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Abstract

We have prepared and characterised a series of side-chain liquid crystalline homopolymers
and terpolymers containing different azobenzene derivatives (RAzB), sulfonic groups (2-
acrylamido-2-methyl-1-propanesulfonic acid, AMPS), and methyl(methacrylate) groups
(MMA), as monomeric units. We have evaluated the effect of different para-substitutes of 6-
(4-azobenzene -4’-oxy)hexyl methacrylate, at the side chains, OCH3;, NO, and H, on the
phase behaviour and conductivity of the new polymers. The copolymers can form smectic
and nematic phases, depending on their composition, and have light responsiveness,
conferred by the azobenzene chromophores. The terpolymer with methoxy terminations,
MeOAzB/AMPS/MMA, exhibits the highest conductivity values of the series (10%/10-3 S-cm*!
range) through liquid crystalline phases and with signs of decoupling from polymeric
segmental motions. These materials are promising candidates to develop new light-
responsive polymeric electrolytes for electrochemical conversion devices in which ionic

conductivity under anhydrous conditions can be controlled by their nanostructure.

Keywords: side-chain liquid crystal polymers; ionic conductivity; azobenzene; energy

conversion; polymer electrolytes
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1. Introduction

Universal access to sustainable and reliable energy is a global challenge as worldwide
energy demand is expected to rise rapidly by 1.3% by 2040 ', and the development of
alternative and more efficient technologies will help achieve decarbonisation through
diversification of energy sources. Renewable sources are expected to increase during
recovery from the Covid-19 outbreak, due to low operating costs, preferential access to
power systems and diversity of existing projects. 2 The design of advanced electrolytes is
crucial to achieve more efficient technologies for energy harvesting, storage and conversion,
and to ultimately offset the variability of renewable energy sources by improving
electrochemical processes. 3 In the preparation of novel electrolytes, manipulation of the
nanoscale via external stimuli offers new and fascinating frontiers in technological
applications, as a mechanism to control the transport of mass, charge and energy in
integrated systems, which could be operated remotely. Liquid crystals form intermediate
states of order between crystalline solids and isotropic liquids, 4 and the resulting
combination of molecular mobility and long-range order can not only promote high ionic
conductivity® 8, but also trigger different mechanism of ionic transport’. Some examples
include 3D structures obtained with Zwitterions,® or cylindrical aggregates containing
poly(vinyl catechol)s and polystyrenes doped with silver nanoparticles °, among many

others.0

The application of light is particularly appealing to exert spatial control on molecular order of
nanostructured materials, via valence and E/Z isomerisations, cycloadditions or
tautomerisations, 14, resulting in chromophoric sensors and actuators that can trigger
electrochemical processes. Azobenzenes have been widely used as components in light-
responsive liquid crystals, due to their molecular anisotropy that can be switched by the
application of UV and visible light. 5 More specifically, the azobenzene frans isomer has a
linear molecular geometry that can assist the formation of mesophases by promoting
anisotropic interactions. Irradiation with UV light at ~365 nm triggers trans-to-cis
photoisomerisation of the azobenzene group, and the resulting cis isomer has a curved
geometry with a net dipole moment in the zi~ 3 D range 6. Cis-to-trans relaxation takes
place spontaneously by thermal activation, or by the application of light at longer
wavelengths (~420 nm). The change in molecular geometry can disrupt the liquid crystalline
order in azo-containing materials used as electrolytes, ultimately controlling their transport

properties. 1718

Liquid crystalline electrolytes have great potential to yield anhydrous conductivity in solvent-
free electrolytes,'® via anisotropic ion hopping assisted by hydrogen-bonding between

neighbouring polar groups.?%?* Recently, we have investigated a series of side-chain liquid
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crystalline polymers, SCLCPs, that self-assemble into ion-rich domains in the absence of
solvents 2527, SCLCPs can show promising electrolyte performance, with conductivity
values within the 10 S cm! range, yielding simultaneous ionic conductivity and liquid
crystalline behaviour.2'-25-33 One remaining challenge is to decouple the motions of the
mesogenic groups in the side chains from the rigidity of the polymer backbone, in order to
preserve both local molecular mobility and charge conductivity at sufficiently low
temperatures. In this work, we evaluate the effect of composition on the molecular structure
and electrolyte response of a new series of SCLCPs containing azobenzenes, with the

general structure shown in Fig. 1.
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Figure 1. Chemical structure of the RAzB/AMPS/MMA terpolymers containing different terminal
groups (R = NO,, CH30, H) at the mesogenic chains. X, Y and Z, represent molar percentages in the
terpolymers (% molar), respectively, and the corresponding homopolymers (RAzB, with X=100,

Y=2=0) were also studied.

We have copolymerised derivatives of the 6-(4-azobenzene -4’-oxy)hexyl methacrylate, as
mesogenic monomers in the side-chains (RAzB), together with the commercial 2-
acrylamido-2-methyl-1-propanesulfonic acid (AMPS), as the polar monomeric unit. The
inclusion of methacrylate units (MMA), on the other hand, can regulate the interactions
involving the conducting and mesogenic components in the resulting terpolymers, and can
facilitate the formation of films.?> We have explored the effect of electro-withdrawing and
electro-donating groups on the polymers’ response to light and charge mobility by including
para-substituted azobenzenes with nitro (R = NO,) and methoxy (R = CH;0) groups, as
terminal groups at the side chains. Additionally, we have also included non-substituted
azobenzenes (R = H) as monomeric units. By using the six-methylene flexible spacers we
expect to decouple the motions of the rigid azobenzene group respect to the polymer main
chain®4, and to compare our results with previous findings on SCLCPs that contain longer

methylene spacers.



Alauddin et al. Revised main manuscript #2

2. Experimental procedure
Materials preparation

AMPS and MMA were commercially available from Sigma-Aldrich. MMA was purified by
washing with sodium hydroxide and water, followed by drying with anhydrous magnesium
sulphate; AMPS was used without further purification, and the azobenzene monomers
(RAzB) were prepared by diazonium salt coupling of the respective aniline derivatives
according to previous procedures 3537, Polymers were prepared by conventional free radical
polymerisation under an inert atmosphere. For the synthesis of the terpolymers, equimolar
amounts of the different monomers were added to the reaction vessel?’. Further details of
the synthetic procedure are provided in the Electronic Supplementary Information, ESI (Fig.
ESI1 to ESI6).

Characterisation Techniques

Nuclear magnetic resonance, 'H-NMR, and Fourier-transform infrared spectroscopy, FT-IR,
were used to assess the chemical structures of the monomers and polymers, and gel
permeation/ size exclusion chromatography, GPC/SEC, was applied to determine number
average molecular weights (Mn) and weight average (Mw) molecular weights,
polydispersities (Mw/ Mn), and degrees of polymerisation (DP). The thermal stability of the
polymers was assessed by thermogravimetric analysis, TGA. The formation of liquid
crystalline phases was determined by differential scanning calorimetry, DSC, and polarised
optical microscopy, POM, and their structures were evaluated by X-ray diffraction, XRD.

Molecular lengths were estimated using ACD/ChemSketch software.

UV-visible absorption spectra of films cast on quartz substrates and 3.59-10-°* M THF
solutions were measured at room temperature using an HP 845x Diode Array
spectrophotometer. The photoirradiation experiments were carried out by first heating the
samples to 75°C for 2 h (using a Peltier temperature controller), then irradiating for 10 min at
365 nm under a multiband UV lamp (Mineralight Lamp UVGL-55; 230 V and 6 W). Samples
were then cooled down rapidly to 22°C and kept in the dark and their absorbance was
obtained at various time intervals until the spectra recovered their original shape (by thermal
relaxation). lonic conductivity was measured by impedance spectroscopy, at isothermal
steps when cooling from the isotropic phase, and additional dielectric measurements were

carried out under similar conditions.

Further information and details on the procedures, equipment and conditions used during

materials characterisation, are included as Electronic Supplementary Information.
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3. Results and discussion
3.1 Polymers preparation

The names of the homopolymers and terpolymers synthesised in this work, as well as their
relevant compositional features, are summarised in Table 1. The chemical structures were
confirmed by 'H-NMR and FT-IR, see Fig. ESI7 to ESI11, and molar fractions of the
RAzB/AMPS/MMA terpolymers were estimated by calculating the relative integrals of the 7-8
ppm 'H-NMR signals (phenyl azobenzene protons of RAzB, 8H), the ~2.7 ppm singlet
(methylene groups adjacent to the sulfonic acid groups in AMPS, 2H) and the singlet at ~3.6
ppm (methyl groups of MMA, 3H), see Fig. ESI10 as an example. All polymers show
moderate to low polydispersity ratios (Mw/Mn between 1 and 2.3), and the dispersity of the
chains’ distribution increases upon copolymerisation, Fig. ESI12. This fact was somehow
expected, due to the different reactivity rates of the three monomers involved 3840, but we
note that our Mw/Mn values are smaller than for other copolymers with comparable sulfonic
groups concentrations. ?7-41-44 Even though convectional radical polymerisation techniques
pose some limitations to control polydispersity, the present one-pot preparation method is
simple and avoids further and costly synthetic stages. We cannot rule out, however, the
formation of tapered chains initiated by polymerisation of similar units, to which other groups
attach, following blocky distributions.?” The terpolymers show high molecular weights, in the
67 — 82 kg mol' range, which can be beneficial for the preparation of self-standing films and

their application as electrolytes.

Table 1. Sample names of the RAzB/AMPS/MMA terpolymers and the homopolymers, RAzB, and
experimentally assessed molar percentages of azobenzene (RAzB, X), AMPS (Y) and MMA (2Z),
monomeric units. Number average molecular weight and weight average molecular weight, Mn and

Mw, respectively, polydispersities, Mw/Mn, and number average degree of polymerization, DP.

Sample Composition Mn Mw Mw/Mn DP
X/IYIZ g-mol'  g-mol!
Molar %
MeOAzB 100/0/0 15570 22507 1.5 42
MeOAzB/AMPS/MMA 40/25/35 36168 67158 1.9 125
NO2AzB 100/0/0 10520 18958 1.8 26
NO2AzB/AMPS/MMA 21/34/45 36012 81135 23 153
HAzB 100/0/0 3787 4763 1.3 10
HAzB/AMPS/MMA 21/44/35 43164 80360 1.9 189

Fig. 2(a) and 2(b) show the thermogravimetric (TG) and derivative thermogravimetric (DTG)

curves of the polymers, respectively, which are in excellent agreement with thermal
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degradation profiles found in similar azobenzene-containing copolymers 2> 27, and the main
associated parameters are summarised in Table ESI1. Thermal degradation initiates with
one weight-loss process starting around 300°C, which can be attributed to decomposition of
lateral units in the side chains, followed by further degradation at higher temperatures (~
400°C), associated with breakage of the main polymer chains 4% 46, The presence of polar
groups (NO,, AMPS and COOCH;) seems to increase the liability of the side chains in the
polymers, by shifting the initial process towards lower temperatures (T< 300°C). We note
that temperatures corresponding to 2% weight losses are above T,q, >250°C, which confirms
that these polymers could be used at nominal operational conditions of proton exchange

membrane fuel cells.

wt (%) dwt / dT (%'K1) MeOAZB
"""""""" 1.5 %-K-lI
it MeOAzB/AMPS/MMA
----------------------- MeOAzB . "_“““!\_19_2_6?8
MeOAZB/AMPS/MMA ’
_________________ \ e NOZAZB NO2AzB/AMPS/MMA
NO2AZB/AMPS/MMA | 1 HAZB
‘‘‘‘‘‘‘‘‘ -HAzB HAZB/AMPS/MMA
HAZB/AMPS/MMA N/
(a) (b)
0 200 400 600 800 0 200 400 600 800
T/°C T/°C

Figure 2. Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of the RAzB
homopolymers and RAzB/AMPS/MMA terpolymers, showing weight (wt) percentage and its derivative

over temperature (dwt/dT). Curves have been shifted arbitrarily along the Y-axes.

3.2 Phase behaviour and structure

The phase behaviour and structure of the homopolymers and terpolymers were studied by
differential scanning calorimetry, DSC, and X-ray diffraction, XRD, and the appearance of
liquid crystalline phases was further assessed by the observance of birefringent areas under

the polarised optical microscope, POM, which flickered upon application of pressure. Like
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other liquid crystalline polymers, the POM textures were not well-defined, and were not
helpful for phase assignation, see Fig. ESI13, except for MeOAzB, which shows schlieren
and focal conic fan textures, characteristic of nematic and smectic phases, respectively.
Fig. 3 shows the DSC thermograms of the homopolymers and terpolymers, and the

corresponding thermal parameters are summarised in Table 2.

MeOAzB shows in Fig. 3 a pseudo-second order transition at low temperatures, associated
with its glass transition (T4 ~ 74°C), followed on heating by two first-order transitions:
smectic to nematic, Tsnan = 94°C, and nematic to isotropic, Ty=134°C. These results are in
excellent agreement with previous reports on comb-like poly(methyl methacrylate)s para-
substituted with methoxy groups. 47-4¢ The formation of smectic phases is consistent with
the MeOAzB X-ray diffractogram, obtained at room temperature when cooling from the
isotropic phase, see Fig. 4. The curve shows two sharp reflections related to spacings of
the smectic periodicity: at d; ~15.0 A, and the corresponding higher order reflections, at d’
~7.3 A and d”; ~4.5 A, which may correspond to the d ~30.0 A smectic distance, see Table
3. The XRD pattern of the NO2AzB homopolymer also has signs of smectic phases, and
shows a diffraction at small angles at d, ~25.2 A, together with another diffraction at d; ~
13.6 A, see also Fig. 4. The broad first order transition observed in the DSC thermogram of
this homopolymer in Fig. 3 has a large associated enthalpy (AS /R = 0.40) and could
indicate a merged isotropic to nematic and nematic to smectic transition, taking place at
higher temperatures than MeOAzB, T, ¢=150°C.47-48 HAzB, on the other hand, does not

show liquid crystalline phases, according to our DSC and XRD results.

hy o
1mwl ;‘ ‘w MeOAzB
- MeOAZB/AMPS/MMA
. No2AzB
/ NO2AZB/AMPS/MMA
 HazB

HAZB/AMPS/MMA

Tendo

0 50 100 150 200
T/°C

Figure 3. Differential scanning calorimetry, DSC, thermograms obtained in the second heating scans
of the homopolymers (dotted lines) and terpolymers (solid lines). Curves have been shifted arbitrarily

along the Y-axis (hs, heat flow).
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Table 2. Glass transitions, Ty, transition temperatures, T;, and associated enthalpies, AH;, and

reduced entropies, AS/R, calculated from the DSC thermograms of the homopolymers and

terpolymers, obtained during their second heating scans. LC, liquid crystal; Sm, smectic; N, nematic;

l, isotropic; R is the gas constant.

Sample T, Tsmn/ °C Tia / °C
(OC) AHSmNI J'g'1 AHLC|/J'g'1
ASsmn/ R ASc/R
MeOAzB 79.0 94 134 @
4.27 293
0.55 0.342
MeOAzB/AMPS/MMA | 74.0 * 1352
0.212
0.04 2
NO2AzB 58.0 - 1500
3.38°
0.40°
NO2AzB/AMPS/MMA | 97.6 - -
HazB 46.5 - -
HAzB/AMPS/MMA 73.6 - -
* Weak transition, merged with Ty.
a Nematic to isotropic transition.
b Liquid crystal to isotropic transition.
a" ~45A
‘ dy~ 9-10 A i MeOAzB
/ d ~15A l
S MeOAZB/AMPS/MMA
5 6
NO2AzB
NO2AzB/AMPS/MMA
HAzB
\—/x__/_————*
\/,fHAzB/AMPS/MMA
5 10 15 20

20 /°

Figure 4. XRD scatterings obtained at room temperature, 25°C, by cooling the polymers from their

isotropic or liquid crystalline phases, highlighting relevant reflections d;. Y-axis corresponds to the

diffractogram intensity, a.u., and curves have been shifted arbitrarily along this axis.
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Table 3. Summary of the main reflections obtained from the X-ray diffractograms of the polymers,

measured at room temperature on cooling from the isotropic and liquid crystalline phases (T=25°C).

dil A
Sample
do | dy dy d, d,”
MeOAzB 15.0 | 7.3 9.7 4.8
MeOAzB/AMPS/MMA 14.2 9.8° 4.8
NO2AzB 252 | 13.6 8.6 5.1
NO2AzB/AMPS/MMA 7.8 4.80b.w
HAzB 11.0°
HAzB/AMPS/MMA 4.8°b

b Broad signal.

W Weak signal.

The liquid crystalline phases in NO2AzB and MeOAzB are facilitated by the stacked
structure of the frans-azobenzene units at the side chains, whilst the flexible linkages allow
to decouple, at least to some extent, the mobility of the rod-like group from the polymeric
backbone. 3436.49 The length of the spacers, n=6, is enough for the (CH,)s and the
azobenzenes to micro-segregate into non-polar and polar domains, and the para-substitution
with CH30 and NO, terminal groups stabilises core-to-core lateral interactions, by extending
the electronic density of the azobenzene groups. We believe that NO2AzB and MeOAzB
may form fully interleaved SmA, phases, with azobenzene groups arranged in an antiparallel
fashion. Whilst this later model is energetically unfavourable due to some degree of mixing
between methylene chains and the azobenzenes, it might optimise packing efficiency within
the smectic layers.*! This interleaved molecular distribution can be assigned to the d,
diffraction in Table 3, and the absence of a higher order diffraction could be then explained
by quasi-symmetrical distributions of the electronic density about the mid-point of the
smectic layers. 475 The actual phase structure of the homopolymers could correspond to
an incommensurate smectic phase with a combination of different arrangements. The sharp
signals in Fig. 4 overlap with broad reflections, attributed to the length of the trans

azobenzene isomer, d, ~10 A, and to the periodicity along the polymer backbone, d ~5 A.

In the terpolymers, the non-mesogenic AMPS and MMA monomeric units may dilute the
interactions between the azobenzenes % 34. As a result, NO2AzB/AMPS/MMA and
HAzB/AMPS/MMA do not show evidence of liquid crystalline behaviour, and only their glass
transitions are visible in their respective DSC thermograms, see Fig. 3. Alternatively,
MeOAzB/AMPS/MMA shows thermal transitions at comparable temperatures to those of the

MeOAzB homopolymer, but with much weaker intensities, hence suggesting the formation of

10
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nematic and smectic phases. This fact can be explained, at least in part, by the higher
concentration of azobenzene units in this terpolymer, [MeOAzB] ~40%, compared to those
in NO2AzB/AMPS/MMA or HAzB/AMPS/MMA, [RAzB] ~20%, see Table 1. This result is in
agreement with our previous observations on statistical and block copolymers, which
indicated that a minimum of around 30% molar concentration of mesogenic groups is
necessary to maintain liquid crystalline behaviour.?®>2” The MeOAzB/AMPS/MMA
diffractogram in Fig. 4 further supports the formation of smectic phases in this polymer. The
almost equal distance for MeOAzB and MeOAzB/AMPS/MMA suggests the formation of a
separated smectic phase with MeOAzB units, coexisting with disordered AMPS regions in

the terpolymer.

3.3 UV light-response

Fig. 5(a) and 5(b) show the UV-visible absorption spectra of the polymers obtained in THF
solution and on quartz films, respectively, measured at room temperature. The lowest-
energy UV absorption band falls in the 340 — 380 nm range, andisduetoa m* « 11
transition in the frans-azobenzene chromophore. A very weak absorption band is also visible
at longer wavelength, 420 - 450 nm, and is assigned to a weak 1™ < n transition in cis-

azobenzenes.5'

In solution, HAzB shows a maximum at 348 nm, and para-substitution in the azobenzene
molecule shifts the absorbance towards longer wavelengths, with maxima at 357 nm (CH;0)
and 375 nm (NO,), see Fig 5(a). These bathochromic shifts are consequences of the
substitution of the azobenzene groups by electron-donating (CH3;0) and electron-
withdrawing (NO,) groups. It is clear from the spectra that both the homo- and terpolymers
have the same absorption pattern in each case. The large red shift in the case of the NO,-
substituted polymers suggests that their electronic transition involves a migration of electron
density from the donor group (polymer chain) to the acceptor group (NO,), stabilising the 7*
excited state. This intramolecular charge transfer gives rise to more accessible states that
produce the observed wide, structureless peak. The CH3;0- ended compounds, on the other
hand, show structured absorbance that includes well-defined peaks, possibly arising from
different vibronic transitions involving the ground and excited states. The exact spectral
position matching MeOAzB and its terpolymer, MeOAzB/AMPS/MMA, implies minimal or no
charge transfer from the rest of the polymer components to the chromophore in solution.
This observation can be explained by the stronger electron donating ability of the terminal
methoxy group, compared to the polymer backbone and the rest of functional groups in the

terpolymer. It is worth mentioning that the structured absorbance peak in the CH;0-

11
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substituted polymers is similar to that reported for the azobenzene molecule®?, confirming a

local excitation in the chromophore molecule.

In film, all polymers show broader ™ « 1 absorption spectra than in solution, with the
CH;0O-substituted polymers still maintaining structured absorbance, Fig. 5(b). The
broadness in the spectra could be due to the formation of H-aggregates (at lower
wavelengths, head-to-head/parallel arrangements), and J-aggregates (at higher
wavelengths, corresponding to head-to-tail arrangements), however, some potential
scattering effects cannot be totally ruled out. '85! It is noticeable that absorption of the cis-
isomer is enhanced in HAzB and the corresponding terpolymer, HAzB/AMPS/MMA, whilst it
is difficult to determine such effect in the MeOAzB and NO2AzB polymers, due to the

broadness of the signal overlapping the 420—-450 nm region.

MeOAzB

Abs / a.u.
MeOAzB/AMPS/MMA
HAzB Abs / a.u.
HAZB/AMPS/MMA NO2AzB (b) 16 ;
< NO2AzB/AMPS/MMA ' - P
14 1.4
1.2
0.8
1 -
0.6 0.8 4
Normalised
Abs 0.4 1 06 1
0.4 -
0.2 | D 02 |
0 ::;,//" | s ‘ : \;:\ 0 : : :
250 350 450 550 250 350 450 550 250 350 450 5%0
Wavelength / nm Wavelength / nm Wavelength / nm

Figure 5. UV-visible spectra of the homopolymers and terpolymers (UV-vis absorbance, Abs)
measured at room temperature, obtained for: (a) 3.73 x 10-®* M THF solutions; (b) films cast on quartz
substrates; the corresponding spectra in solution (for homopolymers) are shown for comparison as
circles; (c) photoisomerisation of HAzB/AMPS/MMA; dotted line corresponds to the original spectrum
of the HAzB/AMPS/MMA film prior to UV exposure (non-exposed) and after heating to 75°C for two
hours, and dotted arrows indicate the cis-to-trans thermal relaxation with time, t, after exposure, while

keeping the samples in the dark after immediate cooling to 22°C.

Upon irradiation with UV light at 365 nm, the ™ band decreases rapidly in intensity for all
the samples under study, with a concomitant intensity increase in the 420-450 nm region.
This observation is due to trans-to-cis isomerisation of the azobenzene groups. Fig. 5(c)
illustrates this effect for the HAzB/AMPS/MMA film. 53 When the sample is kept in the dark,
the intensity of the mm™* band increases with time and recovers after 96 hours to the original

absorption pattern due to the thermally activated cis-to-frans relaxation. We have observed

12
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comparable photoisomerisation behaviour in the rest of samples under study, and in the
case of MeOAzB, the recovery of the UV-vis absorption values measured on a film at 100°C
confirms that the liquid crystal phase is reformed after illumination, see Fig. ESI14.
Considering that photoisomerisation involves kinetics phenomena that depend on several
variables (light intensity and frequency, time, temperature), a more detailed study on

irradiation and recovery of these polymers will be the subject of further work.

3.4 Conductivity and charge transport

The conductivity of the polymers was studied by impedance spectroscopy, in frequency
sweeps at different isothermal steps when cooling from the isotropic phases, as described in
the ESI. More specifically, we measured the complex dielectric permittivity, e * = &' —i¢”,
which was then transformed into complex impedance, Z *, and conductivity, o *, using: 5

1
Z* =7 +iZ"=

iwCoe™

Eq. 1

and,

*

0" =iweye” Eq. 2

where i =+/ —1 is the imaginary unit, w is the angular frequency in rad - s 71, C, is the cell

capacitance and ¢, is the permittivity in the vacuum, 8.854x10 ~12F m —1,

Typical impedance responses of the polymers consisted of supressed semicircles (high
frequencies) followed by a straight line (low frequencies), see Fig. ESI15, and direct current
(DC) conductivity, o4, corresponded to the Z' value at the spike between these trends in the
Nyquist plots (Z” vs Z’), and was obtained at each temperature from the plateaus in the
isothermal log(c’) vs log(f) plots in Fig. 6. Whilst homopolymers show low conductivities (in
the 108 S cm! range) due to the absence of polarisable groups, the introduction of sulfonic
groups promotes ionic conductivity through the RAzB/AMPS/MMA terpolymers. Indeed, the
three terpolymers display visible DC conductivity across broad temperature ranges, and we

show the corresponding o4 Arrhenius plots in Fig. 7.
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Figure 6. Double logarithmic plots of the real component of the complex conductivity, ¢’, measured
as a function of the frequency, log(c’) vs log(f), in isothermal steps (°C) on cooling from the isotropic
phases for: (a) MeOAzB/AMPS/MMA,; (b) HAzB/AMPS/MMA and (c) NO2AzB/AMPS/MMA.
Estimation of DC conductivity, o4, at T=80°C for MeOAzB/AMPS/MMA.
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Figure 7. Arrhenius plots (in log4o scale) of the DC conductivity, o4, calculated for the
RAzB/AMPS/MMA terpolymers. Arrows indicate their glass transitions, Ty.

Conductivity increases with temperature, particularly above the polymers’ glass transitions,
due to the largest free volume that is available after segmental motions of the polymer
backbone are thermally activated.>> MeOAzB/AMPS/MMA shows the highest conductivities

in the series, reaching the maximum at the liquid crystal range (4. ~ 102° S cm™', measured
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at 110°C). We note that, to the best of our knowledge, these o4 values are within the
highest levels of conductivity reported for non-doped liquid crystalline polymers, 2'-25-33 and
this fact is particularly remarkable considering the low concentration of polarisable AMPS
groups in this terpolymer ([AMPS] ~ 25% molar %, see Table 1). Even though our
microscopic observations do not allow for an unequivocal phase assignation, see again Fig.
ESI13, the calorimetric thermograms of MeOAzB/AMPS/MMA in Fig. 3 suggest the
formation of a nematic phase, and the relatively low viscosity of this mesophase could
contribute to the highest 4. values observed in Fig. 7.2' On further cooling
MeOAzB/AMPS/MMA, the drop in o4 could be explained by the formation of a smectic
phase with higher viscosity, with ionic motions potentially taking place in the acid-rich

domains discussed earlier.

We have studied the thermal activation of conductivity from the Arrhenius plots in Fig. 7, and
at high temperatures, the thermal dependence of the ionic conductivity (c4c) can be

described by the Vogel-Fulcher-Tamman equation,
A -B
Odc = j7€XPp G=7) Eq. 3

where A is proportional to the concentration of carrier ions, B is the pseudo-activation energy
for ion conduction, and T, is the ideal glass transition temperature. Direct conductivity at low
temperatures follows a linear behaviour, and the activation energies, E,, can be then

calculated using the Arrhenius equation,
Eq1
O4c =00 exp (7 7) Eq. 4

where R is the gas constant, 8.31 J mol' K-', T is the absolute temperature, and o, is a pre-

exponential term.

Table 4 shows the parameters in Eq. 3 and Eq. 4, calculated for some of the terpolymers
under study and other related materials. The low activation energy (E, ~26 kJ mol-') and
apparent activation energy (B = 299 K) associated with the conductivity processes through
MeOAzB/AMPS/MMA suggest that ion mobility can be decoupled from the segmental
motions of the polymer main chain in this terpolymer. More specifically, whilst the high
temperature process (80 / 120°C) can be associated with the onset of the glass transition
(Tg=74°C), the linear process at low temperatures (30 / 80°C) can be linked to the vitrification
of the smectic domains. These results contrast with larger E, and B values reported for
NO2AZB/AMPS/MMA in Table 4, which could reflect on its high glass transition, T4 ~98°C,
and would result in the lower o4 values observed for this terpolymer in Fig. 7. Hence, the
higher rigidity of NO2AzB/AMPS/MMA in the series results in lower ionic mobility, probably

associated to lower free volume available. The difference in the activation energies of

15



Alauddin et al. Revised main manuscript #2

MeOAzB/AMPS/MMA and HAzB/AMPS/MMA, on the other hand, could be then explained
by the formation of smectic glasses by the former, where the acid groups responsible for
conductivity are separated from the mesogenic azobenzene groups. We note that,
unfortunately, only one of our terpolymers showed liquid crystal behaviour, and a
comparison of the conductivity performance cannot be argued in terms of terminal groups
between liquid crystalline copolymers. It is worth noting, however, that the sole liquid
crystalline copolymer in the series, MeOAzB/AMPS/MMA, has shown the most promising

conductivity values.

Table 4. Kinetic parameters of the conductivity processes in the terpolymers, including values

obtained for reference comb-shaped poly(methacrylate)s (see structures in Fig. ESI16).

Conductivity
Low temperature High temperature
Sample X .
E. T interval oo/ B To T interval
S.cm™!
/ kdJ mol! /°C /K /K /°C
MeOAzB/AMPS/MMA 25.6 30/80 2.15102 299 273 80/120
NO2AzB/AMPS/MMA 127.0 90/130 | 5.09:10° 1095 278 90/150
HAzB/AMPS/MMA 61.7 50/80 2.97-10% 521 253 80/150
P(10MeOAzB)-b- 48.0 70/120 - - -
PAMPS-b-PMMA 25
P(10-MeOAzB-co- 66.3 70/110 - - -
AMPS-co-MMA) 27

The mechanisms of ionic conductivity through MeOAzB/AMPS/MMA were further
investigated by studying its dielectric and cyclic voltammetry response. Fig. 8(a) shows the
dielectric spectra of this terpolymer, and unveils different relaxations typical of comb-shape
liquid crystalline polymers. °” At low temperatures, -80 / -60°C, we observe a process
attributed to the so-called B-relaxation, assigned to rotations of the azobenzene groups
around the MeOAzB side-chains. 859 At higher temperatures, the a-relaxation is activated,
visible in the 50 / 150°C range in Fig 8(b), and related to the onset of main-chain segmental
motions occurring in the vicinity of the glass transition. At the high-temperature end in Fig.
8(b), the d-relaxation appears, involving the rotation of the MeOAzB side chains along the

main polymeric axis. 58
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Figure 8. Dielectric response of MeOAzB/AMPS/MMA, highlighting the 8-, a-, px- and -
relaxations: (a) 3D plot of the temperature and frequency dependence of the loss factor ¢”; (b)
temperature dependence of tan & = /¢’ at selected frequencies; (c) Arrhenius plots of the relaxation

time, t, corresponding to the a- and - relaxations.

Based on the corresponding Arrhenius plots in Fig. 8(c), the thermal activation parameters
of the B- and a-relaxations of MeOAzB/AMPS/MMA were calculated and are summarised in

Table 5. The relaxation times (t) of the B-dielectric relaxation were obtained and fitted to

linear Arrhenius behaviour,

Eq1
1/t=1/t9exp (x 7) Eqg. 5

where 14 is a pre-exponential term. The a-relaxation, which is associated to the glass

transition, follows non-Arrhenius temperature dependence that can be described by VFT
behaviour,

B
T(T) max = To€XP (T— To) Eq.6

where 14 represents the pre-exponential term, T is the Vogel temperature, which is
associated with the cessation of motions of polymeric segments, and B is an apparent
activation energy. The high E, values obtained for the 3 relaxation of MeOAzB/AMPS/MMA
in Table 5 fall within the high range for similar materials. Even though this relaxation is
normally attributed to locally activated motions, these values must reflect certain

cooperativity of the azobenzene groups in the smectic phase after vitrification at low
temperatures.5°
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Table 5. Kinetic parameters of the different dielectric relaxation in MeOAzB/AMPS/MMA, including

values obtained for reference comb-shaped poly(methacrylate)s (see structures in Fig. ESI16).

Dielectric relaxations
B-relaxation a-relaxation
Sample - -
E. T interval | -log(to/s) B To T interval
/ kJ mol* /°C /K /K /°C

MeOAzB/AMPS/MMA 79.1 -80/-60 7.8 728 233 65/105

P(10MeOAzB)-b-PAMPS- 88.8 -50/-10 7.6 840 260 40/100
b-PMMA25

P(10-MeOAzB-co-AMPS- 67.5 -30/0 15.6 2741 255 75/100
co-MMA)?Z7

0- MeOAzB/AMPS/MMA*2 59.1 5/30 17.9 1705 300 130/ 165

0.76 MeOAzB/MMAS5? 61.5 -100/-25 12.9 2574 231 90/110

0.22 MeOAzB/MMA 57 54.6 -110/-25 7.5 867 305 70/120

We note that the activation energy (E,=79.1 kJ mol-') and temperature intervals of the j3-
relaxation in Table 5 do not coincide with those calculated for the MeOAzB/AMPS/MMA
conductivity measured at low temperatures in Table 4 (E,=25.6 kJ mol"). Instead, ion
conductivity seems to be associated with sub-glass phenomena, such as the so-called px
process related to the AMPS groups, and occurring at intermediate temperatures between
the B- and a-relaxations, see Fig. 8(b).2> We have seen, on the other hand, that the
conductivity shown by MeOAzB/AMPS/MMA at high temperatures follow VFT dependence
according to Eq. 3, typical of processes involving much higher free volume, and must be
activated by the onset of segmental motions in this terpolymer. The thermal parameters of
this conductivity process shown in Table 4, however, do not match the VFT values
calculated for the a-relaxation in Table 5. The onset of long-range conductivity in comb-
shape liquid crystalline polymers has been instead attributed to the - relaxation. 27- 5761
This process is normally activated at temperatures above the static glass transition %8, and
could be related to the larger mobility of the nematic phase of MeOAzB/AMPS/MMA.

In Fig. 9 we show the electrochemical response of this terpolymer, in terms of cyclic
voltammetry, as an attempt to further investigate local mechanisms of conductivity. The
highest occupied molecular orbital energy level, Eyomo, the lowest unoccupied energy level,

ELumo, and the electrochemical band gap, E;’, were calculated from the following equations,

EHomo = -e[Eoxrep + 4.4] Eq. 7
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ELumo = Exomo + E§ Eq. 8

where Eoxrep is the first onset oxidation and reduction potential of the terpolymer, and e is
the electron charge. The external standard potential of ferrocene/ferrocenium ion couple

corresponds to the 4.4 eV value in Eq. 7. 62

From the curves in Fig. 9(a) we measured an onset oxidation level of Eqx = 0.60 V, and an
onset reduction level of Ergp = -1.40 V, giving energy levels of Eyomo = -5.40 eV and E ypo =
-3.40 eV. According to these results, we believe that the reduction of MeOAzB/AMPS/MMA
starts at the electron transporting segments, which are most likely the N atoms of the
azobenzene chromophores and AMPS, while oxidation initiates at the sulfonic terminations,
acting as hole transporting sites. According to Eq. 8, the electrochemical band gap
calculated from the HOMO/LUMO levels is E§l~2.00 eV, and the energy band diagram is
proposed in Fig. 9(b).

Alternatively, an optical band gap of EJ"*= 3.01 eV can be calculated from the onset of the
MeOAzB/AMPS/MMA UV-vis absorption spectrum in Fig. 5,

C

EPt=h Eq. 9

|Edge

where h is the Planck constant, c is the speed of light and lggge = 412 nm is the terpolymer
optical absorbance band edge obtained from the UV-vis spectra.®® The larger value of EgP*
with respect to Egl can be due to the reduction and oxidation processes occurring in the fully
conjugated system, instead of an isolated electron and hole transport ¢, and thus giving an
underestimated bandgap from the direct CV measurement. The results highlight the
relevance of the molecular aggregates on ion mobility through the condensed phases of
MeOAzB/AMPS/MMA, and how phase structure could assist hole conductivity in liquid

crystalline electrolytes by reducing the gap between molecular energy levels. 25
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Figure 9. (a) Cyclic voltammogram of the MeOAzB/AMPS/MMA terpolymer film coated on a ITO
substrate, in 1 mM K;Fe(CN)g in 0.1 M potassium chloride solution; sweep rate 10 mV-s''; (b) energy

band diagram of hole transporting segments, — ; electron transporting segments, ---.
Conclusions

We have successfully synthesised a series of poly(methacrylate)-based side-chain liquid
crystalline polymers and copolymers, SCLCPs, containing azobenzenes and sulfonic groups
as monomeric units, by using one-pot radical polymerisation. Para-substitution of the
azobenzene with electron-withdrawing and electron-donating groups can tailor phase
behaviour and structure, resulting in nematic and smectic mesomorphism (for NO,- and
CH;30- containing polymers), but also to suppression of liquid crystallinity (for H-substituted
azobenzenes). Interestingly, the terpolymer containing methoxy-azobenzene chains,
MeOAzB/AMPS/MMA, exhibits high levels of conductivity (~10-2° S-cm™") in a broad range of
temperatures, whilst containing moderate amounts of polarisable sulfonic monomeric units (
~ 25%, molar %). We attribute these values to ionic motions in AMPS-rich regions
segregated from the mesogenic smectic nanostructure. There are signs of conductivity
decoupling from the glass transition of this terpolymer, with electrochemical processes that
could be locally activated at the sulfonic terminations of the AMPS chains, which would act

as hole transporting sites.

To the best of our knowledge, the conductivity values obtained in this work are within the
highest observed under anhydrous conditions for liquid crystalline materials’, and not far
from the results obtained for hydrated perfluorinated benchmark membranes used in
commercial fuel cells, such as Nafion (0.1 S-cm™")8% 66 and confirm the potential of SCLCPs
as electrolytes in energy conversion and storage devices. The selective response of these
materials to certain UV light, and the reorientation of the smectic layers by external stimuli,

such as polarised light, will be the subject of further studies.
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- Synthesis of new side-chain liquid crystalline copolymers containing polarisable groups.
- Azobenzene groups confer light-responsive character to the electrolytes.

- Electro-donating and electro-withdrawing groups tailor molecular structure.

- High conductivity values are reached (10-29 S-cm-1) under anhydrous conditions.

- lon conductivity occurs through nematic and smectic phases, decoupled from the polymer
backbone.
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