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ABSTRACT

Nematic liquid-crystalline elastomers (LCEs) are weakly cross-linked polymeric networks that
exhibit rubber elasticity and liquid-crystalline orientational order due to the presence of meso-
genic groups. Three end-on side-chain nematic LCEs were investigated using real-time synchro-
tron wide-angle X-ray scattering (WAXS), differential scanning calorimetry (DSC), and
thermogravimetry (TG) to correlate the thermal behaviour with structural and chemical differ-
ences among them. The elastomers differed in cross-linking density and mesogen composition.
Thermally reversible glass transition temperature, Ty, and nematic-to-isotropic transition tem-
perature, T,;, were observed upon heating and cooling. By varying the heating rate, Tg° and T,°
were determined at zero heating rate. The temperature dependence of the orientational order
parameter was determined from the anisotropic azimuthal angular distribution of equatorial
reflections seen during real-time WAXS. Results show that the choice of cross-linking unit, its
shape, density, and structure of co-monomers, all influence the temperature range over which
the thermal transitions take place. Including multi-ring aromatic groups as cross-linkers increased
the effective stiffness of the cross-linking, resulting in a higher glass transition temperature. The
nematic-to-isotropic transition temperature increased in the presence of multi-ring aromatic
structures, as either cross-linkers or mesogens, particularly when the multi-ring structures were
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larger than the low-molar-mass mesogen common to all three samples.
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Introduction

Liquid-crystalline elastomers (LCEs) are highly versa-
tile materials with unique properties arising from the
coupling of the rubber-like elasticity and the liquid-
crystalline phase. As a result of this coupling, mechan-
ical deformations result in changes to the local orienta-
tional order of the mesogens. The reverse transitions
also occur: the response of the mesogens to stimuli
such as heat, electric fields, or light can result in a
mechanical response.[1-3] These materials are formed

with mesogenic units embedded in a weakly cross-
linked polymer network either as part of the polymer
backbone (main chain) or as side groups branching off
the polymer backbone (side chain).[2,3] This combined
effect allows these materials to withstand very large
strains and shear deformations.[3,4]

The particular samples discussed in this paper
belong to the subset of LCEs known as thermotropic
nematic  side-chain  liquid-crystalline elastomers
(SCLCEs). SCLCEs contain mesogens as pendant side
groups off the main polymer backbones, which form a
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weakly cross-linked network.[1] When the density of
cross-links is low, as is the case here, the mesogens will
arrange into liquid-crystalline mesophases. Because the
system is thermotropic, the mesogens undergo tem-
perature-dependent phase transition from the nematic
to isotropic phase at a temperature that depends not
only on the particular mesogen but also on the cross-
linking density.[5]

By selecting appropriate functional groups for the
mesogens and the cross-linkers, it is possible to create
different materials that mechanically respond to heat,
light, magnetic, or electric fields. This has led to the
creation of SCLCE: for applications including mechani-
cally tunable optical systems, forming small actuators or
generators, and creating new types of displays.[6-25] In
recent years many SCLCEs have been synthesised with
azobenzene structures as cross-linkers and/or mesogens,
which has led to materials with coupled opto-mechan-
ical properties.[6-13,22-25] These azobenzene com-
pounds respond to light by undergoing a reversible
trans>cis photo-isomerisation, where they become
bent in shape, thereby lowering the nematic order and
changing the mechanical response of the material.[7] In
their relaxed trans-state, the azobenzene molecules act
as rigid rod-like molecules that contribute to the overall
nematic order in the same manner as any other meso-
gen. Azobenzene-dyed materials have been shown to act
as optically controlled actuators,[6-25] which have been
used to make micropumps and valves,[20] and show
great potential in creating artificial muscles,[13-16]
and are candidates for creating haptic displays.[9,17]

The thermal properties of various azobenzene-dyed
thermotropic SCLCEs have been studied by wide-angle
X-ray scattering (WAXS), differential scanning calorime-
try (DSC), and polarising optical microscopy (POM).
[8,11,17-20,25] In this paper we investigated a series of
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three SCLCEs with azobenzene groups present in various
concentrations, as both mesogens and cross-linkers, which
had been synthesised to investigate their opto-mechanical
responses.[9-11,22,23,25] The nematic-to-isotropic transi-
tion is partially first order in these systems and the specific
temperature and temperature range over which the transi-
tion occurs depend upon the chemical composition of the
elastomer, the concentration and chemical structures of
the cross-linkers, and the mesogens present. The response
observed in DSC is known to be broader and more diffuse
for elastomeric systems. This arises due to the quenching
of sites of random disorder induced by the cross-links,
which serve to broaden the thermal transitions.[19,20]

In addition to a basic mesogen and cross-linker, the
three SCLCEs discussed in this paper contained varied
azobenzene cross-linkers and azobenzene mesogens.
For two of the three samples, the total concentration
of cross-links and mesogenic units was fixed; in the
third sample, the overall cross-linking density was
reduced. We used real-time synchrotron X-ray scatter-
ing experiments during heating, and temperature-
modulated DSC, to characterise how these structural
variations led to the differences in both thermal prop-
erties and mesogenic ordering.

Experimental section
Materials

The three samples selected for this study are nematic
end-on side-chain LCEs, called SCE03, SCE14, and
SCE17, which were synthesised at the Institute for
Macromolecular ~ Chemistry,  Albert  Ludwigs
University, Freiburg, Germany. Details of the synthesis
are available in the literature.[9-12] Figure 1 shows the
chemical structures of these materials. Samples were
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Figure 1. Chemical composition for SCLCE samples: (a) SCE03, (b) SCE14, and (c) SCE17. Values in brackets next to each pendant
group refer to the concentration in mol-% © [2011 WILEY-VCH Verlag GmbH & Co. KGaA, 69469 Weinheim]. Reproduced by

permission of John Wiley and Sons from [11].
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prepared with varying mesogenic pendant groups and
cross-linkers. The materials comprise the mesogen,
4-methoxyphenyl 4-(but-3-en-1-yloxy)benzoate (M40
Me,[17,19] MPBB) [11]; the isotropic cross-linker, 1,4-
bis(undec-10-en-1-yloxy)benzene (SCC) [11]; and the
flexible polymer backbone, poly(methylhydrogensilox-
ane) (PMHS).[11] The samples also include azoben-
zene molecules, which are the cross-linkers in SCE03
and SCE14, and the co-monomer in SCE17. The SCE03
elastomer contained 5.6 mol-% of two-aromatic ring
azobenzene cross-linker, Azo2-c [11]; 5.6 mol-% of the
isotropic cross-linker SCC; and 88.9 mol-% of MPBB,
exclusive of the polymer backbone. The second sample,
SCE14, contained 5.3 mol-% of four-aromatic ring
azobenzene cross-linker, Azo4-c [11]; no isotropic
cross-linker SCC; and 94.7 mol-% of MPBB. The
third sample, SCE17, contained 11.1 mol-% isotropic
cross-linker SCC; 5.6 mol-% of four-aromatic rings
azobenzene mesogen Azo4-p [11]; and 83.3 mol-%
of MPBB, exclusive of the polymer backbone. Both
SCEO03 and SCE17 had the same total mol-% of cross-
linker and the same total mol-% of mesogenic units;
however, the specific chemistry of these two compo-
nents varied.[9-11]

Thermal analysis

To determine the thermal stability of the LCEs, ther-
mogravimetry (TG) experiments were performed on a
TA Instruments Q500 series thermogravimetric analy-

ser from 30°C to 800°C at a heating rate of 20°C min ",

under nitrogen gas flow at a rate of 50 mL min~".
Both DSC and its temperature-modulated variant
(TMDSC) were performed on a TA Instruments
Q100 series DSC equipped with a TA Instruments
Refrigerated Cooling System. Small amounts (approxi-
mately 2-5 mg) of each sample were sealed in standard
aluminium DSC pans. The pans were first rinsed in
methanol to remove any oils that could have been
deposited due to manufacturing and handling.
Standard DSC runs were performed on each sample:
six heating and cooling cycles were performed at dif-
ferent rates over the temperature range from —50°C to
130°C, with the exception of SCE14, which spanned the
range from —50°C to 150°C. All three samples were
brought through the temperature range at 2, 5, 10, 15,
20, and 25°C min~". The sample masses for the stan-
dard DSC experiments were about 5 mg. One TMDSC
cycle was performed for each sample with lighter
masses of approximately 2 mg at a heating and cooling
rate of 5°C min~' with a temperature-modulation
amplitude of £0.796°C and a period of 60 s. The DSC
cell was purged with nitrogen at a flow rate of

50 mL min~". The cell was calibrated for temperature
and heat flow accuracy using indium standard, and for
heat capacity using sapphire standard. Analysis of the
TG and DSC data was performed using TA
Instruments Universal Analysis 2000 and MATLAB™
(from Mathworks).

Synchrotron WAXS

Real-time synchrotron WAXS experiments were per-
formed on beam line X27C at the Brookhaven National
Laboratory’s National Synchrotron Light Source NSLS-I.
A Mettler Toledo FP82HT hot stage paired with a
Mettler Toledo FP90 Central Processor was used to con-
trol the heating and cooling of the samples. The LCE
samples were mounted in the hot stage under one layer
of Kapton'™ high-temperature tape and aligned such
that the nematic director was approximately horizontal.
Aligned samples were heated to 130°C and held isother-
mally for 15 min, then cooled at a rate of 3°C min™" to
50°C. The samples equilibrated at 50°C for approximately
2 min, and subsequently were heated from 50°C to 130°C
at the rate of 3°C min', held at 130°C for approximately
2 min, and then cooled to 50°C at the rate of 3°C min™".
Finally, the samples were heated once again to 130°C at
the rate of 3°C min~". Real-time data were collected at
approximately two frames per minute with 23.5 s of
exposure time per frame. Temperature and upstream
(incident) intensity were recorded periodically on a
MAR CCD 165 detector, while frames were collected
continuously for each heating and cooling event. The
isothermal hold and first controlled cooling and reheat-
ing were performed to rejuvenate the samples and
remove any biases from the handling of the samples
while being mounted in the hot stage.

The X-ray wavelength was A = 0.1371 nm and the
sample-to-detector distance was 15.94 cm. The scatter-
ing vector, q (where q = 4msinf/A, for 6 the half-
scattering angle), was calibrated using Al,O; standard
reference powder. Intensity was corrected for
Kapton™ background.

Results and discussion
Thermal analysis

TG was performed to determine the upper limit stabi-
lity temperature of SCE03, SCE14, and SCE1l7. As
shown in Figure 2a, both samples were thermally stable
up to moderately high temperatures, around 175°C.
SCE03 proved to be slightly more tolerant of high
temperatures, retaining at least 97% of its weight until
400°C. Between 185°C and 225°C a small amount of
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Figure 2. (colour online) Thermal data for SCE03 (red), SCE14 (green), and SCE17 (blue) during heating. (a) TG curve showing mass

remaining vs. temperature at a heating rate of 20°C min™"

. (b) Specific reversing heat flow rate at a heating rate of 5°C min™".

1

Arrows mark the approximate locations of T, (solid arrow) and T, (dashed arrow). The curves have been displaced vertically for

clarity.

mass is lost (about 2%). SCE14 and SCE17 showed a
similar initial drop in mass above 188 and 175°C,
respectively, and then remained stable before rapidly
losing mass at temperatures in excess of 400°C. The
degradation temperatures, Ty; and Tg,, are listed in
Table 1 and correspond to the point where the %
mass remaining first begins to decrease. The upper-
limit temperatures for DSC studies on SCE03, SCE14,
and SCE17 were set at 130°C, 150°C, and 130°C,
respectively.

We performed TMDSC experiments to determine
the glass transition temperature, Tgs the heat capacity
increment, AC,, evaluated at the glass transition; and
T, the nematic-to-isotropic transition temperature
(often referred to as the clearing temperature, T.).
Results are shown in Figure 2b and Table 1.

To allow scanning at rates faster than those available
with temperature-modulated DSC, a series of standard

-50°C and 130°C (-50°C and 150°C for SCE14) at
heating rates from 2 to 25°C min~! (Figure 3).
Transition temperatures, Ty and Ty;, are shown as
functions of heating rate in Figure 4a and 4b, respec-
tively. T, was determined from the inflection point and
T,; from the local minima, which for a first-order
phase transition appears as a small endothermic
peak at higher temperature than T, At the slowest
heating rate, T,; was not distinguishable from the
noise level. T,; was determined from the endpoint
temperature, i.e., from the first departure point of the
endothermic peak from the heat flow baseline follow-
ing the nematic-to-isotropic transition. The latent heat
was determined by integration of the endotherm.
Extrapolation of the data in Figure 4 (shown by the
dashed lines) allows us to determine Tg0 and T,;°, the
values of these parameters at zero heating rate. We

found T’ = 8.6°C (SCE03), T,’ = 7.7°C (SCE14), and

(non-modulated) DSC scans were performed between Tg0 = —0.3°C (SCE17). The values of the nematic-to-

Table 1. Thermal properties of SCLCEs: degradation temperatures Tg, glass transition T, heat capacity increment AC,, nematic-to-
isotropic transition temperature T,;, and latent heat L°.
T CO* £1°C T COP+£1°C T,0CQP+07°C

AGUgC) £0060gC)  T2CQC  °0Ug)£010g)

SCE03 185 310 8.6 0.35 85+ 1 13
SCE14 188 320 7.7 0.41 121 £ 2 1.4
SCE17 175 360 -0.3 0.46 103 + 1 19

2Determined from the peak of the derivative of the TGA curve at 20°C min™".
1

PDetermined from the inflection point of the DSC curve extrapolated to a heating rate of 0°C min~".

“Determined from the difference between the extrapolated tangents to the glass and liquid-crystalline states, evaluated at T4 from the reversing heat flow
curve at 5°C min™".

4Determined from the last departure point of the endothermic peak in the DSC curve from the liquid state baseline, extrapolated to a heating rate of 0°
Cmin™".

®Determined from the area of the endothermic peak in the DSC curve extrapolated to a heating rate of 0°C min™".
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Figure 3. (colour online) DSC curves at various heating rates for: (a) SCE03, (b) SCE14, and (c) SCE17. From top to bottom the

heating rates are: 2°C min™"' (red), 5°C min™" (purple), 10°C min™" (blue), 15°C min™" (green), 20°C min~" (cyan), and 25°C min~

(black).
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Figure 4. (colour online) Thermal properties vs. heating rate for SCE03 (red squares), SCE14 (green circles), and SCE17 (blue
diamonds). (a) Glass transition temperature, T,; (b) nematic-to-isotropic transition temperature, T, Dashed lines represent best

linear fits to the data.

isotropic transition were determined to be T, = 85°C
(SCE03), T’ = 121°C (SCEl14), and T, = 103°C
(SCE17).

The glass transition temperature measured for
SCEO03 and SCE17 differs from the value of -2.0°C
reported in the literature. The nematic-to-isotropic
transitions were reported to occur at 85°C and 97°C
for SCE03 and SCE17, respectively.[11] SCE14 was
reported to have a glass transition temperature of
6.0°C and a nematic-to-isotropic transition of 113°
C.[12] Following long storage periods all samples
showed signs of ageing that only disappeared after
heating and annealing above the nematic-to-

isotropic transition temperature. The differences
between the previously reported values for both
the glass and nematic-to-isotropic transitions can
be attributed to both differences in thermal analysis
methods, as well as to the differences in chemical
structure differences (e.g., possible transesterifica-
tion above 120°C) at the time of measurement.
There were two main differences between these
SCLCE:s: the type of cross-linker and the type of meso-
gen. SCE14 and SCE17 each only had one type of
cross-linker, the rigid azo4-c and the isotropic and
flexible cross-linker SCC, respectively, as described in
the literature.[9-12] SCE03 possessed not only the
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isotropic cross-linker SCC but also a less-rigid azo2-c
cross-linker.[9-12] The azobenzene cross-linkers can
be regarded as molecularly ‘stiffer’ than the isotropic
cross-linker SCC. The azo2-c cross-linker is a smaller
and less-rigid molecule than the big and rigid azo4-c.
Regarding the mesogen type, SCE03 and SCE14 only
possessed one mesogen, MPBB, whereas SCE17 has a
blend of both MPBB and the azo4-p mesogen as
described in the literature.[9-12] These differences in
molecular composition are reflected in the thermo-
grams and transition temperatures.

A divergence of our polymeric materials from the
expected behaviour of a low-molar-mass thermotropic
liquid crystal can be seen in Figure 2. In low-molar-
mass thermotropic liquid crystals, the phase change
from an ordered, i.e., nematic, to a disordered isotropic
state happens over a few degrees with a distinct endother-
mic peak at the transition temperature.[26-28]
Embedding the mesogens in a weakly cross-linked poly-
mer network significantly broadens the transition, due in
part to polydispersity and chain conformation, causing
the endothermic peaks to span a temperature interval of
about 10 degrees at low rates and up to 40 at higher rates
in the polymeric systems.

LIQUID CRYSTALS (&) 117

Synchrotron WAXS

X-ray scattering provides complementary insight as to
how the mesogen and cross-linker composition of
these elastomers give rise to the specific thermal prop-
erties observed in DSC. The real-time WAXS data
allow for the characterisation of the molecular ordering
present in the material as a function of temperature.
The observed scattering pattern of all LCEs appears as
two distinct meridional lobes (a typical intensity pat-
tern is shown in Figure 5a for SCE17) when the elas-
tomer is in the nematic phase.

The intensity in these lobes spreads into diffuse arcs
as the elastomer begins its transition into the isotropic
phase (Figure 5b). Following the phase change, as the
amount of orientational order is reduced (Figure 5c¢),
the intensity distribution appears as a ring, which is
typical for an isotropic sample. We note that the azi-
muthal intensity distribution, measured at a fixed
radius from the centre of reciprocal space, is always
largest on the meridian. Taking intensity Figure 6 pre-
sents normalised WAXS intensity distributions
obtained along the radial direction through the centres
of the meridional lobes for the three samples. While

Figure 5. 2D WAXS intensity profile of SCE17 at different temperatures: (a) 53.6°C in the nematic phase; (b) 84.3°C at the inflection
point of the nematic-to-isotropic transition; (c) 129.6°C in the isotropic phase. The yellow arrow in (a) indicates the nematic director.
The yellow circles in (b) define the annulus used in radial integration of the azimuthal intensity distribution. (The irregular intensity
seen in the upper right quadrant at about the one-o'clock position arises from a flaw in the detector.)
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Figure 6. Normalised 1D WAXS radial intensity distributions for: (a) SCE03, (b) SCE14, and (c) SCE17. Colour scale indicates the
relative temperature of the samples, with the blue curves representing the low-temperature limit at 50°C and the red curves

representing the high-temperature limit at 130°C.
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intensity is observed over a greater range of azimuthal
angles as the samples are heated, the locations of the
intensity maxima remain between 20 = 15°-18°.

Common to all three samples is the decrease in
overall intensity and shift of the 20 peak position as
the samples are heated. This is indicative of thermal
expansion effects, polymer backbone chain conforma-
tional changes, and disordering of the mesogens upon
heating. Both the mesogen-to-mesogen spacing and the
backbone spacing were obtained from the scattering
angle profiles for each sample in the nematic phase at
50°C, at the inflection point in the nematic-to-isotropic
transition curves shown in Figure 9, and in the isotro-
pic phase at 130°C (Table 2). As the samples are
heated, the polymer backbone conformation changes
towards a more random coil chain conformation as
depicted in Figure 7. The conformational change of
the backbone results in a disordering of the mesogens,
which drives the system from the nematic to the iso-
tropic phase.

Figure 5 shows the WAXS scattering patterns of
SCE17 as it is brought from the nematic to the iso-
tropic phase. The nematic scattering pattern

Table 2. WAXS d-spacing (+£0.01 nm) for polymer backbone
(db) and mesogens (d,) at different temperatures.
T dm dpb T dm dpb T dm dpb
CO* (m) (m) (O® (m) (m) (O° (m) (m)
SCE03 50 044 08 720 045 08 130 045 08
SCE14 50 044 08 1095 045 08 130 045 08
SCE177 50 044 08 916 045 08 130 046 08
“Nematic state.
PAt the inflection point of nematic-to-isotropic transition.
“Isotropic state.

J
AT

(Figure 5a) results from mesogens being well ordered
parallel to the polymer backbone as shown in
Figure 7a. As the mesogens become disordered by
heating, the X-rays are no longer scattered into two
distinct meridional lobes; rather, they are scattered
along diffuse arcs (Figure 5b) until the material is in
the isotropic state (Figure 5¢) in which the mesogens
have random alignment and no longer remain predo-
minantly parallel to the polymer backbone in the con-
formation shown in Figure 7b.

The scattering patterns in Figure 5 are dependent
upon the average orientations of the mesogens (and the
mesogen-like cross-linkers that contribute to the mole-
cular ordering). As the temperature increases, the
mesogens become disordered, causing X-rays to be
scattered through a greater range of azimuthal angles.
The radii at which scattered intensity is observed were
fixed for each sample to lie between 11° and 22.5° in
20. Radial integration over a circular annulus
(Figure 5b) was performed using MATLAB™, to gen-
erate the intensity profile as a function of azimuthal
angle, Figure 8. In order to quantify the degree to
which these samples are ordered as a function of tem-
perature, it is necessary to convert the intensity profile
to a description of the molecular orientations of the
mesogens.[29-35] Mitchell and Lovell,[29,30] and
Leadbetter and Norris [31] have considered the pro-
blem of describing the mesogen orientation. They
demonstrated a relationship between the intensity pro-
file and the orientational distribution function (ODF),
fIB]. The ODF describes how the distribution of the
alignment of mesogens with respect to the director n
gives rise to the scattering patterns seen in Figure 5.

‘ m‘_ —
%g -

U\‘% Polymer Backbone ——

Mesogen
Cross-link

Nematic Director ———

Figure 7. (colour online) Schematic of the polymer backbone and pendant mesogens. (a) At low temperatures in the nematic phase,
the mesogens are aligned parallel to the polymer backbone. (b) At high temperatures in the isotropic phase, mesogens are
randomly oriented and the polymer backbone adopts a more random coil conformation. (c) The distribution of mesogen
orientations, represented by angle B, with respect to the nematic director, n, shown by an arrow.
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Figure 8. WAXS azimuthal intensity profiles during heating for: (a) SCE03, (b) SCE14, and (c) SCE17. Colour scale represents the
temperature of the samples, with the blue curves representing the low temperature, nematic phase at 50°C, and the red
curves representing high temperature up to 130°C. The tiny spike at around ¢ = 120° is an artefact from a defect on the CCD

detector.

Based on the work carried out by Leadbetter and
Norris,[31] Davidson et al. [33] demonstrated that the
ODF can be expressed as a series of cos>"(¢) functions:

o0

FIBI =" fancos™[B] (1)

n=0

where 7 is an integer. The coefficients for the cos*"(¢)
functions, f,,, can be calculated directly by fitting the
intensity profiles in Figure 6 to the following equa-
tion [33]:

2%n!

I/¢] = io:fzn [ cos™[¢] (2)

The ODF allows for direct calculation of the scalar
order parameter, S, as shown below in Equations (3)
and (4). The scalar order parameter is given by the
average of the ODF over the second Legendre polyno-
mial.[29-35] This quantity can vary from —0.5 to 1
with a value of -0.5 corresponding to a perfectly
ordered oblate crystalline phase (oblate or perpendicu-
lar order), a value of zero corresponding to randomly
oriented mesogens in the isotropic phase, and a value
of unity corresponding to a perfectly prolate crystalline
phase (prolate or parallel order).

|| rigcos igsinigias
(cos']) = ®

| iginigias
s =3 (3(cos’[g)) 1) (4)

The order parameters in the nematic phase were
obtained by averaging over the values from two data
sets at the lower bound temperature of 50°C. The order
parameters at the lower bound temperature for SCE03,
SCE14, and SCE17 were 0.47, 0.77, and 0.62,

respectively. The variation of the order parameter
with temperature is shown in Figure 9.

SCE14 has a high-order parameter in the nematic
phase at room temperature. Such large values could be
indicative of a smectic mesophase, as has
been observed, for instance, in siloxane-based LCEs.
[36-38] Evidence for smectic mesophases in the silox-
ane elastomers was obtained using small-angle X-ray
scattering (SAXS) and typical smectic layer spacings
were reported to be between 4.5 and 4.9 nm.[36-38]
Thus, in addition to our WAXS experiments, we also
performed synchrotron SAXS studies on the three
LCEs reported herein using a sample-to-detector dis-
tance of 1836.8 mm. We observed no scattering in the
small-angle intensity patterns in the g-vector range
corresponding to d-spacings from 1.6 to 8.0 nm. In
the WAXS scattering patterns for SCE14, we observed
only the meridional lobes shown in Figure 5, which
correspond to orientational order and mesogen-meso-
gen periodicity. The SAXS and WAXS results taken
together confirm that our LCE samples are all in the
nematic phase at room temperature.

Comparing the DSC data of Figure 2b and Figure 3,
with the order parameter data of Figure 9, there is a
broadening of the nematic-to-isotropic transition
resulting from the mesogens embedded in the lightly
cross-linked polymer network. For a low-molecular-
weight nematic liquid crystal, the nematic-to-isotropic
transition would be sharper.[1,37,39-41] Transition
breadth reflects the local variation in bonding environ-
ment. If most of the mesogens are embedded in a
similar local environment, the transition will be shar-
per. If the local bonding environment varies, as would
likely be the case with mesogens embedded in the
polymer network, then the transition will be broa-
dened. The order parameter vs. temperature curves in
Figure 9 also lack the characteristic discontinuity or
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Figure 9. (colour online) Order parameter, S, as a function of temperature for SCLCEs upon cooling (blue) and heating (red)
between 50°C and 130°C: (a) SCE03; (b) SCE14; (c) SCE17; and (d) SCE17 at 50°C and an example of the extrapolation method used

to determine the nematic-to-isotropic transition temperature.

sharp change in slope as the sample enters the isotropic
phase.[1,39-41] The lack of a sharp discontinuity at the
nematic-to-isotropic transition as observed in conven-
tional liquid crystals has received attention in recent
work relying on nuclear magnetic resonance (NMR)
measurements.[42-46] This work, on thermotropic
liquid crystal elastomers, used NMR [42-46] to study
residual orientational ordering that was present
following departure from the nematic mesophase
upon heating.[42-46] Orientational order parameters
obtained from these NMR measurements show the
same continuous behaviour as observed in WAXS
measurements.

During the two-step cross-linking procedure,[4]
these elastomers reported here are cross-linked in the
nematic, aligned phase. As the mesogens are disordered
and the backbone reorganises into a more random coil
conformation, an internal stress field drives the
nematic-to-isotropic transition into a supercritical
regime, or a paranematic phase, where the values of
the order parameter are small but non-zero.[42,43] As
a result, the order parameter vs. temperature curve is
continuous as the system transitions from the nematic
phase to its final isotropic phase. The effect of this
supercritical regime is minimal and the overall transi-
tion manifests as a first-order phase transition as there
is a latent heat associated with the departure from the
nematic phase.

In the order parameter vs. temperature plots, the
nematic-to-isotropic transition was identified using
the intersection between two tangents to the curve
shown in Figure 9d. The first tangent line runs through
the inflection point in the order parameter vs.

temperature curve and the second tangent tracks the
isotropic baseline following the supercritical range as
the order parameter values decrease towards zero.
These data points can be compared to the thermally
determined transition temperatures identified at the
endpoint of the endothermic peak by interpolating
the data in Figure 4b to a heat rate of 3°C min~". The
values obtained by this interpolation are in good agree-
ment with those obtained at the intersection of tan-
gents in the order parameter data. The transition
temperatures determined by WAXS for cooling and
heating and the interpolated values are recorded in
Table 3.

SCEO03 contained one mesogen, MPBB, and a mix-
ture of two cross-linkers, the isotropic cross-linker
SCC and a mesogenic cross-linker. The mesogenic
cross-linker in this sample was a two-ring azobenzene
molecule, azo2-c, similar in size to the MPBB meso-
gen. The addition of this azobenzene cross-linker cre-
ated a polymer network ‘stiffer’ than a network with
the same cross-linking concentration made of purely
isotropic linkages. This resulted in the highest glass

Table 3. Nematic-to-isotropic transition temperature T,; and
average order parameter S in the nematic phase at 50°C.

Tai (°C) £ 1°C Thi (°Q) £ 1°C Tai (°C) £ 2°C
Cooling® Heating® S+0.1 Heating®
SCEO03 85 86 0.5 86
SCE14 120 123 0.8 122
SCE17 98 99 0.6 103

“Determined from the order parameter vs. temperature curves for heating
and cooling rates of 3°C min™" obtained by WAXS experiment.

PInterpolated nematic-to-isotropic transition temperatures for a heating
rate of 3°C min~' obtained by DSC experiments.
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transition temperature observed in the three samples.
While the azobenzene cross-linker contributes to the
nematic ordering of the mesogens, it does not have as
high a nematic-to-isotropic transition, and does not
bring the transition temperature to the range of SCE14
or SCE17 as the mesogens and azobenzene groups are
of similar size. As seen in Figure 3b the nematic-to-
isotropic transition endotherm begins just after 50°C
and this can be seen in Figure 9a as the order para-
meter sharply decreases between 50°C and 70°C.

SCE17 has the same total mesogen and cross-
linking concentration as SCE03. This sample only
possesses the isotropic cross-linker SCC resulting in
a less-‘rigid’ polymer network with the lowest glass
transition temperature of the three samples. From
Figure 9c, it can be seen that this sample is more
ordered than SCE03 while exhibiting a behaviour
similar to that of a low-molar-mass liquid crystal.
This is due to the presence of the four-ring azoben-
zene mesogens azo4-p intermixed with the MPBB
throughout the sample along with minimal constraint
from the isotropic cross-linker. The larger mesogen
stabilises the nematic phase requiring both a higher
temperature to induce the phase transition to an iso-
tropic liquid and more energy per unit mass than
either of the other samples (see Table 1). Further
evidence of the effect of larger mesogenic structures
being added to the network can be seen in the change
in heat capacity at the glass transition. The heat capa-
city increment is the largest for this sample as it has
the greatest concentration of four aromatic rings of all
three samples, which become free to rotate and move
once out of the vitreous state.

SCE14 differed from the other two samples in that it
had less than half the total cross-linking concentration.
Despite having the lowest concentration of cross-linker,
the four-ring azobenzene structure was the most ‘rigid’
cross-linker azo4-c present among the samples. Figure 4a
illustrates this, as SCE14 has a glass transition tempera-
ture similar to SCE03. Similar to SCE17, the heat capa-
city increment at the glass transition is higher than that
of SCE03 due to the presence of the four aromatic rings
core. These ‘rigid’ cross-linkers serve to stabilise the
nematic phase to high temperatures. This results in the
most ordered nematic phase as seen in Figure 9b.

Conclusions

The SCLCEs studied here varied in three constituent
parameters: mesogen type, cross-linker type, and
component concentration. Chemical structure differ-
ences affected the temperature ranges over which
each sample underwent the glass-to-rubber and
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nematic-to-isotropic transitions. In order to observe
the glass transition process, the polymer molecular
chain must undergo changes in conformation
brought about by free rotation about chemical
bonds in the molecular chain, either in the backbone
or in the side groups. The glass transition of the
SCLCE materials studied here showed dependence
on the density and rigidity of the cross-linker mole-
cules present. Both SCE03 and SCE17 had more than
double the concentration of cross-linkers compared
to SCE14. However, SCE14 exhibited a higher glass
transition temperature than SCE17. This can be
attributed to the four-aromatic-ring azobenzene
structure, which comprised the cross-linker in
SCE14, and which was substantially more rigid than
the isotropic cross-linker in SCE17. SCE03 possessed
both the isotropic cross-linker and a two-aromatic-
ring azobenzene cross-linker, which resulted in the
highest glass transition temperature.

The nematic-to-isotropic liquid crystal phase tran-
sition is a first-order phase transition, which requires
a latent heat. T,; showed dependence on both the
mesogen and cross-linker selection. The cross-linkers
present in SCE03 and SCE14 (two- and four-ring
azobenzene structures, respectively) contributed to
the liquid-crystalline order of the material in the
nematic liquid state. However, the two-ring azoben-
zene present in SCE03 did not impact the ordering to
the same degree as the four-ring azobenzene struc-
tures present in SCE14 and SCE17. The four-ring
azobenzene structures are effectively twice the length
of the mesogen, MPBB, present in all three SCLCEs.
The addition of these larger molecules results in a
higher nematic-to-isotropic transition. In the case of
SCE14 the four-ring azobenzene is present as the
cross-linker but behaves also as a mesogen insofar
as it contributes to the nematic ordering of the sys-
tem. It is observed that while SCE14 had the highest
nematic-to-isotropic transition, due to the ordering
contribution of the mesogenic cross-linker, the latent
heat of this phase change was very close to that of
SCE03. SCE17 possesses a mixture of two mesogens
and required the greatest amount of energy per unit
mass to undergo the nematic-to-isotropic phase
change. These results suggest that the latent heat
will vary with the mesogen concentration and type,
while the transition temperature will be affected by
the ordering contributions of mesogenic cross-linkers.

These novel SCLC elastomers synthesised with the
addition of various azobenzene molecules acting as either
mesogenic units or cross-linkers afford the system the
ability to undergo conformational changes in response to
polarised light.[9-12,25] Understanding how their bulk
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thermal properties and structural transitions are affected
by the selection of azobenzene groups, it becomes possi-
ble to create responsive materials that have favourable
thermal characteristics for industrial applications.
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