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/Abstract: An amazing phenomenon of the relative magni-
tude of modulus of two liquid-crystal (LC) gels is found in-
verted under/above their phase transition temperature T ¢,
which is further proved to be caused by their diverse mor-
phology flexibility. By testing the polarity of two LCs, gelator
POSS-G1-Boc (POSS = polyhedral oligomeric silsesquioxane)
was discovered to self-assemble into more flexible structures
in a relatively low polar LC, whereas more rigid ones are

formed in higher polar LC. Hence, a fitting function to con-
nect morphology flexibility with solvent polarity was estab-
lished, which can even be generalized to a number of
common solvents. Experimental observations and coarse-
grained molecular dynamics simulations revealed that sol-
vent polarity mirrors a “Morse code”, with each “code” corre-
sponding to a specific morphology flexibility.

/

Introduction

Liquid crystal (LC) physical gels are a new class of dynamically
functional materials consisting of LCs and fibrous aggregates
of molecules that are called “gelators”,"" which exhibit in-
duced or enhanced electro-optical,® photochemical,”® and
electronic  properties.”'® Phase-separated structures are
formed in LC physical gels by the combination of two compo-
nents, which can further affect the photoelectric performance
due to the change of interface action on the boundary re-
gions."""*) Hence the regulation of various morphologies of LC
gel is crucial.

Research on the morphology of LC gels has concentrated on
situations in which the sol-gel transition temperature T, is
higher than the phase-transition temperature T ¢, and Kato’s
work!™ points out that aligned fibers are formed by the tem-
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plate effects of oriented LCs in this case. In contrast, randomly
dispersed networks are formed in the isotropic phase when
Teorgel is lower than T ;. In fact, our research reveals that the
morphology is affected by the diverse LCs even though the
gelators self-assemble in an isotropic phase, which is caused
by the strong interaction force between gelators and LC mole-
cules. That is to say, as an absolute majority part in the gel
system, solvents do have unignorable effects on the resultant
assembly of nanostructures due to the substantial interactions
between solvents and gelators. Hence, in our supramolecular
system, we can regard LCs as general solvents, and neglect
their orientational ordering nature.

In Q. Jin’s research,”™ the same gelator molecule can self-as-
semble into diverse nanostructures over a wide scale range
from nanofibers, nanotwists, to nanotubes and microtubes in
different solvents, depending on the solvent polarity and their
hydrogen-bonding nature. Nevertheless, research on solvent-
induced morphology has always focused on common solvents
rather than the LCs"?? which may be due to the lack of
knowledge of LCs solvent parameters. Herein, by measuring
the solvent polarity of LCs and quantitatively comparing fiber
flexibility, we connect solvent polarity with morphology flexi-
bility by a fitting function, which can even be generalized to
some common solvents. Furthermore, additional coarse-
grained molecular dynamics simulations unambiguously sup-
port our theory that the solvent polarity is just like the special
“Morse code”, and the special “code” can be decoded as mor-
phology flexibility by the fitting function we built. We hope it
could provide a quick way to judge morphology flexibility
before conducting cost- and time-consuming electron micros-
copy studies in analogous POSS-dendrimer supramolecular sys-
tems.
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structures and that of POM are given in Figure 1 and
Figure S1 (Supporting Information)).

As a basic measurement of LC gels, it was surpris-
ing to find that the relative magnitude of modulus
of two LC gels is inverted under/above the phase-
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Figure 1. Chemical structures of LCs 5CB, 8CB and gelator POSS-G1-Boc.

transition temperature T, (@ phase diagram of LC gels is
shown in Figure 2a). To be specific, 8CB gels have higher mod-
ulus than 5CB gels at room temperature (below the Tci,),
whereas the modulus of 5CB gels are higher at 50°C (above
the T.cio), as clearly shown in Figure 2b,c. Given that it has
been shown that pure LC 8CB has higher modulus than 5CB
when both are below the T ¢, (Figure 2b), which is caused by
more intense intermolecular forces of 8CB, it is not puzzling to
understand that 8CB gels has a higher modulus under the cir-
cumstances. However, the underlying reasons for the inversion
of rheological properties when above T, are not yet clear.

It has been reported that molecular packing is the primary
reason for the distinction of gelling abilities such as rheological
properties.”® However, XRD patterns (Figure 2d) show that
there is no evident distinction in molecular packing, and well-
defined patterns indicate hexagonal columnar packing exist in
both LC gels. Table 1 shows three major diffraction peaks of
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Figure 2. a) Phase diagram of two LCs and two LC gels; Rheological measurement of
two LCs and LC gels with 0.1% strain, at temperatures of b) 25°C; c¢) 50°C. d) The XRD
figure of two LC xerogel, indicating hexagonal columnar packing.

Table 1. The d-spacings [A] of two LC xerogels calculated from XRD.

Py P, Py Ps PP Py’
5CB xerogel 2494 1410 1214 917 799 677 466
8CB xerogel 2439 1389 1203 906 797 674 448

5CB and 8CB xerogels P1, P2, and P3, corresponding to d-spac-
ings of 24.94, 14.10, 9.17 A and 24.39, 13.89, 9.06 A respective-
ly. The d values which are in the ratio of 1:1/v/3:1/4/7 can be
reasonably indexed as the (100), (110), (210) diffractions. P1’,
P2’ and P3’ with values of 12.14, 6.77, 4.66 A and 12.03, 6.74,
4.48 A, respectively, were assigned to the second-order diffrac-
tions of (100), (110) and (210). P1” was ascribed to the third-
order diffraction of (100) with d values of 7.99 and 7.97 A.
Therefore, POSS-G1-Boc is supposed to form a hexagonal col-
umnar structure in both 5CB and 8CB with a column diameter
of 28.7 A and 28.1 A, respectively.

Considering that the self-assembly mechanism of gelators
involves initial formation of microscopic fibers based on non-
covalent bonds, then for gels based on an intertwined three-
dimensional network,” " we could assume that the inversion
of rheological properties is likely to happen on the fiber level
since at the molecule level there seems to be no difference be-
tween 5CB and 8CB gel systems.

We therefore studied the microscopic morphology by soak-
ing LC gels in n-hexane to remove LC. Figure 3 shows that
three-dimensional networks have been formed by the LC,
which prevent them from flowing. Furthermore, left-handed
helical fibers can be found in both 5CB gel and 8CB gel, which
will be examined in more detail in subsequent studies. Fibers
with diverse flexibility can be found between two LC xerogels.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. SEM images of a) 5CB and b) 8CB xerogels, LCs are removed with
n-hexane. Fibers with diverse flexibility can be found.

More specifically, fibers in 5CB were more flexible, whereas
8CB make them more rigid. As T, is higher than T, for
both LC gels (Figure 1a), gel fibers are formed in isotropic sol-
vents, so the LC phases will not influence the morphology flex-
ibility (Figure S2). Given that flexible fiber networks are more
effective at forming potent networks, which can be more clear-
ly seen in extreme circumstances in Figure 44, it is clearly the
critical factor that causes the unique inversion of rheological
properties.

Therefore, what actually caused the diverse morphology of
two LC gels? Figure 1a shows that the T, 4 is higher than T
5o for both LC gels, indicating that these fibers form an isotro-
pous phase, which clearly suggests that it is not the common
sense idea that people used to think of as two LC phases with
diverse anisotropic ordered structures that play the key role.
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Since gelator POSS-G1-Boc self-assembled in an isotropic
phase, LCs could be considered as novel types of solvents.
From the point of view of the mechanism of self-assembly, the
polarity of the solvent significantly influences the morphology
because of the interactions between solvents and gelators. Un-
fortunately, as uncommon solvents, the polarities of 5CB and
8CB are unknown; hence, we tested the normalized Reichardt’s
parameter E;" of these LCs to characterize polarity (see the Ex-
perimental Section). Figure S3 (Supporting Information) shows
that the 4, (the maximum absorption wavelength of Reich-
ardt’s dye) of 5CB and 8CB are 736 and 710 cm™, respectively,
hence the E" values can be calculated as 0.25 and 0.3, respec-
tively, by using Equation (1),°” which suggests POSS-G1-Boc
can form flexible fibers in low E" value solvents and rigid
fibers in high E" value solvents. Given that the POSS core of
POSS-G1-Boc is nonpolar, and the recognition of the POSS core
always comes first by hydrophobic force in the self-assemble
process,””” we speculate that solvents with high £ value facili-
tates the hydrophobic POSS core self-assembly into one-di-
mensional fibers by hydrophobic interactions, ultimately result-
ing in microscopic rigid fibers (Scheme 1).

For the next step, it is quite natural to wonder whether the
model can be used to predict the morphology induced by vari-
ous solvents; hence, we selected a range of solvents with vari-
ous EN values to address this question. Cyclohexane, N,N-di-
methylcyclohexylamine, 1,2-dimethoxyethane, and acetonitrile

Figure 4. Morphologies of samples with diverse fiber flexibility self-assembled in a) N,N-dimethylcyclohexylamine; b) 1,2-dimethoxyethane and c) acetonitrile.
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Scheme 1. A schematic showing how gelator POSS-G1-Boc forms flexible fibers in diverse polar solvents.
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were chosen because of their broad scope from low to high
EN values (Table S1, Supporting Information). Considering that
they are conventional solvents, their £ can be calculated by
hydrogen-bond donating ability o and polarizability wt* by
using Equation (1) and Equation (2) (the values of a and m*
can be obtained in the literature).” Figure 4 shows that N,N-
dimethylcyclohexylamine with low E" value of 0.10 forms flexi-
ble “loofah-like” morphology (Figure 4a), 1,2-dimethoxyethane
with intermediate value of 0.20 forms sinuous fibers without
any branching (Figure 4b), and rigid rod-like fibers (Figure 4c)
are formed in acetonitrile with high E" value of 0.36; these re-
sults are completely in accordance with the model described
above, indicating ideal verification of our model. More surpris-
ingly, intermediate flexible sinuous fibers occur when a mixed
solvent system of N,N-dimethylcyclohexylamine and acetoni-
trile with equal volume proportion was used (Figure S4, Sup-
porting Information). Furthermore, precipitation occurred
when the lowest E;" value solvent cyclohexane was used, be-
cause of the low solubility of gelator POSS-G1-Boc in this sol-
vent. That is to say, £ is just like the special “Morse code”,
and each value of E;" corresponds to a specific fiber flexibility.

28591/4 —30.7

E_II\_I _ ( / max) (‘I)
324
o+ 0.727* + 2.03
= 2

Er 0.0649 )

E; —30.7

N _ T

= 324

To quantitatively compare the flexibility of different fibers, we
define a new parameter X to characterize fiber flexibility as fol-
lows: going forward along the fiber from a point for 1 um, and
X defined as the straight-line distance to origin (Figure 5a). Es-
pecially for the “loofah-like” morphology, X should be amend-
ed as the vector sum of each branch (Figure 5b). Apparently,
fibers with larger X values have less flexibility. Utilizing the pa-
rameter X, we can read the special “Morse code” E;" by a fit-
ting function (Figure 6), which provided good correlation of
the X value with E". Clearly, parameter X shows a positive cor-
relation with “Morse code” EY, which means fiber flexibility de-
creases with increasing solvent polarity. Then, with the help of
the “decoding tool”- the fitting function, we are able to read
the special “Morse code” E;" in all values.

Figure 5. The method of the parameter X defined. The black full lines indi-
cate the route along the fiber from a point for 1 pm, and the red dash line
indicates the straight-line distance (X) to origin.
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Figure 6. The figure of fitting function, connecting polarity parameter ;"
with fiber flexibility parameter X.

To further reveal the effect of solvent polarity on fibrous
morphologies and to verify the mechanisms proposed above,
we performed coarse-grained molecular dynamics simulations
on the assembly of POSS-G1-Boc in the polar solvent. As
shown in Figure 7a, we first built a coarse-grained molecular

@
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Figure 7. a) Coarse-grained model and mapping relationship. b) Partial en-
larged detail of fibrous morphologies. c-e) Simulation snapshots of aggre-
gate morphologies formed at various interaction parameters: c) e =3.0g,
ka=10¢; d) ecc =10¢, ky=10¢; €) ecc = 3.0¢, ky=10¢.

model Pg~(C;H;)g for POSS-G1-Boc, in which P (orange beads),
C (green beads) and H (red beads) represent the POSS cube,
the tether carbon chain, and the functional group which can
form the hydrogen bond, respectively. Different potential func-
tions between the pair of beads were chosen to describe the
solvophobic nature and the hydrogen-bond interaction of
POSS-G1-Boc (details of model and method are given in the
Experimental Section).

To simulate the formation of fibrous morphologies in a polar
solvent, the strength k, of hydrogen-bond interaction between
H beads was set as 10¢, and the strength of solvophobic inter-
action for P and C beads was set as & =10¢, and & =3.0¢.
With simulation time, Pg-(C;H,); first assembles into short cylin-
drical aggregates, and then end-to-end connects with each
other to form straight fibrous aggregates (Figure 7c and Fig-

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

ure S5, Supporting Information). The partial enlarged detail
(Figure 7b) indicated that the POSS cubes are orderly packed
to form the core of fibrous aggregates, while the tethered
chains make up the corona that evenly surrounds the POSS
core. In the experimental observations, with decreasing polari-
ty of solvent, the fibrous morphologies become increasingly
flexible and sinuous. According to the variations of the
Kamlet-Taft parameters (Table S1, Supporting Information), the
decrease of polarity (i.e., the value of E") is mainly reflected in
the lower m* values, resulting in a poorer solubility of polar
tethered chains. Given the minor variations of the values of
in the Kamlet-Taft parameters with decreasing polarity, the hy-
drogen-bond interaction is maintained unchanged. In addition,
the inorganic POSS cubes have a poor solubility and they tend
to aggregate in organic solvent. Thus, in a less polar solvent,
the polar tethered chains (C beads) are more solvophobic.

Corresponding to the aggregation behavior in a less polar
solvent, the interaction parameter e gradually increased to
10¢, 25¢ and 50¢, and the morphologies transformed from
straight fiber into curved and sinuous fiber (Figure 7d,e). Nota-
bly, the corona formed by the tethered chains collapsed on
the POSS core, and showed an uneven distribution in the less
polar solvent. Such a collapsing variation can minimize the sur-
face energy between tethered chains and solvents, while the
solvophobic POSS segments maintain aggregation in the core.
Therefore, with decreasing polarity of solvent, the fibrous ag-
gregates curved to adopt more flexible morphologies.

To further examine the variation of fibrous morphologies, an
unperturbed dimension A; of fiber structures was defined ac-
cording to the definition of unperturbed dimension, which de-
scribes the flexibility of the polymer chains.®" As shown in
Figure 8, A; was obtained from the ratio of the terminal dis-
tance h between two fiber ends to the square root of the
number N of Pg-(C;H;)g in the aggregates. The values of A; of
the simulation morphologies at various interaction parameter
&cc was calculated and shown in Figure 8. The result indicates
that the unperturbed dimension A; of fiber structures gradually

301

N
3,
1

Unperturbed Dimension A; /o
& S

=
o
N

1 10 100
Interaction Strength &¢c/e

Figure 8. Variation of unperturbed dimension A¢ with increasing interaction
strength ecc.
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decrease with increasing ec, which is consistent with the ex-
perimental observations. Therefore, the polarity of solvent
plays a significant role in the flexibility of fibrous morpholo-
gies, and further determines the structure and properties of
the gel network.

Conclusions

We have discovered that the morphology flexibility of LC gels
is affected by LC molecules, although the gelators self-assem-
ble in an isotropic phase. The law can be extended to ecumen-
ical organic solvents in accordance with their polarity nature:
gelator POSS-G1-Boc can self-assemble into one-dimensional
fibers more easily in high polar solvents by hydrophobic inter-
actions, ultimately resulting in more rigid microscopic fibers.
The results were verified by coarse-grained molecular dynamics
simulations. With the help of special “Morse code” E", we link
the morphology with polarity together, allowing the morphol-
ogy flexibility to be rapidly estimated before electron micro-
scope measurements are conducted.

Experimental Section

Materials: LCs 5CB and 8CB were purchased from Yantai Valiant
Fine Chemicals Co., Ltd. N,N-dimethylcyclohexylamine and acetoni-
trile were supplied by Aladdin (China) Chemical Co., Ltd. The gela-
tors POSS-G1-Boc were synthesized in our laboratory.

Preparation of LC physical gels and xerogels: A certain amount
of POSS-G1-Boc were dissolved into LCs at 155 °C to form LC physi-
cal sol, and LC physical gels were prepared by cooling the sol to
25°C in air. After aging at 25°C for 30 min, the LC gels were
soaked in n-hexane for two days to remove LCs. The LC xerogel
suspension liquid was then dropped on a silicon wafer, followed
by removal of the remaining n-hexane under vacuum at 25°C.
Other ecumenical organic xerogels were prepared by conventional
freeze-drying to reduce the effect of solvent evaporation on the
morphology. The concentration of gelator was 0.5wt% in all
supramolecular gels.

POM: A blob of LC or hot LC sol was dripped on a glass, and then
another glass was lidded with a certain amount of stress to fabri-
cate the LC cell. The LC cell was investigated by POM.

Tube inversion method: The tube inversion method was used to
measure the sol-gel transition temperature Ty, The test tube
filled with LC physical gel was gently heated in an oil bath at
1°Cmin~", and T, 4o Was recorded when the gel was inverted. The
measurement was repeated three times to acquire a mean value.
SEM measurements: A Hitachi S-4700 field emission scanning
electron microscope (FESEM, Hitachi, Japan) was used to study mi-
croscopic morphology. Xerogel samples were sputtered with gold
before SEM measurements.

Dynamic rheological measurements: A controlled-stress rheome-
ter (MCR302, Anton Paar, Austria) was used to record the dynamic
rheological measurements. The LC gels were coated onto the par-
allel-plate (25 mm diameter) with a gap of T mm and made steady
for a certain time before testing. Dynamic frequency sweep tests
were performed under a strain y =0.1% with increasing frequency
from 0.1 to 100 rads ' at 25°C.

XRD: An X-ray diffractometer (X'Pert PRO, PANalytical, Holland)
with CuKa radiation (1=1.54 A) was used to record the XRD frac-

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. Coarse-grained model of POSS-G1-Boc, denoted as Pg-(C5Hs)g.

tion patterns of LC gels. It was performed at a filament current of
35 mA and with a voltage of 40 kV. The spectra were recorded in
the 20 range of 2-40°, at a scanning rate of 10°min~".

E;N measurements: Reichardt’s dye (RD) was used to test the nor-
malized Reichardt’s parameter E\. An appropriate concentration of
acetone solution of RD was added to LCs, respectively, and mixed
adequately. The mixed reagents were dried under vacuum for 2 h
to remove the acetone. Then the UV/Vis spectra of the samples
were recorded to identify the wavelength of maximum absorption
(Ama)- Er¥ was calculated from Equation (1).5%

Coarse-grained model: POSS-G1-Boc in the experiments was mod-
eled as a coarse-grained molecule Pg-(C5H;)g (Figure 9). P (orange
bead), C (green bead) and H (red bead) represent the POSS cube,
the tether carbon chain, and the functional group that can form
the hydrogen bond, respectively. According to the molecular con-
figuration of POSS-G1-Boc and the relative length between POSS
core and tethered chains, we chose suitable bead numbers for
each segment (i.e., the subscripts in Pg-(C3H;)g). Note that the
POSS cube is generally treated as a rigid cube without distortion,
and eight chains were tethered at the vertexes. All the neighboring
beads are connected in the model by bonds with a harmonic
spring potential. Angle bending potential was also introduced into
this model to describe the branched angle in the tethered chains.

Molecular dynamic simulation: Different potential functions were
introduced into the interaction between the pair of beads to real-
ize the solvophobic nature and the hydrogen bonds of POSS-G1-
Boc. The hydrogen-bond interaction between H beads (i.e., H-H
interaction) was described by an acceptor-hydrogen-donor (AHD)
three-body interaction potential from the DREIDING force field
[Eq. (3)]:**

for rpp < R, Oap > 0O

o — { ka (20r,52 — 24r,1%)cos*0

0 else
in which k,, R., and 6. are the force coefficient, cutoff distance, and
cutoff angle, respectively. 0, is the bond angle for acceptor-hy-
drogen-donor (AHD) three-body, while r, is the radial distance be-
tween donor and acceptor. The strength and the directivity of hy-
drogen-bond interaction are determined by k, and 6, respective-
1y.2%33 |n this work, ks, R, and 6. are set as 10¢, 5.00, and 150°, re-
spectively, in which ¢ and o are the unit of energy and length in
the simulation. In addition, the standard Lennard-Jones (LJ) poten-
tial was chosen to describe the other pairwise interactions
U,,[Eq (4)]:[34,35]
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in which ¢&; and r; are the interaction strength and the radial dis-
tance between beads i and j. rj is the cutoff distance of LJ poten-
tial. For the P—P and C—C pairwise interactions, the attractive inter-
action was given by setting r; as 2.50 due to the aggregation be-
havior of solvophobic POSS cube and tethered chain in a polar sol-
vent. For the P—C, C—H and P—H pairwise interactions, the pure re-
pulsion interaction was given by setting r; as 20 to describe the
incompatibility between different segments.

All the simulations were carried out using a Brownian Dynamic al-
gorithm with the temperature controlling method (NVT ensem-
ble).2“3* The simulations were performed by applying the simula-
tor, coarse grained molecular dynamics program based on
LAMMPS.B® Periodic boundary conditions were imposed. The inte-
gration time step At=0.0057, and the simulation temperature
kgT=3.0¢ were selected, where 7 was the unit of time in the simu-
lation. Other Brownian dynamic simulation conditions can be
found in our previous work.7®
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