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Abstract: Ionic crystals (ICs) of the azobenzene derivatives
show photoinduced IC-ionic liquid (IL) phase transition
(photoliquefaction) upon UV-irradiation, and the resulting
cis-azobenzene ILs are reversibly photocrystallized by illumi-
nation with visible light. The photoliquefaction of ICs is
accompanied by a significant increase in ionic conductivity at
ambient temperature. The photoliquefaction also brings the
azobenzene ICs further significance as photon energy storage
materials. The cis-IL shows thermally induced crystallization
to the trans-IC phase. This transition is accompanied by
exothermic peaks with a total AH of 97.1 klmol™, which is
almost double the conformational energy stored in cis-
azobenzene chromophores. Thus, the integration of photo-
responsive ILs and self-assembly pushes the limit of solar
thermal batteries.

I onic liquids (ILs) have received increased attention because
of their unique physical and chemical properties, which can be
tailored based on their component chemical structures.!?
Along with the expanding areas of energy-related applica-
tions,¥) self-assembly™ and interfacial phenomena® of ILs
have pushed back new frontiers. In light of the studies on ILs
in extending the bulk liquid phase to interfacial materials
chemistry, the next challenge involves controlling their
physical properties and functions based on the phase-tran-
sition phenomena between the ionic crystal (IC) phase and
the IL phase. This phenomena is in line with the recent
expectations for ILs to serve as heat storage materials.®!
Meanwhile, phase transitions between ILs and ICs usually
occur below room temperature,”! and obviously a new
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approach is required to control these thermodynamic phase-
transition phenomena at temperatures above room temper-
ature and to link them with distinctive functions.

To achieve the objectives, photochromism of azobenzene
chromophores emerges as a prime candidate. Azobenzene
units have been widely employed as molecular switches
because of their high quantum yields and ability to undergo
reversible trans—cis isomerization upon sequential absorption
of two different wavelengths of light.®! The photoisomeriza-
tion of azobenzenes to a high-energy metastable cis isomer
allows storage of photon energy in the form of molecular
strain energy (ca. 50 kJmol ™), which can be released as
heat in the course of the cis—trans thermal isomerization.
These features rendered azobenzene chromophores potential
candidates for the closed-cycle solar fuels, however, they have
encountered the following major problems: Firstly, the
exothermicity of 50 kJmol ™" for cis-azobenzene is compara-
ble or even smaller than the minimum gravimetric energy
density desired for thermal storage materials (ca. 100 Jg~').1%!
Secondly, the trans—cis photoisomerization of azobenzene
chromophores is significantly suppressed within crystals,'!
and consequently it has been studied in solutions.”! The
photoisomerization in solution inevitably results in significant
decrease in the volumetric energy density.’® Although
a hybrid solar thermal fuel using azobenzene-functionalized
carbon nanotubes was reported recently'” the use of
nanotubes is undesirable because the presence of nanotubes
not only limits the light absorbed by azobenzene chromo-
phores but also reduces gravimetric energy density of the
conjugates. Thus to date, there exists no molecular solar
thermal batteries to solve these issues.

We describe herein the first example of photoresponsive
ICs which show reversible photoliquefaction into ILs. This
approach brings about a large increase in the energy-storage
capacity. Moreover, the photoinduced IC-IL phase transition
causes significant changes in ionic conductivity, thus giving
multiple funtionality to the azobenzene phase-transition
system. The combination of azobenzene photoisomerization
and ICs-IL phase transition not only pushes the limits of
current azobenzene solar thermal fuels but also provides
a new perspective in designing phase crossover materials as
discussed below.

Figure 1 shows chemical structures of the cationic azo-
benzene derivatives 1(n,m)-X developed in this study, and
they possess varied alkyl tails (n) and spacers methylene
length (m), an oligo(ethylene oxide)-based ammonium group,
and a counter ion (X). These compounds were designed by
reference to the synthetic bilayer-forming amphiphiles."”
Chloride, bromide, and bis(trifluoromethylsulfonyl)amide
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Figure 1. Chemical structure of 1(n,m)-X.

(Tf,N) were introduced as counterions. The oligo(ethylene
oxide) units were introduced in the ammonium group with the
expectation that such a flexible and bulky head group would
lower the melting temperature of ICs. As expected, com-
pounds with short alkyl chains, 1(1,2)-Cl and 1(1,4)-Cl, gave
an IL phase at ambient temperature, thus indicating that the
bulky oligoether-based ammonium group lowered the crys-
tallinity by weakening van der Waals interactions, m—mx
stacking, and the Madelung energy. In contrast, the longer-
alkyl chain compounds, 1(4,6)-Br, 1(6,4)-Cl, 1(6,4)-Br, and
1(8,2)-Br, were obtained in crystalline form (see Figure S1
and Table S1 in the Supporting Information). The substitution
of the halide counterion for Tf,N significantly lowered the
melting point and 1(6,4)-Tf,N gave an IL at ambient temper-
ature. This feature is ascribed to weakened electrostatic
interactions as a result of the enhanced delocalization of
anionic charge on the Tf,N ion.!

Photochromic properties of the cationic azobenzene
compounds were then investigated for neat ILs, ICs, and
methanol solutions thereof. All these methanol solutions
naturally showed reversible photoisomerization character-
istics (see Figure S3). The reversible photoisomerization was
also observed for the neat ILs 1(1,2)-Cl, 1 (1,4)-Cl, and 1(6,4)-
TN, as revealed by color changes, UV/Vis spectra (for neat
IL specimens), and also by 'H NMR spectra obtained for
CDCl; solutions. Very interestingly, the ICs 1(6,4)-Cl, 1(6,4)-
Br, 1(4,6)-Br, and 1(8,2)-Br all displayed photoisomerization
characteristics at ambient temperatures. Figure 2 shows the
effect of photoillumination on X-ray diffraction (XRD)
patterns of 1(6,4)-Br and their polarizing optical microscopy
(POM) images under crossed polarizers (inset) as a typical
example. Before UV irradiation, the yellow 1(6,4)-Br sample
showed birefringence in POM images under the crossed
polarizer (Figure2a), and is consistent with the crystalline
lamellar structure as observed in XRD measurements (see
Figures S4-S6). After illumination of UV light by a high-
pressure mercury lamp [band pass filter, 1 = (365 +10) nm],
the yellow crystal sample melted to give a red liquid phase
within a few minutes (Figure 2b; see Movie S1). The irradi-
ated part of the sample became dark in the POM images
under the crossed polarizer, and was accompanied by an
increase in n—m* absorption intensity at A=450 nm (see
Figures S8a,b and S9a). These changes were also accompa-
nied by disappearance of XRD patterns (Figure 2b). These
observations clearly indicate that photoisomerization of
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Figure 2. X-ray diffraction patterns obtained for 1(6,4)-Br prepared on
silicon wafer: a) as prepared film, b) after UV irradiation, and c) after
Vis irradiation. A picture of each sample is shown as an inset. Optical
microscopy images under crossed polarizers are shown in the right
(substrate, glass slide). A high-pressure mercury lamp [band pass
filter, A= (365+10) nm) was used as UV light illumination for bright-
field and polarized optical microscopy. Xenon lamp (band pass filter,
A= (365+10) nm] was used for XRD samples.

trans-1(6,4)-Br induced its liquefaction to the isotropic IL
phase. The molar ratio of the cis isomer, determined by
'"H NMR spectroscopy (in CDCl;), was about 80%. Mean-
while, upon illumination of the visible light [A=(470+
20) nm] to the photoliquefied ILs, crystallization occurred
reversibly within 1 minute (Figure 2¢; see Movie S1), and was
accompanied by a decrease in the n—* absorption intensity of
cis isomer at A =450 nm (see Figure S8c,d) and reappearance
of the XRD patterns characteristic to the trans-azobenzene
compound (Figure 2¢). The reversible photoliquefaction and
photocrystallization were similarly observed for the ICs of
1(6,4)-Cl, 1(4,6)-Br, and 1(8,2)-Br at room temperature (see
Figures S10-12). Thus, these ICs show totally reversible
photoliquefaction and photocrystallization phenomena
which are superior features surpassing the previously
reported solid-liquid phototransition systems.!"!

The photon energy storage capacity of the present photo-
induced IC-IL phase-transition system was then investigated
for 1(6,4)-Br. The ionic liquid 1(6,4)-Tf,N was taken as
a reference to determine the photon energy converted and
stored in the IL phase. These samples were photoisomerized
in advance and stored in the cis form. Figures 3 a and b shows
DSC thermograms obtained for ILs of cis-1(6,4)-Tf,N and cis-
1(6,4)-Br, respectively. Upon heating cis-1(6,4)-Tf,N, a broad
exothermic peak was observed around at 49°C with
a AHvalue of 46.1kJmol™, which corresponds to the
AH value of 51.8 kImol™! for the pure cis isomer (Figure 3a).
This peak is associated with the thermally induced cis—trans
isomerization of the IL, and the observed change in enthalpy
(AH) is consistent with the reported energy (AH ;,_q,s) Stored
in a cis-azobenzene chromophore.'™ In contrast, when the
photoliquefied cis-1(6,4)-Br was heated, two exothermic
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Figure 3. DSC thermograms of cis-azobenzene derivatives: a) cis-1(6,4)-
Tf,N (IL) and b) ¢is-1(6,4)-Br. Each sample contained the cis-form in

89 mol % as determined by 'H NMR sprctroscopy in CDCl;. Heating
rate, 0.2°Cmin~". The exothermic peaks are affected by the heating
rate, as shown in Figure S13.

peaks were found to coexist (Figure 3b). In addition to the
broad exothermic peak associated with the thermal cis—trans
isomerization (temperature range: 34-65°C), a sharp exo-
thermic peak is observed around at 46°C. This peak is
ascribed to the crystallization of trans-1(6,4)-Br formed by
thermally induced isomerization of cis-1(6,4)-Br IL, as
discussed later. The total AH determined for the sharp
and broad exothermic peaks observed in Figure 3b
amounts to 97.1 kJmol™!, which is almost double the
energy stored in a cis-azobenzene chromophore. It goes
over the necessary standards for the specific energy
required for thermophysical storages (the specific energy
requirement of 100 Jg™' corresponds to 75.7 kI mol ™" for
1(6,4)-Br).!) Meanwhile, further heating of the sample
gave a sharp endothermic peak at 87°C (AH,
63.7 kJmol ') which is due to the melting of IC (trans-
1(6,4)-Br) phase.

The unique thermal properties observed for the cis-
1(6,4)-Tf,N and cis-1(6,4)-Br ILs were then scrutinized
by performing optical microscopy observation concur-
rently with the DSC measurement. Upon heating, the IL
of cis-1(6,4)-Tf,N showed a red-yellow color change,
thus reflecting the thermal cis—trans isomerization in the
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visible as the red-dark red color change (Figure 4b; see
Movie S3 and Figure S14). This color change is consistent
with the crystallization of trans-1(6,4)-Br in the cis-1(6,4) IL
phase. The dark red color of the mixed state of IC and IL then
turned ocher at around at 60°C, thus indicating the comple-
tion of thermal isomerization. These thermally induced IL-IC
phase-transition characteristics are consistent with the time
dependence of XRD patterns observed for cis-1(6,4)-Br (see
Figure S15). The melting of the ocher crystalline trans-1(6,4)-
Br into the yellow IL phase was further observed by
continuous heating of the specimen to 87°C, as expected
from the DSC thermogram (Figure 3b; see Figure S14d).

The photoisomerization of ionic crystals shows multiple
fuctionality, as well as reversible liquefaction phenomena and
changes in optical properties. As an example, we performed
alternating current (AC) impedance measurements for 1(6,4)-
Br and 1(6,4)-Tf,N to examine the effect of photoinduced
phase transition on ionic conductivity (see Figures S16-18). In
Figure 5a, the trans-1(6,4)-Tf,N IL gave ionic conductivity of
2.0x107° Scm™! (open circle), which is about two orders of
magnitude lower than that of the typical ionic liquid 1-methyl-
4-butyl imidazolium T£,N,"¥ thus reflecting larger viscosity of
the azobenzene IL. Upon trans—cis photoisomerization of
1(6,4)-Tf,N IL by illumination with UV light [1=(365+
10) nm], the ionic conductivity showed a slight increase to
2.1x1075 Scm™" (filled circle). Additional illumination of the
cis-1(6,4)-Tf,N IL with visible light [A=(480+10) nm]
caused reversible decrease to the original value, and these
changes are reversible with respect to the alternative illumi-
nation by UV and visible light (Figure 5a; see Figure S18a).
To date, photoinduced changes in the ionic conductivity of
azobenzene derivatives have been measured in solutions.!** ¢!
The present data clearly indicate that trans—cis isomerization
of 1(6,4)-Tf,N IL caused increase in the ion mobility in
consequences of the changes in molecular shape and inter-
molecular interactions.!”]

Meanwhile, the trans-1(6,4)-Br in the IC phase showed
a considerably lower ionic conductivity of 4.2x107'* Scm™

(a) 1(6,4)-Tf,N

A C(trans) | A L(trans)

Figure 4. Pictures of ILs in the course of DSC measurement. a) 1(6,4)-Tf,N

IL phase (Figure 4a; see Movie S2). Meanwhile, heating
of the photoliquefied cis-1(6,4)-Br IL showed growth of
a crystalline phase at around at 35°C and it was clearly

and b) 1(6,4)-Br. The specimens were photoliquefied prior to the DSC
measurements. DSC measurements were conducted without sealing the
aluminum crucibles (heating rate, 0.2°Cmin~"). Scale bar: 3 mm.
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Figure 5. Changes in ionic conductivity upon repeated UV and Vis
irradiation for a) 1(6,4)-Tf,N and b) 1(6,4)-Br. UV-irradiation of the
trans-azobenzene compounds (open circle) give cis-azobenzene com-
pounds (filled circles) and the changes are reversible.

thus reflecting suppressed migration of ionic species in the
crystalline state (Figure 5b). Very interestingly, upon photo-
liquefaction of frans-1(6,4)-Br, a salient increase in ionic
conductivity was observed to be 1.2 x 10”7 Scm ™', which is 280
times higher than that of the trans-1(6,4)-Br ionic crystal. The
observed remarkable change in ionic conductivity is reason-
ably explained by the enhanced mobility of ionic species in
the cis-IL. The change in ionic conductivity also showed good
reversibility upon repeated illumination of the Vis and UV
light (Figure 5b), thus reflecting the totally reversible IC-IL
phase transition. Thus, the reversible photoliquefaction of ICs
leads to concomitant control on ionic conductivity at ambient
temperature. The lower ionic conductivity observed for cis-
1(6,4)-Br IL, compared to that of cis-1(6,4)-Tf,N, is ascribed
to the lower self-diffusion coefficient of the bromide ion, as
reported for the other ionic liquids."®'*) The changes in ionic
conductivity exceeding two orders of magnitude at room
temperature are overwhelming those reported for liquid
crystalline systems which require high operating temper-
atures (usually above 100°C) and laborious sample treat-
ments.*

In conclusion, ICs formed by azobenzene derivatives
showed photoliquefaction into ILs. The photoliquefaction
approach significantly enhances the photon energy storage
capacity of azobenzene chromophores. Furthermore, ionic
conductivity was prominently increased concurrently with the
photoliquefaction. To the best of our knowledge, this is the
first example of reversible photoliquefaction and crystalliza-
tion of ICs. Although photoisomerizable ILs have been
recently reported,' none of them show the IC-IL phase
transition. The photoisomerization of azobenzene chromo-
phores in the condensed phase has been largely limitted to
thin crystalline needles,* liquid crystals,? liquid crystalline
polymers.??! Recently, nonionic azobenzene derivatives of
macrocyclic azobenzenophane,[' carbohydrate conjugates,!
and oligoether-appended azobenzene compounds®! were
shown to display photoinduced solid-liquid phase-transition
phenomena, however their photon energy storage properties
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have not been the subject of research.>'>*2* The integra-
tion of self-assembly and photoinduced IC-IL transition
dissolve limitations in the current solar thermal storage
technology and provides a design principle for developing
multifunctional ILs. It would provide a new perspective in the
study of condensed soft materials which could be referred to
as phase crossover chemistry.
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Going through a phase: ICs of azoben-
zene derivatives show photoinduced 1C—
IL phase transition (photoliquefaction)
upon UV irradiation, and the resulting cis-
azobenzene ILs are reversibly photocrys-
tallized by illumination with visible light.
The photoliquefaction of ICs is accom-
panied by a significant increase in ionic
conductivity at ambient temperature and
holds potential as energy storage mate-
rials.
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