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ABSTRACT: Owing to their high ionic conductivity and negligible vapor pressure, ionic liquids
(ILs) find applications in various electronic devices. However, fabricating IL-based
photocontrollable devices remains a challenge. In this study, we developed organometallic ILs
with reversible light- and heat-controlled ionic conductivities for potential use in tunable devices.
The physical properties and stimulus responses of ILs containing a cationic sandwich Ru

complex with two coordinating substituents were investigated. UV photoirradiation of these ILs
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triggered cation photodissociation, resulting in their transformation into viscoelastic coordination
polymers wherein the coordinating substituents bridged the Ru centers. Owing to the anion
coordination, salts with coordinating anions such as CF3SO;NCN-, B(CN)4, and BF2(CN)2~
exhibited faster response and higher conversion than those with noncoordinating anions including
(FSO2):N™ and (CF3S02)>N". All photoproducts reverted to their original ILs upon heating,
except for the photoproduct of the BF2(CN):. salt, which decomposed upon heating. Light- and
heat-induced reversible changes occur in most cases between the high-ionic-conductive IL state
and low-ionic-conductive coordination polymer state. Unlike previously reported ILs with three
or one cation substituent, the current ILs exhibited both high reactivity and large ionic

conductivity changes.
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INTRODUCTION

Photocontrollable electronic devices have applications in various fields, including optical sensors,
optical switches, and phototransistors. Although these devices are typically constructed from
solid-state materials,'* liquid materials are gaining increasing attention owing to their ease of
application, film formation, self-healing properties, and suitability for flexible devices.>!* Ionic

liquids (ILs) are particularly promising for electrochemical applications,®!® serving as
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113 and even electronic memory devices,'*!> because of their low volatility and high

electrolytes
ionic conductivity. There are several ILs or ionogels that change their ionic conductivity in
response to external stimuli such as carbon dioxide,'®!® humidity,!*** and pH,?! which are useful
for applications in sensors. Nevertheless, only few ILs have been reported that exhibit
photocontrollable ionic conduction, and their mechanism is based on photoisomerization with
typically minor conductivity changes.???

In this context, we recently developed organometallic ILs?*® possessing reversible light- and
heat-modulated ionic conductivities to explore photocontrollable liquid electronic materials.?’°
Employing ILs in device applications is advantageous, as they can be used in extremely small
amounts as liquid films. Photoreactive IL 3-FSA (Figure la; FSA = (FSO2):N"), containing a
cationic Ru sandwich complex, undergoes cation photodissociation upon UV photoirradiation,
and the reaction yields an amorphous coordination polymer where cyano groups bridge Ru ions,
thereby reducing the ionic conductivity.?’*° Heating reverses the photoproduct to its original IL,
with the ionic conductivity exhibiting a reversible change. However, a prolonged photoreaction
time (~300 min) renders this IL impractical. In contrast, 1-FSA, bearing a single substituent
(Figure 1b), is trimerized upon UV photoirradiation and converted into a high-viscosity liquid,
and its photoreaction time is much faster (~10 min).?” However, it exhibits smaller changes in
1onic conductivity, and the reversible reaction occurs easily, even at ambient temperature.

The present study introduces Ru-containing organometallic ILs 2-X possessing two
cyanoalkyl substituents (Figure 2; X = anion). In addition, 4-FSA was synthesized to examine the
effect of an electron-donating substituent on the photoreactivity. This study revealed that the
reduced number and shorter length of substituents in 2-X relative to 3-FSA led to the former’s

lower melting point and reduced viscosity, thereby enabling fast photoresponse and large ionic

conductivity changes. In particular, we examined the effect of incorporating noncoordinating
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anion (FSA and Tf:N) and coordinating anion (TfNCN, B(CN)4, and BF2(CN)) on the
photoreactivity. In 2-X, when noncoordinating anions were incorporated, photodissociation of the
2/3 of cations resulted in all cyano groups coordinating with the Ru ion, preventing further
photoreaction owing to the saturation of the three cyano groups on the Ru ion (Figure 3a).
However, 2-X exhibited a faster reaction and higher conversion resulting from additional anion
coordination when incorporated with coordinating anions (Figure 3b). These ILs mostly exhibited
reversible changes in ionic conductivity upon exposure to light and heat, and the reactivity and
reversibility were anion dependent. Furthermore, structural changes of the ILs before and after

photoirradiation were investigated using the X-ray pair distribution function (PDF) analysis.
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Figure 1. Photoreaction and thermal reaction of the photoreactive Ru-containing ILs (a) 3-FSA

and (b) 1-FSA. In Figure (a), alkyloxy substituents are represented using wavy lines.
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Figure 2. Structural formulas of 2-X (X = FSA, Tfz:N, TINCN, B(CN)4, and BF2CN3z) and
4-FSA.
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Figure 3. Photoreactions anticipated in ILs with (a) noncoordinating anions and (b) coordinating

anions. The substituents are represented by wavy lines.

METHODS

General Procedures. K[TfNCN],*! K[BF2(CN)],*> and 5-dimethylaniline resorcinol®?
were prepared following methods reported previously. 'H and '°F NMR, FT-IR, and UV-Vis
spectra were recorded using a Bruker Avance 400 spectrometer, Thermo Nicolet iS5 or Jasco

FT/IR-4700 with a microscope attachment, and a JASCO V-570 UV/VIS/NIR spectrophotometer,



respectively. The samples were carefully vacuum dried prior to physical measurements.
Differential scanning calorimetry (DSC) was performed using a TA Instrument Q100 differential

scanning calorimeter at a scan rate of 10 K min~!

. Viscosity and dynamic viscoelasticity were
measured using a TA Instruments DHR-1 with ¢ 8 mm parallel plates. A Hamamatsu LC-L1V3
Lightningcure UV-LED (365 nm, 650 mW cm2) was used for photoirradiation, during which ILs
were sandwiched between quartz plates (sample thickness ~10 um) and placed on a cooling plate
(10°C). Ionic conductivity was measured using a Solartron 1260 impedance analyzer. Each
sample was sandwiched between gold interdigitated electrodes (gap dimension: 200 um,
Metrohm) and a quartz glass plate and further sealed with epoxy resin for conductivity
measurements, where the sample thickness was larger than 10 pm. For calibrating ionic

conductivity, the sample thickness was set to 89 pum.

PDF analysis. High-energy X-ray total scattering measurements were performed at the
BL04B2 high-energy XRD beamline (SPring-8, Japan) for calculating PDF.3* IL was packed into
a glass capillary, and scattering patterns were measured at room temperature using the CdTe
two-dimensional detectors. The energy of the incident X-rays was 112.8 keV, and the maximum
0 (0 =4n sin OA), Omax, was 23 AL,

Synthesis of 1,3-Bis(4-cyanobutyloxy)benezene (L'). A mixture of
1,3-bis(bromomethyl)benzene (550 mg, 2.1 mmol), 3-hydroxypropionitrile (364 mg, 5.0 mmol),
and diisopropylethylamine (727 mg, 5.6 mmol) was refluxed for 5 h under a nitrogen atmosphere.
After cooling the mixture to room temperature, ethyl acetate (5 mL) and a 10% sodium hydrogen
sulfate aqueous solution (7 mL) were added and stirred for 10 min. The solution was extracted
five times with ethyl acetate (5 mL), and the organic layer was dried over anhydrous magnesium

sulfate. A yellow liquid was obtained after solvent evaporation, which was then sonicated after



adding hexane, and the hexane layer was removed. This procedure was repeated 10 times. The
crude product was purified using column chromatography (alumina, eluent: EtOAc:hexane =
1:4-1:0; Rr = 0.4) to give a pale-yellow liquid, which was dried under vacuum at 70°C for 2 h
(166 mg, 34% yield). '"H NMR (400 MHz, CDCl3): 6= 2.64 (t, 4H, CH:CN, J = 6.02 Hz), 3.70 (t,
4H, OCH:CH2CN, J = 6.03 Hz), 4.59 (s, 4H, ArCH0), 7.26-7.39 (m, 4H, Ar-H.).

Synthesis of 3,5-bis(4-cyanobutyloxy)-N,N-dimethylaniline (L2). An acetonitrile
solution (50 mL) of 5-dimethylaniline resorcinol (700 mg, 4.57 mmol), 5-bromopentanenitrile
(1.85 g, 11.4 mmol), KoCO; (5.50 g, 39.8 mmol), and tetrabutylammonium chloride (70.0 mg,
0.252 mmol) was refluxed for 24 h. After cooling to room temperature, the solution was filtered,
and the solvent was evaporated. The crude product was purified using column chromatography
(silica gel, eluent: CH2Cl>) and further purified by recrystallization from MeOH. The product was
obtained as pale orange platelet crystals (0.82 g, 57% yield). '"H NMR (400 MHz, CDCls;, TMS):
0=1.92 (m, 8H), 2.44 (t, J = 6.8 Hz, 4H), 2.92 (s, 6H), 3.98 (t, J = 5.4 Hz, 4H), 5.85-5.88 (m,
3H).

Synthesis of [CpRu(L')]X (2-X; X = FSA, Tfz2N, TFNCN, B(CN)4, BF2(CN)2, and Cp
= CsHs). An acetonitrile solution (4.5 mL) of [CpRu(CH3CN)3;]PFs (208 mg, 0.584 mmol) and L
(147 mg, 0.602 mmol) was refluxed for 17 h under nitrogen atmosphere. The solvent was then
evaporated, and the residue was heated under vacuum at 120°C for 30 min. The crude product
was dissolved in chloroform and passed through a short column of alumina (eluent
CHCI3:CH3CN = 1:0-0:1). A solution of the product in acetonitrile was treated with activated
carbon, filtered, and the solvent evaporated. The PF¢ salt was obtained as a pale-yellow liquid,
which was dried under vacuum 70°C for 2 h (212 mg, 65% yield). 'H NMR (400 MHz, CD3;CN):

o0=2.75 (t, 4H, CH.CH:CN, J = 5.89 Hz), 3.81 (t, 4H, CH.CH:CN, J = 5.89 Hz), 4.42 (s, 4H,



CH>OCH4CN, J = 5.23 Hz), 5.38 (s, SH, Cp-Hs), 6.12-6.36 (m, 4H, Ar-H,). Anal. Calcd. for
Ci9H21F¢N202PRu : C, 41.09; H, 3.81; N, 5.04. Found: C, 41.23; H, 3.96; N, 4.92.

2-FSA was synthesized using the following procedure: K[FSA] (36 mg, 0.162 mmol) was
dissolved in a small amount of water, to which an acetone solution (1 mL) of [CpRu(L")]PFs (30
mg, 0.054 mmol) was added, and the solution was stirred for 30 min. After removing acetone
using an evaporator, water was added, and the mixture was extracted five times with
dichloromethane. The organic layer was combined, washed twice with water, and dried over
magnesium sulfate, followed by solvent evaporation. This anion exchange procedure was
repeated two more times, and the PFes anion disappearance (60 = —73.83, —71.92) was confirmed
by the ”F NMR spectrum (solvent: CD3CN). The crude product was passed through a short
column of alumina (eluent: CH3CN). The acetonitrile solution was concentrated and treated with
activated carbon, filtered, and the solvent evaporated to give a pale-yellow viscous liquid, which
was dried under vacuum at 70°C for 2 h (25 mg, 80% yield). '"H NMR (400 MHz, CD;CN): §=
2.75 (t, 4H, CH2CHCN, J = 5.82 Hz), 3.82 (t, 4H, CH>CH2CN, J = 5.82 Hz), 4.43 (s, 4H,
CH>OCH4CN, J = 5.23 Hz), 5.38 (s, SH, Cp-Hs), 6.12-6.37 (m, 4H, Ar-H,). Anal. Calcd. for
C19H21F2N30O6RuS : C 38,64, ; H, 3.58 ; N, 7.12. Found: C, 38.96; H, 3.54; N, 6.86.

2-Tf:N, 2-TfNCN, 2-B(CN)4, and 2-BF2(CN)2 were prepared by the same method as
2-FSA using Li[TtoN], K[TINCN], K[B(CN)4], and K[BF>2(CN).], respectively, instead of
K[FSA] for anion exchange. 2-Tf:N (56% yield). 'H NMR (400 MHz, CD3CN): §=2.76 (t, 4H,
CH>CHXCN, J = 5.87 Hz), 3.80 (t, 4H, CH>2CHxCN, J = 5.84 Hz), 4.43 (s, 4H, CH,OCH4CN, J =
5.23 Hz), 5.38 (s, SH, Cp-H5), 6.12-6.37 (m, 4H, Ar-H,). Anal. Calcd. for C21H21FsN3OsRuS,: C,
36.52; H, 3.07; N, 6.08. Found: C, 36.35; H, 3.19; N, 6.13. 2-TfNCN (63% yield). "H NMR (400

MHz, CD3CN): 6=2.76 (t, 4H, CH2CH:CN, J = 5.87 Hz), 3.81 (t, 4H, CH.CH2CN, J = 5.92 Hz),



4.43 (s, 4H, CH-OC;H4CN), 5.38 (s, 5SH, Cp-Hs), 6.12—6.38 (m, 4H, Ar-Hy). Anal. calcd. for
C21H21F3sN4O4RuS: C, 43.22; H, 3.63; N, 9.60. Found: C, 43.21; H, 3.57; N, 9.79. 2-B(CN)4
(72 % yield). "H NMR (400 MHz, CD3CN): 5= 2.76 (t, 4H, CH.CH-CN, J = 5.87 Hz), 3.81 (4,
4H, CH>CH2CN, J = 5.92 Hz), 4.43 (s, 4H, CH>:OC;H4CN), 5.39 (s, SH, Cp-Hs), 6.12-6.38 (m,
4H, Ar-H4). Anal. calcd. for C23sH21BNeO2Ru: C, 52.59; H, 4.03; N, 16.00. Found: C, 52.47; H,
3.91; N, 16.29. 2-BF2(CN): (77% yield). 'H NMR (400 MHz, CD;CN): § = 2.76 (t, 4H,
CH:CH:CN, J = 5.87 Hz), 3.81 (t, 4H, CH>CH>CN, J = 5.92 Hz), 4.43 (s, 4H, CH>OC;H4CN),
5.38 (s, SH, Cp-Hs), 6.12—6.38 (m, 4H, Ar-H;). Anal. calcd. for C21H21BF2N4O2Ru: C, 49.33; H,
4.14; N, 10.96. Found: C, 49.97; H, 4.36; N, 10.59.

Synthesis of [CpRu(L?)JFSA (4-FSA). An acetonitrile solution (4.5 mL) of
[CpRu(CH3CN)3]PFs (172 mg, 0.411 mmol) and L? (112 mg, 0.355 mmol) was refluxed for 19 h
under a nitrogen atmosphere, after which the solvent was evaporated. The residue was vacuum
dried at 120°C for 30 min, and a solution of the crude product in acetonitrile was passed through
a short column of alumina (eluent CH3CN:ethyl acetate = 1:2). The product was dissolved in
acetonitrile, treated with activated carbon, filtered, and the solvent evaporated. The residue was
vacuum dried at 70°C for 2 h to afford [CpRu(L*)]PFs as a pale-yellow liquid (160 mg, 0.216
mmol; 53% yield). A methanol solution of NaBPh4 (228.3 mg, 0.649 mmol) was added to the PFs
salt, followed by 30-min stirring at 70°C. The resultant precipitate was collected by filtration,
washed three times with methanol, and vacuum dried at room temperature for 2 h to give
[CpRu{CsH3(OC4sHsCN)NMe:} |BPhs (183 mg). 'H NMR (400 MHz, CDsCN): 5= 1.15 (t, 4H,
CH>CH;N(CHs)2, J = 7.04 Hz), 1.15 (t, 4H, ArOCH2CH:>, J = 7.04 Hz), 2.50 (t, 4H, CH>CN, J =
6.87 Hz), 2.85 (s, 6H, N(CH;)2), 3.87-4.01 (m, 4H, ArOCH>), 5.18 (s, SH, Cp-Hs), 5.63 (d, 2H,

Ar-H,), 5.97 (s, 1H, Ar-Hy), 6.86 (t, 1H, BPhs-Ar-H), 7.02 (t, 2H, BPhy-Ar-H>), 7.26-7.32 (m,



2H, BPhs-Ar-H>).

Ion exchange resin Dowex 1-X8 (CI form, 7 g) was suspended in methanol and packed in a
short column, to which methanol (100 mL) was added. [CpRu(L?)|BPh4 (163 mg, 0.201 mmol)
was dissolved in acetonitrile (1 mL), to which methanol was added (9 mL), and the solution was
charged onto the column. The product was eluted using methanol (100 mL). The solvent was
concentrated to approximately 10 mL, recharged to the column, and eluted with methanol. This
procedure was then repeated one more time, and '"H NMR spectra showed the absence of the
BPh4 anion (6= 6.86 (t, 1H, Ar-H1), 7.02 (t, 2H, Ar-H>), 7.26-7.32 (m, 2H, Ar-H>), in CD3CN).
Solvent evaporation gave [CpRu(L?)]Cl as a pale-yellow liquid (103 mg, 99% yield).

K[FSA] (135 mg, 0.603 mmol) was dissolved in a small amount of water, after which a
solution of [CpRu(L?)]CI (103 mg, 0.201 mmol) was added, and the mixture was stirred at room
temperature for 30 min. After 5-time extraction with dichloromethane, the organic layer was
washed thrice with water and dried over anhydrous magnesium sulfate. An acetonitrile solution
of the crude product was then passed through a short alumina column (eluent: CH3CN). The
acetonitrile solution was concentrated, treated with activated carbon, filtered, and the solvent
evaporated. The residue was vacuum dried at 70°C for 30 min to give the desired product as a
pale-yellow liquid (65 mg, 50% yield). '"H NMR (400 MHz, CDCl3): & = 1.789-1.877 (m, 4H,
ArOCH>CH>CoH4CN), 1.890-1.977 (m, 4H, ArOC,H4CH,CH,CN), 248 (t, 4H,
ArOCsH6CH:CN, J = 6.85 Hz), 2.90 (s, 6H, ArN(CHj3)2), 3.90-4.13 (m, 4H, ArOCH>C3HsCN),
5.16 (s, SH, Cp-Hs), 5.56 (d, 2H, Ar-H>), 6.07 (s, 1H, Ar-H). Anal. Calcd. for C23H30F2N4O¢RuS::

C,41.75; H,4.57; N, 8.47. Anal. C, 41.75; H, 4.71; N, 8.35.

RESULTS AND DISCUSSION
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Physical Properties of ILs. Most of the synthesized ILs were pale-yellow liquids.
Although 2-FSA, 2-Tf2N, and 2-B(CN)4 were solids with melting points near room temperature,
once melted, they maintained the liquid state at room temperature. Table 1 lists the melting points
(Tm) and glass transition temperatures (7¢) determined by DSC. Upon cooling, liquids of 2-X
exhibited a T, of —42 to —68°C. When comparing ILs with different number of substituents, the
T, of FSA salts followed the order of 1-FSA (—60°C)*” < 2-FSA (—58°C) < 3-FSA (-53°C),”
with T increasing with the number of substituents. 2-Tf2N (—54°C) exhibited a slightly higher T,
than 2-FSA (—58°C). Among the ILs with coordinating anions, 2-TfNCN (—68°C) and
2-BF2(CN)2 (—66°C) showed lower T, than 2-FSA, whereas 2-B(CN)4 (—42°C) showed higher T,
probably owing to its higher anion symmetry. 2-FSA, 2-Tf2N, and 2-B(CN)4 had T, of 28°C,
27°C, and 52°C, respectively, with To/Tm (~0.71) in these ILs being consistent with the empirical
relationship (Te/ T = 2/3).3>3¢

The viscosities and ionic conductivities of the studied ILs were measured at 25°C (Table 1).
They were Newtonian liquids, with their viscosity in the order of 2-TfNCN (0.46 Pa-s) < 2-FSA
(1.00 Pa‘s) < 2-BF2(CN)2 (1.45 Pa‘s) < 2-Tf2N (1.87 Pas) = 2-B(CN)4 (1.92 Pa‘s), which was
almost the same order as that of T. Their ionic conductivities were similar at 1.5-3.0 x 107* S

I, except for 2-B(CN)4 (6.6 x 107° S cm '), whose lower value probably resulted from its

cm
high viscosity. In contrast, 4-FSA exhibited a higher 7 (—36°C) and much higher viscosity (12.9

Pa-s) than the other ILs, resulting in its low photoreactivity, as discussed below.

Table 1. Properties of ILs, including glass transition temperature (Tg), melting point (Tw),

viscosity, and ionic conductivity before and after photoirradiation, measured at 25°C.

Ty Tm Viscosity (Pa-s) lonic conductivity (S cm™)
(°C) (°C) Before®  After Before After
2-FSA —58 28 1.00 1542°¢ 1.7x10* 7.6x10°

11



2-TfN -54 27 1.87 1566° 16x10% 13x10°

2-TFNCN 68 0.46 e 15x10% 1.0x10°
2-B(CN), 42 52 1.92 e 66x10° 1.1x10°
2-BF(CN),  —66 1.45 e 3.0x10*  4.4x107
1-FSA? ~60 0.92 5,25 40x10%  3.7x10°
3-FSA? 53 2.60 1.2 x 105¢¢ 31x10°  4.8x107
4-FSA -36 12.9 e

®Ref. 27.Shear rate = 10% s'*. “Complex viscosity at 10 rad st (strain 0.1%). “Value for a
sample with 55% conversion. *Not measured because of irreversible reaction, low reactivity,

or inhomogeneity of the product.

Photochemical Reactions. Sandwiching liquid samples between quartz plates (sample
thickness ~10 pum) and subsequent UV irradiation (365 nm, LED) transformed them from
pale-yellow ILs to yellow viscoelastic coordination polymers. The photoreactions were less
effective in bulk owing to the photoproduct’s UV absorption. Figure 4 shows the reaction
schemes and photographs of these samples, although the products, particularly those of
2-BF2(CN)2 and 2-B(CN)4 containing a larger number of cyano groups, might actually comprise
a mixture of different coordination structures. Figure 5a shows UV-Vis spectral changes, and
Table 2 summarizes their photoreaction times, cation dissociation ratios, and conversions. ILs
containing coordinating anions exhibited faster photoreaction and higher conversion than those
containing noncoordinating anions. Heating the photoproducts triggered reversible reactions to
yield the original ILs, except for 2-BF2(CN)2 undergoing decomposition. The reactions of ILs
with coordinating and noncoordinating anions are discussed below.

Reactivity of ILs with Noncoordinating Anions. Figure 5b (left) shows the cation
dissociation ratios of ILs containing noncoordinating anions (2-FSA and 2-Tf:N) against the
photoirradiation time, along with the data for 1-FSA and 3-FSA,” as determined from the UV—

Vis and 'H NMR spectra (Figure S1). A total of 47% and 50% cation dissociations were achieved
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for 2-FSA and 2-Tf2N in approximately 30 and 80 min, respectively, and no further dissociation
was observed with continued photoirradiation. The photoproducts were stable in air. The slower
reaction of 2-Tf2N was probably due to its higher viscosity. The photoreaction times of 2-FSA
and 2-Tf:N were between those of 1-FSA (~15 min) and 3-FSA (~300 min). Furthermore, their
conversions were 70% and 75%, respectively, which were 1.5 times the dissociation ratios
because the dissociation of the 2/3 of cations completes the reaction. The reaction did not proceed
completely, probably because of the trapping of monomers in the coordination network, a
thermally reversible reaction associated with light absorption, and/or entropy contribution.?® The
low dissociation ratio of 1-FSA (~30%) is attributed to reaction completing with the dissociation
of one-third of cations (Figure 1b).?’

Upon heating to 120°C, these photoproducts quantitatively reverted to their original ILs
within 5 min, rendering the reaction fully reversible. The DSC investigation of the thermal
reversible reaction of the photoproduct of 2-Tf2N showed a glass transition at 24°C and a broad
endothermic peak at approximately 70°C (AH = 2 kJ mol™!) upon heating, which corresponded to
thermal conversion from the coordination polymer to the original ILs. This finding suggests that
this photoproduct exhibits a weaker network structure than the photoproduct of 3-FSA, which
shows an endothermic peak at approximately 80°C (AH = 5.2 kJ mol ).’ This observation is
consistent with their dynamic viscoelasticity, as discussed below. 4-FSA containing the NMe»
substituent exhibited an extremely slow photoreaction, with only 30% dissociation of the cation
after 3 h photoirradiation. This effect resulted from the high viscosity of 4-FSA and strong
electron-donating effect of the NMe> group, which stabilized the sandwich complex.

Reactivity of ILs with Coordinating Anions. Figure 5b (right) shows the cation

dissociation ratios of ILs containing coordinating anions (2-TfNCN, 2-B(CN)4, and 2-BF2(CN)2)

against the photoirradiation time. Cation dissociations of 86%, 91%, and 75% were observed in

13



approximately 20, 30, and 15 min, respectively, and no further dissociation was observed with
continued photoirradiation. Furthermore, their conversions were consistent with the dissociation
ratios. These ILs exhibited faster reaction rates and higher conversions than ILs with
noncoordinating anions (2-FSA: 70% in 30 min, 2-Tf2N: 75% in 80 min, see above), due to the
strong coordination ability of the CN groups in the anion. The photoproduct of 2-TfNCN
decomposed within a minute in air, forming a blue viscous material (Figure S2a), but the others
were stable in air.

The thermal reactivity of photoproducts varied with the anion. Heating the photoproduct of
2-TfNCN at 120°C for 10 min caused a reverse reaction quantitatively. By contrast, the
photoproduct of 2-B(CN)s underwent a two-step reversion (Figure 4c). Heating at 120°C
transformed it into a yellow-orange viscoelastomer within 10 min, which was a solid—liquid
mixture, as revealed in microscopic examination (Figure S3). The solid component was a
crystalline coordination polymer, while the liquid component was a mixture of dissociated ligand
and thermally-produced original IL (see below). Additionally, heating this mixture at 180°C for
10 min almost gave the original IL. In contrast to the other ILs, the photoreaction of 2-BF2(CN):
was irreversible. The heating of the photoproduct of the IL at 120°C for 5 min resulted in its

decomposition to yield a colorless solid, which was insoluble in common solvents (Figure S2b).
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Photographs of the ILs and photoproducts sandwiched between the quartz plates are shown

below each structure.
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photoirradiation time for ILs with noncoordinating anions (1-FSA,*’ 2-FSA, 2-Tf:N, and

3-FSA;? left) and coordinating anions (2-TfNCN, 2-B(CN)s, and 2-BF2(CN)2; right).

Table 2. Photoreaction time, dissociation ratio, conversion, and reversibility

of photoreactions of the ILs

Photoreaction Dissociation Conversion® Reversibility

time® (min) ratio® (%) (%)

2-FSA ~30 47 70 Y
2-Tf:N ~80 50 75 Y
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2-TfNCN  ~20 86 86 Y (under Ny)

2-B(CN)a4 ~30 91 91 Y (incomplete)
2-BF;(CN), ~15 75 75 N

1-FSA? ~10 30 90 Y

3-FSA® ~300 82 82 Y

4-FSA (30)¢ (30)¢

®Ref. 27. PTime required for the photoreaction to saturate. °Cation
photodissociation ratio. Calculated from the dissociation ratio, considering
the number of cyano groups. ¢Values after 180-min photoirradiation.

Spectroscopic Investigation. Structural changes in the ILs upon photoirradiation and
heating were investigated using spectroscopic techniques. As seen in Figures 5a and S4, the UV—
Vis spectra of each IL before photoirradiation were almost similar to that of [CpRu(CsHg)]PFs
(6320 nm) = 136 M™! ecm™!, in acetonitrile’”). After photoirradiation, each spectrum exhibited
absorption peaks characteristic of cyano coordination at approximately 310 and 370 nm,?’
corresponding to a color change to yellow. Meanwhile, in the FT-IR spectra, peak shifts
reflecting coordination structure changes®® were observed upon photoirradiation (Figure S5). In
2-TH:N, the CN stretching vibration shifted from 2251 to 2278 cm™!, and the C=C stretching
vibration shifted from 1501 and 1527 cm™! to 1579 and 1603 cm ™' upon photoreaction. Similar
shifts were observed for 2-FSA. The anion CN stretching vibration peaks in 2-TfNCN, 2-B(CN)y4,
and 2-BF2(CN): were observed at 2193, 2220, and 2208 cm™ !, respectively, and the ligand CN
peaks were observed at approximately 2250 cm™' for each IL. These peaks decreased after
photoirradiation, and new anion CN stretching peaks emerged at 2240, 2230, and 2218 cm !,
respectively, indicating anion coordination.

Heating the photoproducts of 2-FSA, 2-Tf2N, and 2-TfNCN at 120°C resulted in reversible

reactions, restoring the original UV—Vis and FT-IR spectra. By contrast, heating the photoproduct
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of 2-BF2(CN): resulted in decomposition; an intense absorption peak appeared below 400 nm in
the UV—Vis spectrum (Figures 5a-iv), and the IR spectrum displayed a broad, strong peak at
approximately 2100 cm ™!, which is probably ascribed to the corresponding anion decomposition
product.

The spectra of the photoproduct of 2-B(CN)4 reverted to their original spectrum in two
steps, upon heating at 120°C and then at 180°C (Figure 4c). The photoproduct was a
homogeneous viscoelastomer, which was probably an anion-coordinated coordination polymer
bridged by arene ligands. Heating this material at 120°C for 10 min caused sudden darkening to
yellow-orange, and a broad, stronger absorption peak appeared in the UV—Vis spectrum (Figure
5a-iii); furthermore, the CN stretching peak in the IR spectrum was blue-shifted (2235 cm™)
compared with that of the photoproduct (2230 cm™!). This change indicates the structural
transformation to a more robust B(CN)s-bridged coordination polymer,*® releasing the bridging
arene ligand. "H NMR spectrum of the product, which was a solid-liquid mixture, in acetonitrile
revealed that 60% of cations transformed into the anion-bridged coordination polymer while the
remaining 40% further transformed into the original IL. Washing with acetonitrile or
dichloromethane removed the free ligand and IL, yielding a yellow coordination polymer
insoluble in dichloromethane, and its plausible structure is shown in Figure 4c. The UV—Vis and
FT-IR spectra of the solid coordination polymer were identical to those of the B(CN)s-bridged
amorphous coordination polymer® produced via the photoreaction of [CpRu(PhR)]B(CN)4 (R =
alkyl substituent), indicating their close similarity in local structures. In contrast to the
amorphous solid, the current solid was crystalline (see below), probably because it is a
thermodynamic product obtained after heating. Additionally, the subsequent heating of the
mixture to 180°C for 10 min reverted the spectra to those of the original IL, but a small amount

of unreacted coordination polymer remained owing to inhomogeneity, as visually and
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spectroscopically observed.

PDF analysis. To understand structural changes induced by photoirradiation, X-ray PDF
analysis was conducted on 2-Tf2N and 2-B(CN)4. Their PDF profiles are shown in Figures 6a
and 6b, respectively, wherein correlation peaks observed at 2.2 A and 1.5 A can be assigned to
Ru—C bonds and other intramolecular bonds such as C—C, respectively. The correlation peak at
1.5 A is more pronounced for 2-Tf;N than for 2-B(CN)4 because the former contains a larger
number of S—E (E = O, N, or F) bonds in its anion. After photoirradiation, the PDF profiles of
both samples show only slight changes, attributable to minor alterations in their bond lengths
(e.g.,Ru—-C =22 A, Ru-N = 2.1 A)*” and moderate conversion.

In the plot of the structure factor S(Q) of 2-B(CN)4 (Figure S6), a slight shift in peaks to
higher Q values is observed after photoirradiation, indicating the development of short-range
order. This shift suggests that the transformation to a coordination polymer likely results in
shorter Ru...Ru distances, leading to a more ordered network structure. However, such a change
was not observed in 2-Tf2N.

Note that, after heating the photoproduct of 2-B(CN)4 at 120°C, Bragg peaks appeared in
the S(Q) plot (Figure S6), indicating the transformation from an amorphous coordination polymer
to a crystalline coordination polymer. In the PDF profile of the sample (Figure 6b), an increase in
the peak intensity was observed at 5.5-6.0 and 7.5 A after heating, which further supports the
anion-bridged coordination polymer structure as they correspond to the Ru...Ru distances
between adjacent CpRu units and distances bridged by the anion, respectively. These results
support structural changes induced by photoirradiation and subsequent heating, as shown in

Figure 4c.
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Figure 6. PDF profiles of (a) 1-Tf2N before and after photoirradiation and (b) 1-B(CN)4 before

and after photoirradiation and after subsequent heating at 120°C.

lonic Conductivity Changes. The ionic conductivity of each IL studied was measured
on a sample sandwiched between an interdigitated electrode and a quartz plate. Figure 7 shows
ionic conductivity changes against the photoirradiation time for the ILs at 25°C. Photoirradiation
reduced their ionic conductivity due to cation immobilization, and the observed conductivity
changes were repeatable in most ILs under repeated cycles of photoirradiation and heating,
exhibiting conductivity changes as large as that of 3-FSA with much shorter response time.

The ionic conductivities of 2-FSA and 2-Tf:N at 25°C were comparable at 1.7 x 10 and
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1.6 x 107* S cm ™!, respectively, which decreased upon photoirradiation by approximately one and
two orders of magnitude, respectively, to 0.76 x 107> and 1.3 x 107° S cm™! (Figure 7a(i), Table 1).
The longer response time observed in Figure 7a than in Figure 5b is attributed to different
experimental setups. The larger ionic conductivity of the photoproduct of 2-FSA is due to the
greater mobility of its smaller anion, which is the primary carrier after photoreaction. 2-B(CN)4
and 2-TfNCN exhibited similar conductivity changes, while 2-BF2(CN)2 demonstrated a slightly
larger change (Figure 7a(ii)). Figure 7b displays changes in the ionic conductivity of the ILs upon
photoirradiation, in which 2-Tf2N and 2-TfNCN showed a greater change than 3-FSA, while
2-B(CN)4 demonstrated a comparable change. The ionic conductivities of these ILs before and
after photoirradiation were intermediate between those of 1-FSA and 3-FSA. 2-BF2(CN):
exhibited a larger conductivity change but is not shown in the figure because the reaction was
irreversible.

Furthermore, the conductivity changes under photoirradiation—heating (120°C) cycles were
investigated (Figure 7c). 2-TfaN, 2-FSA, and 2-TfNCN exhibited fully repeatable ionic
conductivities, whereas repeatability was significantly reduced for 2-B(CN)4 in each cycle
because heating at 120°C is insufficient to complete the reverse reaction. 2-BF2(CN)2 underwent
an irreversible change upon heating.

Figure 7d shows the temperature dependence of the ionic conductivities of 2-TfaN,
2-TfNCN, and 2-B(CN)4 between 0°C and 120°C before and after photoirradiation. The
photoproduct of 2-TfaN displayed a linear trend up to approximately 85°C upon heating, after
which an inflection point occurred owing to thermal reaction. Consistently, during heating above
110°C and subsequent cooling, the ionic conductivity remained the same as that before
photoirradiation. 2-TfNCN and its photoproduct exhibited similar results. The temperature

dependence before and after photoreaction was analyzed using the Vogel-Fulcher—Tammann
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(VFT) equation (o(7) = AT '? exp[—Edo/ks(T-To)])*° and the Arrhenius equation (o(7) = 6w
exp(—Ea/ksT)), respectively, where A represents the number of carrier ions, E is the activation
energy for ion transport, and 7o is the ideal glass transition temperature. Table 3 contains the
resulting fitting parameters. The value of 4 for 2-Tf2N (25 S K2 cm™!) was comparable to those
of 1-FSA (19 S K2 cm™) and 3-FSA (17 S K2 cm™"), whereas the smaller value obtained for
2-TfNCN (11 S K"? cm™') may be ascribed to its ion-pair formation tendency owing to the
presence of the —NCN group in the anion. Similarly, the much smaller 6. value for the
photoproduct of 2-TfNCN (~10° S cm™!) than that of 2-Tf2N (~10'2 S cm™) reflects the marked
difference in their temperature dependence, probably resulted from anion coordination.
Furthermore, 2-B(CN)s4 exhibited a similar temperature dependence, but its photoproduct
transformed into a solid-liquid mixture at 120°C, which was the highest temperature that can be
measured with the instrument, and did not fully revert to the original IL. Therefore, its ionic
conductivity at 120°C did not match the value before photoirradiation, and the temperature
dependence during subsequent cooling differed from that of the original IL. We found that
2-TfNCN exhibited an irreversible electrode reaction at lower applied voltages than the other ILs,
suggesting a smaller electrochemical window. This behavior probably results from its
NCN-conjugated anion structure, which may also contribute to the air sensitivity of its
photoproduct.

We previously found that Ru-containing ILs with higher viscosities tend to exhibit slower
photoreaction rates compared to those with lower viscosities..?”? The ILs with two substituents
investigated in the current study exhibited a much faster response than 3-FSA while maintaining
large conductivity changes. This feature, attributed to their lower viscosity, resulted from the

molecular design with reduced number and length of cation substituents.
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Table 3. Ionic conductivity of 2-Tf,N and 2-TfNCN and parameters for their analysis

025°C E. A To O
(Sem™)  (meV) (SK"”Zcm)?* (K)? (Sem™h®b
2-Tf,N Before irradiation 1.6 x10* 985 25.4(14.8) 176.2(15) —
After 3 h irradiation 1.3x10° 1110 — — 3.44(0.6) x 1012
2-TfNCN  Before irradiation 1.5x10% 84.7 11.1(10.4) 186.7(12.9) —
After 2.5 hirradiation 1.0 x 107 724 — — 1.37(0.3) x 10°
aParameters for the VFT equation. "Parameters for the Arrhenius equation.
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Figure 7. (a) Changes in the ionic conductivity of (i) 2-FSA and 2-Tf:N and (ii) 2-TfNCN,

2-B(CN)4, and 2-BF2(CN):2 at 25°C plotted against the photoirradiation time. (b) Changes in the

ionic conductivity of each IL. Values before (o) and after (V) photoirradiation. (c) lonic

conductivity of 2-Tf2N, 2-TfNCN, 2-B(CN)4, and 2-BF2(CN)2 measured at 25°C during repeated

cycles of photoirradiation (©) and 120°C heating (). (d) Temperature dependence of the ionic

conductivity of 2-TfaN, 2-TfNCN, and 2-B(CN)4 before (o, cooling run) and after (e, heating

and subsequent cooling) photoreactions. The temperature dependences before and after
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photoirradiation are fitted by the VFT and Arrhenius equations, respectively (solid lines).

Viscoelasticity. The viscoelasticities of 2-FSA and 2-Tf:N at 25°C were measured before
and after photoirradiation to examine the effect of the number of cation substituents on the
viscoelasticity. The photoproducts showed intermediate elastic moduli between those of 1-FSA
and 3-FSA, which was consistent with the dimensionality of the network structures in the
photoproducts.

The viscosities of 2-FSA and 2-Tf2N were 1.00 and 1.87 Pa-s, respectively (Table 1), while
their complex viscosities after photoirradiation at an angular frequency of 10 rad s™! (0.1% strain)
were comparable at 1542 and 1566 Pa-s, respectively. These values were intermediate between
those of the photoproducts of 1-FSA (5.2 Pa‘s) and 3-FSA (>10° Pa-s).

Figure 8 shows the complex moduli of these ILs after photoirradiation (0.1% strain). The
photoproduct of 2-FSA exhibited elastic behavior (tan 0 = G"/G' < 1), with the storage modulus

1

(G") exceeding the loss modulus (G") below approximately 4 rad s, whereas G" exceeded G'

above this frequency, exhibiting viscous behavior (tan ¢ > 1). The photoproduct of 2-Tf:N

displayed elastic behavior up to a higher angular frequency of ~40 rad s!

, indicating that the
photoproducts of 2-FSA and 2-Tfa2N were in the rubber and glass—rubber transition regions,
respectively, which is consistent with the latter’s higher 7,. The strain-dependent elastic modulus
revealed that the photoproduct of 2-Tf2N presented a decrease in storage modulus at larger strain
than the photoproduct of 2-FSA (Figure S7), which was indicative of its stronger network
structure. These photoproducts were viscoelastic with one order of magnitude smaller storage

moduli (~10* Pa) than the photoproduct of 3-FSA (~10° Pa), exhibiting a greater angular

frequency dependence for the loss modulus.
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CONCLUSIONS

Advancing our continuous research on stimuli-responsive ILs, we investigated the
photoreactivity and physical properties of Ru-containing ILs with two coordinating substituents
in the cation. Upon UV photoirradiation, these ILs underwent transformation into viscoelastic
coordination polymers, which mostly underwent a reversible reaction upon heating, reverting to
their original ILs. Coordinating anion salts exhibited higher conversions and faster photoreaction
rates than noncoordinating anion salts. The developed ILs exhibited much faster responses than
previously reported ILs with three cyanoalkyl substituents and presented similar or even greater
1onic conductivity changes. These enhanced photoreactivity and property changes resulted from
the molecular design using fewer and shorter substituents in the cation, which led to lower
viscosity. These findings provide insights into the development of stimuli-responsive electronic
devices, such as stimuli-tunable capacitors using ILs. Employing ILs in device application is
advantageous owing to the minimal amount required for operation. Further development of
photoreactive ILs exhibiting structural changes and additional functions is underway in our

laboratory.
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Figure S1. 'H NMR spectra of (a) 2-Tf2N, (b) 2-FSA, (c) 1-TfNCN, (d) 2-B(CN)4, and (e)
2-BF2(CN); in CD3CN measured before photoirradiation, after photoirradiation, and after
subsequent heating at 120°C.

Figure S2. (a) Photographs of 2-TfNCN before photoirradiation, after photoirradiation, and after
exposure to air. (b) Photographs of 2-BF2(CN). before photoirradiation, after photoirradiation,
and after heating at 120°C.

Figure S3. Microscopic photographs of 2-B(CN)4 before photoirradiation, after photoirradiation,
and after subsequent heating at 120°C and 180°C.

Figure S4. UV-Vis spectra of 2-Tf2N measured (a) before photoirradiation, (b) after 50 min

photoirradiation, (c) and after subsequent 120°C heating for 5 min.
Figure S5. FT-IR spectra of (a) 2-Tf:N, (b) 2-FSA, (c) 1-TfNCN, (d) 2-B(CN)4, and (e)
2-BF>(CN): measured before photoirradiation, after photoirradiation, and after subsequent

heating at 120°C.

Figure S6. Plot of S(Q) of 1-B(CN)4 before and after photoirradiation, and after subsequent
heating at 120 °C.

Figure S7. Strain dependence of the storage moduli G’ (e) and loss moduli G" (A) of the
photoproducts of (a) 2-FSA and (b) 2-Tf;N (25°C, angular frequency 10 rad s ).
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Figure S1. "H NMR spectra of (a) 2-TH;N, (b) 2-FSA, (c) 1-TfNCN, (d) 2-B(CN)4, and (¢) 2-BF2(CN); in
CDsCN measured before photoirradiation, after photoirradiation, and after subsequent heating at 120°C. In

(e), the spectrum after heating is not shown because decomposition occurred. In (d), the spectrum after



subsequent heating at 180°C is also shown (bottom), and only the peaks of dissociated ligand and
unreacted sandwich complexes were observed after heating at 120°C and 180°C because the dominant

products were insoluble in the solvent.
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Figure S2. (a) Photographs of 2-TfNCN before photoirradiation, after photoirradiation, and after exposure
to air. (b) Photographs of 2-BF2(CN): before photoirradiation, after photoirradiation, and after heating at
120°C.
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Figure S3. Microscopic photographs of 2-B(CN)4 (a) before photoirradiation, (b) after photoirradiation,
and subsequent heating (c) at 120°C and (d) at 180°C. The sample was sandwiched between quartz plates,

but the quartz plate cover was removed in Figure (c).
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Figure S4. UV-Vis spectra of 2-Tf,N measured (a) before photoirradiation, (b) after 50 min

photoirradiation, (c) and after subsequent 120°C heating for 5 min.
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Figure S5. FT-IR spectra of (a) 2-TH:N, (b) 2-FSA, (c) 1-TfNCN, (d) 2-B(CN)4, and (e¢) 2-BF2(CN);
measured before photoirradiation, after photoirradiation, and after subsequent heating at 120°C. The

spectrum after 180°C heating is shown in (d).
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Figure S6. Plot of S(Q) of 1-B(CN)4 before and after photoirradiation, and after subsequent heating at

120 °C.
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Figure S7. Strain dependence of the storage moduli G’ (e) and loss moduli G” (o) of the photoproducts of
(a) 2-FSA and (b) 2-Tf;N (25°C, angular frequency 10 rad s ).
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