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Graphical abstract 

 

 

Highlights 

• Ionic liquids containing cationic Ru sandwich complexes were synthesized. 

• The synthesized salts were solid at ambient temperature and exhibited anion disorder. 

•  The supercooled liquid of the FSA salt transformed into a coordination polymer upon 

photoirradiation. 

 

Abstract 

To understand the structural features and intermolecular interactions of photoreactive 

organometallic ionic liquids (ILs), ILs containing cationic Ru sandwich complexes 

[Ru(C5H5){C6H3(OC3H6CN)3}]X (1a: X = (FSO2)2N
–, 1b: X = (CF3SO2)2N

–) were synthesized. 
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Thereafter, their thermal properties and crystal structures were investigated. The melting points 

of these ILs were determined to be 87 and 79 °C, respectively. In the former crystal, the cation 

and anion were alternately arranged and the crystal undergoes a phase transition with ordering 

of the anion at −155 °C. In the latter crystal, the cations formed columnar arrangements through 

– interactions, with the anions located between the columns. In this crystal, the anions were 

extensively disordered even at −173 °C. The supercooled liquid of 1a exhibited a 

photochemical transformation into an amorphous coordination polymer, similar to the IL with 

longer substituents, though the reaction rate was considerably lower. 

 

Keywords: ionic liquid; crystal structure; ruthenium complex; sandwich complex; order-

disorder; phase transition 

 

1. Introduction 

Ionic liquids (ILs) are salts whose melting points are below 100 °C. ILs have been extensively 

studied because of their beneficial applications as solvents and electrolytes [1]. Recently, many 

ILs containing metal complexes have been synthesized, which exhibit various functions [2]. 

Further, in our laboratory, we synthesized functional ILs by employing various cationic 

organometallic and chelate complexes [3,4]. Among them, ILs containing cationic Ru sandwich 

complexes are transparent, stable, and relatively easy to synthesize [5]. 

ILs containing Ru sandwich complexes with coordination sites show intriguing 

photochemical reactivities due to the reactivity of the cation [6,7]. We previously reported that 

the IL shown in Fig. 1 (IL 1, Tg = −53 °C) could be converted into an amorphous coordination 

polymer under ultraviolet (UV) photoirradiation [6]. The cation in this IL possesses three 

cyanohexyloxy substituents, and the counterion is (FSO2)2N
− (FSA). The photoreaction is a 

novel method of coordination polymer synthesis, and the reaction is reversed upon heating. 
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Furthermore, the ionic conductivity and viscoelasticity of 1 can be flexibly controlled by 

photoirradiation and heat treatment [8], thereby paving the way for novel electronic applications. 

However, the molecular structure and intermolecular interactions of organometallic ILs are not 

well understood. It is important to find factors that may affect their melting points and 

viscosities in order to design ILs with higher reactivity. 

This study aims to elucidate the structural features of the photoreactive Ru-containing ILs 

through crystal structure analysis. Elucidation of the structures and conformations of the 

constituent molecules and the intermolecular interactions in ILs through crystallographic 

analysis is a versatile approach toward understanding their thermal properties [9]. For example, 

in the crystals of ILs, the energetically unfavorable conformations and disorders of the 

molecules result in low melting points. The FSA and (CF3SO2)2N
− (Tf2N) anions in ILs often 

display disorder in the solid state [10]. We previously reported that the Ru-containing ILs with 

1,2,3-trialkoxybenzene ligands exhibit higher melting points than those with the 1,3,5-

substituted ligands owing to the formation of layered structures via the alignment of the alkyl 

chains [5c]. This result prompted us to choose the 1,3,5-substituted ligand to design the 

photoreactive ILs. However, there was no structural information for them. 

In this paper, we report the thermal properties and crystal structures of ILs 1a (FSA salt) and 

1b (Tf2N salt) (Fig. 2). The cation possessed cyanopropyloxy substituents, which were shorter 

than the cyanohexyloxy substituents in 1. Therefore, these ILs exhibited higher crystallinity and 

were suitable for the crystal structure analysis, which provided information about their 

molecular structures and intermolecular interactions. The supercooled liquid of 1a exhibited a 

photochemical transformation into an amorphous coordination polymer, similar to 1, though 

the reaction rate was considerably lower. The current investigation confirmed that the cation in 

1a and 1b did not form a layered structure. It was found that 1a exhibited a phase transition 

with ordering of the anion at low temperature, whereas 1b exhibited extensive anion disorder 
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even at low temperatures. 

 

Fig. 1. Reversible transformation between ionic liquid 1 and the amorphous coordination 

polymer under photoirradiation and heat. 

 

 

Fig. 2. Structural formulae of 1a (X = FSA) and 1b (X = Tf2N). 

 

2. Results and Discussion 

2.1. Thermal properties of 1a and 1b 

Differential scanning calorimetry (DSC) measurements of 1a and 1b were performed. Both 

salts were obtained as crystals with melting points of ~80 °C. Upon cooling from the melt, they 

both underwent a glass transition, at low temperatures. 

The DSC trace for 1a is shown in Fig. 3a. A solid-phase transition (H = 0.3 kJ mol–1, S = 

2 J K–1 mol–1) was observed at –155.0 °C (Figs. S1), which was found to be an order-disorder 

transition (see below). This salt melted at 86.9 °C (Hm = 48.1 kJ mol–1, Sm = 133 J K–1 mol–

1) and did not crystallize upon cooling from the melt, thus showing a glass transition at –26 °C. 

The DSC trace for 1b is shown in Fig. 3b. This salt underwent a phase transition in the solid 

state at 75.0 °C, which was immediately followed by melting at 78.9 °C (Hm = 46.6 kJ mol–1, 

Sm = 132 J K–1 mol–1). Upon cooling from the melt, this salt underwent a glass transition at –
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26 °C, and during reheating, partial cold crystallization occurred at 29 °C, which was followed 

by melting. The ratios of the glass transition temperature to the melting points of 1a and 1b are 

0.68 and 0.70, respectively, which agree with the empirical relationship (Tg/Tm = 2/3) for 

molecular compounds [11]. 

Additionally, the time course of the photoreactivity of 1a in the liquid state was investigated 

(Fig. 4). The supercooled liquid of 1a at 20 °C gradually transformed to an amorphous 

coordination polymer upon UV photoirradiation, similarly to 1 [6]. However, the reaction rate 

was considerably lower (~50% conversion in 7 h). This tendency is consistent with the higher 

glass transition temperature of 1a (Tg = –26 °C) than that of 1 (Tg = –53 °C [6]), which leads to 

the higher viscosity of 1a. 
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Fig. 3. DSC traces of (a) 1a and (b) 1b, where cr., liq., and gl. are the crystal, liquid, and glassy 

phases, respectively. 

 

 

Fig. 4. Time course of the reaction, where the reaction rate is given by the molar ratio of the 

photoreacted species in the products generated by photoirradiation of 1a (—) and 1 (--- [6]). 

 

 

2.2. Crystal structures of 1a 

The crystal structures of 1a were determined at −173 and 0 °C, which are below and above 

the solid phase transition temperature (Tc = −155.0 °C). The analysis revealed that the phase 

transition accompanied order-disorder of the anion. 

The packing diagrams determined at −173 and 0 °C are shown in Figs. 5a and 5b, respectively. 

The space group was P21/n at both temperatures. The cations and anions were arranged 

alternately in the crystal, and there was no – interactions between the cations. There were 

two pairs of crystallographically independent cations and anions at −173 °C (Z = 8, Fig. 5a), 

whereas an independent pair existed at 0 °C (Z = 4, Fig. 5b). The a-axis was halved in the high-

temperature phase as compared to that in the low-temperature phase, accompanied by 

disordering of the anion. However, the molecular arrangements were almost the same in both 
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phases. 

The molecular structures at these temperatures are shown in Fig. 6. The structures of cation 

A and anion A are shown in Fig. 6a, while those of cation B and anion B were almost the same 

(Fig. S2). Moreover, the molecular structures of the cations were almost the same at both 

temperatures, with larger thermal ellipsoids at 0 °C than at −173 °C. The three substituents in 

the cation adopted twisted conformations, two of which were outwardly oriented. The 

coordination structures of the cations were almost identical to those of other Ru sandwich 

complexes [5]. The anions were ordered at −173 °C and adopted a transoid conformation (Fig. 

6a). At 0 °C, however, the N atom and the SO2F moieties exhibited two-fold rotational disorders 

(occupancy ratios = 0.5:0.5, Fig. 6b). This kind of order-disorder phenomenon of the FSA anion 

is often observed in the solid state [10]. 

There were weak intermolecular hydrogen-bond-like interactions between the cyano group 

of the cation and the arene–H (CH···N = 2.46 and 2.55 Å, at −173 °C; 2.56 Å, at 0 °C), as 

indicated by dotted lines in Fig. 5a, which were 0.2–0.3 Å shorter than the van der Waals (vdW) 

distance. Similar CN···H interactions have been observed in the crystals of imidazolium ILs 

containing cyanoalkyl substituents [12]. There were hydrogen-bond-like interactions between 

the cation and anion, Cp–H···O, and arene–H···O, which were shorter than the vdW distance 

by ˃ 0.2 Å. Cp stands for the cyclopentadienyl ring. These interactions may raise the melting 

point of this salt. 
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Fig. 5. Packing diagrams of 1a at (a) −173 and (b) 0 °C. The dotted lines in (a) represent the 

CN···H interactions. 

 

Fig. 6. Molecular structures of 1a at (a) −173 and (b) 0 °C. The gray part in (b) represents the 
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disordered moieties with smaller occupancy. 

 

2.3. Crystal structure of 1b 

The packing diagram of 1b at –173 °C is shown in Fig. 7a. The space group was Pca21, and 

there were two pairs of crystallographically independent cations and anions (Z = 8). The cations 

formed a columnar arrangement through – interactions. The anions were not ordered even at 

this temperature, thus showing severe disorder. The crystal structure was the same at 0 °C. 

The structures of cation A and anion A are shown in Fig. 7b. Cation B and anion B possessed 

almost the same structures as cation A and anion A (Fig. S3), respectively. The substituents in 

the cation adopted twisted conformations and surrounded the sandwich complex moiety. The 

cyclopentadienyl (Cp) ring exhibited a rotational two-fold disorder with occupancy ratios of 

0.70:0.30 (cation A) and 0.58:0.42 (cation B). The coordination structures of the cations were 

almost identical to those of other Ru sandwich complexes [5]. The cation in 1b displayed a 

more compact substituent arrangement as compared to that in 1a. 

The cations exhibited a columnar arrangement along the b-axis, through – interactions. 

The column composed of cation A is shown in Fig. 7c. Cation B also formed a similar column. 

In the columns, there were two intermolecular C···C contacts between the Cp and arene rings, 

which were 0.13 Å shorter than the vdW distance (C···C = 3.23, 3.24 Å between cation A and 

3.27, 3.26 Å between cation B). The centroid-centroid distances between these rings were 3.77 

Å (cation A) and 3.74 Å (cation B). There is a complex with a 1,3,5-substituted arene ligand 

that shows stronger – interactions (Cp–arene centroid-centroid distances: 3.37. 3.43 Å [5c]) 

than this salt. There were weak hydrogen-bond-like interactions between the columns, as 

indicated by dotted lines in Fig. 7a. They are between one of the three cyano groups in cation 

A and the arene–H of cation B in the adjacent column with a distance 0.3 Å shorter than that of 

vdW (CH···N = 2.48 Å between cations A, and 2.47 Å between cations B). These interactions 
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may raise the melting point of this salt. 

The anion was located between the columns of the cations (Fig. 7a). Between the cation and 

anion, there were contacts such as Cp(cation A)–H···O(anion B) and arene(cation B)–H···O(anion A), 

which were more than 0.2 Å shorter than the vdW distance. The anion adopting the transoid 

conformation exhibited severe disorder, where displacements of the atoms by 0.5 Å (anion A) 

and 1 Å (anion B) occurred, with occupancy ratios of 0.61:0.39 (anion A) and 0.67:0.33 (anion 

B). The transoid conformation is more stable than the cisoid one [13]. Disorder of the Tf2N 

anion, which is ordered at low temperatures, is often observed in the solid state [10]. The severe 

disorder of the current salt even at −173 °C is probably due to the large space in which the 

anions are located. The extensive anion disorder may lower the melting point of this salt. 

 

 

Fig. 7. Crystal structure of 1b at −173 °C. (a) Packing diagram (b-axis projection); (b) molecular 

structures of cation A and anion A, where the part displayed in gray shows the disordered 

moieties; and (c) stacking of the cations (cation A). The dotted lines in (a) represent the CN···H 
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interactions. The dotted lines in (c) represent the centroid-centroid distances. 

 

 

3. Conclusion 

Ru-containing organometallic ILs 1a and 1b bearing cyanopropyloxy substituents were 

synthesized. The substituents were shorter than those in the previously reported photoreactive 

ILs. Accordingly, the synthesized ILs had high melting points (but lower than 100 °C), enabling 

crystal structure analysis. The supercooled liquid of 1a exhibited a photochemical 

transformation into an amorphous coordination polymer, though the reaction rate was 

considerably low owing to its high viscosity. The cation did not form a layered structure in 

either salt, in contrast to the salts with 1,2,3-substituted ligands. The results of the analyses 

revealed the characteristic features of the ILs, such as anion disorder, intermolecular – 

interactions, CH···N hydrogen-bond-like interactions, and cation structure with substituents 

surrounding the sandwich complex moiety. These features may affect the physical properties 

of organometallic ILs and may be partly responsible for their high glass transition temperatures 

and high melting points. Further, the results of this study are beneficial for the design of 

photofunctional materials based on Ru-containing organometallic ILs. 

 

4. EXPERIMENTAL 

4.1. General 

The 1H NMR spectra were recorded on a Bruker Avance 400 MHz spectrometer. The FT–

IR spectra were acquired via attenuated total reflectance (ATR), utilizing a Thermo Scientific 

Nicolet iS5 spectrometer. The DSC measurements were performed on a TA instrument Q100 

differential scanning calorimeter at a scan rate of 10 °C min–1 using aluminum hermetic pans 

as sample containers. Photoirradiation of 1a was carried out with a deep UV lamp (250 W) 
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using USHIO SP-9 SPOT CURE. The liquid samples were sandwiched between quartz plates 

during photoirradiation, and the reaction rates were determined from the UV–Vis spectral 

absorbance at 370 nm and 1H NMR spectra [6]. 

The single-crystal X-ray diffraction data were collected on a Bruker APEX II Ultra 

diffractometer with Mo K radiation, at −173 and 0 °C. The crystals were cooled at the rate of 

2 °C min–1. The structures were solved by the direct method by employing SHELXS [14]. The 

crystallographic parameters are listed in Table S1. Because of the severe disorder, restraints 

were applied to the temperature factors of the anion in 1a at 0 °C, the temperature factors of 

anion B, the cation Cp rings and the bond lengths of anion B in 1b. 

CCDC 1997224 (1a, 100 K), 1997223 (1a, 273 K), and 1997222 (1b, 100 K) contain the 

crystallographic data pertaining to this work. These data can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif. 

 

4.2. Synthesis 

IL 1a was synthesized by the same method that was employed for the synthesis of the 

cyanohexyloxy derivative [6], except that 1,3,5-C6H3(OC3H6CN)3 was utilized as the arene 

ligand (white solid, yield 35%). The single crystals were prepared by the slow diffusion of 

diethyl ether into a dichloromethane (DCM) solution of the salt. 1H NMR (400 MHz, CDCl3, 

TMS):  = 2.15 (m, 6H, -OCH2CH2CH2CN), 2.60 (t, J = 6.7 Hz, 6H, -OCH2CH2CH2CN), 4.14 

(t, J = 5.5 Hz, 6H, -OCH2CH2CH2CN), 5.39 (s, 5H, Cp), 6.11 (s, 3H, ArH). FT-IR (ATR, cm–

1): 569 (s), 740 (m), 825 (m), 1046 (m), 1104 (m), 1174 (vs), 1362 (m), 1379 (m), 1537 (m), 

2247 (w). HRMS (ES+): m/z calcd for [C23H26N3O3Ru]+ 494.1018, found 494.1034. Anal. 

Calcd for C23H26F2N4O7RuS2: C, 41.01; H, 3.89; N, 8.32. Found: C, 41.14; H, 3.88; N, 8.14.  

IL 1b was synthesized by the same method, except that LiTf2N was utilized instead of KFSA 

for the anion exchange. The product was recrystallized from ethyl acetate–diethyl ether (white 
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solid, yield 46%). The single crystals utilized for the structural analysis were prepared by the 

slow diffusion of diethyl ether into a DCM solution of the salt. 1H NMR (400 MHz, CDCl3, 

TMS):  = 2.15 (m, 6H, -OCH2CH2CH2CN), 2.59 (t, J = 6.7 Hz, 6H, -OCH2CH2CH2CN), 4.16 

(t, J = 5.7 Hz, 6H, -OCH2CH2CH2CN), 5.41 (s, 5H, Cp), 6.13 (s, 3H, ArH). FT-IR (ATR, cm–

1): 569 (s), 609 (s), 739 (m), 795 (m), 852 (m), 894 (m), 1046 (s), 1173 (vs), 1350 (m), 1391 

(m), 1425 (m), 1537 (s), 2240 (w). Anal. Calcd for C25H26F6N4O7RuS2: C, 38.81; H, 3.39; N, 

7.24. Found: C, 38.83; H, 3.34; N, 7.36. 
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Fig. S1. DSC traces of 1a in the low temperature region recorded at a scan rate of 5 °C min–1, 

where Tc indicates the phase transition peak. 

 

Fig. S2. Molecular structures of cation B and anion B in 1a at −173 °C. The hydrogen atoms 

were omitted for clarity.  
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Fig. S3. Molecular structures of cation B and anion B in 1b at −173 °C. The hydrogen atoms 

were omitted for clarity. The part displayed in gray represents the disordered moieties. 

 

Table S1.  Crystallographic parameters for 1a and 1b. 

 1a (−173 °C) 1a (0 °C) 1b (−173 °C) 

Empirical formula C23H26F2N4O7RuS2 C23H26F2N4O7RuS2 C25H26F6N4O7RuS2 

Formula weight 673.67 673.67 773.69 

Crystal system Monoclinic Monoclinic Orthorhombic 

Space group P21/n P21/n Pca21 

a (Å) 15.653(2) 7.9875(4) 19.279(4) 

b (Å) 18.163(2) 18.2176(9) 7.0227(15) 

c (Å) 20.218(3) 18.8031(9) 45.241(10) 

 (°) 90 90 90 

 (°) 112.705(2) 90.2270(10) 90 

 (°) 90. 90 90 

V (Å3) 5302.6(12) 2736.1(2) 6125(2) 

Z 8 4 8 

dcalcd (mg m–3) 1.688 1.635 1.678 

T (K) 100 273 100 

 (mm–1) 0.814 0.789 0.734 

F(000) 2736.0 1368.0 3120.0 

Reflections collected 30745 15866 32824 

Rint 0.0342 0.0249 0.0278 

Goodness-of-fit 1.029 1.023 1.107 

R1, wR2 [I > 2(I)] 0.0402, 0.0981 0.0368, 0.0956 0.0527, 0.1218 

R1, wR2 (all data) 0.064, 0.1112 0.0488, 0.1037 0.0563, 0.1218 

Sample size (m) 86 × 62 × 36 86 × 62 × 36 119 × 107 × 25 

 


