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ABSTRACT

We have prepared a series of new ionically conducting polymer electrolytes consisting of
side-chain liquid crystal terpolymers with mesogenic azobenzenes, sulfonic acid groups and
methyl methacrylate. The poly[10-(4-methoxyazobenzene -4’-oxy)decyl methacrylate]-co-
poly[2-acrylamido-2-methyl-1-propanesulfonic acid]-co-poly[methyl methacrylate]s, 10-
MeOAzB/AMPS/MMA terpolymers, were synthesised by a one-pot conventional radical
polymerisation. All samples were characterised by NMR, GPC/SEC, FT-IR, POM, XRD,
DSC, UV-visible spectrophotometry and EIS. The terpolymers have light responsive
properties, and exhibit liquid crystallinity over a wide range of compositions. Above a
certain threshold of AMPS content, the 10-MeOAzB/AMPS/MMA terpolymers exhibit ionic
conductivities in the 10®-10* S-cm™ range, with signs of decoupling of ionic mobility from

segmental motions of the polymer.



1. INTRODUCTION

Polymer electrolytes are at the core of several electrochemical devices, and are particularly
attractive for low temperature applications due to their relative low cost and high versatility.
By chemical and physical modification, it is possible to yield new polymer electrolytes with a
broad range of functionalities designed to control transport properties.! Effective ion and
charge transport through the electrolyte is needed to optimise energy conversion and storage
in batteries, fuel cells, electrolysers or supercapacitors,® but the design of polymeric
membranes is also crucial for other analytical and purification technologies.® The
performance of some benchmark polymer electrolytes, however, depends on the presence of
phase separated morphologies between polar and non-polar regions promoted by the presence

of solvents, making it difficult to optimise the ion transport without altering other properties.*

Thermotropic liquid crystals offer alternative mechanisms to control the morphology of
polymer electrolytes.” Their anisotropic response to external stimuli, such as mechanical
shearing, light, or magnetic and electrical fields, can be used to create preferential pathways
for molecular and ion transport. In recent years, a wide variety of 1D-columnar, 2D-planar
and 3D-bicontinuous liquid crystalline materials have been proposed as components in
batteries, ‘fuel cells and actuators.® Liquid crystallinity, for example, may inhibit the
crystallisation of poly(ethylene oxide), which has been extensively used as an electrolyte for
lithium ion batteries, thus increasing the mobility of lithium ions and cell performance.””®

Poly(imides) with planar alignments,'® *!

and calamitic and discotic electrolytes with
columnar suprastructures,*? on the other hand, have been explored to facilitate anisotropic
proton conductivity in fuel cell electrolytes. Self-assembly of liquid crystals has also proved
to be wuseful to develop nanostructured sensors, and to yield multi-responsive

poly(electrolytes), where pH, temperature and light have synergetic effects on conductivity.**

7 In these applications, the fluidity of the mesophases can promote local mobility, as occurs
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in ionic liquids and polymerised ionic liquids,"®?" but with the potential of the anisotropic

control of transport.

Recently, we have studied the phase behaviour and structure of new side-chain liquid crystal
polymers containing sulfonic acid groups, as potential components in ionically conducting
polymer electrolytes.?*** Microphase separation between the backbone and the side groups
confines the polar groups between smectic layers, resulting in potential anisotropic ionic
pathways.?>?’ The strong interactions between the sulfonic acid groups, however, disrupt, at
least to some extent, the formation of liquid crystalline phases, and restrict the compositional

range over which mesogenic behaviour is observed in these materials.?® %

In the present work, we investigate the effect of including methyl methacrylate, as a third
non-mesogenic/non-ionic component, on the structure and conductivity of new side-chain
terpolymers  containing sulfonic acid and azobenzene units, the poly[10-(4-
methoxyazobenzene -4’-oxy)decyl methacrylate]-co-poly[2-acrylamido-2-methyl-1-
propanesulfonic acid]-co-poly[methylmethacrylate]s, 10-MeOAzB/AMPS/MMA

terpolymers, 1,

H,C ﬁ
HaC C—O—(CHZ)lo—O@N\
N@OCH3
X
HC 0 CH3




With the introduction of methacrylate units, we aim to regulate the interactions involving the
conducting and mesogenic components, and promote the formation of different
ultrastructures that may enhance the conductivity and film forming properties of these
materials. The presence of the azobenzene-based groups will allow control of their

macroscopic properties using light stimuli via changes in the local order.** 303



2. EXPERIMENTAL SECTION
Synthesis and materials

The 10-MeOAzB/AMPS/MMA terpolymers, 1, were prepared over a broad range of
compositions of the corresponding monomers: (i) the mesogenic side chains, 10-(4-
methoxyazobenzene -4’-oxy)decyl methacrylate, 10-MeOAzB, (ii) polar groups for solvating
ions, acrylamido-2-methyl-1-propanesulfonic acids, AMPS, and (iii) methyl(methacrylate)

groups, MMA, as non-mesogenic/non-ionic structure modifying units.

AMPS and MMA were commercially available from Sigma-Aldrich and used without further
purification. 10-MeOAzB was prepared according to a procedure described in detail
elsewhere.*** The 10-MeOAzB/AMPS/MMA terpolymers were prepared using a one-pot
conventional free radical polymerisation under an inert atmosphere and appropriate amounts
of the different monomers.*® Further details of the synthetic procedure are provided in the

Electronic Supplementary Information, ESI.

Characterisation techniques

The chemical structures of all the terpolymers and their intermediates were verified using *H-
NMR, and Fourier transform infrared, FT-IR, spectroscopies. ‘H-NMR spectra were
measured using either a Gemini 300 analyser or a 300 MHz Bruker Ultrashield NMR
spectrometer, in either CDCl; or DMSO-dg. FT-IR spectra were obtained using a Thermo
Nicolet 5700 spectrometer for sample discs containing around 1 mg of product and 200 mg of
potassium bromide (KBr, ~ 0.5 % by weight), prepared using a Specac 15 ton manual
hydraulic press. The spectra were collected in Absorbance (Abs, %) units as the average of
64 scans, in the 4000 — 400 cm™ range, and with 4 cm™ resolution. A background spectrum

for a pristine KBr disc was measured before each series of experiments. Molecular weights
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and polydispersities of the polymers were assessed by gel permeation/size exclusion
chromatography, GPC/SEC, using a Waters 1515 module with a refractive index detector
(Waters 2414). Samples were eluted in tetrahydrofuran with a flow rate of 1 ml/min at 40°C.

Molecular weight calibration was performed using polystyrene standards.

The phase behaviour of the terpolymers was studied by polarised light microscopy, POM,
using an Olympus BH-2 optical microscope equipped with a Linkam THMS 600 heating
stage and a TMS 91 control unit, and the thermal transitions were determined by differential
scanning calorimetry, DSC, using a Mettler Toledo DSC 822 analyser. Samples of around 5
mg were heated from 25°C to 220°C, held at 220°C for 3 minutes, cooled to 25°C, held for 3
minutes, and re-heated to 220°C. All the scans were performed at 10°C-min™ under a
nitrogen atmosphere and using liquid nitrogen as the coolant. The thermal stability of the
samples was assessed by thermogravimetric analysis, TGA, using a Mettler Toledo
TGA/SDTA 851 modulus. Around 5 mg of sample in an Al,O3 pan containing a hole for gas
release were heated from room temperature to 750°C, at 10°C-min™, under inert argon

atmosphere with a flow rate of 200 ml-min™.

X-ray diffraction, XRD, patterns were obtained using a Bruker AXS D8 Discover X-ray
diffractometer equipped with a Hi-Star 2D detector with CuKa-radiation filtered by cross-
coupled Gaobel mirrors at 40 kV and 40 mA. Samples were mounted on a piece of Scotch
tape, heated to 150°C, cooled slowly to room temperature, and their diffraction pattern
recorded. The sample to detector distance was set to 13 cm and calibration of this distance
was carried out using silver behenate as the reference. Molecular lengths were estimated
using ACD/ChemSketch. The light-responsive character of the 10-MeOAzB/AMPS/MMA
terpolymers was assessed by measuring the UV-visible absorption spectra at room

temperature in solution and films, and further details are given as Supplementary Information.



lonic conductivity was measured using a Hioki 3532-50 LCR Hi tester in the frequency range
of 50 Hz to 5 MHz, between 303 and 423 K. A few mg of the terpolymer were melted on a
stainless steel electrode (20 mm diameter, SUS316), allowed to cool slowly into the liquid
crystal phase, covered with a second similar electrode, and then further cooled to room
temperature. The electrodes were separated by a Teflon ring of internal diameter 12 mm.
Samples were heated above their clearing point inside the cell, and then measured in
isothermal steps on cooling to room temperature. The results were obtained in terms of the
complex dielectric permittivity, €* = &' —ie”, which was transformed into the complex

impedance, Z*, and conductivity, ¢*, using:

1
iwCoe*

Zr=7'+i7"=

and
0" =1wee"
where i is the imaginary unit, @ is the angular frequency in rad-s™%, C, is the cell

capacitance and &, isthe permittivity in the vacuum, 8.854x10712 %



3. RESULTS AND DISCUSSION
Composition and molecular weight analysis

We refer to the 10-MeOAzB/AMPS/MMA terpolymers as AX/SY/MZ, where X, Y and Z are
the molar percentages of 10-MeOAzB, AMPS and MMA, respectively, as assessed
experimentally by *H-NMR spectroscopy. Specifically, we calculated the composition in
terms of the relative integrals of the 7-8 ppm signals, assigned to the phenyl azobenzene
protons (4H) of 10-MeOAzB, the ~2.7 ppm singlet, assigned to the methylene groups (2H)
adjacent to the sulfonic acid groups in AMPS, and the peak-at ~3.6 ppm, associated with the
methyl groups (3H) of MMA. For the sake of comparison, we have divided the terpolymers
into two main groups, see Table 1. In samples #1 to #4 we keep the concentration of AMPS
groups relatively low and vary the amount of MMA groups, whereas in samples #5 to #8 we

explore a broader range of AMPS concentrations.

The FT-IR spectra of the terpolymers contain bands characteristic of the functional groups in
the individual components, including the carbonyl stretching bands from the ester groups in
10-MeOAzB and MMA (~1730 cm™) together with the C=0 stretching band (~1670 cm™)
and the N-H stretching and bending signals (~3400 and ~1550 cm™, respectively) from the
amide groups in AMPS.? These observations are consistent with the proposed chemical
structures of the terpolymers, 1. The molecular weights of all the terpolymers were measured
by gel permeation/size exclusion chromatography, GPC/SEC, and these are also listed in
Table 1. The degrees of polymerisation, DP, are sufficiently high (DP>15) to ensure that
their transitional properties do not lie in the strongly molecular weight dependent regime and
thus comparisons may be made between them.>” Due to the number of different signals
appearing in the 6~ 2 - 1 ppm region, it is difficult to determine the existence of cross-
correlations between proton signals in the main chain arising from the different repeating

units of AMPS (1H, CH,), 10-MeOAzB, and MMA (CHs;, CH,), by using 2D correlation
9



NMR, 'H-COSY, see Figure ESI2. Considering that acrylamides show smaller reactivity

ratios than methacrylates in radical initiated copolymers

41-44

, we cannot rule out that our 10-

MeOAzB/AMPS/MMA terpolymers may contain tapered chains initiated by polymerisation

of methacrylate units, to which AMPS groups attach, following a statistical distribution.

Table 1.

Molecular weights, polydispersities, My/M,, and number average degrees of

polymerization, DP, for the 10-MeOAzB/AMPS/MMA terpolymers; 1. Also listed are the

feed compositions used in the copolymerisations. X, Y and Z are the molar percentages of

10-MeOAzB, AMPS and MMA, respectively, assessed experimentally.

AXISYIMZ AXISYIMZ My / M, /
Sample ) L .| Mw/Mn | DP
Experimental Feed g-mol™ | g-mol
P10-MeOAzB
100/0/0 12544 | 27094 2.2 28
(A100/S0/M0)
#1 A70/S15/M15 72/18/10 17390 | 60278 3.5 45
#2 A55/S20/M25 48/12/40 16139 | 47850 3.0 51
#3 A50/S15/M35 64/16/20 13204 | 28286 2.1 41
#4 A41/S11/M48 32/08/60 14308 | 31855 2.2 56
#5 A61/S30/M09 63/27/10 35284 | 784402 22.2 102
#6 A29/S36/M35 33/33/33 12698 | 83058 6.5 53
#7 A43/S40/M17 45/45/10 13064 | 48158 3.7 45
#8 A09/S85/M06 36/54/10 15687 | 212104 13 72
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Thermal stability

The thermal stability of the terpolymers was assessed by thermogravimetric analysis, TGA,
and the weight loss curves, TG, and corresponding derivative curves, DTG, are shown in
Figures 1(a) and 1(b), respectively.  Thermal degradation of the P10-MeOAzB
homopolymer occurs through two main weight loss processes, which we attribute to the
breaking of the more labile groups in the side chains, between 300°C and 400°C, followed by

decomposition of the polymer backbone, between 400 °C and 500°C.* *®

The residual values of all the polymers under study, after heating to 750°C, fall within 15 to
20%, in weight %, which are high values compared to PMMA, and these can be explained by
the presence of the side chains.*® In general terms, the terpolymers display a main weight
loss around 400°C, as well as an additional process at about 300°C, see Figure 1(b). This
latter weight loss is presumably associated with the decomposition of the MMA and the
AMPS units in the polymer chain. Terpolymers with high AMPS contents (samples #6 to #8)
display additional processes below 300°C, which may, at least in part, be associated with the
release of solvent trapped within the polymer structure.* % *" Samples exposed to UV-light
irradiation during 15 minutes at temperatures within the expected operational conditions
(below 150°C), retained their phase behaviour, and did not show signs of photolytic

degradation under the polarised optical microscope, see ESI.

11



(a) (b)

w/ % dw/dT / (%K™) P10-MeOAzB

A70/S15/M15

A55/S20/M25
A50/S15/M35
A41/S11/M48

A61/S30/M09
P10-MeOAzB
A70/S15/M15

A55/520/M25
A50/S15/M35

A29/S36/M35

A43/540/M17

A09/S85/M06

WA ag1/511/M48
A61/S30/M09 [
A29/S36/M35 1 0.004 %K1
— A43/S40/M17 v
A09/S85/M06
0 200 400 600 800 0 200 400 600 800
T/©°C T/©°C

Figure 1. (a) Thermogravimetric curves, TG, and (b) derivative thermogravimetric curves,
DTG, corresponding to the P10-MeOAzB homopolymer and the 10-
MeOAzB/AMPS/MMA terpolymers. Curves have been shifted arbitrarily along the Y-

axes.

Phase behaviour

The transitional properties of the terpolymers are listed in Table 2. The 10-MeOAzB

homopolymer, P10-MeOAzB, exhibits enantiotropic smectic A and nematic behaviour and

vitrifies to form a smectic glass. The nematic phase is observed over a very narrow

temperature range on cooling from the isotropic melt, and prior to the formation of the

smectic A phase.”® 10-MeOAzB/AMPS/MMA terpolymers with moderate and high

concentrations of mesogenic units (>29%, molar %) also show liquid crystallinity, assigned

on the basis of the observation of fluid birefringent regions when viewed through the

12



polarised optical microscope, POM, see ESI. Unfortunately, the optical textures are not well-

defined and were not useful for phase assignment.

The DSC traces obtained for the 10-MeOAzB/AMPS/MMA terpolymers for their second
heating scans are shown in Figure 2. Terpolymers with A > 29% exhibit two  distinct
thermal events: a glass transition, T4 (between 60 °C and 80 °C), and a first order transition at
higher temperatures, associated with the liquid crystal to isotropic transition, T ¢, in
excellent agreement with observations made using POM. The terpolymers tend to exhibit
higher glass transitions than P10-MeOAzB, presumably reflecting the less flexible
poly(methyl methacrylate), PMMA (T, > 100°C)*, and PAMPS (T,~124°C)** backbones.
This increase is counteracted, at least to some extent, by a plasticizing effect of the flexible
10-MeOAzB side-chains. The terpolymer with the lowest mesogenic content (A = 9%) is not
liquid crystalline, and shows only a glass transition in the DSC trace, again consistent with
the POM observation. We note that this Ty is, surprisingly, the lowest of the terpolymers, and
we suggest that may be attributed to the lower density of the isotropic phase compared to the

liquid crystal phase shown by the other terpolymers, which serves to increase Ty.

Reducing the concentration of mesogenic units in the terpolymers lowers the clearing point
with respect to the P10-MeOAzB homopolymer and narrows the liquid crystal temperature
ranges. The decrease in T ¢, for most of the samples lies between 10 and 18°C, and does not
vary linearly with the concentration of mesogenic units. This is consistent with our previous
report that the introduction of moderate amounts of AMPS chains causes only small
reductions in Tc for the 10-MeOAzB/AMPS copolymers.?? The data listed in Table 2
indicate that MMA has a destabilising effect on liquid crystalline behaviour, and the sample

with the highest MMA concentration, A41/S11/M48, exhibits the lowest T ¢;.
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Table 2. Transition temperatures and associated enthalpy, AH, ¢, and entropy, AS, c//R,

changes for P10-MeOAzB and the 10-MeOAzB/AMPS/MMA terpolymers. R, gas
constant.
Tq Tre AH ¢ AHci
Sample AX/SYIMZ ) . AS| ci/R
(°C) (°C) (3-g7) | (kJ-mol™)
P10-MeOAzB*
71 135 11.22 5.08 1.50
(A100/S0/MO0)
#1 A70/S15/M15 72 125 5.38 2.13 0.64
#2 A55/S20/M25 79 117 6.58 2.30 0.71
#3 A50/S15/M35 76 125 5.59 2.14 0.65
#4 A41/S11/M48 ** 97 7.84 2.32 0.75
#5 A61/S30/M09 72 126 5.38 2.13 0.64
#6 A29/S36/M35 82 120 3.08 0.76 0.23
#7 A43/S40/M17 76 128 5.78 2.13 0.64
#8 A09/S85/M06 64 - - - -

* Enthalpy, AH| ¢y, and entropy, AS/R ¢y, values corresponding to merged isotropic to

nematic and nematic to smectic A transitions.?

** Overlapped with first-order transition.
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Figure 2. DSC traces corresponding to the second heating scans of the P10-MeOAzB
homopolymer and the 10-MeOAzB/AMPS/MMA terpolymers. Curves have been shifted

arbitrarily along the Y-axis (hs, heat flux).

Phase structure

Figure 3 shows the X-ray diffraction patterns of the terpolymers obtained at room
temperature after cooling slowly from the isotropic or liquid crystalline phases. The P10-
MeOAzB diffractogram in Figure 3(a) contains a strong reflection in the small angle region,
260, ~ 5.74°, and a broad diffuse reflection at wider angles, 26, ~ 12°. The wider angle
reflection corresponds to the periodicity along the polymer backbone (d; ~ 7.4 A). The low-
angle reflection corresponds to the smectic periodicity (d; ~ 15.7 A) and is approximately

half the length of the mesogenic 10-MeOAzB side chains in all-trans conformations, I~ 32
15



A. This suggests a fully interleaved smectic A phase (SmA,), see Figure 4(a).>
Alternatively, however, the ratio di /I~ 0.5 may reflect a quasi-symmetrical distribution of

the electronic density about the mid-point of the smectic layers and the backbone domains.*®

(a) (b)

d

P10-MeOAzB | P'f,_‘,v-“"’ )
n T AD9/S85/M06

A70/515/M15 ||
o N,/mi\\m% ___A29/536/M35

y SN A55/S20/M25 |‘,‘ b | L AB1/S30/MO9
k|| ASO/S15/MS5 | |
! . P10-MeOAZB

U Aaysiymas | /

0 5 10 15 0 5 10 15
20/0 20/
Figure 3. XRD diffraction patterns obtained at room temperature on cooling from the
liquid crystal/isotropic phases of P10-MeOAzB (in both images) and the 10-
MeOAzB/AMPS/MMA terpolymers. (a) Effect of increasing MMA content in samples #1
to #4; (b) increasing AMPS content in samples #5 to #8. Arrows indicate decreasing
mesogenic content. Y-axes correspond to the diffractogram intensity, a.u., and curves have

been shifted arbitrarily along this axis.

The XRD patterns of the terpolymers contain similar reflections in the same small and wide
angle regions as described for the pattern of P10-MeOAzB, confirming the phase assignment
made by POM, which also is consistent with the magnitudes of the associated enthalpy
changes listed in Table 2.°° On increasing MMA content, the intensity of the small angle

peak decreases and shifts towards lower 20 values, Figure 3(a), reflecting the disruption of
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the smectic layers arising from the dilution of the mesogenic units. In order to accommodate
the increasing number of non-mesogenic units, the polymer backbone of the terpolymers is, at
least to some extent, distorted, facilitating interfacial mixing between the main chain and the
10-MeOAzB side groups. This effectively swells the layer giving larger spacings (up to d;

~18.3 A).

Mesogenic domains

Interfacial regions

Polar channels

P10-MeOAzB

10-MeOAzB AMPS MMA

Figure 4. Schematic structural models for the smectic phases shown by (a) P10-
MeOAzB and (b) the 10-MeOAzB/AMPS/MMA terpolymers containing equal amounts
of the three components, showing coexisting smectic domains and polar channels.

Dotted arrows indicate potential ionically conducting pathways.

The presence of large amounts of AMPS in samples #5 to #8 is associated with the

appearance of a strong reflection at small angles, 20;~1.70-2.54°, see Figure 3(b), which we

17



assign to the formation of polar aggregates in the terpolymers.”’ The nature of the
interactions involving the AMPS units may be investigated using FT-IR spectroscopy, and
the spectra of the terpolymers measured at room temperature are shown in Figure 5. It is
noteworthy that the O-H stretching (st.) region (expected between 3400 and 3500 cm™) is
rather weak and overlaps the stronger N-H st. band (v~3300 cm™). This suggests that the
sulfonic acid groups (SO3H) in the AMPS units may be, at least partially, deprotonated in the
terpolymers.?® The presence of sulfonate groups is also associated with a new signal assigned
to the SO3 st. vibration in the range 1020 -1040 cm™, % which varies with AMPS contents,

Figure ESI5.

The appearance of the strong small angle reflection on increasing AMPS content in the
terpolymers, Figure 3, indicates the co-existence of smectic domains and AMPS-rich regions
even at moderate concentrations of AMPS (§>20%, molar). This suggests that the AMPS
units are squeezed between alternating smectic layers that are further stabilised by micro-
phase separation between polar and non-polar domains, see Figure 4(b). The appearance of
the NH st. band in Figure 5 at relatively low frequencies (v < 3400 cm™) and the presence of
Fermi bands in'the vicinity of v ~2500 cm™, are indicative of the existence of extensive
hydrogen bonding near the backbone.”** Such strong interactions may further contribute to
stabilise the smectic order by constraining the mobility of the neighbouring 10-MeOAzB side
chains.?* % The methyl methacrylate units in the terpolymers may weaken the interactions
between the AMPS groups located in the backbone, mitigating to some extent these
stabilising effects, and promoting broader transition peaks in Figure 2. All these features
may reflect some interfacial mixing between AMPS and 10-MeOAzB domains in these

terpolymers.>™’
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Figure 5. FT-IR spectra of the terpolymers, highlighting the contributions from the

AMPS units. The Y-axis displays IR absorbance (a.u.) with the spectra shifted arbitrarily

along this axis. st., stretching; 6, bending.

Light responsive behaviour

We now turn our attention to the photo-responsive nature of the 10-MeOAzB/AMPS/MMA
terpolymers, and discuss the dependence of the UV-visible spectra of THF solutions and
films cast on ITO slides in Figure 6. As it was expected, the presence of 10-MeOAzB units
induces light-responsive character in the terpolymers, assessed by UV-vis spectroscopy, and
more specifically by the appearance of an intense band centred at ~362 nm, corresponding to
the n—nt* transition associated with the E-isomer of the azobenzene unit, and a weak

absorption at ~450 nm, associated with the symmetric forbidden n - 7* transition.® The
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UV-visible spectra of the terpolymers show similar spectra to P10-MeOAzB, confirming
that the photoresponsive character of the azobenzene units is maintained after
copolymerisation. As expected, reducing the azobenzene content weakens the UV signals
for the terpolymers, but otherwise their spectra are essentially identical, suggesting that the

azobenzene moieties respond similarly to light exposure, see Figure E1S4.

Upon irradiating the solutions at 365 nm, the azobenzene units in the terpolymers undergo
trans-to-cis photoisomerisation. The n—n* absorbance band in their UV-spectra decreases
dramatically in intensity after exposure, whereas a slight increase in the intensity of the 450
nm region is observed, see Figure 6(a). When the samples are kept in the dark, the intensity
of the m—n* band increases with time, whereas that of the n—n* band decreases. After 24
hours, the original UV absorption spectra for all terpolymers are essentially recovered due to

the thermally activated cis-to-trans relaxation.

The UV-spectra corresponding to the films also display the two previous main absorption
regions, and during UV exposure there is a decrease of the m—n* band and a simultaneous
increase of the n—=* band, see Figure 6(b). This evidences that trans-to-cis
photoisomerisation of the azobenzene groups is occurring in the films, even though longer
exposure times were required to get a stationary state than in the solutions. Once UV-light
exposure ceases, the UV spectra recover their original shapes, indicating cis-to-trans

relaxation, again with lower rates than those observed for the solutions.

20



UV Absorbance / %

1~
+ Non-exposed
t(exp)=10s
0.8 - t(relax)=1 min
—t(relax)=5 min
t(relax)=10 min
0.6 —t(relax)=2 h
—t(relax)=5h
—t(relax)=24 h
0.4 -
0.2 -
0 ‘

Wavelength / nm

(a)

UV Absorbance / %

2 -
+ Non-exposed
—t(exp)=10s

1.6 - —t(exp)=2 min
—t(exp)=5 min
—t(exp)=10 min

1.2 +
—t(exp)=15 min
—t(relax)=48 h

0.8 -

0.4 -

0 T T 1

300 400 500 600
Wavelength / nm

(b)

Figure 6. UV-visible spectra of A29/S36/M35, measured at room temperature, obtained for

a: (a) 4.15 10° M THE solution; (b) film cast on ITO. Crosses correspond to the original
spectrum prior to UV exposure (exp), and dotted arrows indicate the cis-to-trans thermal

relaxation (relax) with time, t, after exposure and while keeping the samples in the dark.

Temperature-dependent conductivity

We now discuss the temperature dependence of the ionic conductivities for the 10-

MeOAzB/AMPS/MMA terpolymers, measured using electrochemical impedance

spectroscopy, EIS, in isothermal steps on cooling the samples from the isotropic melt. The

occurrence of direct current, dc, conductivity, oqc, was detected from the Nyquist plots of

the complex impedance, Z* = Z’ + i Z”, and more specifically by the appearance of a spike
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with the real impedance axis, Z’ (see Figure 7, inset, and Figures ESI6 and ESI7). The o
values were obtained from plateaus of the real component of the complex conductivity,
calculated as ¢’ = w - €”, when plotted as a function of the frequency, f, Figure 7, and the

results are shown as Arrhenius plots in Figure 8.

Terpolymers with low AMPS contents do not exhibit appreciable dc conductivity and this
suggests that a minimum threshold concentration of these groups is required to achieve
charge transfer across these electrolytes. The presence of higher contents of AMPS groups
in the side chains of the terpolymers promotes the appearance of plateaus in the log (o) vs

log(f) curves, indicative of long-range conductivity.

In the case of A61/S30/M09, A43/S40/M17 and A70/S15/M15, the plateaus in the
conductivity plots are well-defined only above the glass transition, and it was not possible to
obtain reliable values for oy in the smectic glasses. Conductivities for these samples at high
temperatures fall within the range 10® to 10%° S-cm™. A09/S85/M06 and A29/S36/M35, on
the other hand, exhibit considerably higher dc conductivity values than the rest of the
terpolymers, between 10 to 10® S-cm™, and measurable in all the range of temperatures
under study. Whereas the high conductivities for A09/S85/M06 could be somehow
expected due to the high content of AMPS groups (~85 molar %),> the g values of
A29/S36/M35 are surprisingly high, attributable to structural features of this particular

terpolymer, in which the 10-MeOAzB, AMPS and MMA units are balanced.

The activation energies, E,, for the direct current conductivity, cqc, were obtained from the
Arrhenius plots in Figure 8, and the results are listed in Table 3. Samples show linear
trends for log(oqc) in the liquid crystalline phases, giving E, values within the range

60 - 83 kJ - mol~t. Above T.c,, smaller activation energies are obtained, presumably due

to a decreased viscosity of the isotropic melts. This effect can be considered analogous to
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the rubbery to liquid transition observed in rubber-like polymers,® which is attributed to a
decrease in the local viscosity due to removal of certain local interactions. In our case, the
disappearance of the anisotropic interactions between mesogenic units at the clearing
temperature may further enhance the conductivity of the 10-MeOAzB/AMPS/MMA
terpolymers by an increase in their local mobility. The lowest activation energies were
obtained for A09/S85/M06, whose Arrhenius plot displays a combination of two linear

ranges, with the intersect coinciding with the glass transition of the terpolymer, T4 ~65°C.

In general terms, the absence of a rapid decrease in the o4 values on cooling towards the T
of the terpolymers in Figure 8, precludes VVogel-Fulcher-Tammann (VFT) behaviour, and
suggests that the conductivity is not strongly coupled to segmental motions of the
terpolymers. The decoupled character of the conductivity may be explained by the
occurrence of secondary relaxations located inthe 10-MeOAzB side chains, which can

activate motions near the backbone.® 5!

In the case of the amorphous A09/S85/MQ6, the presence of small amounts of mesogens
may have a plasticizing effect and reduce the local viscosity expected by interactions
between AMPS units, which is consistent with the low glass transition seen in Table 2. For
A29/S36/M35; the activation energies are larger, and the conductivity values below T, are
lower than for A09/S85/M06, but these are still considerably high compared to other liquid
crystalline polymers.®?®> Even though these conductivities fall some orders of magnitude
below the ogc ~ 0.1 S-cm™ range observed for non-mesogenic polymers containing, for

example, poly(sulfonic) and poly(aromatic) backbones®® ©’

, or benchmark polymeric
electrolytes, such as Nafion® or poly(ethyelene oxide)®, they present the opportunity to
control ion transport by tuning their liquid crystalline phases. We observed, for example,

how A29/S36/M35 can undergo a noticeable increase in conductivity upon irradiation with

UV-light in its smectic phase, see Figure ESI8. This suggests that the presence of
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azobenzenes in the cis-state by photoisomerisation may benefit ionic motions, perhaps by

inducing local defects in the smectic structure of the terpolymer, in a similar fashion as

moderate crosslinking degrees can promote conductivity by a decrease in local rigidity in

smectic networks®?.

Table 3. Activation energies for dc conductivity in the 10-MeOAzB/AMPS/IMMA

terpolymers, Ea(oqc), calculated in the isotropic and smectic ranges.

Ea(cqc) / kd-mol™

Sample AXISYIMZ
Isotropic Smectic

#1 A70/S15/M15 58.9 82.3
#5 A61/S30/M09 48.5 -
#6 A29/S36/M35 60.1 66.3
#7 A43/S4A0/MA7 - 64.3

24.0*
#8 A09/S85/M06

51.3**

*T>80°C, **T<80°C
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Figure 7. Double logarithmic plots of the real component, o’, of the complex
conductivity of A29/S36/M35, o*=c"+ i ¢, as a function of the frequency, measured in
isothermal steps (°C) on cooling from the isotropic melt, and estimation of oy at

T=150°C. Dotted arrow in the inset shows the spike in the impedance Nyquist plot,

indicative of dc conductivity.
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4. CONCLUSIONS

The 10-MeOAzB/AMPS/MMA terpolymers form smectic phases stabilised by microphase
separation between polar and non-polar regions, even at surprisingly low concentrations of
10-MeOAzB mesogenic units. At sufficiently large contents of AMPS units, these form
aggregates constrained between the smectic layers, resulting in dc conductivity in the
terpolymers. The presence of MMA groups reduces the liquid crystal-isotropic transition
temperature and liquid crystal range of the terpolymers by diluting the anisotropic
interactions between 10-MeOAzB side-chains and by increasing Tg, respectively. Their
presence, however, may also reduce the interactions between AMPS groups and increase
free volume around the backbone. This latter effect, together with the formation of liquid
crystalline phases, may contribute to increase the local mobility and ultimately promote
decoupled ionic conductivity from segmental motions in the terpolymers.®® The promising
conductivity values obtained within the liquid crystal phases and the light responsive
character, make the 10-MeOAzB/AMPS/MMA terpolymers attractive candidates as
electrolytes whose transport properties can be optimised via their changes in their
ultrastructure using external stimuli, and this is currently the focus of further studies to apply

polarised light to create anisotropic conductivity pathways with high local ionic mobility.
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multifunctional polymer electrolytes.
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Highlights

New side-chain terpolymers contain mesogenic, light-responsive and polar groups
Terpolymers show liquid crystal smectic behaviour in a broad range of compositions
Polar groups confined between smectic layers can act as anisotropic ionic pathways
Balanced compositions of the monomers promote liquid crystallinity and conductivity
Terpolymers show signs of ionic mobility decoupled from polymer segmental motions
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