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We report investigations on a liquid crystal confined in a hierarchical double network arising from the
fibres of an organogelator and a photopolymer. The morphological characteristics and the gel point are
seen to be strongly dependent on temperature, or more accurately on the thermodynamic phase
in which the polymerization is carried out and also the concentration of the reactive monomer.
The presence or absence of the anisotropy of the phase as well as the fluid or the gel character present
architectures that are substantially different in complexity as quantified by the fractal dimension obtained
from scanning electron microscopy images. The main aspect of this study, which includes dielectric as
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1. Introduction

Several studies involving the structural,' morphological, optical,
electro-optic, and dielectric properties of liquid crystals (LCs)
confined in pre-fabricated or in situ created scaffolds have brought
to fore the importance of restricted geometry in anisotropic
condensed matter systems.*® In this regard, networks created
by dopants, such as polymerizable monomers and gelators, have
been studied considerably. Physical gels that combine the aniso-
tropic character of LCs and the mechanical rigidity of the thermo-
reversible network have been reported to present significant
consequences on the LC-gel (LCG) properties, faster electro-optic
response, anomalous variations in elastic constants, enhanced
photoluminescence, and applications in soft robotics and flexible
displays.'®"” We have just reported"® the novel influence of
sample thickness and applied pressure on the characteristics of
an organogel exhibiting a nematic-to-nematic-gel transition.
It was found that the gelation temperature (T,;) depends strongly
on the sample thickness d, for d < 30 pm. On the other hand,
applied pressure hinders the gelation process, resulting in a
reduced thermal range of the nematic-gel phase. In light of these
fascinating findings, we now describe a new dimension to the
LCG systems in the form of another constraint played by polymer
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them superimposed on the other leading to interesting confined geometry effects.

confinement in the presence or absence of a second network due
to gelation, thus mimicking a hierarchical network.

Polymer-modified LC systems are well known for applications,
such as privacy windows, switchable THz devices, electro-optic
devices, and optical filters.”'*>' Depending on the polymer
content in the LC medium, they can be of two types: polymer
dispersed liquid crystals (PDLCs) and polymer stabilized liquid
crystals (PSLCs). While the former is polymer-rich, in the latter
case, the polymer is a minority component. A judicious balance of
the material content and the refractive index difference between
the polymer and LC gives rise to various modifications in LC
properties, such as lowered operating voltages, better scattering
ability, and reduction in the backflow effect,”*>* which are
essential for device applications.

To understand the polymer + LC network characteristics in
liquid, LC, and LC gel environments, we investigated a system
wherein the network formation of the gel occurs independent
of the monomers that get polymerized. We realised that these
systems may be viewed as a parallel amalgamation to the
double or inter-penetrating networks, well-studied in hydrogels
and polymer gel systems.*®™* Such networks, especially in
hydrogels, can be formed either by utilizing polymers or low
molecular weight organogels. For instance, two orders of mag-
nitude higher (from 0.2 MPa to 25 MPa) sustainability to
compression stress was observed in a double network hydrogel
system compared to its single network counterpart,> even
when the water content was nearly 90%. Another example
mimicked the extra-cellular matrix for tissue formation and
regeneration.”®>® These and such observations have opened up

This journal is © The Royal Society of Chemistry 2023


https://orcid.org/0000-0002-9643-6604
https://orcid.org/0000-0002-9367-1369
http://crossmark.crossref.org/dialog/?doi=10.1039/d3tc00991b&domain=pdf&date_stamp=2023-05-25
https://doi.org/10.1039/d3tc00991b
https://doi.org/10.1039/d3tc00991b
https://rsc.li/materials-c
https://doi.org/10.1039/d3tc00991b
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC011023

Published on 12 May 2023. Downloaded on 11/6/2025 5:22:44 PM.

Paper

possibilities to deploy them in drug delivery systems, tissue
engineering, biosensors, soft contact lens, etc. 29733 gxtension of
competing network strategy studies to an anisotropic environ-
ment will add another dimension to the knowledge base on two
networks imposed on a single host.

Although there have been no reports of including two networks
in a liquid crystal host, Kato et al,>* investigated a photo-
polymerisable gelator system that displayed enhanced electro-
optical responses. Even if one considers this system to have two
networks, each of polymerization and gelation, the aspect that the
same material leads to both mechanisms reduces the extent of
tunability and sequential aspects. Hence, this study is the first of
its kind, wherein the two physical networks are caused in a
hierarchical fashion by two different materials added to the liquid
crystal host. Apart from the fact that we are exploring a new
direction, it is observed that the thermodynamic phase of the
system offers itself as a parameter for controlling the morphology
of the network. For this purpose, we employed a photo-poly-
merizable monomer and a low-molecular-weight organogelator
as separate entities and carried out the polymerization at different
temperatures or rather in different phases. This protocol exploits
the fact that polymer networks formed mimic, to a great extent,
the orientation of LC molecules during polymerisation.*'%*?
We have analysed the details of the morphology of the polymer
strands formed, voids created due to the LC trapped within the
polymer networks, the mutual interaction of the two networks
involved, and their impact on other liquid crystal properties such
as gelation and elastic constants based on their hierarchy of
existence.

2. Experimental methods

2.1 Materials used and sample preparation

The host LC material (labelled TCMG) consists of a three-LC
component mixture and a low-molecular-weight organogelator,
12-hydroxystearic acid, (HSA), present at a concentration of
1.5 weight%. TCMG exhibits the nematic phase over a wide
temperature range from 54.2 °C to sub-ambient temperatures
as confirmed by polarising optical microscope (POM). A diacrylate
reactive mesogenic monomer (RM82 from Merck), added at
different concentrations to TCMG, served as the photo-
polymerizable monomer. The polymerization was initiated by
adding a small amount (2% of RM82) of photoinitiator (BME,
Aldrich). The molecular structures of the employed materials
and their transition temperatures are shown in Fig. S1(a)-(d)
(ESIt). For preparing the polymerizable mixture, required
amounts of TCMG, RM82, and BME were weighed and mixed
physically at T ~ 120 °C, well above the isotropic temperature
of TCMG.

To understand the mutual influence of polymer and gel
networks in detail, we studied seven different concentrations of
RMS82 in TCMG: Xgy = 0.5, 1, 1.25, 1.5, 1.75, 2, and 3, where Xgy
denotes the weight% of RM82 in TCMG. The phase sequence of
TCMG remains unaltered upon the addition of RM82, over the
range of concentrations studied. All the composites studied
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show the phase sequence isotropic (Iso) — nematic sol (Ngo) —
nematic gel (Ng) on lowering the temperature. TCMG +
monomer mixtures were filled into the cells, whose thickness
was maintained around 12-15 um, using capillary action well
above the isotropic temperature. For orienting the nematic
director in the planar fashion, the substrates forming the cell
were treated with a unidirectionally rubbed polyimide layer.
Polymerization of the samples was carried out with low-power
(3 mW cm™?) UV radiation having a peak wavelength of 365 nm.

As discussed in the introduction, the primary focus of these
studies was to explore the influence of the order of the
mesophase on the morphology of the networks formed and
on the gelation properties. Hence, the filled cells, labelled as
G-P, N-P, and I-P and were polymerized in the three different
phases - (a) at 30 °C in the gel phase, (b) at 50 °C in the nematic
phase, and (c) at 60 °C in the isotropic phase. This process
enabled us to examine the effect of LC orientation at different
levels on the network formation and in turn the influence of the
first gel/polymer formed network on the second polymer/gel
network.

2.2 Measurement techniques

Field emission scanning electron microscopy (FESEM).
Detailed morphological analyses of the polymer strands were
performed by FESEM using the MIRA 3 LHU (Tescan and
Bruker) instrument. For this purpose, after polymerization,
the cells were immersed in a suitable solvent for 12 hours so
that the unpolymerized content, LC + gelator, was removed
leaving only the polymer network on the substrate. The cells
were opened carefully without disturbing the RM82 strands and
the substrates were subjected to imaging.

Haze measurements. Haze, an important factor for scattering/
transparency-based devices and defined as the total transmittance
of light through a material, is dependent on the amount of visible
light diffused or scattered. Thus, the lower the haze value, the
higher the transparency of the sample. A simple transmittance
spectrum in different conditions provides the required data to
calculate the haze factor using the expression,

o7\ T4 T: 3
Haze (%) = (?2 _Tl> x 100 )

Here, T1-T, are the transmitted intensities measured using an
integrating sphere detector under the following conditions: T}, no
sample, but only the standard white reflector at the back; T,
sample in front and reflector at the back; T3, no sample, no
reflector; and Ty, only sample (see Fig. S2, ESIT). Under these
conditions, the measured haze is 0% for a perfectly transparent
sample and 100% for a perfect white diffuser (also known as white
standard). The measurements of Ty-T, were carried out on
selected samples using a UV-visible spectrometer (PerkinElmer -
Lambda 750) fitted with an integrating sphere detector covering
the wavelength range 400-800 nm, and the haze was determined
using eqn (1).

Electrical behaviour. Sample capacitance measurements
were performed to understand the dielectric behaviour as well
as to determine the splay (K;,) Frank elastic constant through

J. Mater. Chem. C, 2023, 11, 7682-7696 | 7683


https://doi.org/10.1039/d3tc00991b

Published on 12 May 2023. Downloaded on 11/6/2025 5:22:44 PM.

Journal of Materials Chemistry C

electric field-driven Freedericksz transition. Upon application
of the field normal to the substrate, above a certain threshold
voltage (Viy,), the molecules will reorient from their equilibrium
planar alignment and achieve homeotropic orientation in the
limiting case. This reorientation of the molecules from planar
to homeotropic can also be utilised to analyse the switching
dynamics of the system. The electro-optical switching of the
samples was studied by monitoring the transmitted intensity
through the POM while applying an electrical field. The trans-
mitted light from the sample was collected using a photo-diode,
the output of which was fed to an oscilloscope (PicoScope
4262). This signal was further analysed to obtain the response
timescales of the material.

3. Results and discussions

The studied system involves both polymer and gel networks
formed on a hierarchical basis that arises owing to the tem-
perature (or equivalently the mesophase) at which the poly-
merization is carried out. The characteristics of this dual
network on the G-P, N-P and I-P samples for different composi-
tions (Xgym) of the RM material are comprehended from three
different viewpoints: (a) morphological aspects, (b) effect on the
gelation temperature and (c) dielectric behaviour.

3.1 Morphological observations

Polarising optical microscope studies. We begin to look at
the morphological aspects of the polymer networks at a coarse
level through POM images and elucidate in detail through SEM

G-P
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images discussed in the next section. The formed polymer
networks were visualised under POM in the isotropic phase to
avoid the contribution from the birefringence of the nematic
phase; the residual birefringence of the polymer provides a
good contrast. As we carried out a detailed study of varied
monomer concentrations and their polymerization in three
different phases, networking with each Xry is distinct in its
own way. The orientation of the polymer network formed is
dictated by the LC director’s orientation in the surrounding
environment. An additional feature that should be emphasized
is that RM82 itself exhibits a nematic state in its monomeric
form. In contrast, the gelator HSA molecules, without an
aromatic moiety, do not show the nematic phase. Still, the
orientational order of the neighbourhood may still impose such
an order on the HSA molecules, albeit with a smaller magni-
tude. However, mere orientational order may not ensure that
the hydroxy/carboxyloxy groups of neighbouring HSA molecules
are in a favourable position for hydrogen bonding, which would
certainly have a bearing on gelation. With this background, we
shall proceed further to discuss the network formation and
related properties in G-P, N-P, and I-P samples. For low (<1.5)
Xrm concentrations, the scarcity of the monomer units results
in incomplete network formation wherein the unconnected
droplets are observed. For Xgy > 1.5, well-connected networks
are seen with the density of fibres increasing as Xry increases.
This common trend is exhibited by all G-P and N-P samples, as
shown in Fig. 1 and 2, respectively. The influence of the
nematic orientation in achieving an aligned polymer network
is evident in Fig. 2. Despite the aligned networks seen in both
N-P and G-P cases, there are certain contrasting features also,

Xga = 0.5

Fig. 1 POM images taken in the isotropic for samples polymerised in gel phase (G-P) with varied concentrations of photopolymer (Xgm). Droplet
morphology was seen for lower Xgm, and improved the connectivity of the polymer strands was observed with the increase in the monomer
concentration. Although enlarged images (below) display well-connected polymer networks at higher Xgm, the networks are more distorted;

a consequence of the surrounding nematic-gel environment.
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Fig. 2 POM images taken in the isotropic for samples polymerised in the nematic phase (N-P) for varied Xgm. While droplet morphology is seen for lower
Xrm. @s the monomer concentration increases, improved connectivity of the polymer fibres was observed. Enlarged images (below) display oriented
polymer strands that are the resultant of the surrounding aligned nematic environment.

Xgn = 0.5

Fig. 3 POM images taken in the isotropic when polymerised in the isotropic phase (I-P) for varied Xgm. No connected strands are observed for any Xgm,

even in enlarged images (shown below).

arising primarily due to the fact that when the sample is
polymerised in the gel phase, there is already an underlying
(gel) network in the system. As mentioned earlier, during
gelation, there is no direct control on the hydrogen bonding
of the HSA molecules, a fact that reflects in the observation
of the disoriented polymer strands seen in Fig. 1, more so
at higher Xgy. The power of the orientational order in the

This journal is © The Royal Society of Chemistry 2023

morphological aspect of the network is evident from the images
in Fig. 1 and 2 (G-P and N-P cases) comparing with those in
Fig. 3 obtained for the I-P samples; no concentration of RM
studied exhibited network formation.

Thus, achieving oriented networks seem to be requiring the
orientation of HSA molecules as well. In addition, if a molecular-
level control can be realized wherein the H-bondable units of

J. Mater. Chem. C, 2023, 11, 7682-7696 | 7685
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neighbouring HSA molecules are placed in favourable positions,
then even better-oriented hierarchical networks can be expected.
The strength of the gel network overseen by the concentration of
HSA could bring an additional control parameter.

SEM images and analyses. After POM imaging, the same
sample cells were imaged by SEM imaging after subjecting
them to the procedure already described in Section 2.2. Briefly,
first, the TCMG host was leached out by immersing the cells in
a suitable solvent. Once the LC was completely removed, the
cells were opened up to expose the formed network, and to have
high contrast, a thin layer of gold was sputtered onto the
network. Fig. 4 shows the SEM images for Xg\, = 3 for all three,
G-P, N-P, and I-P cases.

In consonance with the observations under POM, excellent
spatially continuous networks are seen for the nematic and gel
polymerized samples, but not for the isotropic case. Careful
observations of these images reveal the contrasting behaviour
between the N-P and G-P samples with the former having
director-dictated far better orientation than their counterpart
gel polymerized (G-P) sample affected by the random orienta-
tion due to the existing gel network and its influence on the yet
to be polymerised monomer units. The regions enclosed by the

View Article Online
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polymer network creating void-like structures are similar to
those reported in hydrogels presenting an interpenetrating
network.>®” We shall return to this point later.

We now compare the situations for two different monomer
concentrations, Xgym = 1.75 and 3. Unlike the images for the
latter material (Fig. 4a-f), the SEM images for lesser monomer
concentration (Fig. 5a-d), do not present any noticeable differ-
ence in the morphology of the N-P and G-P samples. For
example, in the higher concentration material, the G-P case
has a much less orientationally ordered structure than the N-P
sample, whereas in the Xgy = 1.75 system, such an order is
essentially retained in the G-P sample also, although with an
increased density of fibres (compare Fig. 5(b) and (d)).
As expected, the I-P samples of both concentrations, do not
exhibit any network formation (see Fig. 4(g-i) and 5(e, f)), albeit
showing the presence of randomly oriented short strands,
as highlighted in the inset in Fig. 5(f). According to a few
studies®®** on the gel phase exhibited by polymers, the devel-
opment of the network begins with the formation of domains,
which in turn act as nucleation centres. These discrete nuclea-
tion centres intersect as they grow and tend to form a network
of self-assembled polymers strands.*® Obviously, the higher the

n -

Fig. 4 SEM images depicting the polymer networks for Xgm = 3 with magnifications of (a) 0.5 x 10%, (b) 3 x 10°, (c) 20 x 10%, (d) 0.125 x 10°, (e) 0.5 x 10%,
(f) 15 x 10% (g) 5 x 10 (h) 15 x 103, (i) 30 x 10° for G-P, N-P and I-P samples shown from top to bottom, respectively.
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Fig. 5 SEM images depicting the polymer networks for Xgm = 1.75 with magnifications, (a) 1 x 10% (b) 5 x 10, (c) 2.5 x 10%, (d) 7.5 x 10>, (e) 5 x 105
(f) 15 x 10°® for G-P, N-P and |-P samples shown from top to bottom, respectively. Inset in (f) showcases the short polymer strands at a higher

magnification of 30 x 10°.

value of Xgy, the more would be the number of nucleation
centres increasing the density of the network, a feature that is
reflected in Fig. 4 and 5. Besides, the magnitude of nucleation
centres also decides the extent of heterogeneity of the structure:
the higher the concentration of RM, the more heterogeneity of
the structure.

Porosity calculation. In these systems, a necessity for obtain-
ing high-quality SEM images is to leach out the liquid crystal
after polymerization, a step required to avoid damage due to
the electron beam radiation. This process retains the polymer
strands in place but leads to the creation of voids or pores in
regions occupied by the non-reactive LC and gelator. Removal
of these components should, in principle, result in a xerogel-
like situation. This problem is, however, alleviated owing to the
support provided by the substrate, and thus, any change in the
porosity of the system may not be expected. Image processing
and analysis of the SEM images were performed using Image],
an open-source image processing toolbox. The not-so-well-
defined boundaries prevented the software from automatically
identifying the border between the polymer and the void,
requiring the borders to be drawn manually. In fact, this
exercise was even more tedious for the lower concentration

This journal is © The Royal Society of Chemistry 2023

(Xrm = 1.75) system. Therefore we have limited the discussion
to the Xgy = 3 system that was only imaged at a magnification
of 500 (see the scale bar in Fig. 4(a) and (e)). From Fig. 4, it is
visually evident that the nematic polymerised sample has a
larger void size than the gel polymerised sample. This is indeed
borne out to be true from the values obtained from the image
analysis carried out by calculating the geometric average over
40 counts and yielding void sizes of 36 pm and 112 pm for the
G-P and N-P samples, respectively. The detailed porosity size
distribution for the N-P and G-P cases is shown in Fig. 6,
indicating that the G-P case has a narrower distribution than
the N-P case. To arrive at quantitative differences, we fitted the
histogram to a Gaussian expression. The centroid and the full-
width-at-half-maximum (FWHM) values obtained from the fits
are 37 & 0.84 um, 24.7 £ 2.8 pm for the G-P sample, and 109 +
10.1 um 83.6 & 32.2 pum, for the N-P sample; the centroid values
agreed (within the error bars) with the geometric average values
mentioned above.

Let us recall that when the polymerization takes place, the
environment is completely fluid in the case of N-P samples,
but is interspersed with a gel network in the G-P case. It is
tempting to consider that the already-formed gel network

J. Mater. Chem. C, 2023, 11, 7682-7696 | 7687
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Fig. 6 Histogram showing the porosity size distribution in (a) gel-polymerized and (b) nematic polymerized samples (calculated from the SEM) images
shown in Fig. 4(a) and (e). It should be noted that the horizontal scale is significantly different.

serves as a template over which the polymerization takes place.
It may be mentioned that whether there is a chemical favour
between the gelated HSA molecules and the RM82 monomers,
is not evident. However, from the images, it is seen that the G-P
case has thicker fibres compared to the N-P case. In fact, the
width of the fibres averaged over the measurements at several
points yields values of 0.26 pm and 0.12 pm for G-P and N-P
cases. This 2-fold increase in the width perhaps is suggestive of
the feature that the gel network, being a more solid platform
than the fluid LC regions, favours the RM82 monomers to settle
down during polymerization making the fibres thicker. Alter-
natively, the gel network could also be reducing the thermal
fluctuation in the medium causing the formation of thicker
fibres. In addition, during polymerization, the gel network
reduces the volume available for the liquid crystal sample
leading to a much narrower distribution of the void sizes for
the G-P sample.

Fractal dimension. Determining the fractal dimension has
been found as an important tool to describe a complex system.*°
As the term ‘fractal’ means broken or fragmented, any complex
structure can exhibit self-similarity over a range of scales. Here,
the self-similarity is not in the exact sense, but rather in a
statistical manner. Such self-similarity is mathematically
described in terms of a fractal dimension Dy, which by defini-
tion is “the exponent of the number of self-similar pieces (N)
with magnification factor (1/d) into which a figure may be
broken.**” The parameter Dr provides a correlation between
the microscopic structure and the macroscopic properties of
the system. For example, the dimensional analysis gives infor-
mation about the growth mechanisms in the interfaces of
physical systems, colloidal aggregation, bacterial colonies,
polymer networks, etc. [see e.g., ref. 42 and 43], with D
characterizing the complexity of the fractal structures.*** Thus,
D¢ indicates the irregularity of the structure and the space not
occupied by the network. Especially in porous media, the fractal
dimension parameter is employed to characterize the distribu-
tion of the pore/particle size and the roughness of the porous

7688 | J Mater. Chem. C, 2023, 11, 7682-7696

surface.** In 2-D, D; varies between 1 and 2, the limits being
defined for a line and a plane. Generally, a larger fractal
dimension implies greater complexity involved in the objects
studied.

Although the dimensionality can be calculated by various
methods, we have used the standard box-counting method,
implemented through the open-source software, ImageJ. The
method is based on splitting the image into boxes of increas-
ingly smaller size (d), and applying the counting protocol at
each box size. Then, the relation connecting N, the number of
boxes at each scale, the box size d, and the fractal dimension D;
is given by

log(N)

Pr = Tog(@)

(2)

A representation of N vs. d in a double logarithmic scale
should yield a straight line, the slope of which gives the fractal
dimension Dy (for example, see Fig. S3, ESIt). To allow un-
ambiguous determination of the box size and subsequent
calculation of the fractal dimension, the images were binarized
by converting the grey image into a representation consisting of
only black (pixel value = 0) and white (pixel value = 255) pixels
by fixing the threshold at the half-way mark of 127. Further
details, including confirmation of the analysis protocol with
automatic and manual threshold values, and comparison with
a literature example, are provided in ESI{ under the section
Fractal dimension analysis, and Fig. S4 and S5 (ESIt). As shown
in Fig. 7 and 8, the binarization appears to be quite faithful for
both N-P and G-P samples at coarse as well as fine scales.

Following standard practices,’®**™’ we calculated the frac-
tal dimension for different magnifications ranging from 100 to
20 x 10°, and the results are shown in Fig. 9(a). The measured
range of D¢ values (1.55 to 1.8) are in agreement with others for
the PSLC systems.****® Besides, these values are also in the
range seen when the mechanism is diffusion-limited cluster
aggregation rather than reaction-limited cluster aggregation.*’

This journal is © The Royal Society of Chemistry 2023
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Binarisation

Binarisation

Fig. 7 Binarisation of the SEM images for Xgm = 3 in two different magnifications (125 and 15 x 10°) for the N-P case.

As expected for the former mechanism, the morphology is more
open. It is interesting to note that for all the magnifications
used, D¢ turned out to be higher for the N-P sample than for the
G-P sample. The fact that Dy is expected to be a measure of the
complexity of the structure, the above result should suggest
that the structure is more complex for the N-P sample than for
the G-P case, contrary to the visual appearance as seen in Fig. 7
and 8. Furthermore, Dierking®* showed that the polymer curing
performed at higher temperatures resulted in reduced D¢ values
for the formed networks. Considering that the gelation occurs
at a temperature much below the isotropic-nematic point,
the presently studied system has the opposite behaviour with
the G-P sample having a lower D¢ value.

A trivial difference that could be the reason for the opposite
behaviour is that the case in ref. 43 discusses a single network
system, unlike hierarchical networks in our case. More impor-
tantly, branching of the network has been proposed as a control
parameter for Dy, with lower branching leading to higher fractal
dimensionality.*® As evidently observed in the SEM images, the
N-P case has straighter and oriented polymer fibres resulting in

This journal is © The Royal Society of Chemistry 2023

lower branching, causing Dy to be higher. It is possible that in
the case studied here, the branching mechanism is more
dominant than the thermal effect. This viewpoint is further
confirmed by the fact that as shown in Fig. 9(a), the D¢ values
for the G-P and N-P situations approach each other as the
magnification is increased, or in other words the probing was
performed on much smaller length scales, which should reduce
the branching effect. In fact, it is interesting to note that in
the G-P sample, the rate at which Dy increases towards the
saturated value at higher magnifications, unlike the N-P case,
which seems to be independent of the magnification.

As stated earlier, if the fractal dimension is indeed a robust
measure of the complexity of the structure,”” then, as the
magnification increases, the complexity decreases for the G-P
case but increases for the N-P sample, although the effect is
much less for the latter. The voids or the porous network
becoming more lucid at higher magnifications could also be
the reason for this. We should hasten to add that the values for
the two samples asymptotically reach a single value, which
is indicative of their similar morphology at highly local

J. Mater. Chem. C, 2023, 11, 7682-7696 | 7689
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Fig. 8 Binarisation of the SEM images for Xgm = 3 in two different magnifications (500 and 20 x 10%) for the G-P case.
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Fig. 9 Variation of fractal dimension Dy at different magnifications for N-P and G-P samples by open source software (a) ImageJd and (b) Fractalyse. In
both tools, higher Dy is exhibited by the N-P compared to the G-P samples for all magnifications.

(very small length scale) levels. We could interpret that on such

the polymer networks occurs more or less in a similar

a small scale, complexity in the structures/formation of fashion regardless of the polymerizing temperature. The weak
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magnification-dependence of Dy for the N-P case reveals better
homogeneity of the networks formed.** Owing to the complexity
and the ability to characterize an image, there are reports suggest-
ing that the Dy values could sometimes be quite different depend-
ing on the software employed for the analyses.® In order to
confirm the analyses performed using Image], we utilised another
open-source tool- ‘Fractalyse’ for extracting the fractal dimension-
ality. Not only are the D¢ values from both the software agree well,
but features like the trend of N-P showing higher dimensionality
than G-P, and values for both N-P and G-P becoming similar at
high magnifications, are also confirmed, as indeed seen in
Fig. 9(b). A point to be noted is that the software generated error
bar for Dy is quite high in Fractalyse as against that from Image],
obtained from the straight line fit (see Fig. 9); the protocol used
for error calculation by Fractalyse is not known. A more detailed
and controlled investigation towards these aspects with regards to
the number of nucleation centres available and temperature of
polymerisation is to be carried out in order to obtain better clarity
about the morphological changes and the pattern formation.
Further studies are also required to establish the fact that the
branching is the more important parameter than the temperature
in fixing the Dy values in such hierarchical networks. Apart from
the regular box counting method, we have also carried out fractal
dimension dependency on the grid rotation/rotation angle of
the image through a process termed as ‘modified box counting
method’. This procedure for asymmetric images is known to
exhibit an initial decrease in the value of D and an increase
further on.”" Similar behaviour is showcased by the G-P sample,
as shown in Fig. S6 (ESIf). It is interesting to note that the
variation with rotation angle is quite small and the minimum
value agrees (within errors) with that from the regular box
counting method as shown in Fig. 9.

3.2 Effect on gelation temperature

As stated in the introduction section, for samples thinner than
a critical value, the sol-gel temperature (Ts,) has been seen to
be strongly dependent on the sample thickness.'> Presuming
that such a feature could be arising owing to confined geometry
features, we looked at the effect on T, caused by the presence
of the polymer strands. The thermal variation of the trans-
mitted laser intensity, employed to determine T, is shown in
Fig. 10(a-c) for a representative concentration, Xgy = 1. The
nematic to isotropic transition is marked by a strong change in
the transmitted laser intensity (/jaser), the midpoint of which is
taken as Ty, the N-I transition temperature.

The Ty values are seen to be marginally affected (<1 K) by
the temperature at which the polymerization is performed or
by the concentration of the polymer, Xz (see Fig. S7, ESIT).
In contrast, gelation is marked by a step-like reduction in Jj,ser,
the step height being maximum for the G-P sample and least
for the I-P sample. To avoid problems with the weak variations
in the latter case, the gelation temperature was obtained as the
peak point of the first differential of the data (Ijuse vs. T). Even
at a qualitative level, it is clear from Fig. 10(a-c) that Ty,
is significantly dependent on the temperature at which the
polymerization was performed. Similar experiments were

This journal is © The Royal Society of Chemistry 2023
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performed by varying the polymer content, and the T, values
obtained as a function of Xgy for the G-P, N-P, and I-P samples
are shown in Fig. 10(d), (e), (f), respectively. While for all the
situations T, is non-monotonic with Xy, its behaviour is
simpler for the I-P case. On the other hand, the N-P and G-P
cases show more complicated behaviour, as evident from
Fig. 10(d) and (e). Since the transition temperature exhibiting
a non-monotonic change with the concentration of the dopant
has been observed earlier, for example, in aerosil/LC compo-
sites, a case wherein restricted geometry effects are argued to
play a significant influence, we discuss it as follows. Aerosil
particles are siloyl spheres of 7 nm diameter and have a
surface decoration of OH groups. When dispersed in a suitable
liquid medium, including liquid crystals, the particles form a
hydrogen-bonded network amongst themselves. The created 3D
cage-like thixotropic structure imposes a finite-size confine-
ment effect as well as the random-field effect on the involved
phase transitions of the liquid (or LC) medium. Such an
influence has been studied on the N-I, smectic, and reentrant
nematic phase transitions, and even rotator phases.*>® For
example, with octyl/octyloxy cyanobiphenyl as the LC, Roshi
et al.>® found that a high degree of non-monotonicity existed in
the transition temperatures as the aerosil concentration was
increased, with the maximum downward deviation of 1-2 °C for
a concentration of ~10% aerosil particles. In light of these
observations, it may be noted that the deviations observed for
the sol-gel transition in the present case of polymer confine-
ment are much larger, despite the concentrations of the dopant
(Xzrm) being much smaller.

A point that must be borne in mind, however, is that a direct
comparison between the type of network formation in the
present scenario and the LC + aerosil mixture may not be
appropriate. Although, in both cases, networking is due to
weak hydrogen bonding, the key difference is in the nature of
the gel formation. In the aerosil case, it is the silica spheres that
hydrogen bond together to form a random irreversible gel,
whereas in the present case, HSA molecules undergo a com-
pletely reversible sol-gel process. Additionally, when present,
the polymerized network acts as a template for creating further
confinement of the HSA molecules. The existence of the orien-
tational order in both the N-P and G-P cases adds further
dimensionality. In fact, Sharma® reported that in LC + aerosil
mixtures the calorimetric parameters differ between the (LC)
oriented and un-oriented cases. It was also noted that in
aligned LC hosts, aerosil gels are stiffer due to increased
surface interaction between the aerosil and LC molecules,
resulting in changes associated with enthalpy and transition
temperatures. On similar lines, for the present case, when
polymer strands are existing (N-P and G-P case), the hydrogen
bonding of the HSA molecules will be assisted by the cage of
RM82 networks. The non-monotonic variations in Ty, could be
a combined result of the number of HSA molecules available to
form hydrogen bonds and the alignment of polymer strands.
In contrast, for the I-P case, the development of gel fibres is least
affected as the polymer network formed is disconnected to the
maximum extent, a fact supported by POM and SEM images.
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with different Xgm is shown for the G-P, N-P, and I-P cases in (d), (e), (f), respectively.

The higher complexity of the networks involved and their
mutual interactions could also be the reasons for the non-trivial
behaviour of the Ty, on the polymerization temperature as well
as with the variation of Xzy. In a study of coexisting physical
networks of self-assembled fibrillar networks (SAFINs) and self-
assembled micellar networks (SAMINs), it has been compre-
hended that the mutual influence of the network rules the
mechanical properties and thereby the network integrity and
various other parameters in these organogels.? It has also been
stated that the presence of one network and the temperature at
which it is forming either trigger or hinder the formation of a
second network.*® Although, at present, we are not able to
explain the non-monotonicity in Ts,, we can contemplate that
the changes in gelation temperatures could be a combina-
tion of factors such as the monomer concentration and the

7692 | J. Mater. Chem. C, 2023, 11, 7682-7696

temperature of polymerization, which in turn decides the
hierarchy of the network to be formed. For instance, in the
I-P case, the gel fibres could be formed without much challenge
posed by the polymerized environment and hence Ty, is least
affected (see Fig. 10(f)). On the other hand, in the N-P case,
polymer strands are formed in correlation with the LC orienta-
tions. Hence, as Xgy increases, dense, well-oriented, stronger
strands are formed, which pose a more significant challenge for
the weak gel fibers to form hydrogen bonding and gelate,
resulting in complex behaviour of the gelation temperature
shown in Fig. 10(e). Similarly, for the G-P case, the polymeriza-
tion occurs in the presence of the gel fibre network yielding
random polymer networks. Also, it should be noted that for all
Xgrw, the deviation in T, is with respect to the Xgy = 0 system.
A point to be noted, especially in the N-P case, is that, once the
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Table 1 A summary of the effect of polymerization at different temperatures

Type of

polymerisation

parameters Gel polymerised (G-P) (30 °C) Nematic polymerised (N-P) (50 °C) Isotropic polymerised (I-P) (60 °C)
Environment Nematic oriented gel fibres Oriented NLC without gel fibres No orientation either for NLC or gel

Influence on Influenced by the network of existing gel

polymerisation fibres leading to not so oriented polymer
networks

Impact on Complex

gelation Already gel fibres were present during

temperature (Ty;) polymerisation

polymerization is performed it can be expected that several HSA
molecules get trapped inside the polymer fibre and thus in the
subsequent thermal cycles, lack the freedom to participate
in the gelation process. This should effectively diminish the
concentration of the gelator.

Another competing feature that can result due to the
oriented polymer fibres formed in the N-P case is that a few
HSA molecules present near the polymer fibre walls will have
reduced thermal fluctuations and thus have a favour for better
hydrogen bonding amongst themselves. This will in turn
increase the sol-gel temperature. In all three cases, a feature
that is invariably present is the reduced space available for the
gel fibres to form, the reduction monotonically increasing with
Xrm. Thus, Ty, was determined by a combination of several of
these factors. An overview of the impact of gelation temperature
and its influence on polymerization due to temperature is

Solely influenced by NLC orientation
leading to well aligned polymer strands

Complex

Existing well aligned polymer strands
challenge the growth of gel fibres in the
nematic environment

fibres
Random polymerisation leading to
weak/short polymer strands

Simple

As weak/short polymer strands are
formed, it reduces the restrictions
for gel formation

tabulated in Table 1. Fig. 11 is a schematic overview of poly-
merization under the three conditions.

3.3 Smart window application

Encouraged by the visual appearance of the sample cells
formed under the three conditions, we contemplated fabricat-
ing a smart window application that worked on the following
principle. Normally, a nematic polymerised PSLC device oper-
ates from a transparent to a scattering state on the application
of voltage. But we can reverse this behaviour when polymerised
in the isotropic phase. The I-P samples operated in a scat-
tering state, which when sufficient voltage was applied became
transparent as can be visualised from Fig. 12(a). Such devices
have been proposed to be the next-generation solution for
low-energy consuming dwellings, privacy windows, etc.>**!
An essential parameter considered for fabrication of such a

LC + HSA + RM82

<> LC molecules
< LMOG - HSA

=== [Monomer RMS82

Nematic + Gelator

48.9 °C

sol

53.6 °C
o

Is N N

gel

v
Gel polymerised (G-P)

Polymer network on
oriented N, fibres

gel

Nematic polymerised (N-P)

Polymer network on
oriented N,

v

Isotropic polymerised (I-P)

Polymer network in the
disordered isotropic

Fig. 11 Schematic of the network formation when polymerized in 3 different phases.

This journal is © The Royal Society of Chemistry 2023

J. Mater. Chem. C, 2023, 11, 7682-7696 | 7693


https://doi.org/10.1039/d3tc00991b

Published on 12 May 2023. Downloaded on 11/6/2025 5:22:44 PM.

Journal of Materials Chemistry C

window in the equilibrium (no-voltage) state is the haze,
defined as the amount of light scattered by the sample. The
required spectroscopic measurements were performed over the
entire visible region employing the methodology summarized
in Fig. S2 (ESIf), and the haze factor was calculated using
eqn (1). The spectra determined for samples Xgy = 1 and 3
under the three polymerization conditions are presented in
Fig. 12(b) and (c). Apart from the overall haze factor being
higher for Xgy; = 3 than for Xzy = 1 mixture, surprisingly, the I-P
samples have higher haze values than their N-P or G-P counter-
parts. Increased scattering for Xgy = 3 can be explained based
on the density of the polymer fibres present: the denser the
network, the higher the scattering ability. Meanwhile, increased
haze for I-P is the consequence of the larger population of short
fibres having no orientational order in the isotropic environ-
ment. This randomness in the network, associated with the
mismatch in the refractive indices of the LC and RM82 regions
is the key reason for the increased scattering. Hence, from a
device fabrication point of view, it may be said that it is ideal to
polymerize in the isotropic phase, although we agree that there
is much room for improving its scattering ability. We believe
that a careful interplay of monomer and gelator concentrations

80
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©
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can bring out this aspect in a more refined way. Visual evidence
of these features is well brought out in the images of the devices
with the I-P sample having the highest scattering (Fig. 12(a)).

3.4 Electric behaviour

Temperature-dependent permittivity. The thermal varia-
tions of the low-frequency (1 kHz) permittivity, along (¢)) and
perpendicular (¢ ) to the nematic director for the G-P, N-P, and
I-P cases are shown in Fig. S8(a)-(c) (ESIt), respectively.
Permittivity changes are quite small across the Ny, -Ng; transi-
tion for all three cases of polymerization. The orientational
aspects of the polymer networks play a major role in their
contribution to the permittivity. In fact, it is evident from
Fig. S8 (ESIf) that the contribution to ¢ decreases as Xgm
increases. For measuring ¢, an AC voltage (20 V) is applied to
reorient the LC molecules from their equilibrium planar orien-
tation denser networks at higher polymer content that poses
more challenges for the LC molecules to reorient. Indeed, the
effect of polymerising at different temperatures is also apparent
as seen in Fig. S8 (ESIt). G-P samples are the most affected ones
with I-P being the least. Once again, the morphology of the

80

Haze (%)
T

N-P
a0 F

G-P
| 1 | L |

400 600 800
A (nm)

Fig. 12 (a) Images of light scattered by G-P, N-P, and I-P at room temperature for Xgm = 3. Visually, we can observe higher haze for the I-P sample. Haze
measured in the visible region for (b) Xgm = 3 and (c) Xgm = 1. Higher haze is exhibited for Xgm = 3. I-P samples scatter more light compared to G-P and

N-P for both Xgm = 3 and 1.
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networks formed is crucial, which also determines the contri-
bution to the permittivity of the system.

Electric field-driven Freedericksz transition. Fig. S9 (ESIY)
shows raw profiles of voltage dependence of the permittivity for
Xrm = 1.5 for the G-P case, at two different temperatures
depicting nematic sol (50 °C) and nematic gel (30 °C) phases.
It is clearly seen from the inset of Fig. S9 (ESIf) that the
threshold voltage Vi, is higher in the gel phase, apparently
caused by lower thermal fluctuations, the associated higher
order parameter, and the presence of the second network.
Table S1 (ESIt) represents the concentration dependence of
threshold voltage at 50 °C and 30 °C. The variation with Xry is
non-monotonic, however, the extent of change in Vy, is mini-
mal (~0.2 V), for all three cases.

Splay elastic constant. The Freedericksz transformation data
were employed to calculate the splay elastic constant through

eqn (3).

2
_ &08aVth

Kn (3)

2

Here ¢, is the permittivity of free space and ¢, = (¢ — ¢ ), the
dielectric anisotropy. The variation of the splay elastic constant
is shown in Table S2 (ESIt) for 50 °C and 30 °C. As expected, Ky,
also follows the trend of V, variation. Although it is quite
challenging to understand the trend of concentration depen-
dence, we could see that the values in the nematic gel phase,
i.e., at 30 °C, values are higher when compared to those in the
nematic phase. The gel networks formed along with reduced
thermal fluctuations hinder the reorientation of LC molecules
resulting in the increase of splay elastic constant, K;;. The
observed highly non-monotonic behaviour of the V;, and K;; as
a function of Xgrw, especially for intermediate concentrations,
resembling the T, variation implies that further investigations
are required to understand these systems in more detail.
Switching dynamics. For investigating the dynamics of
electro-optic switching, the sample was kept between crossed
polarizers, and the intensity of the transmitted light beam was
collected using a photo-diode and the associated electronics.
For a representative mixture, Xgy = 2 polymerized in the gel
phase, the photo-diode responses in the field on and off
situations are shown in Fig. S9(a) (ESIT) at two temperatures
corresponding to the gel (30 °C) and N phases (50 °C). Similar
data for the same mixture, but polymerized in the isotropic
phase, are shown in Fig. S8(b) (ESIt). To determine the
dynamics quantitatively, the response time toy is defined as
the time required for the transmission to change, upon turning
the field on, from 10% to 90% of the saturated intensity, and
Torr iS the time taken for the transmission to reduce from 90%
to 10% of the saturated intensity value. A well-known fact in
LCs and LCGs is that generally, Topr timescales are higher than
Ton, Which holds true for the present case as well. Also, it is
seen that switching a nematic phase is easier than switching a
gel phase (which can be corroborated by the response curve).
Consequently, the response times are higher in the gel phase
compared to the nematic phase. The response times for all the
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I-P, N-P, and G-P cases for different Xgy mixtures are presented
in Table S3 (ESIT).

4. Summary

We have carried out investigations by employing two networks
formed through polymer and gelator in an anisotropic nematic
host. Temperature (or mesophase) dependent polymerization is
involved, which helped us in realizing the impact of liquid
crystal orientation on the networks being formed and their
mutual influences as well. Increased arbitrariness was observed
for the gel polymerized samples compared to nematic and
isotropic polymerized samples, which are corroborated by
detailed morphological investigations using POM and SEM
characterizations. The SEM image analysis reveals that the
N-P sample exhibited 3 times larger porosity compared to the
G-P sample, indicating the amount of LC trapped between
the polymer networks. Fractal dimension, D; indicates more
complexity shown by N-P samples in comparison with the G-P
case. The gelation temperature varies in a non-monotonic
fashion with the concentration of the monomer. It is observed
that the impact on the gelation temperature is more for N-P
samples, intermediate for G-P, and least for I-P samples direct-
ing towards the formation of hierarchical networks. Haze
measurement indicated that the I-P sample demonstrates
better scattering ability compared to G-P and N-P samples.
The observed features were explained based on the hierarchy
of the two physical networks-polymer and gel networks formed
and their mutual interaction. We believe that these experi-
ments comprise double networks in liquid crystals and have
paved a distinct approach in the field of LC research.
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