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Multifunctional lonic Liquids from Rhodium(l) Isocyanide Complexes:
Thermochromic, Fluorescence, and Chemochromic Properties Based

on Rh—-Rh Interaction and Oxidative Addition

Takumi Tominaga® and Tomoyuki Mochida*®

Abstract: Square-planar rhodium(l) isocyanide complexes exhibit unique chemical reactivities such
as the formation of Rh—Rh bonds and oxidative addition. This paper details the syntheses and
properties of multifunctional ionic liquids containing Rh(l) isocyanide complexes [Rh(nBuNC)4]X
(X =Tf2N (= N(SO2CF3)27), NfaN (= N(SO2C4Fg)2), FSA (= N(SO2F)2), CFsBF3). Salts with Tf2N
and Nf2N were liquids, while those with FSA and CFsBF3 were solids at room temperature. The salts
exhibited thermochromism in the liquid state, changing from orange at high temperatures to blue-
purple at lower temperatures. This is based on the equilibrium between monomer, dimer, and other
oligomers associated with Rh—Rh bond formation. The salts also exhibited fluorescence. Exposure of
the TN salt to methyl iodide vapor produced ionic  liquid  mixtures
[Rh(nBuNC)4]x[Rh(nBuNC)sIMe]1-»[Tf2N], concomitant with a color change from purple to red,
orange, and yellow, extending the thermochromic color range. The reaction of the Tf.N salt and iodine
produced mononuclear and polynuclear iodine adducts. Thus, these liquids exhibit thermochromism,

fluorescence, vapochromism, chemical reactivities, and characteristic properties of ionic liquids.
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Introduction

lonic liquids are salts with melting points below 100 °C, exhibiting characteristic features such as
negligible vapor pressure, high ionic conductivity, and non-flammability.™! lonic liquids are versatile
for use in various applications such as electrolytes and reaction solvents. Onium cations and
fluorinated anions such as bis(trifluoromethanesulfonyl)amide (Tf2N) and bis(fluorosulfonyl)amide
(FSA) are often used as components of ionic liquids. Recently, ionic liquids with metal-containing
anions!? or cationst®! have been synthesized, and their unique magnetic and fluorescent properties
have attracted significant attention. Previously, we have developed various ionic liquids containing
cationic metal complexes.[l Incorporating metal complexes into ionic liquids leads to tunable
magnetic properties, catalytic abilities, vapochromism, and thermochromism, which originate from
the metal complexes. In this study, multifunctional organometallic ionic liquids containing cationic
rhodium isocyanide complexes were designed and synthesized (Figure 1a).

Rhodium(l) isocyanide complexes are cationic square-planar complexes containing d® metal
ions, which exhibit characteristic chemical reactivities. These complexes can form oligomers,
primarily dimers and trimers, by forming Rh—Rh bonds (Figure 2),[! with each species exhibiting
different colors. The UV-vis spectra of their solutions exhibit temperature dependence due to
equilibrium between the monomer and oligomers.[®! Several heteroleptic isocyanide complexes
bearing N-donor bidentate ligands exhibit thermochromism in solutions based on the equilibrium.!]
In addition, these complexes exhibit fluorescence in solution and solid states.[5-81 Rh(l) isocyanide
complexes undergo oxidative addition reactions with halogens or alkyl halides to produce octahedral
Rh(I11) complexes,[® and this reaction also produces polynuclear complexes. Rh(l) isocyanide
complexes have attracted significant attention due to their characteristic reactivities, but their thermal
properties have not been characterized.

In this study, we synthesized Rh(l) isocyanide complexes with various anions [Rh(nBuNC)4] X
([11X; X =FSA, Tf2N, CF3BFs, Nf2N (= N(SO2C4F9)2); Figure 1a), and characterized their physical
properties and chemical reactivities. In addition, the mono- and polynuclear oxidative adducts
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[Rh(nBuNC)4IMe][Tf2N]

[{Rh(nBUNC)s}212][Tf2N]2 ([2-12][Tf2N]2), and [{Rh(nBuNC)a}sl2][Tf2N]s ([3-12][Tf2N]s) were
synthesized and characterized (Figure 1b). This study demonstrates that Rh(l)-containing ionic
liquids can exhibit thermochromism and fluorescence based on oligomerization via Rh-Rh
interactions. Furthermore, the chromic property was tunable by exposure to methyl iodide vapor while
maintaining the ionic liquid state. Although many fluorescent ionic liquids have been reported,*°

thermochromic ionic liquids are less common, and most of them are mixtures with additives.™**1?
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Figure 1. (a) lonic liquids containing rhodium(l) isocyanide complexes synthesized in this study
([1]X), (b) the counter anions used (Tf2N, Nf2N, FSA, and CF3BFs), and (c) oxidative adducts

synthesized from [1][Tf2N] ([1-Mel][Tf2N], [1-12][Tf2N], [2-12][Tf2N], and [3-12][Tf2N]s).
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Figure 2. Structure of the monomer, dimer, and trimer of Rh(l) isocyanide complexes.
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Results and discussion

Synthesis and thermal properties of [1]X and [1-Mel][Tf2N]

[1]X (X = Tf2N, Nf2N, FSA, CFsBF3) was synthesized via the [1]CI precursor, which was prepared
by the reaction of [Rh(CgH12)Cl]. and BUNC, followed by anion exchange with alkali metal salts of
the corresponding anions (60—80% yield). The thermodynamic data for the synthesized complexes
obtained by DSC measurements are shown in Table 1 and their DSC traces are shown in Figure S1
(supporting information).

[1][Tf2N] and [1][Nf2N] (Tm = 10.5 °C) were purple liquids, whereas [1][FSA] (Tm = 77.4 °C)
and [1][CFzBF3] (Tm = 84.0 °C) were purple crystals at room temperature. Therefore, the smaller
anions resulted in higher melting points. [1][Tf2N] did not solidify and exhibited only a glass
transition (Tg = -85 °C). [1][Nf2N] exhibited also a glass transition at Tg = —69 °C on rapid cooling,
and the ratio of the glass transition temperature to melting point for this salt (T¢/Tm = 0.72) was
consistent with the empirical rule for molecular liquids (Tg/Tm = 2/3).12% In addition, [1][FSA] and
[1][CFsBFs3] exhibited a phase transition in the solid state at —123.4 °C (AS = 24.6 J K mol™!) and —
135.0 °C (AS = 14.8 J K1 mol™), respectively.

The reaction of [1][Tf.N] and methyl iodide in dichloromethane produced an oxidative adduct
[1-Mel][Tf2N] (Tm = 32.2 °C), which was a pale-yellow powder. This salt maintained a liquid state
at room temperature after melting, undergoing crystallization at approximately —10 °C or a glass
transition (Tg = —66 °C) depending on the cooling rate. The ratio of the glass transition temperature
to melting point (T¢/Tm = 0.68) was consistent with the empirical rule.[*® The reaction occurred
readily, hence the exposure of [1][Tf2N] to a vapor of methyl iodide easily produced ionic liquid
mixtures [1]x[1-Mel]a—x[Tf2N] (Figure 3), which changed from purple (x = 1) to red (x = 0.66),
orange (x = 0.26), and yellow (x = 0.03). This vapochromic behavior was irreversible, and heating
the product did not recover the starting material (see below). However, we found that UV irradiation
of [1-Mel][Tf2N] in the solid or liquid state causes partial elimination of methyl iodide accompanying

a prominent color change from pale yellow to red (Figure S2, supporting information).
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Table 1. Thermodynamic data of the salts synthesized in this study.
Tm(°C) Tz (°C) AH(kJmol")  ASm(JK'mol!) Ty (°C)

[1][TEN] 85 265
[1][N£:N] 10.5 —69 276
[1][FSA] 77.4 242 68.7 255
[1][CFsBF;]  84.0 19.9 55.6 258
[1-MeI][TH:N] 322 ~118  30.6 99.8 1141t
[1-L][TEN] 119.1 41.6 105.7 247
[2-L][TEN], 474 54 36.1 112.2

[3-L][TGN]: 464 -52 66.8 207.4

[a] Decomposition temperature (-3 wt%) determined by TG measurement.
[b] Temperature at which a chemical reaction occurred.
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Figure 3. Color change of [1][Tf.N] upon addition of methyl iodide. Addition ratio (x) ([1]x[1-
Mel]a-x[Tf2N]) is indicated beneath each of the photographs. Reaction scheme is also shown below

the photos.

Thermochromism

[1]X exhibited thermochromism in the liquid state and photographs of [1][Tf.N] are shown in
Figure 4 and Figure S3 (supporting information). The color of the ionic liquid was orange at 100 °C,
purple at 0 °C, and blue-purple at —100 °C, and [1][Nf2N] exhibited similar color changes. [1][FSA]
was purple-pink in the solid state, and it exhibited thermochromism in the liquid state (100-40 °C),
changing from orange at 100 °C to pink at 40 °C.

The thermochromism of [1][Tf2N] could be controlled by reaction with methyl iodide vapor.

Photographs of [1]x[1-Mel]a-x[TfaN] (x = 0.35, 0.03) are shown in Figure 5 and Figure S4
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(supporting information). The x = 0.35 sample was pale pink at 60 °C and red at —100 °C (Figure 5a),
whereas the x = 0.03 sample turned from pale yellow at 60 °C to orange at —100 °C (Figure 5b). The
change of the thermochromic color range can be ascribed to the dilution of the purple thermochromic
ionic liquid in a yellow non-thermochromic ionic liquid and a decrease of the oligomer ratio.

Plots of the thermochromic color ranges of [1][Tf.N] and [1]x[1-Mel]a-x[Tf2N] in color space,
derived from their UV-vis spectra recorded between —100 and 60 °C (vide infra), are shown in Figure
6 and Figure S5 (supporting information). A dichloromethane solution of [1][Tf2N] exhibited
thermochromism between yellow and red, though the ionic liquids have a wider color range extending
from blue-purple to pale yellow. This was achieved through the highly concentrated state of the

cations in the neat ionic liquids.

-100°C -60°C -20°C

-
20 °C 60 °C

100 °C
Figure 4. Photographs of the liquid sandwiched between quartz plates demonstrating the

t
t

t
t

thermochromism of [1][Tf.N].

-100 °C 0°C 60 °C
Figure 5. Photographs of the liquid sandwiched between quartz plates demonstrating the

thermochromism of [1]x[1-Mel]a—x[Tf2N] (x = 0.35 (a), 0.03 (b)).
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Figure 6. Thermochromic color range of [1]x[1-Mel]ax[Tf2N] (x = 1 (), 0.35 (o), 0.03 (A))
between —100 and 60 °C displayed in Lab color space. The arrow indicates direction of color change

upon cooling.

UV-vis spectra

The temperature dependence of the UV-vis spectra of [1][X] (X = Tf2N, NfaN, FSA) and [1]x[1-
Mel]w»[TfN] was measured. In all samples, the ratio of oligomers, including dimers, increased at
lower temperatures in the liquid state, which caused the thermochromism.

The UV-vis spectra of [1]X at room temperature are shown in Figure 7a. Rh(l) isocyanide
complexes generally exhibit absorption bands of monomers, dimers, and trimers at approximately
380, 520, and 650 nm, respectively, which are ascribed to the d,> — p, (Rh") transition.’®! The peaks
corresponding to the monomer and dimer were observed in the spectra of [1][Tf.N] and [1][Nf2N],
indicating that both species exist in the liquids. However, only the absorption of the dimer (550 nm)
was observed in the spectra of [1][FSA] and [1][CF3BFs3], indicating that these solids contain only
dimers. The dimer absorption in the solids exhibited a redshift by approximately 20 nm compared to
the liquid state, which can be attributed to the shorter Rh—Rh distances in the solids.[’! The oxidative
adduct [1-Mel][Tf2N] exhibited an absorption peak at a shorter wavelength around 317 nm (Figure

S6, supporting information).



The temperature dependence of the UV-vis spectra of [1][Tf2N] is shown in Figure 8a. The
absorbance intensities of the monomer, dimer, and trimer peaks are shown as function of temperature
in the inset of the figure. Upon cooling, the oligomer ratio increased at low temperatures. The
monomer peak (~390 nm) gradually decreased, concomitant with the increase in the intensity of the
dimer (~520 nm) and trimer (~650 nm) peaks. In addition, a small peak appeared at approximately
800 nm at low temperatures, which was ascribed to oligomers larger than a tetramer.”! The dimer and
trimer peaks exhibited red shifting upon cooling, which is ascribed to shortening of the Rh—Rh bond
at lower temperatures.[’? [1][Nf2N] and [1][FSA] exhibited a similar temperature dependence in the
liquid state (Figure S7, supporting information). These samples crystallized at approximately —10 and
30 °C, respectively, and only the dimer band was observed in the solid state.

The ability to form oligomers in the liquid state differed between [1][Tf.N], [1][Nf.N], and
[1][FSA]. Comparison of their spectra at the same temperature indicates that the ratio of oligomer to
monomer follows the order [1][Tf.N] < [1][Nf2N] < [1][FSA] (Figure S8, supporting information).
This is in agreement with the melting point and glass transition temperature trends (Tg ([1][Tf2N]) <
Tgor Tm ([1][Nf2N]) < Tm ([1][FSA])). It seems reasonable that the salts forming oligomers more
effectively have higher melting points and glass transition temperatures.

The temperature dependence of the UV-vis spectra of [1]x[1-Mel]a-»[Tf2N] (x = 0.51, 0.11)
are shown in Figure 8b, c. The absorption intensity of the dimer (~520 nm) and trimer (~650 nm)
peaks increased upon cooling, similar to those of [1][Tf2N]. Increases in the amount of methyl iodide
adducts decreased the oligomer ratio. In contrast to the spectra of [1][Tf.N], the absorption maximum
of the dimers exhibited a slight blue-shift upon cooling. This tendency may suggest that the bond in
the dimer weakens at lower temperatures in the presence of [1-Mel][Tf2N], though the mechanism is

unclear.
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[11x[1-Mel]x[Tf2N] were measured at 10 °C and 20 °C intervals, respectively. Inset in (a) shows
the temperature dependence of the absorbance of the monomer (~387 nm), dimer (~520 nm), and

trimer (~650 nm) bands.

Luminescence
Rhodium(I) isocyanide complexes exhibit luminescence from their dimers in solutions and in the

solid state.’® [1][Tf2N] exhibited luminescence at approximately 720 nm in the liquid and glassy
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states. Consistently, the peak corresponding to the absorption of the dimers was observed at 520 nm
in the excitation spectrum.

The temperature dependence of the emission spectra of [1][Tf2N] is shown in Figure 9. The
emission intensity was almost constant below the glass transition temperature (7 =—85 °C), although
it gradually decreased above the 7 due to molecular motion and decreased dimer concentration in
the liquid state. The emission wavelength was almost constant (717 nm) below the T, but exhibited
a slight redshift with increasing temperature (to 724 nm at 300 K). The blue-shift of the emission
band in the glassy state compared to that of the liquid state can be ascribed to rigidochromism.®%!4!
On the other hand, [1-Mel][Tf2N] was not fluorescent. Therefore, [1][Tf2N] has a (negative)

vapoluminescence property when exposed to methyl iodide vapor. The solid [1][FSA] also exhibited

emission from dimer at 722 nm (Figure S9, supporting information).
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Figure 9. (a) Temperature-dependence of the emission spectra of [1][Tf2N] (excitation wavelength:

525 nm). (b) The temperature dependence of the emission intensity monitored at 722 nm.

Thermal stability

Thermogravimetric analysis (TG) was performed to investigate the thermal decomposition behavior
of the prepared ionic liquids. The decomposition temperatures (-3 wt%) of the complexes are listed
in Table 1, and their TG curves are shown in Figure S10 (supporting information).

[1]X (X = Tf2N, Nf2N, FSA, CF3BF3) decomposed at approximately 260 °C, where a steep
12



weight loss due to dissociation of the isocyanide ligands (~ —50 wt%) occurred. Gradual weight loss
due to the decomposition of anions occurred at higher temperatures. These isocyanide complexes
exhibited much higher thermal stabilities than nitrile complexes such as [Cu(CH3CN)4][Tf2N], which
typically decompose at ~70 °C.["'% |socyanide complexes are organometallic compounds with
strong coordination bonds and small effective charges on the metal center, hence they form thermally
robust ionic liquids with low melting points.

The decomposition temperature of [1-12][Tf2N] was determined to be 247 °C (-3 wt%). A 60
wt% weight loss was observed at approximately this temperature, which corresponded to the
dissociation of both isocyanide and iodide ligands. In contrast to the other salts, the TG curve of [1-
Mel][Tf2N] exhibited a gradual weight loss above 250 °C. Since the DTA measurement of this salt
revealed an exothermic peak at approximately 114 °C (AH = 65 kJ mol™, Figure S11, supporting
information), the weight loss corresponds to the decomposition of a reaction product. These results

demonstrate that the oxidative adducts do not to return to the square planar complexes by heating.

Viscosity

The temperature dependence of the viscosity of [1][Tf2N] was measured between 50 and —20 °C
(Figure 10). The viscosity at room temperature was 121.0 mPa s, and it was a Newtonian fluid. This
viscosity was more than two times higher than that of [Bmim][Tf2N] (49.0 mPa s; Bmim = 1-butyl-
3-methylimidazolium cation)*8! and comparable to that of another organometallic ionic liquid,
[Ru(CsHs)(CeHsnBU)][TfN] (136.6 mPa s).' [1][Tf,N] had a lower viscosity than an ammonium
salt [N("CsH13)][Tf2N] (430 mPa s at 25 °C) with similar substituent length.[*¥l The parameters
obtained by fitting the data with the VFT equation (77 = 70e®To/T) were 770 = 6 x 10 mPa s,
To=-181 °C and D = 22, where Ty is the ideal glass transition temperature. At lower temperatures,
the viscosity is expected to rise more rapidly due to the higher concentration of oligomers. Therefore,
it seems reasonable that the actual glass transition temperature (Tg = -85 °C) was much higher than
the predicted To (181 °C) obtained by fitting the data above —20 °C.
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Figure 10. Temperature dependence of the viscosity of [1][Tf.N] (e). Solid line represents the best

fit to the VFT equation.

Synthesis and thermal properties of iodine adducts

Oxidative addition of [1][Tf2N] and iodine were performed in dichloromethane solutions, and the
resulting products were dependent on the amount of iodine used. Using 1, 1/2, and 1/3 molar
equivalents of iodine mainly produced [1-I2][Tf2N] (brown solid, 34% yield), a dinuclear complex
[2-12][Tf2N]2 (brown solid, 60% yield), and a trinuclear complex [3-12][Tf2N]3 (purple solid, 34%
yield), respectively. A similar reaction was reported for other rhodium isocyanide complexes.*” This
result contrasts with the reaction of [1][Tf2N] and Mel, which gave mixtures of [1][Tf>2N] and [1-
Mel][TfoN] (vide ante). However, these polynuclear complexes dissociated in chloroform solutions,
giving mixtures of [1][Tf2N] and [1-12][Tf2N].

The DSC data of the iodine adducts are listed in Table 1 and shown Figure S1 (supporting
information). [1-I2][TE2N] (7w = 119.1 °C) exhibited a melting point higher than 100 °C, which is
exceptional among the salts synthesized in this study. It exhibited a much higher melting point than
[1-Mel][Tf2N] (7w = 32.2 °C), which can be ascribed to its higher molecular weight, larger volume,
and higher symmetry of the cation. Conversely, [2-12][T2N]2 (T =47.4 °C) and [3-12][T2N]3 (Tm =
46.4 °C) were ionic liquids with low melting points, despite containing bulky and polyvalent cations.
The latter salt exhibited a glass transition temperature of —52 °C on cooling from the melt, and

exhibited cold-crystallization upon heating. The ratio of Ty to Tm (7Te/Tm = 0.69) for this salt was

14



consistent with the empirical rule.['*]

Crystal structures of the iodine adducts

The crystal structures of the [1-12][Tf.N], dinuclear complex [2-12][Tf2N]2, and trinuclear complex
[3-12][Tf2N]s were determined at 100 K. The ORTEP diagrams of these molecules are shown in
Figure 11 and their packing diagrams are shown in Figure S12 (supporting information).

The space group of [1-12][Tf.N] was P21, and the cation and anion were crystallographically
independent (Z = 4). The substituents of the cation exhibited a twisted conformation with two of the
four butyl substituents being disordered. The two iodo ligands occupied the trans positions and the
isocyanide ligands formed a planar coordination plane. The Rh—C (1.983(7)-1.997(7) A) and Rh—-Rh
(2.686(1), 2.676(1) A) bond distances were comparable to those in [Rh(p-MeCsHsNC)4l,][TCNQ]
(Rh—C =1.985(7), 1.993(6) A, Rh—I = 2.677(1) A).[?Y The Tf,N anion exhibited a trans conformation,
and the cations and anions arranged alternately in the crystal lattice with no significant intermolecular
interactions.

The space group of [2-12][Tf.N]. was P2i/n, and the one cation and two anions were
crystallographically independent (Z = 4). The cation was composed of a dinuclear complex with a
Rh—Rh bond and two axial iodo ligands. The two [Rh(nBuNC)al] units were twisted by 40° from an
eclipsed conformation, and the butyl groups extended in the axial direction. The Rh—Rh, Rh—I*, Rh—
12 bond distances were 2.7407(6), 2.7383(6), and 2.7385(6) A, respectively, which are comparable to
those in [{Rh(p-CH3CsHsNC)a}212][PFs]. (Rh-Rh = 2.785(2), Rh—I = 2.735(2) A).[?%l The two
crystallographically independent Tf2N anions exhibited cis and trans conformations.

Structural determination of [3-12][Tf.N]s was performed at 100 K and the trinuclear structure
of the cation is shown in Figure S13 (supporting information), which resembles that of
[{Rh(PhNC)4}sl2][PFe]s.2%1 However, a detailed discussion of the structure is not possible because

the refinements were unsatisfactory due to the low quality of the crystal.
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Figure 11. ORTEP drawings of the cation and anion in (a) [1-12][Tf2N] and (b) [2-12][Tf.N]..

Hydrogen atoms have been omitted for clarity.

Conclusion

In this study, reactive organometallic ionic liquids containing a Rh(l) isocyanide complex were
synthesized. These ionic liquids exhibited thermochromism in the liquid state originating from the
Rh—Rh interaction, and the color range was easily controlled by oxidative addition with methyl iodide
vapor. The oxidation addition reaction of the Tf.N salt with iodine produced ionic liquids with
dinuclear and trinuclear structures. Furthermore, the Rh(l)-containing ionic liquids exhibited
fluorescence from the dimer.

Although a number of thermochromic materials have been reported to date, reports of non-
volatile liquid thermochromic materials are scarce. Thermochromic ionic liquids are advantageous
for various applications owing to their inherent features of negligible vapor pressures and ionic
conductivity. We previously reported thermochromic ionic liquids based on spin crossover and
coordination equilibrium,*Y1 whereas this study demonstrates a novel fabrication method of

multifunctional ionic liquids with thermochromic, fluorescent, chemochromic, and reactive
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properties. Addition of various functionalities to ionic liquids using reactive organometallic

compounds has the potential to lead to various future applications.

Experimental

General

'H NMR spectra were recorded using a Bruker Avance 400 instrument. The IR spectra were measured
using a Thermo Scientific Nicolet iS 5 FT-IR attached with an ATR unit (diamond) or JASCO FT/IR-
4700. UV-vis spectra were measured using a JASCO V-570 UV/VIS/NIR spectrophotometer.
Measurements of the solid and liquid samples were performed using KBr plates and alkoxysilane-
coated quartz plates, respectively. Variable temperature measurements were performed using a
UNISOKU cryostat CoolSpeK UV USP-203-A or a Linkam hot stage LTSE-350. Luminescence
emission spectra were measured using a JASCO FP-6600. DSC measurements were performed using
a TA Q100 differential scanning calorimeter at a scan rate of 10 K min?, with other rates applied as
required. The viscosities of the liquids were measured using a Toki Sangyo TV-22L viscometer

equipped with a 3 R7.7 cone rotor.

Syntheses of [Rh(nBuNC)4]X ([1]X; X = Tf2N, Nf2N, FSA, CF3BF3)

[1][Tf2N]. Under a nitrogen atmosphere, nBuNC (0.105 mL, 0.8 mmol) was added dropwise to a
suspension of [Rh(CgH12)Cl]2 (100 mg, 0.20 mmol) in methanol (4 mL) with stirring. When the
solution turned red, a methanol solution of K[Tf2N] (52.8 mg, 0.3 mmol) was added dropwise and
stirred. Then, the solvent was removed under vacuum, and the residue was dissolved in CH2Cl,. The
subsequently precipitated white powder was removed by filtration, and the filtrate was evaporated
under reduced pressure. The resultant oil was again dissolved in CH2Cl», and the solution was washed
with water (2 mL, 3 times). The solution was dried over anhydrous MgSO4 and then washed with
hexane (2 mL, 3 times). Evaporation of the solvent under reduced pressure resulted in the formation

of an oil, which was dried under vacuum for 1 h at room temperature, to yield the desired product as
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a purple liquid (221 mg, 77%). *H NMR (400 MHz, CDCls): = 0.98 (t, 3H, -CHs, J = 7.6 Hz), 1.48
(m, 2H, -CH,CH3), 1.75 (m, 2H, -CH2C>Hs), 3.71 ppm (t, 2H, -CH2C3H7, J = 6.8 Hz); elemental
analysis calcd (%) for C22H3sNsO4FeS2Rh: C 36.93, H 5.07, N 9.79; found: C 36.65, H 4.76, N 9.76.

[1][Nf2N]. This salt was prepared according to the procedure described for [1][Tf2N], but using
[Rh(CgH12)ClI]2 (100 mg, 0.20 mmol), MeOH (3 mL), nBuNC (0.17 mL, 1.6 mmol), and Li[Nf2N]
(478 mg, 0.82 mmol) as precursors. A small amount of CH2Cl> was added to the methanol solution
of the product, and the solution was left at —40 °C for 1 h. A white powder was precipitated and
removed by filtration and the solvent was evaporated under reduced pressure from the filtrate. The
resultant oil was dissolved in a small amount of ethanol and cooled to —40 °C, resulting in the
precipitation of a red-purple powder. The solvent was then removed by decantation. The resultant
powder was recrystallized from ethanol, and the solvent was subsequently removed by decantation.
The powder was washed twice with cold ethanol at —40 °C. The solvent was then removed by drying
under vacuum for 4 h at 40 °C to yield the desired product as a purple liquid (255 mg, 62%). *H NMR
(400 MHz, CDCl3): 6 = 0.97 (t, 3H, -CHs, J = 7.6 Hz), 1.48 (m, 2H, -CH2CHs), 1.75 (m, 2H, -
CH.CoHs), 3.70 ppm (t, 2H, -CH2C3H7, J = 6.8 Hz). elemental analysis calcd (%) for
CagH3sNsF18RhS,: C 33.11, H 3.57, N 6.90; found: C 33.12, H 3.55, N 6.97.

[1][FSA]. This salt was prepared according to the procedure described for [1][Nf.N], but using
[Rh(CgH12)ClI]2 (100 mg, 0.20 mmol), MeOH (4 mL), nBuNC (0.24 mL, 1.8 mmol), and K[FSA]
(132 mg, 0.60 mmol). A small amount of ether was added instead of CH,Cl; to the obtained methanol
solution of the product. Recrystallization from ethanol yielded the desired product as purple crystals
(105 mg, 43%). Evaporation of the solvent from the filtrate under reduced pressure, followed by
recrystallization from ethanol resulted in a second crop (82 mg, 33%). The samples were
recrystallized twice from ethanol and then used for physical measurements. *H NMR (400 MHz,
CDCls): 6= 0.98 (t, 3H, -CHs, J = 7.6 Hz), 1.48 (m, 2H, -CH2CHj3), 1.76 (m, 2H, -CH2C2Hs), 3.71
ppm (t, 2H, -CH2C3H7, J = 6.8 Hz); elemental analysis calcd (%) for C20H3sNsO4F2S2Rh: C 39.02, H

5.90, N 11.38; found: C 39.02, H 5.80, N 11.42.
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[1][CFsBFs]. This salt was prepared according to the procedure described for [1][Nf2N], but using
[Rh(CsH12)ClI]2 (50 mg, 0.10 mmol), MeOH (6 mL), nBuNC (0.105 mL, 0.80 mmol), and K[CF3BFs3]
(53 mg, 0.30 mmol). The desired product was obtained as purple needle crystals (78 mg, 68%). *H
NMR (400 MHz, CDCls): 6= 0.98 (t, 3H, -CH3, J = 7.2 Hz), 1.48 (m, 2H, -CH.CHj3), 1.75 (m, 2H, -
CH2C2Hs), 3.71 (t, 2H, -CH2C3H7, J = 6.8 Hz); elemental analysis calcd (%) for C21H3sN4BFeRh: C,

44.08; H, 6.34; N, 9.79. Found: C, 44.18; H, 6.17; N, 9.81.

Synthesis of the oxidative adducts

[Rh(nBuNC)sMel][Tf2N] ([1-Mel][Tf2N]). Methyl iodide (0.327 mL, 5.26 mmol) was added
dropwise to a solution of [1][Tf2N] (188 mg, 0.26 mmol) in CH2Cl> (5 mL) with stirring. The solution
was stirred under a nitrogen atmosphere for 1 d. The solvent was then removed under vacuum, and
the resultant oil was dissolved in ethanol. The solution was left at —40 °C to precipitate a pale yellow
powder. The powder was collected by filtration and dried under vacuum to yield the desired product
(34%). 'H NMR (400 MHz, CDCls): 5= 1.00 (t, 3H, -CH2CHs, J = 7.2 Hz), 1.29 (s, 3H, Rh-CHj),
1.51 (m, 2H, -CH2CHs), 1.81 (m, 2H, -CH2C2Hs), 3.89 ppm (t, 2H, -CH2C3H7, J = 6.8 Hz); IR (ATR):
v =570, 600, 616, 653, 739, 761, 786, 922, 1056, 1135, 1181, 1226, 1349, 1464, 2235 (NC), 2876,
2962, 2960 cm; elemental analysis calcd (%) for CasHsgFsINsOsRhS,: C 32.22, H 4.58, N 8.17;
found: C 32.32, H 4.85, N 8.12. This salt was readily obtained by the reaction of [1][Tf2N] and methyl
iodide vapor. The mixtures of [1][TfoN] and [1-Mel][Tf2N] used for the thermochromism
experiments were prepared by placing [1][Tf.N] under the methyl iodide vapor in a closed petri dish
for an appropriate amount of time. Then, the samples were left in air for 2 h to ensure evaporation of
any unreacted methyl iodide. The ratio of [1][Tf.N] and [1-Mel][Tf2N] in the samples were
determined by *H NMR.

[Rh(nBuNC)4l2][Tf2N] ([1-12][Tf2N]). A solution of [1][Tf2N] (32.8 mg, 0.046 mmol) in CHCl,
(3 mL) was added dropwise to a solution of iodine (11 mg, 0.042 mmol) in CH2Cl, with stirring. The

color of the solution immediately turned from orange to red, and the solution was subsequently stirred

19



for 9 h under a nitrogen atmosphere. The solvent was removed under vacuum, and the resultant oil
was dissolved in ethanol, which was then left at —40 °C to precipitate a brown powder. The powder
was collected by filtration and dried under vacuum to yield the desired product (10.6 mg, 23%). *H
NMR (400 MHz, CDCls): 6=1.01 (t, 3H, -CH3, J = 7.2 Hz), 1.56 (m, 2H, -CH.CHj3), 1.85 (m, 2H, -
CH2C2Hs), 4.04 ppm (t, 2H, -CH2C3Hz, J = 6.8 Hz); IR (ATR): v= 532, 555, 567, 616, 655, 739, 789,
841, 919, 1057, 1138, 1180, 1225, 1350, 1439, 2251 (NC), 2873, 2932, 2960 cm!; elemental analysis
calcd (%) for C22H3sFsl2NsOsRNS,: C 27.26, H 3.74, N 7.22; found: C 27.39, H 3.76, N 7.18.
[{Rh(nBuNC)s}212][Tf2N]2 ([2-12][Tf2N]2). [1][Tf2N] (17.5 mg, 0.025 mmol) and iodine (2.9 mg,
0.11 mmol) were dissolved in ethanol (2 mL), and the solution was left at —-40 °C for 1 day to
precipitate brown plate crystals. The crystals were collected by filtration and dried under vacuum for
3 h at room temperature to yield the desired product (11.5 mg, 60%). A solution of the complex in
chloroform-d gave a *H NMR spectrum indicating a 1:1 mixture of [1][Tf2N] and [1-12][TfN].[2%
IH NMR (400 MHz, CDCls): §=1.00 (m, 24H, -CHs, J = 7.2 Hz), 1.51 (m, 16H, -CH>CH3), 1.75 (m,
8H, -CH2C2Hs), 1.85 (m, 8H, -CH2C2Hs), 3.70 (t, 8H, -CH2CsH7, J = 6.8 Hz), 4.04 ppm (t, 8H, -
CH.CsH7, J = 6.4 Hz); IR (ATR): v=554, 570, 598, 618, 652, 739, 762, 787, 923, 947, 1053, 1131,
1179, 1223, 1344, 1451, 2226 (NC), 2876, 2935, 2961 cm™; elemental analysis calcd (%) for
CasH72F121o0N1008Rh2S4: C 31.36, H 4.31, N 8.31; found: C 31.46, H 3.87, N 8.30.
[{Rh(nBuNC)4}sl2][Tf2N]s ([3-12][Tf2N]3). [1][Tf2N] (57.5 mg, 0.080 mmol) and iodine (6.8 mg,
0.27 mmol) were dissolved in ethanol (2 mL), and the solution was left at —40 °C for 1 day. The
precipitated powder was collected by filtration and dried in air. The powder was then dissolved in
ethanol and slowly cooled to —40 °C. Red purple plate crystals were precipitated in 1 day, and were
collected by filtration and dried under vacuum for 3 h at room temperature to yield the desired product
(21.6 mg, 34%). A solution of the complex in chloroform-d gave a *H NMR spectrum indicating a
2:1 mixture of [1][Tf2N] and [1-12][Tf2N]. *H NMR (400 MHz, CDCls): §=1.00 (m, 36H, -CH3, J =
7.2 Hz), 1.51 (m, 24H, -CH>CHs), 1.75 (m, 16H, -CH2C2Hs), 1.85 (m, 8H, -CH2C2Hs), 3.71 (t, 16H,

-CH,CsH7, J = 6.8 Hz), 4.04 ppm (t, 8H, -CH2CsH7, J = 6.4 Hz); IR (ATR): v= 535, 548, 570, 610,
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655, 739, 762, 789, 923, 1053, 1136, 1183, 1226, 1345, 1439, 2214 (NC), 2876, 2963 cm™; elemental
analysis calcd (%) for CesH108F1812N15012Rh3Se: C 33.02, H 4.53, N 8.75; found: C 32.94, H 4.18, N

8.72.

X-ray crystallography

Single crystals of [1-12][Tf.N] and [2-12][Tf.N]. for X-ray crystallography were grown by slow
cooling of their respective ethanol solutions to —40 °C. The X-ray diffraction data were collected
using a Bruker APEX II Ultra CCD diffractometer with Mo Ko radiation at 100 K. The
crystallographic parameters are listed in Table S1 (supporting information). The structures were
solved by the intrinsic phasing method and refined using SHELXL?? and mercury was used to
generate the molecular graphics.[?® The occupancies of two alkyl chains disordered in the cation of
[1-12][Tf2N] were 0.50:0.50 and 0.65:0.35. We also performed structural determination of [3-
12][Tf2N]s at 100 K, but refinements were unsatisfactory because of the low quality of the crystal.
CCDC-1584845 ([1-12][Tf2N]) and -1588725 ([2-12][Tf2N]2) contain the supplementary
crystallographic data for this paper. These data are provided free of charge by The Cambridge

Crystallographic Data Centre.
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color was tunable by exposure to methyl iodide vapor.
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Figure S1.  DSC traces of (a) [1][TfaN], (b) [1][Nf2N], (c) [1][FSA], (d) [1][CF3BF3], (e) [1-
Mel|[Tf:N], (f) [1-I2][T2N], (g) [2-12][Tf2N], and (h) [3-I2][T2N] (I and II: solid phase, /ig.:
liquid phase, g/.: glassy phase).
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Figure S2. Photographs of [1-Mel][Tf2N] in the liquid state before and after UV

photoirradiation for 5 s.

-100°C

Figure S3. Thermochromism of [1][Tf2N] observed under a microscope. The liquid was

sandwiched between quartz plates.



Figure S4.  Photographs of the liquid sandwiched between quartz plates demonstrating the
thermochromism of [1],[1-Mel]1-»[Tf2N] (x = 0.35 (a), 0.03 (b)).
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Figure S5. Thermochromic range of [1][1-Mel]i—[Tfz2N] (x = 1 (0), 0.35 (o), 0.03 (A))
between —100 and 60 °C displayed in xyY color space. The arrow indicates direction of color

change upon cooling.



15 —
do — [1-Mel][Tf,N]
) ' - - -[1-L]TEN]
S 1t
[}
8]
c
©
0
o
Qo5 |
0
<
0

250 350 450 550 650 750
Wavelength [nm]

Figure S6.  UV-vis spectra of [1-Mel|[Tf2N] and [1-I2][Tf2N] in the solid state measured at

room temperature.
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Figure S7.  Temperature dependence of the UV-vis spectra of (a) [1][Nf2N] and (b) [1][FSA]
measured at 10 °C intervals during the cooling process. Inset shows the temperature dependence

of the absorbance of the monomer (~387 nm), dimer (~520 nm), and trimer (~650 nm) bands.
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Figure S8.  UV-vis spectra of [1][Tf2N], [1][Nf2N], and [1][FSA] at 60 °C. The spectra are

normalized based on the peak of monomer at 387 nm.

5
8
2
D
c
5]
=
650 670 690 710 730 750
Wavelength [nm]
Figure S9. Fluorescence spectrum of [1][FSA] in the solid state measured at room

temperature (excitation wavelength: 520 nm).
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Figure S12.  Packing diagrams of (a) [1-I12][Tf2N] and (b) [2-I2][Tf2N].. Hydrogen atoms

have been omitted for clarity.

Figure S13.  Molecular structure of the cation in [3-I2][Tf2N];. Hydrogen atoms have been

omitted for clarity.



Table S1.  Crystallographic parameters.

[1-I2][THaN]

[2-12][Tf:N]2

Empirical formula
Formula weight
Crystal system

Space group

a(A)

b(A)

c(A)

a(®)

B®)

7(®)

V(A%

Z

d caled. (Mg M)

T (K)

p (mm™")

Reflections collected
Independent reflections
Rint

F(000)

R, wRy® (I > 20(1))
R, wR; (all data)
Goodness-of-fit on F?
Completeness to 6 (%)

Parameters

Largest diff. peak and hole

Flack parameter

C11HisF3IN2502Rho 58
484.69
Monoclinic
P2,

8.790(2)
23.162(6)
9.029(2)

90

97.105(3)

90

1824.1(7)

4

1.765

100

2.338

9913

5802

0.0167

944

0.0263, 0.0609
0.0284, 0.0627
1.128

99.8

436

1.308 and —0.854
0.437(11)

Cu4H72F 121:N100sRh2S4
1684.97
Monoclinic
P2i/n
16.372(3)
21.635(3)
19.736(3)

90

100.567(2)

90

6872.1(19)

4

1.629

100

1.583

38965

15021

0.0305

3352

0.0375, 0.0935
0.0512, 0.1015
1.035

99.1

747

1.751 and —1.167

a) R1 = X ||[Fo| — |Fel| / Z |Fol, b) wRy = [E w(Fo2 — F2)? | £ w(Fo2)?]"2,



