Microscopy of diffuse nematic-isotropic transition

In main-chain nematic liquid crystal elastomers

Takuya Ohzono'* Kaoru Katoh?, Eugene M. Terentjev’

! Research Institute for Electronics and Photonics, National Institute of Advanced Industrial

Science and Technology (AIST), 1-1-1 Higashi, Tsukuba 305-8565, Japan
2 Biomedical Research Institute, AIST, 1-1-1 Higashi, Tsukuba 305-8566, Japan.

3 Cavendish Laboratory, University of Cambridge, J.J. Thomson Avenue, Cambridge, CB3
OHE, United Kingdom

ABSTRACT: Nematic-isotropic phase transition in liquid crystal elastomers (LCE), which
drastically alters the macroscopic properties of the material, is attractive for both fundamental
physics and applications. Here, we introduce new experimental methods based on polarized
and fluorescence optical microscopy to characterize the phase transition of polydomain LCE,
monitoring the order parameter and the nematic domain structure. It is demonstrated that
polydomain main-chain nematic LCE exhibit an ordering transition very different from the
classical first-order one, having a diffuse continuous nature. Unexpectedly, characteristic
correlation length of the fading polydomain structure remains unchanged across the

transition.



Introduction

One of the important properties of nematic liquid crystal elastomers (LCE)! is the nature of
their nematic-isotropic (N-I) phase transition. Since this transition induces drastic changes in
macroscopic shape and viscoelastic properties, LCE have shown potential as artificial

~ morphing and shape-memory materials®, dynamic tribological materials for

muscles,’
controlling adhesion®® and friction,”!® and dynamic optical elements.'! Thus, understanding

of the transition nature is important to optimize the material responses triggered by the N-I

transition for various applications.

In the conventional liquid crystals'? the N-I transition is strictly first order due to the
underlying quadrupolar symmetry of the emerging phase, with the discontinuity in the
orientational order parameter Q at the thermodynamically equilibrium transition point. In

E"31° show a smooth, continuous transition as a function

contrast, several experiments in LC
of temperature, 7. Some qualitative explanations for this smooth (continuous) transition have
been proposed by extending the phenomenological Landau-de-Gennes model. The first such
explanation starts with the original de Gennes work on strain-nematic coupling for the LCE
under external uniaxial strain.”’ Indeed, the linear coupling of the tensor nematic order
parameter Q;j with the imposed strain tensor would reduce the initial first order transition to
a supercritical, continuous transition. The resulting state with a residual non-zero value of Q
above the critical temperature 7 is often called the “paranematic state”. For polydomain LCE
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free from external strain, some models considering the quenched random disorder

embedded within the polymer network reproduce the diffuse transition nature similar to the

supercritical behavior under external field, although the replica symmetry-breaking model**



has also pointed at a possible continuous critical point. Experimentally, in the carefully
prepared side-chain LCE of isotropic genesis and no chain entanglements, a continuous

critical point was confirmed by NMR evaluation?>-2°

of T-dependent local order parameter
0. However, all LCE of nematic genesis invariably show a diffuse supercritical onset of the

nematic order, increasingly so when additional internal constraints (such as chain

entanglements) are present.

So far, in the pure polydomain LCE material, the experimental method to evaluate the local
order parameter O, which is different from the macroscopic alignment measure characterized
by X-ray or birefringence, has been limited to NMR, where deuterium substitution on the
polymer network is usually needed."!*?%2¢ Thus, more convenient methods to evaluate Q at
least at the length scale of nematic polydomain, ~1 um, would help studying the N-I transition
nature of various LCE recently synthesized.”*’* Here, we introduce alternative techniques
leveraging the conventional polarized optical microscopy (POM) and the polarized
fluorescence microscopy (PFOM).>!3* The former and latter give material birefringence and
the local dichroism of fluorescent probes, respectively, both of which are closely related to
the value of O averaged locally in polydomain LCE. Moreover, since PFOM also provides
real-space information on local nematic director orientation, it is possible to monitor the 7-
dependent domain properties, e.g., the characteristic polydomain textures!*3¢ and the
correlation length, changing upon N-I transition. Although the inherent quenched random
disorder, disturbing the long range nematic order, is assumed to be the origin of the
correlation length (equilibrium domain size), the related experiment has been limited, e.g., to

that in the reciprocal space by the depolarized light scattering (DPLS).>”* On the recently



developed main-chain LCE based on the thiol-ene reaction,”?"-°

no polydomain texture has
been studied yet. 7-dependent microstructures resolved here are analysed together with the
data on O, and DPLS patterns. In agreement with earlier studies, the results show that the N-
I transition is more diffuse on LCE, in proportion to the increasing density of effective

crosslinks. Unexpectedly, we find that characteristic lengths of the polydomain on LCE

remain almost constant throughout the N-I transition.

Results

LCE with different effective crosslink densities. It is well known that the conditions
of the crosslinking determine the state of entanglements of network strands, which in turn
represent permanent constraints since the reptation motion of chains is prevented by
crosslinking.* When a network is fully crosslinked in a swollen state, on de-swelling the
initially stretched polymer strands fold densely, but without permanent entanglements. In
contrast, when the crosslinking is established in a melt, or at low solvent content, the
probability of permanently fixing entangled configuration is increased. In Figure 1a,
schematics are shown for the two LCE networks with different densities of entanglements,
prepared with the mass ratio of the polymer to solvent, ® = 0.95 and 0.45 upon

polymerization (Methods).

In addition, the different @ can cause difference in the polymerization degree. The lower ®
(i.e. the higher fraction of solvent) may result in the higher number of dangling ends, which
also affects the effective crosslink density. Although the true effects from these two

differences, degrees of entanglement and polymerization, are difficult to be quantified



separately, at least the effective crosslink density, which governs the degree of quenched

network disorder, is parameterized on the present two systems (® = 0.95 and 0.45).

The wide-angle X-ray scattering (WAXS) pattern showing a simple isotropic halo (Figure
S1) confirms that the sample in the nematic phase is macroscopically isotropic. On the
mesoscopic length scale to an observer who is unaware of polymer strands, the local nematic
director n can be defined, as shown in Figure 1b. Since the degrees of entanglements and
polymerization can modulate the effective crosslink density, their effective elastic moduli u
may differ (Figure 2). Indeed, the higher stress at any strain, and the lower breaking strain
for the sample prepared with @ = 0.95 are attributed to a mixed effect from the higher
entanglement density and the higher polymerization degree. The thermal analysis shows that
N-I transition temperatures, 7xi, are around 40 and 43°C for LCE with ® = 0.95 and 0.45,
respectively, again confirming the effect of internal constraints in the two systems. The glass

transition temperatures are estimated to be less than —30°C for both materials (Figure 1c).
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Figure. 1 Polydomain LCE. (a) Schematics for main-chain LCE network structures with
different densities of entanglements prepared with the solute mass ratio ® = 0.95 and @ =
0.45 upon polymerization. Their polymerization degrees may also differ. (b) The definition
of the unit nematic director in the coordinate system. The x-component, n, is imaged with
PFOM with the polarizers in the x direction. (c) DSC curves on heating, showing N-I
transition peaks around Tni = 40£1°C or 43+1°C on LCE with @ = 0.95 or 0.45, respectively.
(d)-(f) Typical microscopies on LCE with ® =0.95 at T = 20°C. (d) PFOM image with ACF
(bottom-left) and FFT (bottom-right). The polarizers (A, P) are set in the horizontal, X,
direction (yellow arrow). () POM under crossed polarizers with ACF and FFT. (f) 3D
confocal PFOM image with cross-sections. White triangles indicate positions of sections.
Polarizers are in the x direction. (Bars: 2 pm)
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Figure. 2 Effects of solvent concentration upon polymerization on elastomer network.
Stress-strain curves to break of the polydomain LCE prepared with ® = 0.95 (lower solvent
amount) and ® = 0.45 (higher solvent amount). The soft plateau region is highlighted in the
middle panel. The uniaxial strain was applied at the rate of 0.001 s* to the long strip strips
(40 mm x 5 mm x ~0.8 mm) until their break at 20°C (nematic state). The curve shapes are
common to the polydomain LCE, showing the soft plateau region followed by the elastic
response at higher strain. The main differences are: (1) the wider soft plateau region, (2)
higher strain to break, and (3) lower effective modulus for the sample with @ = 0.45. Given
the identical chemical composition of the monomers, the results (2) and (3) clearly indicates
that, for the sample with @ = 0.95, the average length of network strands is smaller, and thus,
the higher effective crosslinking density mainly due to the entanglements (shown in the right
schematic) is deduced. Strictly speaking, the possibly higher density of dangling bonds in the

sample with ® = 0.45 might also contribute to this difference.



B
visible unresolved

POM
POM ,P

® = 0.45 “I‘:\

Figure 3. Phase transition characterised by optical microscopy. (top row) PFOM and
(mid and bottom rows) POM images of LCE with (a) ® =0.95 and (b) ® = 0.45. POM images

shown in each bottom row are taken with the analyser slightly de-crossed (by 10°) at higher

THREN

T, which allows to trace polydomain structures with quite small birefringence. Note that the
highest T, at which the polydomain structure can be detected on de-crossed POM, are ~57°C
and ~47°C in LCE with ® = 0.95 and ® = 0.45, respectively. (Bars: 2 um)
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Figure 4. Effect of modes on fluorescence microscopy with the typical cross-sectional
profiles and FFTs. We can consider that the maximum-half-width of the fluorescence
intensity distribution obtained (a) at isotropic temperature (65°C), in which the uniform
fluorescence distribution is assumed as the basal noise range of the present system. (b) On
the image of the polydomain sample observed without polarizers, the non-negligible contrast
should reflect the angle ¢ (out-of-plane angle of the TDM). Owing to the high NA of the lens,
which can collect the fluorescence from the probes with high ¢, the clear contrast is not
expected for the difference in the angle ¢. (c) With a polarizer as the analyser in the horizontal
direction, the intensity strongly reflects the in-plane angle, 6, of the probe, i.e., the nematic
director n projected on the xy-plane. In this case, the contrast increases showing that the
characteristic patterns with the correlation in the diagonal directions (£45° from the director).
(d) When another polarizer is added for the excitation light in the horizontal direction, the
contrast further increases (see ref.3® for the contrast enhancement mechanism). (e) The
increase of the maximum-half-width is associated with that of the contrast.

Polydomain structures. The typical PFOM images of our polydomain LCE are shown in

Figures 1d and 3, and the intensity profiles are shown in Figures 4 and 5. Figure 4 also




shows how the polydomain appears in each fluorescence detection modes compared to the
isotropic state without the texture. Here, we used coumarin dye (Figure S2) as an anisotropic
fluorescent probe that aligns with the local m orientation. In contrast to the simple
fluorescence image without polarizers, PFOM shows characteristic anisotropic patterns.
Since the fluorescent probe in our LCE shows the positive dichroism®*** (Figure S3), the
bright part indicates the richer component of n projected to the polarizer axis set in the x axis
here. The tangibly longer shape of the bright rectangular domains in +45° or —45° orientation
to the x axis appears. This orientational correlation is also clearly seen in their autocorrelation
function images (ACF), ACF(r) = (n,(r)ny(ro — 1)), , where n,(r) is the PFOM
intensity at the image position r, and of their fast Fourier transformed (FFT) ones (Figure
1d, bottom). Since this character remains even on sample rotation (Figure S4, Movie S1),
the overall director configuration is macroscopically isotropic, being consistent with the
WAXS pattern of the polydomain texture. Thus, ACF (1) approximately corresponds to the
relative orientational correlation function,>>*’ Gre(r), of n in the polydomain structure. Here,
Gre1(r) = (ACF (T))sample-rotation» With the average over rotational angle of the sample
while keeping polarizers aligned in the x direction. The four-leaves pattern of the FFT image
qualitatively corresponds to the DPLS pattern obtained under a conoscopy setup (Figure S5),
supporting that PFOM captures the characteristic director orientations identical to that

obtained via the transmitted polarized light.

Uchida®® has first theoretically predicted that the similar pattern with the +45° director
correlation®® appears as a consequence of the elastic interaction between the neighboring

domains, coupled to their nematic order. This is simply because additional strain due to
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spontaneous elongations upon emergence of the nematic order in domains are locally
accommodated in adjacent domains without macroscopic deformation. Our 3D observation
using confocal PFOM with the higher spatial resolution (Figure 1f, Movie S2) confirms that
the pattern ubiquitously spans over the bulk of the samples. Note that also in the z-x cross
section, the longer +45° director correlation shown by the white dashed lines is found and,
in contrast, in the z-y cross section such a correlation pattern is rarely found. This is
reasonable as the z-x plane is symmetrically identical to x-y one upon observation with

polarizers in the x direction.

Further analysis of ACF reveals the anisotropic feature of polydomain texture (Figure Sc-e).
The radially averaged ACF, ACFiadav, gives a typical measure of the spatial director
correlation G(r) = (n(r)  n(0)), as G(r)~(Gre1 (1)) rag—av, With the radial averaging over
separation r. The characteristic domain lengths, &p, extracted as the first minimum of 4CFraq-
av, for both LCE materials show a similar value of order 1 pum, which is commonly observed
for various LCE.! Another characteristic length, &y, corresponding to the average periodicity
of domains, appears as ~2.2 um, which represents the average distance over which n rotates
by an angle . The other anisotropic characteristic lengths, &iiag, Sshort and &iong are also
extracted from ACFs, which are defined in Figure 5d and may be useful for detailed
characterization of the phase transition. Note that the effective crosslink density has little

effect on these lengths (Figure Se).

11
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Figure 5. Characteristic lengths upon phase transition. (a) T-dependent PFOM intensity
profiles (a) along the line between yellow triangles in Figure 1d (® = 0.95) and (b) (® =
0.45). (c) Characteristic lengths of polydomain structures at different T. (left column) @ =
0.95 and (right column) ® = 0.45. (top row) ACFrag-av is radially averaged spatial ACF, which
are normalized to hold |ACF,,q-ay| < 1. (middle row) ACFo9° and (bottom row) ACFuasse,
where subscript numbers are angles from the polarizer direction. Several characteristic
lengths are shown, where & and &y are lengths with the minimum and the first maximum
in ACFrad-av, respectively, &diag is that with the first maximum of ACFogo°, and &hort and &iong
are those with the first and second maxima of ACFise, respectively. (d) Schematic
polydomain structure on PFOM. The characteristic lengths, &b, &av, &diag, Sshort and Gong, are
shown. (e) Characteristic lengths extracted from ACF, which are almost constant upon phase

transition.
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The POM image (Figures le and S4e-h) showing a spotted pattern®’!4?

is qualitatively
different from PFOM as expected from their different observation principles. Although the
length scale of the periodicity is similar to PFOM one, the understanding regarding n is not
easy because the de-polarized transmitted light at the bright parts has passed through multiple
randomly-oriented birefringent domains in the present sample thickness of ~5 pum.
Nevertheless, the observed spotted POM patterns with a certain contrast are good indicators

for existence of birefringent nematic domains at the micron scale and their average intensity

can be related to Q as described in Methods and discussed later.

T-dependent polydomain textures. T-dependent PFOM and POM images are also
shown in Figure 3. Unexpectedly, PFOM images and the profiles (Figure 5a,b) show that
the initial polydomain patterns simply fade with 7, with little change in their pattern. The
almost identical patterns with simply decreased amplitudes are found over their 7n; ~40 and
43°C for samples with @ = 0.95 and 0.45, respectively. ACF of PFOM images (Figure Sc-
e) clearly support this picture, showing that the main peak and valley positions stay almost

unchanged across the whole range of temperatures during the transition.

The qualitatively identical behaviour is also found in POM images with a monochromatic
light. Due to the lower signal-to-noise ratio, it is difficult to evaluate accurately how the
polydomain patterns survive over 7ni1 both on PFOM and conventional POM images. In
contrast, the POM images with slightly de-crossed polarizers (Figure 3a-b, bottom rows),
which also show quasi-periodic patterns with the similar periodicity of order 1 um, is more
sensitive to the spatial difference in birefringence, and thus, is useful for further evaluation.

Surprisingly, the de-crossed POM images with the quasi-periodic patterns suggest that the

13



similar polydomain structures retain at least over AT ~17 and ~5°C above their Tni for LCE

prepared with @ = 0.95 and 0.45, respectively, without any indication of divergence in

characteristic lengths. It also indicates that the local elastic constraints preserve the

(para)nematic order well above the nominal transition point. Since these AT suggest the

lower bounds limited by the microscopy resolution, polydomain structures may remain for

even larger temperature range. 7-dependent DPLS patterns of different thicknesses (Figures

6, 7, S6, S7), which correspond to POM images in the reciprocal space, also show no

noticeable change in scattering curve shapes. They simply fade with 7. Overall these results

support the concept of a diffuse N-I transition in polydomain LCE.

P

()scat-app (deg)
A O 30

b
(b) reg (€

= —25 __

F=R| <o —30 =

g ‘ 33 :C; & gscat-app (deg)

o 3/ S5 o, © 10 (heating)

8 v —37 & 8, 20 (heating)
% MM -39 - ® © 30 (heating)

- \\ S —a40 3 8. % 10 (cooling)

o SN —41 S [® e ° 9 20 (cooling)
s N —42 O 8s % 030 (cooling)
@® —ni3 o o &

o ] % o

g —44 q>-) L

N —45 T (i

= 47 > o 8 a

© \ 50 o <58 8 8 o

_8 55 g /T

4 &U 20 30 40 50 60 70

5 10 15 20 25 30 T (°C)

escat-app (deg)

14



Figure 6. N-I transition characterised by depolarized light scattering (DPLS) method
on LCE (® = 0.95). (a) Typical DPLS patterns at different T. The Maltese cross suggests
that the nematic domains with the director in the +45° directions from the polarizers have
longer correlation in the two orthogonal directions of polarizers. This result corresponds well
to FFTs of the PFOM images. In the pattern at T = 50°C, the peak at the centre and the
scattering at small angle would be caused by the stray light associated with the present
experimental setup. (b) The radially averaged scattering intensity, Iscat, at different T upon
heating. Note that there is no peak. (c) Plots of Iscat vs. T at different apparent scattering angles,
Gscat-app = 10, 20, and 30°, which correspond to length scales of ~ of ~3.6, ~1.8 and ~1.3 um,

respectively. The data on both heating and cooling, which show few hysteresis, are shown.
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Figure 7. N-1 transition characterised by DPLS method on thicker LCE (~90 pum) (® =
0.95). (a) Typical DPLS patterns at different T. The Maltese cross become visible above

~40°C due to the decrease of the total strong multiple scattering, i.e., clearing. It is noted that

the cross is still visible at ~47°C. (b) The radially averaged scattering intensity, lscat, at

different T upon heating. Note that there is no peak. (c) Plots of Iscat vs. T at different apparent

scattering angles, Gcat-app = 10, 20, and 30°, which correspond to length scales of ~3.6, ~1.8

and ~1.3 pum, respectively. The data below ~43°C are different from the thin sample case
(Figure 6). The lower T range is difficult to be discussed and should be discarded. (d) The
comparison of the radially averaged lscat of thin and thick samples at T = 45°C. The scattering

intensity of thick sample is ~17 times larger than the thin one, which roughly corresponds to

the thickness ratio; (90 um)/(~5 pm). This strongly indicates that the birefringent pattern

observed by POM is not attributed to the effects from surface or interface, i.e., boundary

effect, and it exists throughout the bulk.

(a) = o e m Heatingy @

% @ . o Cooling} 0.45
. ® Heating

-CEG ggee o Cooling} 0.95

= [ 1 | %8 LI
= OB mmy 8 8 o

B B,

@ -

3 [

O T —T T T |Ehl_!_l_lll_l_._l_|‘.1_l_
20 30 40 50 60 70

T (°C)

m (arb. unit)

*
IPO

ro
o

| > ® Heatingy @
? eq o Cooling} 045| %
L ® Heating 0.95
_ OCooIing} R =
15 ) @)
1 =
|
| R LT %chﬁotcﬁﬁo . _0’?2‘
O
O g_
20 30 40 50 60 70
T (°C)

Figure 8. Order parameter upon phase transition. (a) T-dependent local order parameter

of the transition dipole moment of the fluorescent probe, Stom, which corresponds to the local

nematic scaler order parameter Q. (b) Squre root of T-dependent transmittance of POM

images, /Ipop, Which is also related to Q through the birefringent 4n(T). Both Stom and

VIpom suggest the diffuse transition with little hysteresis.
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Order parameter Q upon phase transition. Figures 8 shows a set of Q(7T)-related
values associated with our LCE, Stom and +/Ipy, Which are separately derived using PFOM

and POM, respectively (see Methods with Figure S8 for details). These curves also suggest

the transition without thermal hysteresis. Broadening of the transition appears more clearly
on LCE prepared with @ = 0.95. Curves of Stom and /Ipq)y agree well despite the difference

in the method principle, which is based on fluorescent dichroism or birefringence, confirming
their common origin, Q. Additionally, the similar diffuse transition also appear in curves for
the T-induced recovery of the original length from their elongated state'*%* (Figure S9),

supporting the validity of the presently proposed two methods for evaluation of Q.

One may wonder that the diffuse transition nature may originate from the boundary effects
on the present thin sample with the thickness of ~ 5 um. To check this the thicker samples
with the thickness of 70~90 um are also evaluated using POM (Figure S10) and DPLS
(Figure 7 and S7). Although the higher scattering in the thicker sample sacrifices the
evaluation at lower 7, the diffuse transition like those obtained for thin samples is reproduced
safely at 7>7n1. The results eliminate the boundary effect on the diffuse transition, i.e., it is

the bulk nature of the present LCE.

According to the related theory based on the phenomenological Landau-de-Gennes model
with quenched random disorder,?>?* the higher disorder boosts the supercriticality of the N-
I transition. Thus, the observed difference in the transition found in LCE with different
degrees of quenched disorder associated with the effective crosslink density is qualitatively

amenable to the theory. Certain disorders have been imprinted in the polymer network

17



including inhomogeneities of chemical crosslinks, entanglements, polydispersity of strand
lengths, and heterogeneities of components. They generally suppress the reconfiguration and
relaxation of network strands toward the ideal isotropic state and would leave slight nematic
order above the transition especially on the main-chain LCE with less rotational flexibility
of mesogens. Thus, such disorders may stabilize the paranematic state, diffusing the

transition.

Before annealing (25°C) Upon annealing (85°C) After annealing (25°C)

..

Figure 9. Memory of the polydomain structure after annealing beyond polymerization

temperature. On the LCE sample with @ = 0.95 the polydomain structure before and after
thermal annealing at 85°C for 3 hours were compared at a certain location (with the peculiar
point at the bottom-right for the guide to find the location) using PFOM. The images roughly
coincide with each other, suggesting that the network heterogeneity imprinted on the polymer

network is stable against the present level of thermal fluctuation. (Bar: 5 pm)

initial (50°C) after 2 h (50°C)

%
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Figure 10. Stable polydomain structure at 10 K higher than Tni. On the LCE sample with
® = 0.95 the polydomain structure observed at 50°C, which is 10 K higher than T, for one
hour by POM with slightly de-crossed polarizers to trace the polydomain structure with small
birefringence. The spotted pattern unchanged at least for two hours. (Bar: 5 pm)

Discussion

Focusing on the polydomain size, it is surprising that the characteristic domain lengths and
anisotropic shapes are almost independent of 7, and thus, of Q, i.e., ép~const., even around
the transition point (Figures 3 and 5). The result differs from previous experiments based on
the DPLS on a side-chain LCE* and a non-crosslinked LC polymer,*' which suggested the
divergence of &, and from proposed models for crosslinked LCE,*** which basically
assume the competition between Q and the quenched random disorder to give rise to ép, and
thus, &p scales with Q. The present results may be explained by considering the existence of
a strong reference state that induces a specific polydomain structure insensitively to O and
firmly survives above 7ni1. The reference state may have formed upon the polymerisation as

the inherent heterogeneity in ordinary polymers.***#°

It is important to confirm whether the observed polydomain is unique one, which is
independent of the thermal history, or not. After thermal annealing at isotropic temperature
followed by cooling, LCE prepared with ® = 0.95 recovers initially observed polydomain
patterns almost perfectly at the same location (Figure 9). Moreover, it is also insensitive to
the cooling rate within the accessible time scale. Additionally, the LCE was observed with

the slightly de-crossed POM at 50°C, which is 10 K higher than 7xi, for hours, showing no
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noticable change, e.g., coarcening,*'>

on the spotted pattern corresponding to the
polydomain texture (Figure 10). These results indicate that the polydomain state with
specific {p on the present main-chain LCE is insentitive to 7" and the annealing time. Thus,
&p would be uniquely identified by an inherent heterogeneity imprinted upon polymerisation.

1’36

This is different from the idea suggested by Duzgan et al,”® in which &p is kinetically

determined.

At present we cannot asign the origin of the relevant heterogeneity, which may exist as
various disorders in the polymer network with multiple correlation length scales. The
quenched random disorder introduced by crosslinkers?!** has been assumed to be the main
origin of equilibrium polydomain texture and the diffuse transition in LCE. However, the
additional heterogeneity on a larger scale must also be relevant in the polydomain structure,
where the local elastic strains in each elongating domain must find a complex compatibility
pattern, thus creating a strong local elastic field coupling to the order parameter in de Gennes*
manner. Such strong internal constraints cause the domain size & to be insensitive to 7, O,
and the effective Frank elastic constants, since the energy scale of local elastic interactions
is several orders of magnitude greater than the Frank or Landau-de Gennes energies. This is
contrast to the effect of quenched random disorder on &p previously discussed

34,35

theoretically, where the physics was based on the competition of disorder and the Frank

444649

elasticity. Detailed analysis on the polymer network heterogeneity using, e.g., the

neutron scattering, and on its growth during complex polymerization, e.g.,

47,48

microsyneresis effects, would help further discussion on the origin of {p and remain to

be studied. Finally, the comparison to the previous case of a side-chain LCE,*” which exhibits
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T-dependent &ép, also suggests that the presently observed constant {p may be related
uniquely to the lower flexibility of the mesogenic units incorporated into the main-chain

polymer network>® with crosslinks.

Conclusions

In summary, we experimentally show that our main-chain LCE exhibit a diffuse N-I
transition of supercritical nature, approaching the critical point when the material is prepared
with less chain entanglement. New methods to estimate the nematic order Q on the
polydomain LCE from fluorescence dichroism and birefringence obtained by the polarized
microscopies are developed. The polarized and fluorescence optical microscopies also reveal
that the characteristic polydomain structure with anisotropic relative director correlation
surviving at least 5~17 K above Twi, depending on the effective crosslink density. Little
sensitivity of the domain size to Q(7) raises questions on the origin of the polydomain pattern
on main-chain LCE. Practically, present simples and versatile methods to characterize the
nematic transition of LCE will be useful for their optimization toward dynamic applications

that rely on the phase transition nature.

Methods

Materials and preparation of LCE. For preparation of LCE, we slightly modified the
methods reported previously,” 2% in which single-step crosslinking reaction of a thiol-
acrylate Michael addition is used. The diacrylate monomer, 1,4-bis-[4-(6-
acryloyloxyhexyloxy)benzoyloxy]-2-methylbenzene (RM82), was purchased from Wilshire

Technologies (Scheme S1). The diacrylate spacer, tri(propylene glycol) diacrylate (TPGDA,
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isomer mixture), and two thiol monomers: 2,2’-(ethylenedioxy) diethanethiol (EDDET) and
pentaerythritol tetrakis (3-mercaptopropionate) (PETMP), were purchased from Sigma
Aldrich. Triethylamine (TEA, Sigma Aldrich) was used as the catalyst of the Michael-
addition thiol-ene reaction. As the radical scavenger, butylated hydroxytoluene (BHT, from
Sigma Aldrich) was used to supress the unwanted reaction between acrylates. As the dichroic
fluorescent probe, coumarin 545T (C5T, Tokyo Chemical Industry)®® was used.
Dimethylformamide (DMF, Sigma Aldrich) and toluene (Sigma Aldrich) were used as the
solvents. All chemicals were used in their as-received condition with no purification.

At the specific molar ratio of functional groups shown in Scheme S1, RM82, TPGDA,
EDDET and PETMP were weighed, BHT was added at 0.5wt%, DMF solution of C5T was
added to make the final dye concentration after solvent evaopration to be 0.01wt%, and
toluene was added at 0 or 50wt%. Note that the amount of the solvent was important to
control the effective crosslink density via effective degrees of polymerization and of network
entanglements, which would also work as the cross-linking point. The former (0%) or latter
(50%) case, the mass fraction @ of the polymer content in relation to solvent on the reaction
was ~0.95 or 0.45, respectively. The more amount of solvent, the less entanglement®? and
slightly lower polymerization degree are expected. After the mixture was gently mixed at an
elevated T ~70°C for ~10 min, TEA was added at 1.5~3wt% to start the Michael-addition
reaction between thiol and acrylate groups. The mixture was kept between two glass slides
with the spacer with ~0.09 mm at 75°C (isotoropic phase) overnight. For thin sample, a
wedge cell was used with the spacer of 15~30 um. For the thin sample, which was mainly
evaluated in this study, one side of the glass mold was removed and placed in an oven at

75°C overnight for de-swelling. The thick sample was released from the glass mold, and
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placed in the oven at 75°C overnight for de-swelling. For the thick samples with toluene,
which showed larger volumetric shrinkage, samples were de-swelled on the water to
minimise the external constraint. For the thin samples with toluene, the constraint of the
substrate would cause the uniaxial compression in the thickness direction. This would make
the macroscopic alignment be slightly anisotropic with the negative order parameter with
respect to the sample normal while keeping the in-plane homogeneous orientational
distribution. Although the resultant effect on the phase transitions appeared negligible, note
the possible difference in the internal stress state according to the thickness of the present
sample with toluene upon polymerisation. Every sample was then placed in a vacuum oven

at 75°C at least ~12 hrs to ensure the solvent evaporation prior the characterization.

Optical microscopy. We observed LC alignment using a transmitted polarizing optical
microscope (POM) (BX-51P, Olympus) under crossed-nicols conditions. The light source
was white or monochromatic (530 nm) light, depending on the experiments. When, in general,
the LCE sample has birefringence locally within each domain with the length scale
comparable to the optical resolution, a certain amount of light can be depolarized depending
on the position showing a certain pattern, which indirectly reflects the nematic domain
structure. For example, the bright parts suggest that the local effective birefringence (optical
anisotropy), i.e., the refractive index difference Anest, on the transmittance is large through
the thickness, which is here ~5 um. Since it is not expected that the director is homogeneous
through this thickness, it is not possible to extract the domain structure, such as the domain

length or correlation length, from this POM image. Nevertheless, the existence of a certain
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pattern on the POM image clearly indicate that the sample has birefringent domains with the
scale of the optical resolution of several hundreds of nanometres.

To observe fluorescent images, we used a conventional fluorescence optical microscope
(FOM), where the light source was mounted above the sample and the excitation light passed
through the microscope objective lens on its way toward the sample. A Xe lamp (75W) was
used as the light source. To detect the emission from fluorescence probes, we used a
fluorescence filter set (U-MWIB-3, Olympus) comprising an excitation filter that transmitted
light with wavelengths between 460 nm and 495 nm, and an emission filter that transmitted
light with wavelength larger than 510nm. The images were collected at the pixel size of 0.154
pum using a Nikon DS-Ri2 camera connected to a computer and controlled through imaging
software (NIS-Elements, Nikon). An objective lens with a numerical aperture (NA) of 0.75
(MPLFLN-BDP50x, Olympus) was mainly used.

To observe the polydomain the linearly polarized excitation was used and the polarized
fluorescence intensity in the identical polarization was measured (PFOM). The focus was
carefully adjusted to the top surface, where the contrast became highest. With the positive
dichroic dye, which is used here, the dichroic contrast is enhanced.3* On PFOM images, the
brighter parts indicate that the absorption and fluorescence transition dipole moment (TDM)
vectors of the probe have more components in the polarizer direction. Since the present dye
molecules align parallelly to the nematic directors of the LCE (Figure S3), domains resolved
by PFOM directly reflect the polydomain structure in two-dimension (2D). Given the
polarizers along the x axis, the fluorescence intensity reflects the x component, ny, of the
director n. If the polarizers (or the sample) is rotated, the brightest or darkest part gradually

becomes darker or brighter, respectively (Figure S4, Movie S1).
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Temperature, T, at the sample was controlled on a transparent hot-stage (Tokai-Hit) with the
multiple thermocouples around the observation point. T was changed at the rate less than

~0.01°C/s.

Two methods for local nematic order estimation. The local order parameter Q of the LCE
was estimated through two essentially different methods using POM and PFOM images as
described below. The former and latter are based on the birefringence of the sample and on

the dichroic property of the fluorescent dye aligning with n, respectively.

POM image-based nematic order estimation. The POM image taken with monochromatic
light 2 =530 nm was used for this analysis. In the present LCE, we can safely assume that
axes of birefringent sources, i.e., n, are macroscopically homogeneous in the sample plane
(Figures S1 and S4). Here, we note the relationship between the total transmittance of the
POM image under the crossed-nicols condition, Ipgy , and the local refractive index
difference 4n, which is approximately related to the local scalar order parameter!®3 as An o
Q. We consider a birefriengent volume element at the position (x,y) with the effective
birefringence Angg(x,y) and with the thickness, t, in which #'(x,y) is the effective

orientation of n projected onto the xy-plane and &X,y) is the effective optical path difference,
6(x,y) ~27”Aneff(x, y) t. Due to the macroscopically homogeneous distribution of n, we
may assume that An.¢(x, y) is independent of position, and thus, An.g < An. Then, the total
transmittance under the crossed nicol condition leads Ipgy~ [ sin® 26 sinzg « sin? g,
considering the homogeneous distribution of &'(x,y) on the image of interest. Finally, Q

An o sin™t [/ I5 0, and for small /5oy, @ < +/Ipon- Since it is experimentally impossible
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to obtain the real zero intensity because of the stray light, the final relationship should be
writtenas Q o \/Ijqy — C, where C is the unkown offset. Nevertheless, the phase transition

nature can be captured from T-dependent curve of m. Note that this analysis is only
possible with the low scattering sample or state, which is here achieved by using the thin
sample. If the thick sample (~80 pum) was used, non-negligible amount of the incident light
Is scattered out of the NA due to the multiple scattering at lower T, with expectedly the higher
An. Even with the thick sample, there is a chance to correct the reliable transmittance due to
the decrease in 4n at higher T (Figure S10), which is more reliable due to the higher signal-
to-noise ratio when we focus on the diffuse transition nature with small but non-zero Q, and

thus, 4An slightly above Tni.

PFOM image-based nematic order estimation. Here, from the local fluorescence dichroic
ratio R, we obtain the order parameter of TDM on the fluorescent probe, Stom, which should
be closely related to the local nematic scaler order parameter Q along the director n =
(ny,ny,n,) = (cos@ cos d,sinf cosp,sing) . On the present PFOM images, the
polydomain structure is reflected as the contrast of the fluorescence intensity lau(x,y). If one
focus on a certain position and rotate sample (or polarizers), lau(X,y) should oscillate as
Inu (6, V) ~[Inax (%, ¥) = Imin (%, ¥)] c0s2[2 — 0(x, y)] + Imin(x, y), Where  is the angle of
polarizers and I, and I,,;, are the maximum and minimum intensity at the position (x,y),
respectively. The amplitude of the oscillation is further related to the polar angle, ¢, of n as
[Imax (%, ¥) — Iin (2, )1 ~Alyax cos? ¢ (x, ). The local dichroic ratio R corresponds to
(Imax/Imin) /% at @ = 0, where the power of % is due to the polarized excitation setup.3®

Ideally, by rotating polarizers and finding the global maximum and minimum intensity, R
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can be determined. Considering the background noise and the statistical reliability, we may
alternatively use the standard deviation o of the distribution of lnu(X,y) to estimate R. Since

the macroscopic orientational distribution of n is homogeneous, Iau(x,y) should distribute
around an averaged value lave and theoretically equals to @ As a first approximation,

we may define as I . = laye + 20 and Iy, = Live — 20, Which correspond well to the

maximum and minimum on the line profiles (Figure S8). Using the obtained R =
(Inax/Imin) *?, Stom can be calculated as Stpy = i—:. It is noted that the absolute value of

Stom is problematic because PFOM signals also contain background noise and have
inherently no z-resolution, and thus, are disturbed by the fluorescence from the out-of-focus
plane, in which other domains with different n exists. Nevertheless, the effects only add the
baseline shift and simple multiplication of the real Stpum, and thus, the phase transition nature
can be captured from the T-dependent curve shape of Stpm.

Note that both values, Stom and m, cannot be the measure of the local order parameter
smaller than the optical resolution, which is approximately in the order of the wavelength of
the observation light, ~0.5 um, in contrast to NMR methods®2® with fine resolution.
Nevertheless, the present methods are simple and versatile as they only require thin sample

and doping of fluorescent probes for the PFOM case.

3D PFOM by confocal laser scanning microscopy. A confocal laser scanning FOM (A1*
system, Nikon) was used to obtain PFOM images at 25°C (nematic). An optically pumped
semiconductor laser (LU-N4 Laser Unit, Nikon, equipped with Sapphire 488, Coherent Inc.)
was used to excite the fluorescent molecules at 488 nm and the emitted light between 525

and 595 nm was collected. An objective lens with an NA of 1.45 (PlanApoTIRF100x, oil,
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Nikon) was used for the sample with a cover glass. Images were acquired at the voxel size
of typically 30(x)x30(y)x50(z) nm®. The excitation laser was linearly polarized and emitted

fluorescence in the same polarization was collected using a polarizer.

Depolarized light scattering (DPLS). For DPLS measurement,®” a He-Ne laser (wavelength
of 632.8 nm, 1 mW, Melles Griot 05-LHP-111) was used. The sample was placed between a
set of polarizers under crossed-nicol condition, which is often called as the HV mode. The
laser light diameter was ~0.6 mm. The scattering pattern on a paper screen placed at the
distance of 30 mm from the sample was captured by a digital camera. The same position on
the sample, at which the microscopy was performed, was observed under the T-controlled

setup.

Dynamic scanning callorimetry (DSC). For differential scanning calorimetry (DSC6100
SIlI Nanotechnology), samples with approximately 15 mg were loaded into standard
aluminium DSC pans. The samples were heated to 90°C at 10°C/min, held isothermally for
5 min, and cooled to —60°C at 5°C/min to acquire the data. The nematic-isotropic transition
peak can be found at local minimum of the endothermic peak. The sample was run three

times.

Stress-strain response. The stress-strain curves for LCE films on the tensile mode were
obtained using a commercial instrument (EMX1000, IMADA). The sample width, thickness
and effective length were, 5 mm, 0.8 mm and 30 mm, respectively. Strain was increased until

the sample break at the extension rate of 0.00042 s,
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Wide angle X-ray scattering (WAXS). The phase of the present LCE at RT was
characterized using a Philips diffractometer using a Philips Copper target (PW-2233/20) with
the wavelength of 0.154 nm. The distance between the sample and the imaging area was 100

mm.
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