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Experimental Methods:

1. Amphiphile 1 and ionic liquids: Azobenzene amphiphile 1 (Scheme 1, main text) was
synthesized according to the procedure described in the literature.! Amphiphile 1 was
recrystallized twice from ethanol which appeared in the form of orange plates. The
synthesized amphiphile 1 was analyzed through 'H NMR and FTIR spectroscopies. High
purity ILs were procured from Kanto Chemical Co., Inc (1-ethyl-3-methylimidazolium
tetrafluoroborate, [Comim][BF4]; 1-ethyl-3-methylimidazolium ethylsulfate,
[Comim][C,0S0s]) and lo-li-tec (N-methyl pyridinium tetrafluoroborate, [C,Py][BF4];
N-ethyl-N-propyl pipyridinium tetrafluoroborate, [CiCs;Py][BF4]; and N-ethyl-N-methyl
pyrrolidinium tetrafluoroborate, [C,CPyrr][BF4]).

2. Preparation of dispersions: Dispersions of amphiphile 1 in IL-water binary solvent
mixtures (2, 10, 30, 60 and 90 vol% IL) of various ILs were prepared by the following
procedure. First, methanol solutions of amphiphile 1 were prepared. After removal of
methanol via N, purging, the required amount of freshly prepared IL-water binary mixtures
were added to make final required concentrations of amphiphile 1. Although amphiphile 1 is
readily dispersed in binary IL-water solutions by just shaking, all the dispersions were
sonicated for about 5 minutes to ensure the macroscopic homogeneity (Yamato-1500
BRANSON water sonicator). For all the measurements, the concentration of 1 was kept 500

uM, which is above its critical aggregation concentration (cac), if not stated otherwise.

3. Methods:

3.1. Dynamic light scattering measurements: Dynamic light scattering (DLS) measurements
were performed on Zeta-Sizer, nano-series (nano-ZS) Malvern Instruments equipped with
an in-build temperature controller (accuracy, + 0.1 K) using a small volume quartz cuvette.
An average of 10 measurements for each sample has been entertained as the data. Prior to
each measurement, the samples were stabilized for 5 minutes at respective temperatures for
thermal equilibration. DLS measurements were made a scattering angle of 173°. DLS count
rate measurements were conducted for newly prepared dispersions.

3.2. Optical microscopy measurements: Optical microscopy (dark field, a bright field and
polarized) was performed using a Nikon optical microscope (Nikon Eclipse 80i). For the
measurement, a drop of the sample was taken on a freshly cleaned glass slide followed by
covering it with coverslip. In general, measurements have been made at 20X or 100X
magnification.

3.3. Transmission electron microscopy measurements: Transmission electron microscopy
(TEM) was performed on a JEOL JEM-2010 electron microscope at a working voltage of
120 kV. Samples were prepared by putting a drop of various dispersions of amphiphile 1
(500 uM) on the carbon-coated copper grid followed by blotting off the residual liquid
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immediately to decrease the change in pH of the dispersion with time. The samples were
post-stained with uranyl acetate and dried at room temperature.

3.4. Scanning electron microscopy: Scanning electron microscopy was performed on a Hitachi
S-5000 scanning electron microscope. For SEM measurements, samples were dropped on
carbon-coated copper grids used for TEM measurements, and residual liquid was blotted
off. The samples were dried in vacuum at room temperature. Before measurement, the
samples were coated with platinum in vacuo.

3.5. UV-vis absorption measurements: UV-vis absorption spectra were measured using a
JASCO 660 spectrophotometer equipped with an in-built temperature controller (accuracy,
+ 0.1 K) using quartz cuvette of path length 1 mm. All the samples were equilibrated for
about 10 minutes before each measurement.

3.6. pH measurements: pH measurements were made using a HORIBA compact pH meter,
B-212. Before measurements, the pH meter was calibrated with buffer solutions of pH 4.0
and 7.0 at room temperature.

3.7. 'H NMR measurements: '"H NMR spectrum of amphiphile 1 was measured using a JEOL
400 NMR spectrometer in CD3;OD.

3.8. FTIR measurements: FT-IR spectra were recorded on a Varian 660 IR spectrometer using
the KBr pellet method in the range of 6004000 cm™.

3.9. Powder-XRD measurements: Wide angle X-ray scattering measurements were performed
using Rigaku Xpert Pro X-ray diffractometer having Cu Ko, radiation (1.541A) operated at
40 kV of voltage and at a current of 30 mA. The scan was performed in the 26 range from
20-85° with a step size of 0.02°.

4. Annexure SI: Nematic liquid crystalline microspheres (LCMs) have been prepared by the

following steps:

(1) First, a methanol solution of amphiphile 1 was prepared at a concentration of 3.0 mM and
taken into a Teflon coated glass vial in an appropriate amount followed by purging of N to
remove methanol.

(2) Very freshly prepared (within a minute) IL-water binary mixture at varying compositions ( 2,
10, 30, 60 and 90 vol%) was put into the vial having amphiphile 1 in an appropriate amount to
make the final concentration of amphiphile 1 as 500 uM (above critical aggregation
concentration in all the cases). At this stage, the pH of the solution was checked as the
investigated ILs with BF4 anion are hydrolytic. This lowers the pH of the solution.?

(3) The solution was taken into a small volume quartz cuvette (path length 1 mm) for UV-vis
measurements immediately (within 5 minutes of preparation of dispersion) after its
preparation at room temperature. The presence of nano-aggregates in binary IL-water

systems was observed by dark-field optical microscopy and TEM. The amphiphile 1 was not
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protonated at this stage. The self-assembly of amphiphile 1 in non-hydrolytic IL,
[Comim][C,0S0;]-water system has been established by our research group.’

The solution was heated up to 95 “C for 15 minutes in the closed cuvette to nullify the water
loss and cooled down to room temperature while shaking, and the specimens were
characterized as described in step 3. The amphiphile 1 present in the binary water-IL solution
at this stage becomes protonated as indicated by the change in UV-vis absorption spectra and

change in color of the dispersion from yellowish to pinkish in color.”

The process of heating and cooling was repeated at least 3 times and the solution was kept
at room temperature for another 30 minutes. After this period, one could observe slight
turbidity in the cuvette, indicating the formation of large aggregates. The aggregate
structures in these IL-water systems were monitored by dark field and bright field optical
microscopes. The LCMs prepared at this stage were investigated by TEM, SEM; and optical

microscopy.

(6) At every stage, DLS measurements were conducted to characterize the size of aggregates.

(7) TEM and SEM measurements were made only for the representative [L-water system

([Comim][BF4]-water with 10 vol% of IL).

(8) The formation of LCMs was observed up to the IL content of 30 vol% in the IL-water

mixtures.
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Fig. S1: (A) 'H NMR spectrum in CD;0D and (B) FTIR spectrum of amphiphile 1.
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Fig. S2. Variation of hydrodynamic diameter (Dy) in binary water—|[Comim][BF4] mixtures in
the absence (filled square in black) and presence of amphiphile 1 (filled square in red, 500 uM
of 1, above cac) as a function of the IL content in binary water—IL mixtures at 25 °C. The open
square in red, heat-cooled samples; the specimens were heated once to 95 °C and then cooled
down to 25 °C.
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Fig. S3. Variation in pH of water—[C,mim][BF4] binary mixtures having amphiphile 1 (500 uM)
as a function of the content of IL in the binary mixture. (A) just prepared dispersion at 25 °C
(Filled circle), and dispersions after given period required to achieve almost stable pH (open
circle). (B) Variation of pH under similar conditions of the content of amphiphile 1 (500 uM)
and IL for just prepared (Filled circle, same data as in (A)) and dispersions after the heat-cooling
treatment (open circle) at 25 °C. Heat-cooling treatment refers to the heating of the mixture to

95 °C for 15 minutes, and then cooling down to room temperature.
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As-prepared

After the

heat-treatment

Fig. S4. Darkfield optical microscopic (DFOM) images of amphiphile 1 (500 uM, above cac)
dispersed in water—[Comim][BF4] mixtures. (A) 2 vol%, (B) 10 vol%, (C) 30 vol% and (D) 60
vol% of IL at 25 °C (as-prepared dispersions). The corresponding DFOM images of (E), (F), (G)
and (H) are taken after a heating-cooling cycle at 25 °C (after hydrolysis of [BF4]"). Clear
images were not obtainable in an aqueous-IL mixture having 90 vol% of IL due to very high

viscosity. The scale bars represent 5 um.
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Fig. SS. UV-vis absorption spectra of (A) as prepared dispersions of amphiphile 1 and (B) after
one heat-cooling cycle in different water—[C,mim][BF4] binary mixtures at 25 °C. [1] = 500 uM.
(C) and (D) represents the UV-vis absorption spectra of Methyl orange (MO) under the same
conditions as (A) and (B), respectively. [MO] = 500 uM. (C) as prepared dispersions and (D)
after one heat-cooling cycle in different water—[C,mim][BF4] binary mixtures at 25 °C.
Heat-cooling cycle refers to the heating of the mixture to 95 °C for 15 minutes, and then cooled

down to room temperature.

The blue-shifted spectra were observed for dispersions with the IL content of 2-30 vol% (Fig.
S5A). Meanwhile, at higher IL content (60 vol%), the as-prepared dispersions showed a Amax at
465 nm (red curve in Fig. S5A). As the freshly prepared binary mixture showed the moderate
pH (ca. 4.5) at this volume fraction (60 vol% [Comim][BF4], Fig. S3), the azobenzene moiety is
not protonated. The observed Amax at 465 nm is close to that observed for monomerically
dissolved MO in water-[ C,mim][C,OSO;] mixtures at room temperature and those of the liquid

crystalline bilayers of 1 at temperatures above 55 °C.®> We assign the 465 nm-species of 1 to
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swollen liquid crystalline bilayer aggregates on the basis of DLS and DFOM results (Fig. S2
and Fig. S4D). It is reasonable that the intermolecular interactions among azobenzene
amphiphiles are weakened at the higher IL content (60 vol%) even at room temperature.
After the heat treatment, a single salient band with Amax at 512 nm was observed for the binary
mixture (IL: 60 vol%, Fig. S5(B)). It marks almost complete protonation of 1. As liquid
crystalline bilayers as-dispersed in the binary mixture with high IL content (IL: 60 vol%)
showed weak intermolecular interactions as described above (Fig. S5A), it is reasonable that the
heat-treatment promoted the protonation of 1.

Figure S5(C, D) show spectra observed for methyl orange (MO) as a reference. MO does
not form aggregates in water—IL binary mixtures. The absorption peak Amsx at = 478 nm in
aqueous [Comim][BF4] (IL content, 2-30 vol%) is consistent with its monomeric form (Fig.
S5C). At higher content of IL (IL: 90 vol%), MO displays spectral blue shift, which is a typical
solvent polarity effect. A similar absorbance feature was observed for 1 under similar
conditions, indicating the formation of loose aggregates in the high-IL content media as we
discussed in the manuscript. After the heat-treatment (Fig. S5(D)), MO showed a single salient
band with Amax at 505 nm in the binary mixture (IL: 2-60 vol%). It marks complete protonation
of MO. The complete protonation of monomeric MO at lower content of IL (IL: 2-30 vol%, Fig.

S5(D)) is in contrast to that observed for 1 in the self-assemblies.
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Fig. S6. Dark field optical microscopic images of the heat-cooled dispersions of 1 in binary
water—IL mixtures at different vol% of [Comim][BF4]; (A) 2 vol%, (B) 10 vol%, (C) 30 vol%,
(D) 60 vol% and (E) 90 vol%. [1] = 500 uM, scale bar is 10 pm.
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Fig. S7. Changes in (A) UV-vis absorption intensity at peak maximum of amphiphile 1
dispersed in various water—[Comim][BF4] binary mixtures as a function of the number of
heating-cooling cycles. [1] = 500 uM at 25 °C.

Upon repeated heating-cooling cycles, the size of LCMs increases in binary
water-[| Co,mim][BF4] mixtures (IL: 2-30 vol%) (Fig. S8). Eventually, LCMs precipitate from the

binary mixtures. This process is reflected in the decrease in the absorption intensity (Fig. S7).
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Fig. S8. Changes in hydrodynamic diameter (D) of amphiphile 1 dispersed in various
water—[Comim|][BF4] binary mixtures as a function of the number of heating-cooling cycles. [1] = 500

uM at 25 °C.

Amphiphile 1 self-assembles in the form of large swollen liquid crystalline bilayer aggregates at
higher IL content and hence displays large Dieven at room temperature. Amphiphiles 1 in the
water—[C,mim][BF4] binary mixture with high IL contents (IL: 60 and 90 vol%) are less
protonated (Fig. S5B), and accordingly they are not affected by the heat-treatment as shown in
Fig. S8. Under these conditions (IL: 60 and 90 vol%), LCMs are not formed. This is consistent
with the unchanged absorption intensity of 1 in the water—[C,mim][BF4] binary mixtures (IL: 60
and 90 vol%, Fig. S7).
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Fig. S9. FTIR spectra showing (A) C(2)H stretching and HC(4)C(5)H stretching. of [Comim]"
and (B) B-F stretching of [BF4] in neat IL, IL-water binary mixture, and LCMs in comparison to
amphiphiles 1.

The complexation of both [Comim]™ and [BFs] with 1 in LCMs is supported by
FTIR-spectroscopy. The CH stretching vibrations of imidazolium cation, C(2)H and
HC(4)C(5)H, appeared at 3123 and 3167 cm’, respectively in neat IL. This IR spectrum is
similar to that reported for [Csmim][BF4] (Singh et al., Vibrational Spectroscopy 55, 119—125,
2011). These frequencies don’t shift in the binary aqueous-IL mixture as also reported in the
literature (Singh et al., Vibrational Spectroscopy 55, 119-125, 2011). However, the stretching
for C(2)H and HC(4)C(5)H appeared at 3110 and 3158 cm™, respectively in LCMs, indicating
their involvement in the LCM phase.
Meanwhile, the B-F stretching of [BF4] in IL appears as an intense broad band with shoulders
around at 1017, 1033, and 1045cm™, which is also in line with the reported values (Holomb et
al., J. Raman Spectrosc. 39, 793-805, 2008).

Interestingly, we observed the shift of 1045 cm™— band in LCMs as compared to those in neat
IL and aqueous-[Comim][BF4] mixture (IL: 10 vol%). This shows the involvement of BF4

anions in LCMs.
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Hierarchical
LCMs Self-assembly

Fig. S10. (A) A scanning electron microscopic image of 1 dispersed in water—[Comim][BF4] (IL
content; 10 vol%) binary mixture after three heating-cooling procedures. The sample was vacuum
coated with platinum. (B) shows the presence of a layered structure of LCMs, which is also
evidenced by (C) TEM images (post-stained with uranyl acetate). Arrows in (C) indicates the
presence of a layered structure of LCMs. (D) shows a schematic representation of the formation
of LCMs.
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Fig. S11. Optical microscopic images of amphiphile 1 (500 uM) dispersed in different water—IL
(IL; 10 vol %) binary mixtures. (A-D) [C,Py][BF4]; (E-H) [C\CsPip][BF4]; (I-L)
[CoCiPyrr][BF4]. (A), (E), and (I) are dark field optical microscopy (DFOM) images of
as-prepared dispersions. (B), (F), and (J) are DFOM images after three heating-cooling cycles.
(C), (G), and (K) are bright field images, and (D), (H), and (L) are polarized microscopy images
after three heating-cooling cycles. Inset in (D), (H), (L) shows the enlarged view of one of the
LCMs. Scale bar is 5 um.

S14



1.8

o [C,mim][BF,]
157 o [C,PYI[BF,]
1.2 o [C,C\Pyrr][BF,]
e e [C,C;Pip][BF,]
20091
a)
0.6 -
0.3 1
0_ T T T T T T T T T

0 2 4 6 8 10
Number of heating-cooling cycles

Fig. S12. Variation in Dy of aggregates formed in various binary water—ILs (ILs; 10 vol%)
mixtures as a function of the number of heating-cooling cycles. The zero cycle refers to as

prepared dispersions.
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Fig. S13. UV-vis absorption spectra of amphiphile 1 (20 uM, above cac) dispersed in (A)
aqueous HCI (0.06 M); and (B) aqueous NaBF4 (0.025 M) at 60 °C as a function of time.
Spectra were measured after the pH stabilization in case of aqueous NaBF4. Due to solubility
limitation, low concentration of amphiphile 1 was used. However, it is above cac (= 5 uM) in

the aqueous medium (Ref. 1)
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Fig. S14. Darkfield optical microscopic images of amphiphile 1 (500 pM) dispersed in
[Comim][C,0SOs]-water mixtures (IL; 10 vol %) at 25 °C under varying conditions: (A) as
prepared (without HCI); (B) after 1 heating-cooling cycle (without HCl); (C) just prepared
dispersions under acidic conditions (HCI = 0.02 M); (D) after repeating 5 heating-cooling cycles
for dispersions shown in (C). Here, the effect of added CI™ ion concentration is considered to be
negligible compared to the high concentration of IL (ca. 0.56 M) employed (IL content of 10
vol%). (E) and (F) are the bright field and DFOM images of dispersions shown in (D). Scale bar

is 5 pum.
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Table S1. pH of various water—ILs systems (ILs: 10 vol%) at room temperature regarded as

“as-prepared” samples and after one heating-cooling cycle (95 °C for 15 min).

ILs after heating-cooling

[C,mim][BF,] pH 3.6 pH1.7
[C,PyYIBF,] pH4.3 pH1.9
[C,C4Pip][BF,] pH4.2 pH1.9
[C,C,Pyrr][BF,] pH4.0 pH 1.7
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