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The formation of high-concentration mesophases by a cationic
azobenzene photosurfactant is described for the first time. Using
a combination of polarised optical microscopy and small-angle
X-ray scattering, optically anisotropic, self-assembled structures
with long-range order are reported. The mesophases are disrupted
or lost upon UV irradiation.

Dynamic structures based on non-covalent interactions offer
significant benefits such as reversibility and responsiveness to
stimuli.'” Of particular interest are simple, single-component
systems with well-defined dimensions and morphologies and a
rapid response to the stimulus. Specifically, light is a desirable
stimulus due to its high degree of spatiotemporal resolution.
Applications of light-responsive structures based on non-covalent
interactions include controlled uptake and release,™” gelation,®®
drug delivery™ and catalysis."

The azobenzene unit has been widely used to create light-
responsive assemblies and nanoarchitectures,"'* due to its
reversible photoisomerisation between cis- and trans-isomers
upon UV and blue light irradiation, respectively.'*'* The more
thermodynamically stable trans-isomer is linear, planar and
apolar, while the pseudo-stable cis-isomer is bent, non-planar
and has a dipole moment of 3 D.">'® The significant change in
polarity and geometry upon photoisomerisation has led to azo-
benzene being incorporated into surfactant structures, as these
factors govern the key behaviours of surfactants i.e. surface activity
and self-assembly. The resulting azobenzene photosurfactants
(AzoPS), especially those with a trimethylammonium bromide
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head group (AzoTABs), have found success in areas such as DNA
compaction,'”” ™ photo-controlled protein folding,’>*' droplet
manipulation®*** and on-demand foam stability.***> In tandem
with these advances, there have been several studies on the self-
assembly behaviour of AzoTABs at low concentration,**”?**” but
as yet no reports of their high-concentration behaviour. While
the formation of lyotropic liquid crystal (LLC) phases has been
described for neutral AzoPS,?®! no such accounts exist for
AzoTABs. AzoTABs generally have fewer hydrogen bonding sites
than their neutral counterparts, which is expected to hinder
their LLC phase-forming ability.”> The formation of light-
responsive, nanostructured phases driven by self-assembly
would represent a significant advance in the understanding
of this class of molecules, allowing for their expansion into
applications such as controlled release and nanoscale templating.

Here, we report the high-concentration self-assembly
behaviour of the AzoTAB, CgAzoOC,TAB (Fig. 1a). This water-
soluble AzoTAB has been synthesised previously and both the
critical micelle concentrations (CMCg.qps = 0.3 mM; CMCg;s =
0.8 mM)**** and low-concentration self-assembly behaviour®®
reported. It demonstrates the photochromic behaviour typical
of azobenzenes (Fig. 1b), photoisomerising between the trans-
(Amax = 352 nm, © — 7*) and cis-photostationary states (Amax =
316 nm, 1 —» ©*; 1 = 435 nm, n — 7*). After UV irradiation
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Fig.1 CgAzoOC,TAB photoisomerises between the cis- and trans-forms.
(@) Molecular structure of trans- and cis-CgAzoOC,TAB and (b) UV-Vis
absorption spectra of CgAzoOC,TAB (30 mM) in the trans- (blue) and cis-
(purple) photostationary states.
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(365 nm, 1.5 min) an 86% cis-photostationary state (PSS, see
ESIT for calculation) is obtained and the system can recover a
94% trans-PSS with blue light irradiation (465 nm, 3.0 min). Full
recovery from the cis-PSS to an assembly of 100% trans-isomers is
possible by heating at 60 °C for one hour (Fig. S1, ESIt). The first-
order rate constants of the forward and reverse reactions were
determined to be kgns_cis = 0.077 s % and k js_¢rans = 0.021 571
(Fig. S2, ESIY), similar to values obtained for neutral AzoPS.*°

High concentration solutions of CgAzoOC,TAB (10-40 wt%
in water) were analysed using polarised optical microscopy
(POM), small-angle X-ray scattering (SAXS) and differential
scanning calorimetry (DSC) to determine the phase behaviour
in this concentration regime. Fig. 2a-d shows POM images
of CgAzoOC,TAB (native trans-state) in aqueous solutions at
10-40 wt%. The POM images show bright colours and textures,
which change colour when rotated 90° (Fig. S3, ESIt). These
indicate the formation of optically anisotropic, ordered phases,
such as LLC phases. These phases are typically assigned by
the nature of the textures observed and by monitoring changes
in the texture.?®3° At 10 wt%, a smoke-like texture can be
observed, which changes to a mosaic pattern at 20 wt%. Both
smoke-like and mosaic patterns are typical of a hexagonal LLC
phase.>*** At 30 wt%, a classic conic fan-like texture is present,
characteristic of a hexagonal phase. At 40 wt%, the texture
reverts to a smoke-like one, suggesting that a hexagonal phase
is maintained for all concentrations probed here. Additional
POM images for 10-40 wt% are available in the ESIt (Fig. S3),
showing the consistency of these textures for a given concen-
tration. It is anticipated that when the close-packing limit of
cylinders is reached at higher concentrations, and as the
hydration and size of the head group decreases, a phase change
from hexagonal to the lower curvature lamellar phase will be
observed.*®

SAXS profiles for 10, 15 and 20 wt% solutions of CgAzoOC,TAB
are shown in Fig. 2e. All three scattering profiles have a strong
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peak at lower values of the scattering vector, g, which shifts to
higher g, from 0.35 nm™" at 10 wt% to 0.45 nm™ " at 20 wt%,
with increasing concentration. This peak shift corresponds
to decreasing physical distances, from 18 nm to 14 nm, as
q = 2n/d, where d corresponds to real-space distance. This shift
coincides with a concurrent decrease in the peak intensity and
the growth of a small, yet sharp peak at 1.89 nm ™" (3.3 nm),
assigned as a Bragg peak. These features suggest the emergence
of long-range order within the AzoTAB solution. The sharp peak
at 1.89 nm ™" could also indicate residual crystallinity in the
sample, however all samples appeared fully solubilised before
measurement.

Typically, LLC mesophases are assigned from SAXS profiles
using characteristic ratios of peak repetitions i.e. peaks occur at
multiples of 1:2:3:4 for lamellar phases and 1:,/3:2:,/7 for
hexagonal phases.?” In this case, there are insufficient peaks
available to assign an LLC phase with certainty. However, some
assumptions can be made to account for the absence of
definitive peak spacing ratios in the SAXS profiles: (1) it is
not uncommon for such systems to form swollen phases,*® and
therefore have obscured scattering peaks; (2) it is expected
that more Bragg peaks will emerge at higher concentrations
(for neutral AzoPS multiple peaks develop in the SAXS profiles
from 30-50 wt% onwards).**° This is a lower concentration
compared to their non-photoactive analogues, alkyl-TAB sur-
factants, where the formation of LLC mesophases was only
observed for concentrations above 50 wt%,>® most likely due to
the presence of the azobenzene group, which facilitates n-n
stacking. Unfortunately, above 20 wt% the samples were extre-
mely viscous and could not be loaded into the SAXS instrument.
However, this observation is indicative of interesting phase
behaviour, as LLC mesophases often have high viscosities.

The native ¢rans-state solutions were then irradiated with
UV light (4 = 365 nm) to form the cis-PSS. Fig. 3a presents a
series of POM images showing the step-by-step transformation
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Fig. 2 POM images of trans-CgAzoOC,TAB in water at (a) 10 wt%, (b) 20 wt%, (c) 30 wt% and (d) 40 wt% exhibiting optical anisotropy and a variety of
textures. (e) Effect of concentration on the SAXS profiles of trans-CgAzoOC,TAB in H,O at 10 wt% (grey), 15 wt% (red) and 20 wt% (blue) in water.

Temperature = 20 °C.
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Fig. 3 Effect of UV irradiation on the self-assembly behaviour of CgAzoOC,TAB in aqueous solution. (a) POM images of 10 wt% CgAzoOC,TAB after
intervals of UV irradiation, (b) POM images before and after UV irradiation of CgAzoOC,TAB (40 wt%), (c) SAXS profiles of CgAzoOC,TAB in the cis-PSS at

10 wt% (black), 15 wt% (red) and 20 wt% (blue).

of CgAzoOC,TAB at 10 wt% as a function of UV irradiation time.
The smoke-like texture of the trans-isomer is present before
irradiation. After 0.5 min irradiation, a strongly anisotropic
region with bright colours emerges on the left-hand side of the
image and the smoke-like pattern changes to a more streaked
texture. After 1 min of UV irradiation, the brightly coloured,
fan-like domain continues to grow and by 3 min, it covers
almost the entire image, with only a small region of the initial
smoke-like texture remaining. The UV irradiation was contin-
ued for 10 minutes, resulting in a bright, dappled texture. This
implies that an anisotropic phase remains for the cis-PSS, as a
dark, untextured image would be expected if the LLC phases
were completely disrupted. Fig. 3b shows the POM image for
CgAzoOC,TAB at 40 wt% before and after UV irradiation. After
UV irradiation a much darker image is formed, with a small
amount of the underlying smoke-like texture remaining. In this
case it seems that the initial LLC phase has been significantly
disrupted upon photoisomerisation, with no indication of a
new anisotropic LLC phase being formed. This variation in UV
response highlights the different concentration-dependent
self-assembly behaviour of the cis- and trans-isomers. The
change in phase before and after UV irradiation is more
significant at 40 wt% than at 10 wt%.

The SAXS profiles of CgAzoOC,TAB at 10, 15 and 20 wt%
after UV irradiation (/1 = 365 nm) are presented in Fig. 3c. The
first peak at low ¢ is shifted towards high g compared to the
trans-form, corresponding to smaller distances (13.9, 11.2
and 12.0 nm for 10, 15 and 20 wt%, respectively). A shift
to self-assembled structures with smaller dimensions upon
photoisomerisation has been observed for AzoTABs at lower
concentrations e.g. decrease in micellar radius.>®?” The high ¢
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diffraction peak emerges at the same value as for the ¢trans-isomer
(1.89 nm ™) but starts to appear at a lower concentration after UV
irradiation. In this case, 15 wt% deviates from the trend of a shift
of the initial peak to higher g with increased concentration and is
also the only profile to not have a Bragg peak at high g. A possible
explanation is that a phase transition occurs at this concentration.
The shift of the initial peak at ~0.5 nm ™" back to low g at 20 wt%
tends to support this explanation.

For the 20 wt% sample, peak shoulders begin to emerge at
0.9 and 1.4 nm ™' in the SAXS profile. At this concentration, the
peaks have a ratio in their positions of 1:1.73:2.6:3.6. This
repetition corresponds with that of a hexagonal phase
(1:4/3:2:/7:./13) except that the third peak (multiple of 2)
is absent. The emergence of these shoulders at 20 wt% imply
that, similar to the trans-form, at higher concentrations further
Bragg peaks would develop in the SAXS profiles, supported by
the high viscosities that made concentrations > 20 wt% impos-
sible to load into the sample holder. It can be concluded that
LLC phases are disrupted with UV light, either forming a
different phase or being lost completely. Future work will focus
on determining what factors are responsible for each scenario.
It is likely that the susceptibility of the trans-form to disruption
with UV light depends on the mesophase present e.g. lamellar
or hexagonal.?*

The stability of the LLC phases to temperature was also
investigated. SAXS measurements were performed on the 20 wt%
solution in the native trans-state at 10 °C intervals between 20 and
60 °C. The lifetime of the cis-isomer was determined to be 1 hour
at 60 °C, before thermal relaxation to the more stable trans-form
occurs. As the SAXS sample environment required relatively
slow heating rates and equilibration times at each temperature,
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the effect of temperature was not studied after UV irradiation. It
was found that for the 20 wt% sample, the peak at g =1.89 nm ™"
did not change position with increasing temperature, but rather
a gradual decrease in intensity was observed for all scattering
profiles (Fig. S4, ESIT), suggesting looser packing, characteristic
of a fluid state.*”*' DSC thermograms for CsAzoOC,TAB at
20 and 30 wt% show no peaks in the range of 10-80 °C,
indicating no melting or phase transition had occurred, in
agreement with the lack of a structural transition in the SAXS
profiles (Fig. S4, ESIf).

In conclusion, the high-concentration phase behaviour of a
cationic AzoPS has been reported for the first time. CgAzoOC,TAB
forms long-range, anisotropic structures at high concentra-
tions, assigned as LLC phases, which are altered or lost
after UV irradiation. Future work will focus on studying the
SAXS behaviour of CgAzoOC,TAB, and related AzoTABs, above
30 wt%, as an alternative sample holder has been developed to
overcome the limitations of the high solution viscosity. This
will progress our understanding of the phase behaviour of
cationic AzoPS, allowing for dynamic, light-responsive systems
with well-defined morphologies and dimensions to be con-
structed. The ultimate goal is to further extend the applications
of AzoTABs into areas such as controlled uptake and release,
catalysis and templating.
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