

Liquid crystal (LC) dispersion has been the subject of considerable interest in the field of soft

condensed state, and during past two decades much attention has been paid on investigating its
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behaviour from the point of view of basic understanding and applications."™ One of the main
outcomes of these dispersion studies results in the form of polymer dispersed liquid crystals
(PDLCs).%” It is useful not only in various device development applications'* but also in
addressing the fundamental questions related with the phase separation,’ director configurations
in confined geometries, electro — optical properties,’ etc. The most common studies on PDLCs

have been focused to improve its electro — optical and morphological properties,® droplet

10-13 14-16,

size, phase diagram and miscibility behaviour, etc. Attention is being paid to continue

17,18

the work with the use of different polymeric substrates, multicolour PDLCs," photo

10,21,22

alignment techniques,? self — assembling of LCs and synthesis of ionic liquid crystals
g q g y

(ILCs) having various mesophases.”*®

The phase segregation and self — assembling using partially incompatible molecules
provide additional functionality such as ionic conductivity to these materials.>* Nematic, being
the least ordered and viscous among the various mesophases can be realigned under external
stimulation more easily as compared with other mesophases.”® Such materials have also found

2728 otc. Dielectric force

applications in ion transport,” smart windows,® reverse mode PDLCs,
induced LC alignment and interfacial deformation inside the LC droplets have been also the
subject of considerable interest.?" Alignment of the LC molecules can also be controlled
internally by the weak intermolecular interactions such as hydrogen bonding and ionic

22 This may also enhance the

interactions using some partially incompatible ionic molecules.
ionic conductivity of the mixtures as well. Therefore, ionic liquid crystals with nematic phase or

nematic liquid crystals with ionic properties may provide new scopes for the technological

improvements.
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Motivation to the present work originates from the fact that inspite of extensive studies

23,24

on ionic liquid crystals having various mesophases there are only sporadic studies on the

253132 1, - .
3132 1t is obvious because

ionic liquid crystals exhibiting nematic phase near room temperature
most of the ILCs consist of a single ionic head group involving linear molecules which is
connected with one or multiple long aliphatic tails. The micro-segregation of incompatible units,
aggregation of compatible units and minimization of volume results generally in the lamellar or
columnar phases at higher temperatures.”*** Being difficulties in having nematogenic ILCs, our
curiosity is to inspect the changes occurring in the droplet morphologies and LC director
orientations inside these droplets in the well explored nematogenic compounds, when an ionic
flavor is added to their mixtures. With the addition of ionic moieties in these mixtures, even a
small change in the externally applied electric field or pulse width is supposed to make
significant influence on the LC director orientation and droplet morphology due to sufficient
swift in anchoring conditions near isotropic to nematic phase transition temperature.*~**

For the said purpose, we focused our attention on two nematogens 6CHBT and PCHS5
which show the co-existence of isotropic to nematic transition via ‘droplets’ in their mixtures

with other solvents. 3336

In the present study, binary mixtures of these two nematogens with
phosphonium ionic liquid i.e., [Ps¢e.14][Ntf2] have been used to obtain the phase separated LC
droplets having a close resemblance with the droplets found in conventional PDLCs. Materials
and methodologies used for the preparation and investigation of the various binary mixtures have
been discussed in experimental section. The result and discussion section concerns with the
thermal and morphological investigations, effect of varying field strength on LC droplets and

their director orientation, thermal stability and interaction behaviour of LCs and IL. Paper ends

with the summary and conclusion in the last section.
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Experimental

Materials

For the preparation of various binary mixtures both nematogens and ionic liquid were procured
from Sigma-Aldrich which were of the highest available purity and used without further
purification. The liquid crystals 6CHBT (i.e., 4-(trans-4-n-hexylcyclohexyl)isothiocyanato
benzene) and PCHS (i.e., 4-(trans-4-pentyl-cyclo hexyl) benzonitrile) have 99% purity, whereas,
the purity of ionic liquid [Pege14][Ntf2] (i.e., (trihexyl(tetradecyl)phosphonium bis (trifluoro
methylsulfonyl) amide) is 95%. To remove the volatile impurities from the ionic liquid it is dried
in vacuum (at ~10” Torr) for 24 hours before using it in mixtures. We have chosen these
nematogens on the basis of some earlier studies related with the coexistence of isotropic and
nematic (/N ) regions in their mixtures with other solvents.**** The 6CHBT is a widely studied
NLC which shows nematic droplets in coexistence with isotropic regions of phenyl isocyanate™
and benzene.** Another NLC, PCHS5 had also been well studied and shows dynamics very similar
to 6CHBT in nematic phase.””® The phosphonium ionic liquid (PIL) with [Ntf,] anion has been
used in the present investigation due to its special property of forming matrix with low glass
transition temperature and preferential interaction between [Ntf,] anion and phosphonium
cation.”” Studies on these materials motivated us to use them in our present work for preparing
binary mixtures where phase separated nematic droplets can also be observed.

Methodologies

The binary mixtures have been prepared by stirring different compositions of nematogens and
PIL at 120 °C for about three hours. Measurements were carried out after keeping the mixtures at
room temperature for more than 72 hours so that the stability of the mixtures can be ensured. The

abbreviations used for various binary mixtures in the text are given in Table 1.
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Thermal studies of the mixtures have been carried out using differential scanning
calorimeter (Mettler Toledo DSC 1) at scanning rate of 10 °C/min with continuous purging of N,
gas at a rate ~30 ml/min. The phase transition temperatures have been measured with
temperature accuracy and precision at = 0.2 K and £+ 0.02 K, respectively, and the transition
enthalpy with an accuracy of 1%. In order to ensure complete stability of the mixtures and
removing moisture, the DSC measurements were performed for two heating — cooling cycles in
the temperature range of -40 °C to 120 °C with a hold of 10 minute at 120 °C during the first
step. Thermal analyses of these mixtures have been made for the second cooling step.

Morphological investigation of various binary mixtures were carried out after filling them
in ITO coated glass cells of thickness 25 um by capillary action method in their isotropic liquid
state at temperature ~35°C. These cells are sealed immediately by an adhesive to avoid air
bubbles and then subjected to polarizing optical microscope Leitz DMR POM at 100X
magnification for further investigation. For controlled temperature operations, homemade water
— bath and sample holder with PID temperature controller having accuracy 0.1°C were used.
Effect of the electric field on LC droplets and LC director orientation inside the droplets were
studied by applying rectangular electric pulses to these cells through a multifunction generator.
Rectangular electric pulses with varying amplitudes (2, 3, 4, 5, and 6V) and three different pulse
widths in the ratios 1:4, 1:1 and 4:1, i.e., the pulses having duty cycles 20%, 50% and 80%,
respectively, have been used.

For studying the probable interaction and shift in the characteristic vibrations as a result
of binary mixings of nematogens and PIL, Perkin Elmer FTIR 1 spectrometer with 0.5 ¢cm ™'
resolution was employed. The Fourier transform infrared (FTIR) spectra of the mixtures were

recorded by wetting KBr pellets with a tiny drop of the mixture.
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Mettler Toledo TGA/DSC 1 having accuracy of £0.3 K was used to study the
decomposition temperatures and thermal stability of the mixtures. For studying decomposition
behavior, thermogravimetric analyses (TGA) were carried out after keeping the mixtures in
alumina pans under N, atmosphere and heating them in the temperature range 30 °C to 600 °C at

scanning rate of 10 °C/min.

Results and discussion

Thermal investigations
The DSC thermograms for various binary mixtures of both the nematogens and IL under

second cooling steps are shown in Fig. 1 and their thermal properties are given in Table 2. As

compared with isotropic — nematic transition temperature (7, ) of pure LCy (7,,= 41.6 0C), its
mixture with IL shows remarkable decrease in 7,, of LC; (Fig. 1a). For ILLC(50), observed

decrease is 7.5 °C (in this case, T, =34.1 °C). DSC thermograms show that with the decrease in

the composition of LCy in various mixtures not only the onset and endset of transitions decrease
but also result in the broadening of the peak (AT ) associated with [N transition. At full width
half maxima, A7 = 1.3 °C for LC,, whereas, it is 2.9 °C in the case of ILLC(75). This
broadening can be visualized more clearly on zooming the DSC thermograms for /N transition
region and is shown in the inset of Fig. 1a. It is observed that the nematic phase spreads in a
much wider temperature range in their binary mixtures as compared with pure LCj.

For cooling at temperatures below 10 °C, DSC thermograms show double crystallization
peaks for LC; and multiple crystallization peaks for its various mixtures. This double
crystallization peak is due to very complex nature of LCj i.e., 6CHBT and is reported to get
influenced by thermal history (i.e. the starting temperature) and operating conditions in a DSC

experiment.’®* Witko et. al.,”® have suggested that the structural interaction between 6CHBT
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molecules should exhibit two distinct and energetically separated modes with its peculiar
temperature dependency. Later, it has also been shown that the bulk 6CHBT exhibits several
energetically stable and unstable conformers with head-to-head configuration being energetically
most favorable one.*® This structural complexity in the bulk 6CHBT is the main reasons for
occurrence of double crystallization peaks in the DSC thermograms at temperatures below 10
°C.* Occurrence of multiple melting and (or) crystallization peaks at lower temperature in the
DSC thermograms of these mixtures may be associated with the initial melting and then re-
crystallization of the melted mixtures at lower temperature during the process of thermal
scanning. Our thought is based on the generalization of the earlier works describing the multiple

melting phenomena in 6CHBT?® and work done by Shuren et. al.,*

on nylon 1010. It describes
the phenomenon of multiple melting as a continuously occurring process of melting and re-
crystallization during thermal scanning of the material. Occurrence of an exothermic peak (as a
valley) between two endothermic peaks during heating scan is a confirmation for re-
crystallization.**

Thermal investigation of pure LC; i.e., PCH5 shows single and sharp crystallization peak
at lower temperature which gets broadened for the mixtures with smaller content of IL (Fig.
1b). As shown in the inset of Fig. 1b only one broad crystallization peak is found for ILLC>(90)
and ILLC,(80) but multiple crystallization peaks occur for comparatively higher contents of IL
in the mixtures. It is also interesting to note that for intermediate compositions maxima of the
crystallization peak occur at temperatures slightly higher than that of pure LC; (Fig. 1b) while a
shift to lower values in the maxima of the crystallization peak is observed for relatively higher

IL content in the mixtures i.e., for ILLC,(60) and ILLC,(50). Moreover, in these mixtures onset

of multiple crystallization occur at temperatures slightly higher than the onset of single
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crystallization temperature found in pure LC;. It might be due to freezing / crystallization of pure
IL at temperatures relatively higher than the crystallization temperatures of pure LC,. Findings
are similar to the one observed for binary mixtures of LC; and IL where multiple crystallization
peak dominates over the double crystallization peak of pure LC; with increasing IL content in
the mixtures (Fig. 1a). Since IL shows similar crystallization behavior with both the nematogens
in their mixtures at higher IL contents, multiple crystallization peaks in these mixtures may
result as a combined effect of both the constituents i.e., LC and IL.

In the region of /N transition various binary mixtures of LC; and IL show a drastic

decrease in T, for decreasing content of LC, in their mixtures with IL (Fig. 1b). For
ILLC,(90) and ILLC,(80), 7, is ~36.7 °C and ~19.9 °C, respectively, which is much lower

than 7,,=55.3 °C for pure LC,. Moreover, like LCy, for mixtures with LC, we find a significant

increase in the range of nematic transition temperature. For pure LC;, AT =1.2 °C, whereas, for

ILLC(90) and ILLC,(80) the AT values are 8.4 °C and 3.4 °C, respectively.

Morphological investigations

For various binary mixtures, morphological studies are made in two steps. Initially, LC droplets
are studied during cooling of the mixtures (in ITO coated glass cells) from an already heated
isotropic state. In the next step cells are subjected to rectangular electric pulses for studying the
effect of electric field strength on the LC droplet formation and change in the LC director
orientation inside these droplets.

LC droplets morphology

Results of morphological studies for various mixtures of LC; and IL are shown in Fig. 2. For
ILLC1(90), Fig. 2a shows two distinct regions with the occurrence of (i) schlieren texture in

the broad nematic (i.e. an LC rich) domain and (ii) nematic droplets of different sizes in an IL
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rich domain. Similar observations have also been made for ILLC;(80). At lower concentrations
of LC; in the mixtures morphological investigations show only the nematic droplets (and not the
broad nematic domains) distributed almost uniformly over the entire area of the cell. Sizes of
these nematic droplets decrease with decrease in the concentration of LCy in various mixtures.

Figure 2b,c show the observed decrease in the size of nematic droplets for the two mixtures
ILLC;(75) and ILLC;(60) at 28 °C. A much larger decrease in the droplet size and 7, is found

for ILLC¢(50) (Fig. 2d). In this case, POM images show only tiny nematic droplets at
comparatively much lower temperatures (~20 °C). For all these mixtures, stable nematic droplets
occur at temperatures upto ~20 °C as observed through POM. On further cooling, slight increase
in the droplet size is observed due to coalescence of smaller droplets into the larger one. Freezing
of nematic droplets in IL rich domains is also observed for temperatures below 10 °C.

The binary mixing of LC; and IL also shows the similar behaviour. But, in this case, a
large decrease in the /N transition temperatures is observed for decreasing content of LC; in IL.
Temperature dependent morphological investigations for ILLC,(90) are shown in Fig. 3. From
POM, it was observed that cooling from an isotropic state at ~50 °C, formation of tiny nematic
droplets starts at ~ 44 °C and it covers the entire region at ~40 °C (Fig. 3a). Cooling of the
mixtures to further lower temperature show coalescence of tiny nematic droplets into a larger one
(Fig. 3b—e). Coalescence of smaller nematic droplets results in the macroscopic nematic
domains with well defined schlieren textures at ~28 °C (Fig. 3f). These observations are similar
to the one discussed earlier for LC; content above 80 wt% in IL (Fig. 2a). For both the
nematogens (i.e., 6CHBT and PCHS5) uniform nematic droplets with decrease in the droplet size
have been observed for decreasing content of LCs below 80 wt%. Uniformity in the droplet size

is maintained due to the formation of tiny droplets at temperatures just below the isotropic state.
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These tiny droplets get attached with the surface of the substrate (glass) where relatively strong
surface anchoring prevents further coalescence among these droplets.

Figure 4 shows the POM images for two different composition of LC, (i.e., 80% and
75%) in IL. It shows decrease in both (i) the droplet size and (ii) the temperature, where, stable
and nearly uniform nematic droplets were formed with decrease in the concentration of LC;. For
ILLC,(80) starting from the isotropic phase at ~35 °C, formation of tiny nematic droplet starts at
~32°C. Figure 4a shows the nematic droplets covering the entire area of the cell at 28 OC and it
remains stable upto temperature ~16 °C. At further cooling freezing of these droplets in the IL
rich phase occurs with an opaque appearance at temperature below 10 °C (Fig. 4b). Change in
the droplet size during heating from an already freeze state to the temperature 28 °C is shown in
Fig. 4c. Similar results were also observed for ILLC,(75) with slight decrease in the droplet
size with composition (Fig. 4d—f). Moreover, from the DSC investigations of ILLC(60) and
ILLC,(50), phase changes are found at much lower temperatures. In this case, any specific
information about the nature of the phase transition cannot be inferred through POM due to
freezing of the mixtures at an earlier temperature (~10 OC).
Electrical excitations of LC droplets
Morphological investigations of various binary mixtures under changing electric field strengths
show that the size of the nematic droplets and LC director orientation inside the droplets can be
tuned by the application of electric signals of different field strengths. Throughout the studies,
rectangular electric pulses with varying amplitudes (2, 3, 4, 5, and 6V) and three different pulse
widths in the ratios 1:4, 1:1 and 4:1, i.e., the rectangular pulses having duty cycles 20%, 50% and

80%, respectively, have been used.

10
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Figure 5a shows the POM image obtained at room temperature for ILLC1(60) after
heating it at an isotropic state and then cooling to a lower temperature in the presence of electric
pulse of 3V with 20% duty cycle. Increasing the pulse widths in the ratios 1:4, 1:1 and 4:1 show
maltese type crosses with only a slight changes in the droplet morphology (Fig. 5a—c). These
changes become significant when compared with the images captured after removing the field
(Fig. 5d).

However, cooling of ILLC¢(60) from an isotropic state to a lower temperature in the
presence of electric pulse of 3V with 50% duty cycle shows nematic droplets of much smaller
size and uniform distribution as compared with the one observed for electric pulse of 3V with
20% duty cycle (Fig. 6a). To study the effect of field strength on the LC droplet orientation,
electric pulses of increasing field strengths and duty cycles in the consecutive steps of 50%, 80%
and 20%, respectively, have been applied to the cell. Comparisons show that LC droplet
orientation changes for both with increase in the field strength and also with change in the duty
cycle. With increase in the field strength particularly for electric pulse of 5V (with duty cycles
50% and 80%), nematics droplets of smaller size get disappeared. These nematic droplets appear
again with lowering or removal of the applied electric pulses (Fig. 6g—i). It may be due to the
changes occurring in IL with increasing field strength, which in turn cause the LC director
orientations to change in droplets surrounded by IL as an effect of anchoring.

Further, increasing the field strength above 5V dissociation of IL starts in the mixture
and is observed as a change in the color of the cell before and after the application of the electric
field. In this case, after removal of applied electric field, POM image shows the encapsulation of
LC droplets in the dissociated IL (Fig. 7). Behavior of the mixture is re-investigated by

applying electric pulses of different field strength and monitoring them though POM.

11
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Observations show significant change in the LC droplet orientation with the application of the
field as compared to the one observed without field (Fig. 7 and Fig. 8). In a dissociated
mixture further increase in the field strength and variation in the pulse width upto a certain limit
(where the anchoring effect is suppressed) do not make significant changes in the orientation of
the LC droplets. However, it affects the dissociation process of IL which appears as a change in
the optical contrasts in the POM images (Fig. 8 a-l). As compared with dissociated mixtures
(Fig. 8), non-dissociated mixtures show that only a small change in the field strength and pulse
width is sufficient to change the anchoring condition. As a result, significant changes in the
droplet morphology and director orientations were observed before the dissociation of IL in the
mixtures (Fig. 6).

Figure 9 shows the morphological changes observed in the binary mixtures of LC; i.e.,
PCHS and IL by varying the electric field strength and pulse width. For ILLC>(80), nematic
droplets with uniformity in size, arrangement and LC director orientations are observed at 3V.
Observed morphology for electric pulses of 3V and 50% duty cycle show uniformly distributed
nematic droplets with schlieren textures which also follow a definite pattern of LC director
orientations within the droplets (shown in the circled region) (Fig. 9a). In the same mixture,
enhancement in the duty cycle to 80% (with electric pulse of 3V) results in bipolar droplets
having partial ordering of the LC directors within the droplets (shown in the rectangular region)
(Fig. 9b). Decrease in the duty cycle to 20% show bipolar droplets with increase in droplet size
due to coalescence of smaller nematic droplets into the larger one (Fig. 9c). Processes of
coalescence get affected by change in the field strength because it imposes different anchoring
conditions at the surface of the droplets. Figure 9d shows LC droplets of intermediate size with

uniformity in the arrangement of maltese type of crosses in ILLC,(80) when electric pulse of 4V

12
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and 50% duty cycle is applied. When the field is removed or duty cycle is decreased, nematic
droplets of comparatively smaller size get coalesced in to the larger one due to the reduced
anchoring conditions (Fig. 9c,e). Further, electric pulse of 4.5V with 80% duty cycle shows
stable and uniform droplets for ILLC»(90) (Fig. 9f).

Effect of varying field strengths and anchoring conditions on the LC director orientations
in the region of /N phase coexistence has been discussed by Kedziora et. al. for 6CHBT

dissolved in benzene solution.*® It is described that in the nematic phase i.e., for temperature <

T, when applied electric field is below a critical value, it is not strong enough to turn the LC

directors away from the surface of the electrode and molecules get oriented parallel to the

electrode surfaces. But, when the applied field is higher than a critical value, electric field rotates

the LC director in a direction perpendicular to the electrode surface. However, close to 7, a two

phase region with pseudonematic domains in the form of droplets exists. In this case, nematic
droplets are surrounded by the isotropic phase where surface effects become negligible.
Consequently, even a weaker electric field is sufficient to rotate the LC directors inside a nematic
droplet in the direction parallel to the field (i.e., perpendicular to the electrode surface).With
decrease in the temperature droplets grow in size and interaction with the aligning surfaces
becomes more effective which rotates the LC director in a direction parallel to the electrode
surfaces.”> POM images in the present manuscript show that LC director orientation and droplet
randomization is affected significantly with change in the pulse width i.e., duty cycle of the
applied voltage. These effects are described in the later portion of the manuscript in the frame of
Landau-de Gennes theory (LDGQG).

For both the nematogens (i.e., 6CHBT and PCHSY5) investigation on DSC thermograms

and POM images show decrease in the onset and endset of /N transitions for decreasing

13
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compositions of nematogens in the mixtures. Therefore, /N transition range (AT ) in the
mixtures can be optimized by making change in compositions of both the constituents.
Noticeably, this optimization also depends on some other factors like isotropic to nematic

transition temperature (7}, ),*! applied fields,™ correlation lengths,>** long and short time-scale

35,36

dynamics, etc. Nematic state in the binary mixtures of nematogens with other mesogens,"*

334 polymers,'® etc. can be achieved either by decreasing the temperature of the

solvents,
mixtures below its isotropic state or by increasing the concentration of nematogenic molecules in
the unit volume of the mixtures at constant temperature (but, below the clearing temperature of
the nematogen).’* In such mixtures, transition go through two phase regions with boundary
concentrations of nematogens at which (i) first drop of the nematic phase appears and (ii) last
drop of the isotropic phase disappears. These two boundary concentrations are determined by
constructing the phase diagram using DSC and POM. Transition temperatures data obtained
through POM and DSC thermograms have been used frequently to construct the phase
diagrams."*'® %3 Studies reveal that the phase diagram of IN transition via ‘droplet state’ (i.e.,
the region of coexistence of the isotropic and nematic phases) provides an appropriate
information about the critical concentration of nematogens for occurrence of /N transition and
observed decrease in 7, for decreasing LC concentrations in the mixtures with other

materials.*>
At temperatures slightly above but close to /N transitions orientational dynamics of LC

molecules gets influenced by the local structures existing in their isotropic phase.* Due to short —

range orientational ordering of the LC molecules, pseudonematic domains are formed in the
isotropic phase and their size increases as the temperature of the mesogen approaches to 7, 3

This pretransitional phenomena observed in isotropic phase of the mesogen in the vicinity of

14
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nematic phase is interpreted by the Landau-de Gennes theory (LDG).* The LDG theory shows
that close to IN phase transition, isotropic phase is nematically ordered on a distance scale

defined by intermolecular correlation length (&) which depends strongly on temperature and is
usually few degrees below 7, .**Correlation length (&) is also reported to depend on the LC

concentration i.e., the number of LC molecules in the unit volume of the mixtures.* Two
experimental facts are crucial for concentration dependence of &; (i) domain size becomes
infinite for transition to nematic phase and (ii) for a two phase regions i.e., for coexistence of
IN transition domain size become finite and is observed as pseudonematic domains (i.e.,
droplets) through POM.* In the region of coexistence, on a distance scale shorter than &, the

nematogens form pseudonematic domains with local order parameter S;#0 while it is S=0 for a
macroscopically isotropic phase.* In this case, for an applied electric pulse when field is in ON
state, LC molecules experience a torque and get partially aligned (S#0) in the direction of the
field. But, for an OFF state, removal of the field reestablishes S=0 in the LC molecules which
were left earlier with S#0. Restoration of S=0 is described in two time regimes.***® First one is
the intradomain relaxation (responsible for the short time scale dynamics) which brings the local
order back to its equilibrium but leaves the local director in a direction slightly aligned with the
direction of applied field. Another one is the domain randomization which restores the direction
of the local directors after having in a long-lived anisotropy and is responsible for long time scale
dynamics described by LDG theory.

These investigations confirm the occurrence of nematic droplets in the binary mixtures of
both the nematogens (i.e., 6CHBT and PCHS5) with phosphonium ionic liquid having [Ntf;]
anion. It suggests that for both the nematogens, IL behaves as a less / non — interacting pseudo

matrix where dispersion of LCs having a close resemblance with the common droplet

15
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morphologies observed in PDLCs becomes possible. This non — interacting and dispersive
behaviour of nematogens in their mixtures with IL becomes more clear using FTIR and TGA
investigations.

Dispersion studies of LC; and LC; in IL

The FTIR spectra and TGA thermograms for LC;, IL and their mixtures are shown in Fig. 10.
Various vibrational bands observed in FTIR spectra were identified with the available data®® 43*
and are given in Table 3. Szaleniec et. al., have made a detailed investigation on the molecular
properties of 6CHBT using theoretical FTIR spectra and electrostatic potential distribution
(ESP).*® Our experimental FTIR spectra matches nicely with their theoretical FTIR spectra. As
reported for bulk 6CHBT, —N=C=S ligand involves various interactions including C=N
stretching at 2184 cm™, C=N stretching at 2075 cm™' and -N=C=S stretching at 2125 cm™ which
result in a broadened peak in the range 2000 cm’ to 2140 cm'( Fig.  10). The other
characteristic peaks are associated with in-plane bending of the NCS group or out-of-plane
bending of the aromatic ring at 536 cm™’, out-of-plane bending of the aromatic hydrogen atoms at
828 cm™, ring breathing C=C stretching at 932 cm™, scissor deformations of CH; and CH,
groups at 1447 cm™, CH, bending at 1466 cm™, aromatic ring stretching combined with C=N
stretching at 1506 cm™ and various symmetric and asymmetric aliphatic chain stretching in the
range 2850 cm’ to 3050 ecm™. The FTIR spectra of IL 1i.e., [Psge14][NtF2] show the
characteristic vibrations related to Ntf, anion at 1059 cm'l, 1137 cm'l, 1195 cm™ and 1378 cm
alongwith other vibrations related to long aliphatic chain (Table 3). Vibrations related to Ntf,
in the range 1000 cm™ to 1400 cm™ have not shown any change and occur only for mixtures with

higher IL contents.

16
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It is important to note from the Table 3 that the characteristic vibrations which were
observed only in 6CHBT or only in [Pg¢¢.14][NtF2] have not shown any significant change in
their mixtures. The only exception occurs at 1414 cm™ which is related with CH; bending in IL
molecules. However, the vibrational bands related with stretching / bending of aliphatic chains
which were observed in both 6CHBT and in [P ¢ 6.14][NtF2] show small shifts due to overlapping
of corresponding vibrations in their mixtures. In the Fig. 10a, ILLC¢(80) and ILLC;(50) show
some additional vibrations below 1000 cm™ which were not observed either in LCy or in
ILLC(90) but they were found in IL. Absence of an appreciable shift in the characteristic
vibrations of both the constituents suggests a non — interacting behaviour between LC; and IL in
their mixtures.

The TGA thermograms for pure LCy, IL and for their mixtures are shown in Fig. 10b. It
shows that the decomposition temperatures for pure LCy and IL are at ~300 °C and ~430 °C,
respectively. Different mixtures show a two step decomposition in which weight loss associated
with each step decomposition depends strongly on the composition of respective constituents.
Moreover, for mixtures, both, the first and second step decompositions are observed much closer
to the decomposition temperatures of pure LCy (~ 300 °C) and IL (~ 430 °C). It shows that the
thermal stability of both the constituents remains intact separately in their mixtures. Similar
thermogravimetric observations were also found for the various mixtures of LC, and IL with

decomposition of LC; at ~ 270 oC.
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Summary and conclusions

In the present work, we have observed the formation of nematic droplets at room temperature in
various binary mixtures of the nematic liquid crystals, 6CHBT and PCHS, with phosphonium
ionic liquid [Pe 6 6.14][Ntf2]. These mixtures have been investigated using DSC, POM, FTIR and
TGA techniques.

The thermal and morphological investigations on these mixtures show that for both the

LCs, peak value of T, decrease drastically as compared to pure LCs. In fact, 7}, is decreased,

respectively, by 7.5 °C for ILLC1(50), 18.6 °C for ILLC,(90) and 35.4 °C for ILLC,(80).
Inspite of the fact that /N transition temperature range is very narrow for most of the binary
mixture, POM images for various combinations show the occurrence of stable nematic droplets
over a wide temperature range ~20 °C (i.e. from ~16 °C to ~36 °C) with change in the
composition of LCs in their mixtures. Moreover, change in the LC droplets size and director
orientations inside these droplets have been observed with application of rectangular electric
pulses. Thus, by tailoring the compositions of various mixtures and applied field strengths with a
swift in anchoring condition, uniform nematic droplets in a desired temperature range and size
can be obtained. The FTIR investigations for various binary mixtures show only a slight change
in some of the vibrational bands of LC; due to overlapping with the corresponding IL vibrations.
The TGA investigation of various binary mixtures does not show significant change in the
decomposition temperature of both the LCs (i.e., 6CHBT and PCHS5) in [Ps¢e.14][Ntf2]. The
weight loss associated with each decomposition step depends strongly on the composition of
their respective constituents i.e., LCs and IL. It shows that both the constituents remain nearly
immiscible in their mixtures. Thus, the FTIR and TGA analyses combined with the thermal and

morphological studies for various binary mixtures confirm that both the LCs behave as a
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dispersed (entrapped) material in the non — interacting pseudo matrix formed by PIL having

[Ntf,] anion.

In brief, dispersions of nematic droplets near room temperatures have been observed for

both the 6CHBT and PCHS in their binary mixtures with [Pe¢614][Ntf2]. These nematic droplets

resemble much with the common droplet morphologies observed in PDLCs. Even small changes

in applied electric field or pulse width have significant effects on the LC droplet size and director

orientations within the droplets. It demonstrates strong potential for these kinds of mixtures

alongwith some other mesogens and ionic solvents in PDLC based device applications with

improved performance and eco —friendly behaviour.
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Figure captions:

Fig. 1  DSC thermograms during second cooling step from 110 °C to -40 °C for various
mixtures of (a) LCy and (b) LC, with IL and their pure constituents. Insets of the figures show
enlarged views of the respective regions.

Fig. 2 POM images for (a) ILLC1(90), (b) ILLC;(75), (c) ILLC(60) at 28 °C; and for (d)
ILLC;(50) at 20 °C.

Fig. 3  Evolution of the droplet morphology for ILLC,(90) at (a) 40 °C, (b) 37 °C, (c) 35 °C,
(d) 34 °C, (e) 33 °C and (f) 28 °C showing the coalescence of nematic droplets in macroscopic
domains.

Fig. 4 POM images for ILLC,(80): (a), (b) and (c); for ILLC»(75): (d), (¢) and (f). During
cooling from an isotropic state to 28 °C (a) and (d); to 10 °C (b) and (e); and during heating from
an already cooled state at lower temperature to 28 °C (c) and (f).

Fig. 5 POM images for ILLC1(60) captured at room temperature after cooling from an
isotropic state in the presence of rectangular electric pulse of 3V with the duty cycle (a) 20%, (b)
50%, (c) 80% and (d) after removal of the field.

Fig. 6 POM images for ILLC;(60) using electric pulses of different field strengths. Images
are captured after cooling the mixture to room temperature from an isotropic state in the presence
of rectangular electric pulse of 3V with duty cycle 50%.

Fig. 7 POM images at room temperature for ILL.C;(60) after removing the electric pulse of
6V, applied earlier to the mixture.

Fig. 8 POM images for ILLC;(60) using electric pulses of different field strengths. Images
are captured at room temperature using the cell on which electric pulses up to 6.0V have already
been applied.

Fig. 9 POM images (a-¢) for ILLC,(80) and (f) for ILLC,(90). Electric pulses of different
field strengths 3V with duty cycle (a) 50%, (b) 80%, (c) 20% (d) 4V with duty cycle 50%, (e) no
field and (f) 4.5V with duty cycle 80% have been used to capture the respective photographs.

Fig. 10 (a) FTIR spectra and (b) TGA thermogram for L.Cy, IL and their various mixtures.
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Fig. 1  DSC thermograms during second cooling step from 110 °C to -40 °C for various
mixtures of (a) LCy and (b) LC, with IL and their pure constituents. Insets of the figures show
enlarged views of the respective regions.
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200 Lm

Fig. 2 POM images for (a) ILLC1(90), (b) ILLC;(75), (c) ILLC;(60) at 28 °C; and for (d)
ILLC;(50) at 20 °C.
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200 um

200 um

Fig. 3 Evolution of the droplet morphology for ILLC,(90) at (a) 40 °C, (b) 37 °C, (c) 35 °C,
(d) 34 °C, (e) 33 °C and (f) 28 °C showing the coalescence of nematic droplets in macroscopic
domains.
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POM images for ILLC,(80): (a), (b) and (c); for ILLC»(75): (d), (¢) and (f). During
cooling from an isotropic state to 28 °C (a) and (d); to 10 °C (b) and (e); and during heating from
an already cooled state at lower temperature to 28 °C (c) and (f).
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Fig. 5 POM images for ILLC;(60) captured at room temperature after cooling from an
isotropic state in the presence of rectangular electric pulse of 3V with the duty cycle (a) 20%, (b)
50%, (c) 80% and (d) after removal of the field.
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POM images for ILLC;(60) using electric pulses of different field strengths. Images

are captured after cooling the mixture to room temperature from an isotropic state in the presence
of rectangular electric pulse of 3V with duty cycle 50%.
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200 Lm

Fig. 7 POM images at room temperature for ILLC1(60) after removing the electric pulse of
6V, applied earlier to the mixture.
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Fig. 8 POM images for ILLC;(60) using electric pulses of different field strengths. Images
are captured at room temperature using the cell on which electric pulses up to 6.0V have already
been applied.
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Fig. 9 POM images (a-¢) for ILLC»(80) and (f) for ILLC>(90). Electric pulses of different
field strengths 3V with duty cycle (a) 50%, (b) 80%, (c) 20% (d) 4V with duty cycle 50%, (e) no
field and (f) 4.5V with duty cycle 80% have been used to capture the respective photographs.
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Fig. 10 (a) FTIR spectra and (b) TGA thermogram for LC;, IL and their various mixtures.
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Table 1  Abbreviation for various binary mixtures of NLCs and PIL.
[Pe.66.14][Ntf,] = IL, 6CHBT = LC, and PCH5 = LC,

Variation of LCs in IL IL
(by wt%) LC, LC,
90 ILLC,(90) ILLC,(90)
80 ILLC,(80) ILLC,(80)
75 ILLC,(75) ILLCy(75)
60 ILLC,(60) ILLC,(60)
50 ILLC,(50) ILLC,(50)

Table 2 Thermal investigation of pure LCs and their mixtures with IL for different
compositions (by wt%) observed in cooling cycle of DSC.

Mixtures T Cr A[{Cr T}N AHHV T IN—onset ]}N —endset A]}N
LC, -3.8 46.94 41.6 2.28 42.3 39.8 1.3
ILLC,(90) -3.7 42.16 36.9 2.89 38.5 352 1.7
ILLC,(80) -3.6 22.10 35.8 241 37.8 33.8 24
ILLC,(75) -5.7 29.59 35.1 2.06 36.8 32.0 2.9
ILLC,(60) -3.0 23.94 34.9 0.82 36.2 322 23
ILLC,(50) -7.2 19.44 34.1 0.49 35.0 31.5 2.0
LC, -5.2 66.10 55.3 4.18 56.1 54.0 1.2
ILLC,(90) -3.4 58.05 36.7 2.71 43.9 32.6 8.4
ILLC,(80) -4.3 50.00 19.9 0.7 22.5 16.2 34
ILLC,(60) 8.6 36.53
ILLC,(50) -20.4 29.60
1, : crystallization transition temperature, AH, : enthalpy of crystallization, 7, : isotropic to

nematic transition temperatures, A1, : enthalpy of /N transition, 7,

IN—onset and T}N—endset : onset and
endset of IN transition, AT, : peak width of IN transition.
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Table 3 IR vibrational bands (cm™) for various mixtures of LC; and IL.

Assignment Vibrational bands (cm™)

LC, ILLC,(90) ILLC:(@80) ILLC(50) IL
C-H stretching of the aliphatic chain 3033 3033 3033 3033 -
C — H stretching in alkyl chain 2958 2958 2958 2959 2960
Asymmetric C—H stretching in cyclohexane and 2922 2922 2924 2924 2929
CHj, groups of nhexane
C — H stretching in alkyl chains 2851 2852 2854 2855 2859
C=N stretching 2184 2184 2184 2184 ---
C=N stretching in the NCS ligand and 2000 2000 200 2000 -
— N=C=S stretching at 2125 cm’’ -2140 -2140 -2140 -2140
Aromatic ring stretching combined with C=N stretching 1506 1506 1506 1506 -
CH, bending 1466 1467 1467 1468 1468
Scissor deformations of CH; and CH, groups 1447 1447 1447 1447 -—-
CH; bending --- --- 1417 1417 1414
Ntf, related vibrations of IL in the range 1000 cm™ to - - 1378 1378 1378
1400 o™ 1195 1195 1195 1195

--- --- 1137 1137 1137

--- --- 1059 1059 1059
Ring breathing C=C stretching 934 934 934 934 -
Out-of-plane bending of the aromatic hydrogen atoms 828 828 828 828 -
Out of plane C-H bending - 720 720 720 720
In-plane bending of the NCS group or out-of-plane 536 536 536 536 -

bending of the aromatic ring
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