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The reversible formation of ionic liquid gels, or ionogels, upon external stimuli could improve their versatility and expand

DOI: 10.1039/x0xx00000x

their application scope in electronic, biomedical, and micro-engineering systems. Herein, we developed organometallic

compounds that release low-molecular-weight gelators upon photoirradiation, which facilitate the on-demand

photogelation of ionic liquids (ILs). The chemical formulae of the gelator-coordinated complexes are [Ru(CsHs)L]X (L =

CeHsNHCONHC12H2s; X = PFs, B(CN)4). Each of the complexes were ILs that are easy to synthesize and miscible in ILs. By adding

a small amount of the complex, various ILs were transformed to gels upon UV photoirradiation. The PFe salt allowed the

photogelation of ILs with coordinating substituents, whereas the B(CN)a salt allowed the photogelation of non-coordinating

ILs, albeit the reaction was slower. These gels underwent the reverse reaction and liquefied back when heated, and the

photogelation was repeatable for ILs with coordinating cations.

Introduction

Supramolecular gels, also called physical gels, are viscoelastic
materials that are typically formed by adding low-molecular-
weight gelators (LMWGs) to solvents such as water, organic
solvents, and ionic liquids (ILs).1™* LMWGs undergo self-
assembly through intermolecular interactions such as hydrogen
bonding, electrostatic interactions, n—mn stacking, and van der
Waals interactions to form three-dimensional fibril networks,
resulting in gelation.>® They are versatile and can be used as
separators,” emulsifiers,®? and absorbents1%11 and in catalytic
reactions'?714 and tissue engineering.1%16

In recent years, various stimuli-responsive LMWGs have
been developed, which facilitate gelation of water or organic
solvents by the application of light,1” heat,>1819 pH, 10,1120
chemical stimulus,222 and enzymes.2324 |n particular, photo-
induced gel formation is useful for non-contact, non-invasive
gelation control. There are several examples of reversible
gelation by using photoisomerizable LMWGs, polymer gelators,
or metallogelators, typically containing
moieties.17.2526 The LMWGs with photocleavable gelation
inhibitor sites, such as o-nitrophenyl and coumarin, exhibit
gelation capability upon photoirradiation, though they are
irreversible.?2-2° |n addition to photo-stimuli, enzymatic
reactions3%-33 and Diels-Alder reactions!®° have been used for
gelation control via the cleavage of inhibitor sites.
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lonogels, formed by the gelation of ILs, are highly useful for
applications as solid electrolytes, actuators, and gas separation
membranes#34-3¢ owing to their high ionic conductivity and
non-volatility.3” Photogelation of ILs could extend their
manipulation modes and applications, though this remains a
challenge; there are only a few examples of IL photogelation,
which specially designed polymer
comparison with polymer gelators, LMWGs are useful because

use gelators.3843  |n
only a small amount is required for gelation (favorable for ionic
conductivity) and they are easily modified and manipulated.
There are several LMWGs that are useful for the gelation of ILs,
which are typically with
substituents.*44> Therefore, we aimed to develop a unique,
versatile method for the on-demand photogelation of ILs using
such LMWGs. For this purpose, we developed organometallic
compounds that release LMWGs upon photoirradiation in ILs.
The structures of the gelator-coordinated sandwich
complexes designed by us, [CpRuL]X (1-X, X = PFs, B(CN)4; Cp =
CsHs, L = PhNHCONHCi2Hzs), and their gelator release
mechanisms are shown in Fig. 1a. Note that 1-X are salts; thus,
they are miscible in ILs. The complex releases gelator molecule
L upon UV photoirradiation, and the reverse reaction occurs
upon heating. Herein, we chose an LMWG (L) suitable for the
gelation of ILs.#54¢ This reaction, which proceeds in the
presence of coordinating molecules, is based on the reactivity
of Ru sandwich complexes in coordinating solvents, as shown in
Fig. 1b.4748 We previously developed several photoreactive ILs
using this mechanism.4%-53 As shown in Fig. 1c, after the addition

benzene derivatives urea

of a small amount of 1-X, various ILs transformed to ionogels
upon UV irradiation. These gels underwent the reverse reaction
and liquefied back when heated, and the photogelation was
repeatable for ionic liquids with coordinating cations.
Photogelation of organic solvents was also investigated.
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Fig. 1. (a) Photochemical release of low-molecular-weight
gelator L from gelator-coordinated complexes 1-X (X = PFg,
B(CN),) designed in this study. In the figure, D is the donor atom
of the coordinating molecule in the liquid. (b) Photochemical
and thermal reversible reactions of cationic sandwich-type Ru
complexes in acetonitrile.#748 (c) Schematic representation of a
reversible ionogel formation upon the application of light and
heat after addition of 1-X.

Experimental
General

CeHsNHCONHC12H2s (L),%5 0-CoHa(CH2Ph)(NHCONHC1,H2s) (L'),%4
[C3CNmMImMI][FSA],>* and [BmIm][B(CN)s]>> were synthesized
according to previously reported methods. [CsCNEtsN][Tf,N]
was synthesized by using a standard method (ESIt), and
[BmIm][PF¢] was purchased from Kokusan Chemical Co., Ltd.
(Japan). Other reagents were purchased from TCI Co. (Japan).
1H and °F NMR spectra were recorded using a Bruker Avance
400 spectrometer. FT-IR spectra were measured using a Thermo
Nicolet iS5 system with an attenuated total reflection (ATR)
attachment. Elemental analyses were performed using a
PerkinEImer 240011 elemental analyzer. DSC was performed
using a TA Instruments Q100 differential scanning calorimeter
at a sweep rate of 10 °C min-1. Dynamic viscoelasticity was
measured using a TA Instruments DHR-1 rheometer equipped
with an 8-mm parallel plate. The frequency dependence of the
dynamic viscoelasticity was determined at 25 °C. A Hamamatsu
LC-L1V3 Lightning Cure UV-LED light source (LED lamp,
wavelength: 365 nm, intensity: 650 mW cm™2) was used for UV
photoirradiation. The ratio of photodissociated cations was
determined from the 'H NMR spectra (CD3CN). SEM was
performed on a Hitachi High-Technologies Miniscope TM4000
or JEOL JSM-5510 system.

Synthesis of [CpRu(L)][PFs] (1-PFs)

Under a nitrogen atmosphere, ligand L (42 mg, 0.14 mmol) was
added to a solution of [CpRu(CH3CN)3]PFg (50 mg, 0.12 mmol) in 1,2-
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dichloroethane (2.5 mL) and stirred at 90 °C for 21 h. The resultant
solution was evaporated under reduced pressure, and the residue
purified by column chromatography (alumina,
acetonitrile). The recrystallization of the product from acetone—

was eluent:
diethyl ether (-40 °C) produced colorless needle-like crystals (37 mg,
51%). IH NMR (400 MHz, CDsCN): 5= 0.91 (t, 3H, CHs, J = 7.01 Hz),
1.29-1.36 (m, 18H, NHC,H4CoH15CH3), 1.49 (m, 2H, NHCH,CH,), 3.16
(9, 2H, NHCH,, J = 5.92 Hz), 5.27 (s, 5H, Cp-Hs), 5.46 (m, 1H,
NHC12H3s), 5.86 (t, 1H, Ar-H, J = 5.58 Hz), 6.02 (dd, 2H, Ar-H, J = 0.91,
6.49 Hz), 6.63 (dd, 2H, Ar-H, J = 5.98, 6.29 Hz), 7.20 (m, 1H, PhNH).
FT-IR (ATR, cm~1):556 (P—F), 824 (P—F), 1238, 1299, 1363, 1393, 1406,
1417 (Cp, C=C), 1465, 1528, 1573 (Arene, C=C), 1667 (C=0), 2849,
2918, 2956, 3125 (C—H). Anal. Calcd. for Ca4Hs7FgN,OPRu: C, 46.83, H,
6.06, N, 4.55. Found: C, 47.14, H, 6.32, N, 4.54.

Synthesis of [CpRu(L)][B(CN)4] (1-B(CN)4)

A solution of 1-PFg (46 mg, 0.073 mmol) in a mixture of acetonitrile
(0.1 mL) and methanol (1 mL) was charged to an anion exchange
column (Dowex 1X8-100, chloride form, 7 g) and eluted with
methanol (100 mL). The eluent was concentrated under reduced
pressure and the anion-exchange procedure was repeated. The
complete exchange of the anion was confirmed by the absence of
the PFg peak (6= —73.83, —71.92) in the 1°F NMR spectrum (solvent:
CD3CN). Chloride salt was obtained quantitatively as a pale-yellow
liquid; the product was vacuum-dried at ambient temperature for 3
h. K[B(CN)4] (23 mg, 0.15 mmol) was added to a mixture of water (10
mL), acetone (1 mL), and chloride salt and stirred for 10 min. Acetone
reduced pressure;
dichloromethane were added to the residue. The residue was

was then evaporated under water and
extracted five times with dichloromethane, and the organic layer was
combined and washed three times with water. The organic layer was
then dried over anhydrous magnesium sulfate. After solvent
evaporation, the residue was dried under vacuum for 5 h at 70 °C. A
silver nitrate solution was used to verify the absence of chloride ions.
The desired product was obtained as a pale-yellow liquid (78 mg,
94%). TH NMR (400 MHz, CDsCN): &= 0.91 (t, 3H, CHs, J = 7.01 Hz),
1.29-1.36 (m, 18H, NHC;H4CoH15CH3), 1.49 (m, 2H, NHCH,CH,), 3.16
(q, 2H, NHCH,, J = 5.92 Hz), 5.27 (s, 5H, Cp-Hs), 5.46 (m, 1H,
NHC12H3s), 5.86 (t, 1H, Ar-H, J = 5.58 Hz), 6.02 (dd, 2H, Ar-H, J = 0.91,
6.49 Hz), 6.63 (dd, 2H, Ar-H, J = 5.98, 6.29 Hz), 7.20 (m, 1H, PhNH).
FT-IR (ATR, cm™): 842, 932, 1226, 1295, 1462 (Cp, C=C), 1524, 1563
(Arene, C=C), 1682 (C=0), 2222 (CN). Anal. Calcd. for C,sH37BNgORu:
C,57.44,H,6.37,N, 14.35. Found: C, 57.36, H, 6.29, N, 14.24.

Gelation Experiments

A small amount (1 mg, 5 wt.%) of 1-PF¢ or 1-B(CN), was added to
each ionic liquid (20 mg) on a glass plate, which was then heated at
120 °C and allowed to cool to ambient temperature. The UV
photoirradiation experiments were conducted in a glove box filled
with argon using samples placed on a cooling plate maintained at 10
°C. The thermal reactions of the samples were carried out at 120 °C
in the glove box.

The dissociation rates of the cations in the photoproducts were
determined from the ratio of [CpRu(CDsCN)3]* and the remaining
sandwich complex in the 'H NMR spectra (CD3CN). Photogelation of
organic solvents was investigated by adding 5 wt.% of 1-PFs, 1-

This journal is © The Royal Society of Chemistry 2022



B(CN)a, or 2-B(CN)4 to the solvents in screw vials, which were flushed
with nitrogen. The vials were placed on a cooling plate maintained at
10 °Cand UV light was irradiated from outside the vials. The ionogels
prepared by adding gelator L (2.4-2.5 wt.%) to the ILs, were used as
the reference gels after being heated up to 120 °C and cooled down
to room temperature.

X-ray Crystallography

Single crystals of 1-PFg, suitable for structural analysis, were grown
by recrystallization from acetone—diethyl ether by slow cooling to
-40 °C. The X-ray diffraction data were collected using a Bruker APEX
Il Ultra diffractometer (X-ray source: MoKa) and the calculations
were performed using SHELXL.5 The crystallographic parameters are
listed in Table S1. CCDC 2121035 contains the crystallographic data
for this compound. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif.

Result and discussion
Synthesis and Properties of Photoresponsive Gelators

Salt 1-PFg was obtained as a white solid with a melting point of
90 °C by the reaction of [CpRu(CH3CN)3]PFs with gelator L. Upon
cooling from the melt, the salt underwent a glass transition at
8°C (Fig. S1, ESIT). Salt 1-B(CN)4 was obtained as a pale-yellow
liquid via anion exchange from 1-PFe. This liquid did not

a) Coordinating ILs b) Non-coordinating ILs

\N+ Fgc\s /N'\S _CFs D+ FiC N __CFs
SNy FB Y

[CeCNEL:N][THN] (A)

/N\/\/ O” \\O O,I\\O
[bmpyr][TEN] (D)
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[CsCNmim][FSA] (B) [bmim][PFe] (E)

CN
\N&E/\/\ “13._
\—/ NCY ) “CN

CN
[bmimI[B(CN)4] (C)

Fig. 2. Structures of (a) coordinating and (b) non-coordinating
ILs used for gelation experiments.

PFg

Table 1.

transition temperatures of the resultant gels.

Typical experimental conditions for photogelation and gel-sol

Gelator ~ Medium Photoirradiation Heating timel? Tge (°C)!
time heating  cooling

1-PFs A 4h 10 min 73 5

B 4 h 10 min 83 55

C 4h 4 hid 57 28

E no reaction
1-B(CN)s D 18 h 1 hld 77 49

E 18h 1 hld 85 55

[a] Heated at 120 °C. [b] Determined by DSC (1*t cycle, scan rate 10 °C min™).
[c] Partial decomposition of the gelator occurred during heating.

This journal is © The Royal Society of Chemistry 2022

crystallize upon cooling and underwent a glass transition at =36
°C. Both salts are regarded as ILs with melting points below 100
°C.

The addition of a small amount (5 wt.%) of these salts to ILs
A-E, shown in Fig. 2, resulted in the formation of homogeneous
liquids except for B. Salt 1-PF¢ was less soluble in B and stayed
as a suspension at room temperature. However, the solubility
of 1-PFe increased at higher temperatures; it formed a
homogeneous solution at 80 °C. These results show that the
gelation capability of Lis lost when it is coordinated to the CpRu
unit, though L can gelate these ILs. The photogelation of the ILs
after adding 1-X was then investigated, as summarized in Table
1, the details are described in the following sections.

Photogelation of Coordinating ILs with 1-PFg

After adding a small amount of 1-PFg, the ILs containing cyano
groups in the cation or anion underwent gelation upon
photoirradiation, and the gels liquefied again upon heating.
However, the non-coordinating ILs did not form gels under the
same conditions.

[CeCNEtsN][Tf2N] (A) [C3CNmim][FSA] (B), which
contained 5 wt.% of 1-PFg, were a pale-yellow liquid and a white
suspension, respectively. A small amount of undissolved 1-PFg
remained in the latter. The gelator was released from the
complexes upon 4 h of UV photoirradiation (365 nm, LED), and
the ILs transformed to yellow gels (Fig. 3a). In B, the undissolved
complex gradually dissolved during photoirradiation. The
products maintained the gel state after being maintained at
room temperature for a week. Upon heating to 120 °C, the gels

and

a)
_—
(—
. -
Liquid Gel
A + 1-PF¢
Suspension Gel
B + 1-PF;

b)

E + 1-B(CN)s

_—
Gel
Fig. 3. Photographs of (a) A, B, and (b) E (containing 5 wt.% 1-
X) before and after photoirradiation.

Soft Matter, 2022, 00, 1-8 | 3



underwent quantitative reverse reactions within 10 min,
returning to the pale-yellow liquid and suspension states. The
thermal reverse reaction occurred within a short time period
because the resultant cation-coordinated Ru complexes easily
dissociated. The photochemical and thermal reactions were
repeated at least several times.

The structural changes of the Ru complexes upon
photoirradiation were confirmed by 'H NMR and FT-IR
spectroscopy (Fig. 4 and Figs. S4 and S5, ESIT). The photorelease
of the gelator in B was complete within 2 h, whereas the
reaction rate in A was 84% at 2 h and ~90% at 4 and 6 h. The
lower reaction rate in A may be ascribed to the occurrence of
the concomitant thermal reaction  during
photoirradiation, owing to the lower thermal stability of the
resultant Ru complex (see below). In the FT-IR spectra, the
peaks ascribed to the C=0 stretching vibration of the gelator
(1626 cm™1) appeared after photoirradiation, confirming gelator
release, though the change in the CN stretching vibration was
not clear. Upon heating them, their spectra reverted to those
before photoirradiation.

Similarly, the photogelation of [Bmim][B(CN)4] (C),
containing a cyano group in the anion, was possible upon the
addition of 1-PFe (Fig. S3a, ESIt). Upon 4 h of photoirradiation,
the gelation of the liquid occurred with quantitative gelator
release. A small amount of anion-coordinated yellow Ru
complexes was formed and suspended in the gel. Upon heating
at 120 °C for 4 h, the resultant gel returned to a uniform liquid
state, during which the gelator coordinated to the Ru complex.
However, gelation did not occur upon further photoirradiation,
unlike that in A and B. This is because partial decomposition
(~30%) of the gelator occurred during the longer heating time.
The reverse reaction for C took much longer than those for A
and B because the anion-coordinated complex does not readily
dissociate.

reverse

a)

(=)
S

Arene-H

A A
/
A
A AL

\'/

1 1 1 | T T T .|

|
7 6 5 4 2200 1900 1600 1300
Chemical shift (ppm) Wavenumber (cm™)

Absorbance (arb. units)
A
1
(@]

Ak
e,

Fig. 4. (a) 'H NMR spectra (in CD3CN) of A (containing 5 wt.% 1-
PF¢) before and after photoirradiation for 4 h and after heating
at 120 °C for 10 min. The Ru complex after the photochemical
reaction was observed as the solvent-coordinated complex
[CpRuU(CD3CN)s]*. (b) FT-IR spectra of C (containing 5 wt.% 1-PFg)
before and after photoirradiation for 4 h and after heating at
120 °Cfor 4 h.
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In the FT-IR spectrum of C after photogelation, the C=0
stretching vibration peak of the released gelator (1626 cm™1)
and the CN stretching vibration peaks of the anion-coordinated
Ru complex (2241 cm~1)4748 were observed (Fig. 4b). In 1-PFeg,
the C=0 stretching vibration peak of the coordinated gelator
appeared at 1667 cm! (Fig. S2a, ESIt), and the CN stretching
vibration of the B(CN)4 anion is IR silent because of its high
symmetry.5%57 Upon heating the gel, its spectrum became
identical to that before its photoirradiation.

In contrast, photogelation did not occurr for [Bmim][PFg] (E)
containing 5 wt.% 1-PFs, which is ascribed to the absence of
coordinating substituents that stabilize the Ru complex in the
reaction scheme shown in Fig. 1a. The absence of gelator
release was also confirmed through 'H NMR spectroscopy.

These results demonstrate that the ILs with coordinating
substituents in either the cation or anion can be photogelated
with 1-PFg and the reaction can proceed even when the ILs are
in a suspension state. It is convenient that the addition of only
a small amount of the complex is sufficient for photogelation,
and the gelation time would be shortened by the use of a high-
power light source. The ILs containing cyano substituents
exhibit suitable reaction solvent properties®85° and high CO,
absorption capacity;>>60%61 hence, the photogelation of such
functional ILs would be useful for broadening their application
scope.

Photogelation of Non-coordinating ILs with 1-B(CN),

The photogelation of non-coordinating ILs was achieved using
1-B(CN), with the coordinating anion, though the reaction took
longer.

Upon UV photoirradiation (365 nm, LED) for 18 h, pale-
yellow liquids of [bmpyr][Tf2N] (D) or [bomim][PFg] (E) containing
5 wt.% of 1-B(CN)4 transformed to yellow gels (Figs. 3b and S3b,
ESIt). Although the gelator release was quantitative at 18 h, the
reaction rate was still 66% at 4 h for E, requiring a significantly
longer photoirradiation time than that required by the ILs
described in the previous section. This happened because the
anions in the liquids are mostly PFg-, making the reaction of the
Ru complex with B(CN),~ substantially less efficient. The release
of the gelator upon photoirradiation and the coordination of
the anion to the Ru ion were confirmed spectroscopically (Figs.
S4 and S5, ESIt). The gels obtained via photoirradiation
maintained their gel state even after remaining idle for a week.
Upon heating at 120 °C for 1 h, the gels liquefied again owing to
the reverse reaction. However, the gelation of the liquid did not
occur upon further photoirradiation because the thermal
reaction of the anion-coordinated complex involved partial
decomposition of the gelator, similar to that in the gel
containing C, as described in the previous section. The
decomposition was facilitated at higher temperatures.

Structures and Properties of lonogels Prepared via Photoirradiation

The structures and the thermal and mechanical properties of
the ionogels were investigated by differential scanning
calorimetry (DSC), scanning electron microscopy (SEM), and
dynamic viscoelasticity measurements. The physical properties

This journal is © The Royal Society of Chemistry 2022
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are designated by A and A, respectively. (b) Angular frequency
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photogelation, where liq.

complex viscosity of B (containing 5 wt.%
photogelation (25 °C, strain 0.1%).

Table 2. Storage modulus (G'), loss modulus (G"), and yield strain of ionogels prepared
by photogelation? and gelator addition®).

Yield
Medi Gel ti Gelat: G'(Pa)? G"(Pa)9
edium Gel preparation elator (Pa) (Pa) strain (%) 9
A Photogelation 1-PFg 1.5x10? 6.1 x 10t 0.2
Photogelation 1-PF, 73x10° 7.0 102 0.4
+ Heating®
Gelator addition L 1.1x10* 3.7x103 0.1
B Photogelation 1-PFg 6.5x10% 5.7x10? 0.4
Gelator addition L 57x10® 8.7x10? 0.1
C Photogelation 1-PFg 7.6 x 103 1.1x103 0.4
Ph lati
otogelation 1-PF, 24x105 32x10° 04
+ Heating®
Gelator addition L 1.3x10° 1.5x 10* 0.1
D Photogelation 1-B(CN), 1.3x10* 2.0x10% 0.1
Gelator addition L 1.5x10* 3.6x10° 0.1
E Photogelation 1-B(CN), 1.9x10* 2.2x10% 0.4
Gelator addition L 7.0x10%°  6.3x10? 0.3

a) Prepared upon photoirradiation after the addition of 1-X (5 wt.%). b) Heated to 120 °C
after the addition of gelator L (2.4-2.5 wt.%). c) Angular frequency 10 rad s%, strain
0.1%. d) Angular frequency 10 rad s™. e) Heated to 100 °C after photogelation.

of the gels prepared via photoirradiation were found to be
comparable to those of the ionogels prepared by the addition
of the gelator to the corresponding ILs. In some cases,
additional thermal treatment after photogelation was
conducted to allow the formation of stronger gelator networks.

The occurrence of thermal gel—sol transitions in the ionogels
prepared via photogelation was detected through DSC. The
transition temperature (Tgel, heating) ranged between 57 and
85 °C depending on the ILs (Table 1 and Fig. S6, ESIT). Except for
the gel prepared from 1-PF¢ and A via photoirradiation, the sol—
gel transition temperatures of the gels measured upon cooling

This journal is © The Royal Society of Chemistry 2022

(Tger, cooling) were approximately 30 °C lower than those
measured
upon heating (Tge, heating). Their gol-gel
temperatures were almost the same as those of the gels
prepared by the addition of gelator L to each IL (reference gels),
showing similar hysteresis (Table S2, ESIT). Thermal hysteresis
is often observed in physical gels.52

The DSC curves of the ionogel containing A are shown in Fig.
5a. The gel—-sol transition was observed in the first cycle at 73 °C
during heating, similar to the reference gel (Tger = 70 °C,

transition

heating). However, the sol—gel transition was observed at 5 °C
during cooling; the transition temperature was significantly
lower than that of the reference gel (Tge = 41 °C, cooling; Table
S2, ESIT). This is probably owing to the partial thermal reverse
reaction that occurred during the measurement, which reduced
the gelator concentration. In the second cycle, the gel-sol
transition was observed at 54 °C (Tge, heating), which was lower
than that in the first cycle owing to the same reason. The facile
thermal reverse reaction is ascribed to the intramolecular
repulsion between the ammonium cations in the
photogenerated complex. Upon further heating the gel, a small,
very broad endothermic peak was observed at ~130 °C, which
corresponds to the coordination of the gelator to the CpRu
unit,*? after which the gel—sol transition peaks disappeared (Fig.
5a). The other ionogels prepared by photogelation exhibited
almost the same thermal behavior, but the gel-sol transition
were identical in the first and second cycles because the
photogenerated complexes were thermally more robust. In the
DSC curves of the ionogel containing B, small peaks
corresponding to the dissolution (79 °C) and precipitation of 1-
PF¢ were also observed after the thermal reverse reaction, as
expected for the suspension.

The SEM image of the ionogels prepared via photogelation
showed fibrous microcrystalline network structures consisting
of bundled nanosticks (Fig. S7, ESIT). These are microcrystalline
gels®3 although physical gels with LMWGs typically have linearly
interconnected structures. Similar structures were observed in
the gels prepared by the addition of gelator L to each IL (Fig. S7,
ESIT).

The storage modulus (G') and loss modulus (G'") of the
investigated by
dynamic viscoelasticity measurements, are listed in Table 2. In
all ionogels, G' was higher than G'" within the angular frequency
range of 1-100 rad s (strain 0.1%), indicating elastic behavior
(Figs. 5b and S8a, ESIT). The complex viscosities decreased with
increasing angular frequencies, which is a typical behavior of
gels.%* These were soft gels, which yielded at 0.1%—0.4% strain
(Fig. S8b, ESIT). These gels exhibited almost the same
viscoelastic modulus as the reference gels prepared with
gelator L; however, the gels with A and C prepared via
photogelation exhibited much lower values, which are ascribed
to their higher gelator crystallinity. Thermal treatment (heated
to 100 °C and subsequently cooled to ambient temperature)
was effective for these gels in forming a stronger gelator

ionogels prepared via photogelation, as

network via the sol—gel transition (Table 2).

Soft Matter, 2022, 00, 1-8 | 5



Photogelation of Organic Solvents

Salt 1-X also allowed the photorelease of the gelator in organic
solvents, producing gels under suitable conditions. The gelation
capability could be modulated by changing the ligand species.
Upon UV photoirradiation for 1 h at 10 °C of a pale-yellow
acetonitrile solution containing 5 wt.% 1-PFe, the Ru complex
quantitively released the gelator in the solution. Although no
gelation occurred, given that the gelator precipitated as a white
solid (Fig. 6a), the gel was formed by heating the mixture to 70
°C to dissolve the solid and subsequently cooling it to 25 °C. This
is because the gelator network structure is formed through sol—
gel transition. Upon heating the yellow gel at 120 °C for 20 min,
the complex underwent a reverse reaction to give the original
liquid; hence, the photogelation was repeatable. Similarly, a
benzonitrile solution containing 5 wt.% 1-PFs changed from

a) Acetonitrile + 1-PFs

- —— :
N . 0 25 °C
Liquid —%> Mixture —= Sol ——> Gel
Th  White solid 30's 70 °C
(Gelator)
I 120 C ‘
20 min

b) Benzonitrile + 1-PFs

25°C. partial

1h o.c gel
120 °C
20 min

c) Toluene + 1-B(CN)4

70 °C
s h = i 12
Liquid th> Mixture %Gel £ Sol
White solid 25 °C 25 °C
(Gelator) :
Orange solid
(Ru complex)
d) 70%EtOHaq + 2-B(CN),
+
. %;] BCN);
RN
\(')( \C|2H25
120 °C 2-B(CN)s

Suspension

25°C

Fig. 6. Photographs of (a) acetonitrile (containing 5 wt.% 1-PFg),
(b) benzonitrile (containing 5 wt.% 1-PF¢), (c) toluene
(containing 5 wt.% 1-B(CN)4), and (d) 70% ethanol aqueous
solution (containing 5 wt.% 2-B(CN)s) before and after
photoirradiation and after heating the photoproducts. The
structure of 2-B(CN), is also shown in (d).
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colorless to pale yellow upon 1 h of UV photoirradiation (Fig.
6b), during which the Ru complex quantitatively released the
gelator in the solution. Although the resultant solution was
liquid at ambient temperature owing to its low gel-sol
transition temperature, it formed a gel within 1 h when kept at
0 °C. The gel became a partial gel when warmed up to 25 °C, and
upon further heating at 120 °C for 20 min, the reverse reaction
occurred. Therefore, the photogelation was repeatable.

A toluene solution containing 5 wt.% 1-PFe did not release
the gelator upon photoirradiation due to the absence of
coordinating sites, resulting in partial deposition the gelator. In
contrast, a toluene solution containing 5 wt.% 1-B(CN)s
underwent gelator release after 18 h of photoirradiation,
resulting in the deposition of a white solid of gelator L and an
orange solid of the anion-coordinated Ru complex. Although it
was a mixture, it transformed to a gel after heating to 70 °C and
being subsequently left at 25 °C for 1 h (Fig. 6¢). Upon further
heating the gel at 120 °C, toluene coordinated to the Ru
complex to give a sandwich complex [CpRu(toluene)]*, which
was soluble in toluene. The gelator did not coordinate to the
complex, hence only gel-sol transitions were repeatedly
observed upon temperature changes of the resultant gel. Other
nonpolar liquids such as liquid paraffin can be gelated with
gelator L, although their photogelation with 1-B(CN)s was not
possible because they were immiscible.

The gelation capability could be modulated by changing the
ligand species. In addition to gelator L, there are many similar
gelators with different gelation properties;** hence,
appropriate gelators can be chosen. For example, gelator L is
insoluble in a 70% ethanol aqueous solution and does not form
a gel. However, gelator L’ (= 0-CgH4(CH2Ph)(NHCONHC;,H3s))
containing a benzyl group can gelate the liquid,** and
photogelation was possible by using an L’-coordinated complex
(2-B(CN)4, Fig. 6d). The complex formed a suspension in the 70%
ethanol aqueous solution although it formed a gel upon
photoirradiation. After photogelation, only gel—sol transitions
were repeatable upon temperature changes, because the
photogenerated Ru complex decomposes in the solution. The
results demonstrate that the photogelation capability of the
complex can be adjusted by choosing the appropriate ligand
species.

Crystal Structure of 1-PFs

To investigate the intermolecular interactions in the gelator-
coordinated complex, single-crystal X-ray analysis of 1-PFg was
performed at -183 °C. The salt crystallized in space group P-1 (Z
= 4) with two cation—anion pairs per asymmetric unit (Fig. 7).
The Cp ring of cation B exhibited a two-fold rotational disorder
(occupancy 0.57:0.43). The alkyl chains of cations A and B
adopted linear and bent conformations, respectively (Fig. S12,
ESIt), and the chains were arranged in parallel to form a layered
structure. There were intermolecular hydrogen bonds (—N---O=
distances: 2.91, 2.93 A) between cations Aand B, forming a one-
dimensional chain. There was a n—n interaction between the
Cp rings of cation B (interplanar distance 3.35 A), with no other
significant m—m interactions. In LMWGs with phenyl
substituents, fiber structures are typically formed via n—n

This journal is © The Royal Society of Chemistry 2022



%ation A

Fig. 7. Packing diagram of 1-PFs (-183 °C). Intermolecular -
NH---O= hydrogen bonds are shown by dotted lines. Disordered
parts are shown in gray.

stacking and hydrogen bond interactions.>®4¢ There are
organometallic gelators with planar molecular structures that
can gelate ILs.%> The structural analysis results suggest that the
lack of gelation capability of 1-X is ascribed to the presence of
the bulky CpRu unit, which inhibits the m—mr interaction.

Conclusions

We developed a simple, on-demand photogelation method for
ILs using ionic liquid additives that release LMWGs upon
photoirradiation. The compounds we designed are a novel class
of photoresponsive gelators containing organometallic
moieties, which are easy to synthesize and miscible with ILs. By
adding a small amount of the compound, various ILs were
transformed into ionogels upon UV photoirradiation, and the
ionogel liquefied again upon heating owing to the thermal
reverse reaction. The photogelation reaction was repeatable for
ILs with coordinating cations. The photogelation conditions can
be modified by choosing the ligands and anions, and several
organic solvents were also photogelated. This is a simple and
versatile method for the preparation of stimuli-responsive
ionogels, and using this method, ILs can be immobilized or
patterned after coating, printing, or filling; hence, this method
may be useful for electronic device fabrication and micro-
engineering applications. However, the photogelation time
observed in the current study was too long, and the use of a
high-power light source and improved molecular design may be
needed for practical applications. For example, the utilization of
coordinating substituents other than the cyano group may lead
to improved performance, which is worthy of future
investigation. This study has demonstrated that the use of
photoreactive organometallic compounds is an effective
strategy for manipulating supramolecular gels, which may
expand the scope and applications of stimuli-responsive gels.
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Experimental

Synthesis of [CeCNEt3N][Tfa2N]. In a nitrogen atmosphere, an amount of 7-
bromoheptanenitrile (1.84 g, 9.7 mmol) was slowly added to a solution of triethylamine (1.0 g, 9.88
mmol) in acetonitrile (2 mL). The solution was subsequently heated at 80 °C for 3 h with constant
stirring. The solvent was then removed under reduced pressure. The resultant orange liquid was
washed 10 times with hexane and dried under vacuum at 80 °C for 1 h to obtain [CsCNEt;N]Br as
an orange liquid (2.5 g, 90%). Potassium bis(trifluoromethanesulfonyl)imide (KTf:N; 6.2 g, 19.4
mmol) was added to an aqueous solution (20 mL) of [CsCNEt:N]Br (2.5 g, 8.7 mmol), and the
solution was stirred vigorously for 1 h. The resultant [CsCNEtN][Tf2N] phase was collected and
washed three times with water. The orange liquid was dried under vacuum for 3 h at 60 °C. The
crude  product was purified by column  chromatography (alumina, eluent:
dichloromethane/acetonitrile, gradient from 1:0 to 0:1). After evaporation of the solvent, the
residue was dissolved in acetonitrile and heated to reflux, to which a small amount of activated
carbon was added. The activated carbon was then removed by filtration without cooling. After
evaporation of the solvent, the residue was dried under vacuum at 130 °C for 6 h. The desired
product was a pale-yellow liquid (3.4 g, 69% yield). Ty = =72 °C (DSC). *H NMR (400 MHz,
CDClIz): 6 = 1.35 (t, 9H, N(CH2CHa)s, J = 7.22 Hz), 1.46 (m, 2H, NC3HsCH2), 1.56 (m, 2H,
NC2H4CHy), 1.70 (m, 4H, NCH2CH>C2H4CH>), 2.39 (t, 2H, NCsH10CH>, J = 6.89 Hz), 3.16 (t, 2H,
NCH., J=8.51 Hz), 3.29 (g, 6H, N(CH2CHs3)3). FT-IR (ATR, cm™): 600, 613, 653, 739, 761, 1052
(S=0), 1134, 1177 (C-F), 1330, 1348, 1397, 1460, 1487, 2246 (CN), 2869 (C—H), 2950 (C—H).
Anal. Calcd. for Ci15sH27F¢N304Ss: C, 36.66, H, 5.54, N, 8.55. Found: C, 36.48, H, 5.72, N, 8.38.

Synthesis of [CpRu(L")][B(CN)4] (2-B(CN)4). [CpRu(L')]PFs (2-PFs) was synthesized
using the procedure identical to that for 1-PFe¢ using L' (33 mg, 0.083 mmol) and
[CpRu(CH3CN)3]PFs (30 mg, 0.069 mmol). The desired product was obtained as an orange viscous

liquid (27 mg, 55%). *H NMR (400 MHz, CDCl): 5= 0.88 (t, 3H, CHs, J = 6.89 Hz), 1.26 (m,



18H, NHC2H4CgH1s), 1.58 (m, 2H, NHCH2CH), 3.21 (m, 2H, NHCHz2), 4.00 (m, 2H, PhCHy),
5.26 (s, 5H, Cp-H), 5.60-5.88 (m, 4H, Ru-Ph-H), 6.98 (s, 1H, NHC12Hz2s), 7.22 (s, 1H, PhNH),
7.10-7.40 (m, 5H, CH2Ph-H). FT-IR (ATR, cm™?): 567 (P-F), 745, 1242, 1289, 1451 (Cp, C=C),
1465, 1482, 1563 (Arene, C=C), 1632 (C=0), 2847, 2916 (C—H). 2-B(CN)4 was synthesized using
the procedure identical to that for 1-B(CN)4 using 2-PFs (21 mg, 0.030 mmol) and KB(CN)4 (14
mg, 0.089 mmol). The desired product was obtained as an orange viscous liquid (13 mg, 65% yield).
'H NMR (400 MHz, CDCls): 5= 0.88 (t, 3H, CH3, J = 6.89 Hz), 1.26 (m, 18H, NHC2H4CoH1s),
1.58 (m, 2H, NHCH.CHz), 3.21 (m, 2H, NHCH?), 4.00 (m, 2H, PhCH), 5.26 (s, 5H, Cp-H), 5.60—
5.88 (m, 4H, Ru-Ph-H), 6.98 (s, 1H, NHC12H2s), 7.22 (s, 1H, PhNH), 7.10-7.40 (m, 5H, CH2Ph-

H).
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Fig. S1. DSC curve of 1-PFs, where cr., lig,. and gl. are the crystal, liquid, and glassy states,

respectively. A cold-crystallization peak is seen at 45 °C in the second cycle.
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Fig. S2. (a) FT-IR and (b) 'H NMR (CDsCN) spectra of 1-PFs, 1-B(CN)4, and L.
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Fig. S3. Photographs of C (containing 5 wt.% 1-PFs) and D (containing 5 wt.% 1-B(CN)a4) before

and after photoirradiation.
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Fig. S6. DSC curves of the ionogels prepared by photoirradiation of B-E (containing 5 wt.% 1-X),
where liq. and sus. are the liquid and suspension states, respectively. The peaks corresponding to
the gel-sol transition, gelator coordination, and dissolution of the complex are shown by A, A,

and ¢ symbols, respectively.
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Fig. S7. SEM images of the ionogels prepared by (a) photoirradiation of B-E (containing 1-X 5
wt.%) and (b) addition of gelator L (2.4 wt.%) to the ILs. The dark spot in the right figure in (a) is

an artifact by electron beam damage.
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Fig. S8. (a) Angular frequency dependence (25 °C, strain 0.1%) and (b) strain dependence (10 rad
s7!) of viscoelastic moduli (G": A, G": 0) and complex viscosity (o) of the ionogels prepared by
the photoirradiation of A, B, D, and E (containing 5 wt.% 1-X). Data for A and C are acquired after
thermal treatment (100 °C, 30 s).
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Fig. S9. Plots of storage modulus (G') and loss modulus (G") of the ionogels prepared by the (a)
photoirradiation of A—E (containing 5 wt.% 1-X) and (b) addition of gelator L. (A—C: 2.4 wt.%, D
and E: 2.5 wt.%) to the ILs. For A and C, the values after thermal treatment of the gel (100 °C, 30
s) are also plotted (A" and C").
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Fig. S10. Angular frequency dependence (25 °C, strain 0.1%) of the viscoelastic moduli (G": A,
G": 0) and complex viscosity (0) of gels of (a) A and (b) C (containing 5 wt.% 1-PFe) formed
upon photoirradiation. Data acquired immediately after photoirradiation (left) and after subsequent

thermal treatment (100 °C, 30 s; right) are shown.
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Fig. S11. (a) Angular frequency dependence (25 °C, strain 0.1%) and (b) strain dependence (10 rad
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thermal treatment (100 °C, 30 s).
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Fig. S12. Molecular structures of the cations of 1-PFs in the crystal (—183 °C). The disordered

moieties of cation B are displayed in gray.
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Fig. S13. TG-DTA curves of gelator L (10 °C min™!, N, atmosphere). There is a melting peak in

the DTA curve at around 90 °C.

Table S1. Crystallographic parameters.

1-PFs
Empirical formula Ca4H37FsN2OPRu
Formula weight 615.59
Crystal system triclinic
Space group PT
a[A] 9.637(4)
b [A] 9.944(5)
c[A] 27.528(13)
a[°] 95.325(6)
BT 97.691(8)
y[°] 96.476(6)
V [A3] 2582(2)
Z 4
Pealed [g cM3] 1.584
i [mm] 0.733
Temperature [K] 90
F(000) 1264
Reflns collected 9148
R (int) 0.0363
Goodness of fit 1.098

R R’ (1 > 20)
R:2, Ru” (all data)

0.1041, 0.2448
0.1393, 0.2643

Ry = X||Fo| - |Fel| / Z|Fo|. "Rw = [Zw (Fo? —Fc?)%/Zw (Fo?)?]Y2



Table S2. Gel-sol transition temperature of the ionogels

prepared by adding gelator L.

L Tee1 (°C)
heating cooling
A 70 41
B 85 57
(O 61 33
D’ 69 45
E’ 84 47

The amount of gelator added: a) 2.4 wt.% and b) 2.5

wt.%.
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