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ABSTRACT: Salts of sandwich complexes often exhibit a plastic phase at high temperatures. To 

determine a molecular design that can achieve a plastic phase at lower temperatures, we synthesized 

[CoCp2][X] and [Ru(Cp)(C6H6)][X] (Cp = C5H5) with various anions (X = monocarba-closo-

dodecaborate (CB11H12
−), B(CN)4

−, CF3BF3
−, OTf−, BF4

−, C(CN)3
−, and 

tris(pentafluoroethyl)trifluorophosphate (FAP−)) and investigated their phase behaviors. All of the 

salts except the C(CN)3 and FAP salts exhibited a plastic phase. The phase transition temperature to 

the plastic phase tended to decrease with decreasing anion size. This tendency contrasts that 

observed in octamethyl- and decamethylferrocenium salts. Although the phase transition 

temperatures of most salts were high, those of [CoCp2][CF3BF3], [Ru(Cp)(C6H6)][CF3BF3], and 

[Ru(Cp)(C6H6)][BF4] were below 300 K. The plastic phases of the salts had a CsCl-type structure. 

Crystal structure determinations at low temperatures revealed that the cations and anions were 

arranged alternately in most of the salts. However, the C(CN)3 salts exhibited a stacking 

arrangement of the cations, which is responsible for the absence of a plastic phase. 
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INTRODUCTION 

In recent years, ionic plastic crystals have attracted much attention because of their ionic 

conductivities, electronic properties, and phase transition phenomena.1–14 A plastic phase is 

exhibited by solids composed of globular molecules that can undergo rotational motion in the 

crystal. Plastic crystals have highly symmetric crystal lattices, such as cubic or hexagonal, and their 

melting entropies are small owing to the orientational disorder of the molecules.15,16 The majority of 

plastic ionic crystals are onium salts, many of which are closely related to ionic liquids in terms of 

molecular structure. Although many ionic plastic crystals have been reported thus far, the crystal 

engineering factors that affect the phase transition temperature to the plastic phase are not well 

understood. 

Recently, we developed organometallic ionic plastic crystals17-20 and ionic liquids21-24 containing 

cationic sandwich complexes and elucidated their boundary in terms of molecular shape.21-23 

Considering the unique properties of metallocenes, such as their magnetism and reactivities, we 

expect that exploration of organometallic compounds will expand the science base and applications 

of molecular ionic materials. Salts of simple sandwich complexes have been known to exhibit 

plastic phases.25-28 For example, [FeCp2][PF6],
8 [CoCp2][PF6],

25 and [RuCp(C6H6)][PF6]
27 (Cp = 

C5H5) exhibit a phase transition to the plastic phase at 347 K, 314 K, and 333 K, respectively. 

However, the phase transition temperatures of organometallic plastic crystals are generally much 

higher than those of onium salts, making them less suitable for the investigation of physical 

phenomena and applications. Only a few salts with a phase transition temperature below 300 K are 

known.18,20 

Based on these backgrounds, we aimed to elucidate the factors that govern the phase transition 

temperature of organometallic ionic plastic crystals and to search for a material design that can 

achive lower transition temperature. We have previously demonstrated that the transition 

temperature in the salts of octamethyl- and decamethylferrocenium cations decreases with 

increasing anion size.17,18 In this study, to investigate the effect of cation size, we synthesized 



3 

[CoCp2][X] ([1][X]) and [RuCp(C6H6)][X] ([2][X]) containing smaller cations (Figure 1). A variety 

of anions were used, including monocarba-closo-dodecaborate (CB11H12
−), CF3BF3

−, CF3SO3
− 

(OTf−), BF4
−, B(CN)4

−, C(CN)3
−, and tris(pentafluoroethyl)trifluorophosphate (FAP). CB11H12

− is a 

large spherical anion with a volume (179 Å3) comparable with that of the cation ([1]+: 167 Å3, [2]+: 

187 Å3). The crystal structures of its alkylferrocenium salts have been reported.29 The CF3BF3 anion 

has been known to produce ionic liquids and ionic plastic crystals.30,31 OTf− and CF3BF3
− have 

nearly identical shapes and volumes (85 and 84 Å3, respectively); hence, they are suitable for 

investigating the effect of the charge distribution in the anion. FAP is a non-spherical anion, with a 

much larger volume (244 Å3) than the cations used. 

In this paper, we discuss the thermal properties and crystal structures of these salts, focusing on 

their phase transition to the plastic phase. The thermal properties and crystal structures of 

[2][B(CN)4] and [2][C(CN)3] have been reported previously.20 The crystal structures of [1][OTf]32 

and [1][BF4] are known.33 This study shows that CF3BF3 is a useful anion that exhibits the plastic 

phase at low temperatures, whereas CB11H12
− has a very high phase transition temperature, despite 

its spherical shape. Furthermore, the dependence of the transition temperature on the anion size was 

found to be opposite to that observed in octamethyl- and decamethylferrocenium salts, which is 

probably attributable to their structural differences. 
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Figure 1. Structural formulae of (a) cationic sandwich complexes and (b) anions used in this study. 

The van der Waals volumes of these molecules, estimated by density functional theory calculations, 

are shown below. 

 

RESULTS AND DISCUSSION 

Phase behavior. We synthesized [1][X] and [2][X] through anion exchange using the 

corresponding chloride salts and carried out differential scanning calorimetry (DSC) measurements. 

The phase diagrams and DSC curves of the salts are shown in Figure 2 and Figure S1 (Supporting 

Information), respectively. As seen from the phase diagram, the phase behaviors of [1][X] and 

[2][X] were approximately similar. All salts except the C(CN)3 and FAP salts exhibited a plastic 

phase. The phase transition temperatures of the CF3BF3 salts and [2][BF4] were below 300 K. The 

C(CN)3 and FAP salts melted at high temperatures without exhibiting a plastic phase. 

The transition temperature (TC) of [1][X] to the plastic phase generally decreased with 

decreasing anion volume (CB11H12 > B(CN)4 > OTf ≈ CF3BF3; 402.1 K–277.2 K), whereas the 

transition temperature of [1][BF4] (Tc = 418.4 K) was very high. [2][X] showed a trend 

approximately similar to [1][X], although the transition temperatures of the CB11H12 and BF4 salts 

differed from those of the corresponding [1][X] salts by more than 100 K. Interestingly, the 

transition temperatures of the CB11H12 salts were very high, despite their spherical anions (402.1 

and 500.8 K). It is noteworthy that the transition temperatures of [1][CF3BF3] (TC = 277 K), 

[2][CF3BF3] (TC = 267.2 K), and [2][BF4] (TC = 293.2 K) were below 300 K. The transition 

temperatures of the CF3BF3 salts were lower than those of the corresponding OTf salts by 

approximately 90 K, despite their comparable anion sizes. These transition temperatures are lower 

than those of the other sandwich complex salts reported to date, demonstrating that CF3BF3 is a 

useful anion for lowering the transition temperature. The negative charge of CF3BF3
− resides on the 

B atom, having a smaller Coulombic interaction with the cation than OTf−, which probably led to 

the low transition temperature. 
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On the other hand, the C(CN)3 and FAP salts did not exhibit a plastic phase. This is ascribed to 

the crystal structure of the C(CN)3 salts having no alternate arrangement of the ions (see below) and 

to the large deviation of the FAP anion from the spherical shape (ovality = 1.40) compared with 

other anions (ovality = 1.12–1.23). These salts exhibited a liquid phase instead of a plastic phase at 

high temperatures (Tm = 363–446 K; Sm = 28–37 J mol−1 K−1).  

Most of these salts exhibited a solid-phase transition at a lower temperature than the phase 

transition to the plastic phase or melting, which is probably due to the successive enhancement of 

the motions of the anions and cations. Salts of sandwich complexes often exhibit such successive 

phase transitions.17 The phase transition in [1][CB11H12] from phase I to phase II was examined 

crystallographically (see below). The sums of the solid-phase transition entropies in [2][X] were 

larger than those in [1][X] by 4–19 JK−1mol−1, except for the CF3BF3 and FAP salts, which is 

probably ascribable to the less-symmetric structure of the cation. 

 

 

Figure 2. Phase diagrams of [1][X] and [2][X] (X = CB11H12, B(CN)4, OTf, CF3BF3, C(CN)3, FAP). 

The phase transition temperature (K) and the phase transition entropy (J mol−1 K−1) are shown 

above and below each bar chart, respectively. The asterisks represent plastic phases. Data for [2][X] 
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(X = B(CN)4 and C(CN)3) were taken from Ref. 20.  

 

Structures of the plastic phase. Powder X-ray diffraction analysis revealed that the plastic 

phases of these salts have a CsCl-type structure. The X-ray diffraction (XRD) patterns are shown in 

Figure S2 (Supporting Information) and the lattice constants and interionic distances derived from 

the data are shown in Table 1. The radii of [1]+ and [2]+, calculated from the van der Waals volumes 

and assuming the molecule to be a sphere, were 3.42 and 3.55 Å, respectively, whereas the radii of 

B(CN)4
−, OTf−, CF3BF3

−, and BF4
− were 3.04, 2.73, 2.71, and 2.36 Å, respectively. The interionic 

distances were found to be comparable to the sum of the ionic radii (Table 1). The coordination 

number was eight, which was identical to the coordination number in the low-temperature phase 

(Phase I; see below). According to the radius ratio rule for inorganic ionic crystals,
34 a salt with a 

radius ratio (ρ = rsmall ion/rlarge ion) greater than 0.73 exhibits a CsCl-type structure with coordination 

number eight, whereas a salt with a radius ratio between 0.41–0.73 exhibits a NaCl- or NiAs-type 

structure with coordination number six. Most of the radius ratios of the studied salts are greater than 

0.73 (Table 1), and hence the structures are in agreement with the radius ratio rule. However, 

[1][BF4] ( = 0.69) and [2][BF4] ( = 0.66) have a CsCl-type structure although their radius ratios 

are smaller than 0.73. This is probably owing to the non-spherical shape of the ions and the softness 

of molecular ionic crystals. We have previously reported that the plastic phase of [Fe(C5Me4H)2][X] 

(X = B(CN)4, C(CN)3, and FeCl4; ρ < 0.72) has a six-coordinate NaCl- or anti-NiAs-type 

structure.18 Therefore, the small cations used in this study resulted in a different type of structure. 
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Table 1. Lattice constants, interionic distances, and radius ratio in the plastic phase 

 Temperaturea 

(K) 

Lattice constant 

(Å) 

Interionic distance (Å) Radius ratiob 

 Experimental Calculatedc Calculated 

[1][CB11H12] 430 7.70e 6.67 6.91 0.98 

[1][B(CN)4] 400 7.37e 6.38 6.46 0.89 

[2][B(CN)4]
d 353 7.50(5) 6.50 6.59 0.86 

[1][OTf] 400 6.923(10) 5.99 6.15 0.80 

[2][OTf] 400 7.08e 6.13 6.28 0.77 

[1][CF3BF3] 293 6.841(3) 5.92 6.13 0.79 

[2][CF3BF3] 293 7.025(4) 6.08 6.26 0.76 

[1][BF4] 430 6.60e 5.71 5.78 0.69 

[2][BF4] 293 6.76 5.86 5.91 0.66 

aTemperature of the measurement. bValue of r−/r+ (or r+/r− for [1][CB11H12]), where the ionic radii are 

calculated from molecular volumes determined by density functional theory calculations. cSum of the 

calculated radii of the cation and anion. dRef. 20. eCalculated from the 110 peak owing to weak 

diffraction. 

 

Phase transition temperatures and radius ratio. Based on the results of these and 

related salts,17-20 we examine here the trend in the phase transition temperatures of ionic plastic 

crystals of sandwich complexes. A plot of the phase transition temperatures against the anion radius 

for various sandwich complex salts is shown in Figure 3a. It can be seen from this plot that the 

CF3BF3 salts tend to exhibit low transition temperatures. In addition, the salts with the bent anion 

N(SO2F)2
− (FSA) exhibit higher transition temperatures than salts with other anions of similar size. 

Therefore, FSA is not an effective anion for cationic sandwich complexes, even though onium salts 

still give low transition temperatures with FSA.35,36 In Figure 3b, the transition temperatures are 

plotted against the radius ratio. The dashed line in the figure represents the critical radius ratio ( = 

0.73), which is the boundary between the six-coordinate and eight-coordinate structures according 

to the radius ratio rule.34 Most of the salts investigated in this study having coordination number 

eight are located on the right of the dashed line, and their transition temperature tends to decrease 

with decreasing radius ratio. A plausible explanation for the tendency in terms of electrostatic 

interactions is that when approaching the critical radius ratio, the cations get closer to each other, 
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causing larger interionic repulsions, which facilitate molecular motion. However, the opposite trend 

is observed in octamethyl- and decamethylferrocenium salts. They have coordination number six 

with radius ratio below 0.73 (on the left-side of the dashed line in the figure), and their transition 

temperature tends to increase with decreasing radius ratio.17,18 The contribution of Coulomb 

interactions should be small in these salts owing to many methyl groups, and steric effects should 

be dominant. With decreasing radius ratio, the contacts between the cations get larger, suppressing 

the molecular rotation due to steric hindrance of the methyl groups, which might explain the 

increase in the transition temperature.  

 

 

Figure 3. Phase transition temperatures of sandwich complex salts to the plastic phase plotted 

versus (a) the anion radius and (b) the radius ratio. The dashed line in b shows the critical radius 

ratio ( = 0.73). Panel b does not include data for FSA and Tf2N salts because the anions are not 

spherical.  

 

Low-temperature structures of salts with a plastic phase. The crystal structures of the 
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low-temperature phase (phase I) of [1][CB11H12], [2][CB11H12], [1][B(CN)4], and [2][OTf] were 

determined. ORTEP drawings of the cations and anions are shown in Figure S3 (Supporting 

Information). The crystal structures of [1][OTf]32 and [2][B(CN)4]20 are known. [1][CB11H12] and 

[2][CB11H12] are isomorphous among them. The anions and cations are alternately arranged in these 

salts, with one cation surrounded by eight anions. Therefore, the coordination numbers37,38 of these 

salts in the low-temperature phase and in the plastic phase were identical, as also observed in 

octamethyl- and decamethylferrocenium salts.17,18 The crystal structures of the CF3BF3 salts and 

[2][BF4] could not be determined because they are plastic crystals at room temperature. 

The packing diagram of [2][CB11H12] is shown in Figure 4a (space group P21/n, Z = 4). The 

structure of the isomorphous salt [1][CB11H12] is shown in Figure S4a (Supporting Information). 

The asymmetric unit of these salts contained a pair of cation and anion. The orientation of the anion 

was ordered. The B–C bonds (1.69–1.72 Å) are shorter than the B–B bonds (1.76–1.79 Å), which 

are comparable to literature values.39,40 The transition temperature of [2][CB11H12] (TC = 501 K) to 

the plastic phase was much higher than that of [1][CB11H12] (TC = 402 K), as mentioned in the 

previous section, but their packing coefficients 100 K were comparable, at 67.8% and 67.4%, 

respectively. The asymmetric cation in [2][CB11H12] appears to be locked between the anions, 

hindering its isotropic rotation, which probably resulted in the high transition temperature of this 

salt. 

To investigate the origin of the transition from phase I to phase II in these salts, we also 

determined the crystal structure of [2][CB11H12] in phase II (Figure 4b), although the analysis is 

incomplete owing to extensive disorder. In this phase, the space group was Cmm2 (orthorhombic), 

exhibiting a higher symmetry than phase I (P21/n), and the lattice volume (Z = 2) was halved 

compared with phase I (Z = 4). The cation rings and anion exhibited extensive rotational disorder, 

whereas the long molecular axis of the cation was oriented along the b-axis. The phase transition in 

[1][CB11H12] may have the same feature. The larger phase transition entropy in [2][CB11H12] (14.7 J 

mol−1 K−1) compared to [1][CB11H12] (6.6 J mol−1 K−1) is likely due to the ring disorder in the 
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cation. 

The packing diagram of [1][B(CN)4] is shown in Figure 5 (space group P21/c, Z = 24). The 

asymmetric unit contained six cations and six anions. A short contact was observed between the N 

atom of the anion and the C atom of the cation, which was 0.1 Å shorter than the van der Waals 

distance (N···C = 3.14 Å). The alternate cation–anion arrangement in this salt is similar to that in 

[2][B(CN)4] (space group Cmc21). However, [2][B(CN)4] has a smaller unit cell (Z = 4), exhibiting 

a simpler molecular arrangement.20 

The packing diagram of [2][OTf] (space group P31, Z = 9) is shown in Figure S4b (Supporting 

Information), but we refrain from a detailed discussion of this structure because the refinement was 

not complete owing to the disorder of anion. The asymmetric unit contained three anions and 

cations, and the molecular arrangement was somewhat similar to that in [1][OTf] (P21/c, Z = 12).32 

Unlike [1][OTf], there were no – contacts between the cations in this salt. 

 

0 C 

b) 
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Figure 4. Packing diagram of [2][CB11H12] in (a) phase I and (b) phase II. Hydrogen atoms have 

been omitted. The structure of phase II contains extensive disorder (see text) and only part of the 

disordered moieties of each molecule is shown. 

 

Figure 5. Packing diagram of [1][B(CN)4]. Hydrogen atoms have been omitted. 

 

Low-temperature structures of salts without plastic phases. In this section, we 

discuss the crystal structures of the C(CN)3 and FAP salts at low temperature (phase I). These salts 

do not exhibit plastic phases. ORTEP drawings of the cations and anions in these salts are shown in 

Figure S3 (Supporting Information). The crystal structure of [2][C(CN)3] has been reported 

previously.20 

[1][C(CN)3] and [2][C(CN)3] are not isomorphic. They are exceptional in that they have no 

alternate arrangement of the cations and anions. Figure 6a shows the packing diagram of 

[1][C(CN)3] (space group C2/c, Z = 4). The asymmetric unit contains half of the anion and half of 

the cation. The cation forms a columnar stacking structure, and there are – contacts between the 

cations, which are 0.15 Å shorter than the van der Waals distance (C···C distance: 3.25 Å). The 

cations are located between the anions and arranged linearly. The anion and the Cp ring of the 

cation are tilted by 57°, with no other – contacts between the anions. Six anions surround one 

cation, with five CN groups located around the Co atom (Co···NC distances: 4.29–4.67 Å). In 

[2][C(CN)3], the anions also have a stacking structure through – contacts.20 The structures and 

phase behaviors of these salts contrast those of [Fe(C5Me4H)2][C(CN)3], which has an alternate 

cation–anion arrangement and exhibits a plastic phase (TC = 343.3 K).18 The stacking structures of 

a 
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the cations in [1][C(CN)3] and [2][C(CN)3], which have small and anisotropic Coulombic 

interactions, are probably responsible for the absence of a plastic phase and melting in these salts 

(Tm = 405.2 and 363.4 K, respectively). This result supports the conclusion that C(CN)3 tends to 

form salts with low melting points,20 which demonstrates the importance of crystal structure to the 

occurrence of the plastic phase. 

[1][FAP] and [2][FAP] are isomorphous (space group P21/n, Z = 4), and their packing diagrams 

are shown in Figure 6b and Figure S4c (Supporting Information), respectively. with one 

crystallographically independent cation and anion. The cations and anions are arranged nearly 

alternately in the crystal. The cations are disordered in both salts. One of the Cp rings in [1][FAP] 

has a two-fold rotational disorder with a 0.5:0.5 occupancy, whereas the Cp and benzene rings in 

[2][FAP] are disordered with an occupancy of 0.5:0.5. The crystal structures of several FAP salts 

have been reported, which display similar conformation of the anion.41-44 
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Figure 6. (a) Packing diagrams of [1][C(CN)3] and (b) [1][FAP]. Hydrogen atoms have been 

omitted. The dotted lines in panel a represent the – contact. 

 

CONCLUSION 

Based on the present results and previous studies, a comprehensive understanding of the phase 

transition to the plastic phase of sandwich complex salts has been obtained. In this study, we 

investigated the thermal properties and crystal structures of salts of [CoCp2]
+ and [Ru(Cp)(C6H6)]

+ 

with various anions. These salts have coordination number eight in the plastic phase, and the phase 

transition temperature generally increases with increasing anion volume. This contrasts the 

tendency found in octamethyl- and decamethylferrocenium salts, which have coordination number 

six. Furthermore, the coordination numbers in the low-temperature phase and the plastic phase are 
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identical, indicating that the structure of the plastic phase can be predicted from the low-

temperature structure. 

We found that CF3BF3 is a useful anion for lowering the phase transition temperature of 

sandwich complex salts. The CF3BF3 salts exhibited plastic phases below room temperature, 

exhibiting the lowest transition temperatures among the sandwich complex salts ever reported. In 

contrast, the CB11H12 salts exhibited very high phase transition temperatures despite their spherical 

anions, which is probably due to the large volume of the anion. The results also support the 

importance of molecular arrangement and anion shape to the occurrence of a plastic phase. The 

C(CN)3 salts, which have no alternate cation–anion arrangement, and FAP salts, which have non-

spherical anions, did not exhibit plastic phases.  

These systematic investigations revealed the factors affecting the transition temperatures to the 

plastic phase in sandwich complex salts. These results may also be useful for the design of ionic 

plastic crystals with other cations. Based on these findings, we are currently investigating the 

electronic properties of organometallic ionic plastic crystals. 

 

EXPERIMENTAL SECTION 

General. [CoCp2]Cl45 and [Ru(Cp)(C6H6)]Cl20 were prepared according to methods reported in 

the literature. [CoCp2][BF4]
33 and [Ru(Cp)(C6H6)][BF4]

46 were produced by anion exchange using 

the corresponding chloride salts. [CoCp2][OTf]32 was prepared by the reaction of [CoCp2]Cl and 

AgOTf. Na[FAP] was prepared by cation exchange from [Bmim][FAP]. Other chemicals were 

purchased from commercial sources. DSC measurements were performed using a TA Instruments 

Q100 differential scanning calorimeter at a rate of 10 K min−1. The phase transition to the plastic 

phase was also confirmed by observation of the loss of birefringence using a polarization 

microscope. Infrared spectra were recorded via attenuated total reflectance (ATR diamond)using a 

Thermo Scientific Nicolet iS 5 FT-IR spectrometer. Electrospray ionization–mass spectrometry 

spectra were recorded using a Thermo Fisher Scientific LTQ Orbitrap Discovery system. Powder 
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XRD measurements were performed using a Rigaku SmartLab diffractometer at room temperature 

and a Bruker APEX II Ultra at high temperatures. Indexing of the powder XRD data was performed 

using Rigaku PDXL software. The packing coefficients were calculated using PLATON.47 The van 

der Waals volumes and ovalities of the cations and anions were estimated based on density 

functional theory calculations (B3LYP/LanL2DZ) using Spartan ′16 (Wavefunction, Inc.). The 

ionic radii were calculated assuming spheres of the same volumes as the ions. The ovality is the 

ratio of the calculated surface area to the minimum surface area of a molecule—the latter is the 

surface of a sphere with a volume that equals the actual volume of the molecule. The calculated 

values for the anions are listed in Table S1 (Supporting Information). 

Preparation of salts. [CoCp2][CB11H12] ([1][CB11H12]). An aqueous solution (0.8 mL) of 

Cs[CB11H12] (46 mg, 0.17 mmol) was added to an aqueous solution (0.1 mL) of [CoCp2]Cl (30 mg, 

0.13 mmol). The mixture was stirred for 30 min and subsequently filtered, and the filtrate was 

evaporated under reduced pressure and dried under vacuum. The residue was dissolved in 

dichloromethane and filtered, and the filtrate was evaporated and dried under vacuum. Slow 

diffusion of diethyl ether into an acetone solution of the solid for three days at –6 C precipitated 

yellow block crystals of the desired product, which were collected by filtration and dried under 

vacuum (16.0 mg, yield 37%). HRMS m/z calcd. for [C10H10Co]+: 189.0115. Found: 189.0108. 

calcd. for [CB11H12]
−: 143.2035. Found: 143.2048. IR (cm−1): 3107, 2525, 1414, 1088, 1063, 1019, 

1008, 860, 715. 

[CoCp2][B(CN)4] ([1][B(CN)4]). An aqueous solution (0.5 mL) of KB(CN)4 (54 mg, 0.35 

mmol) was added to an aqueous solution (0.3 mL) of [CoCp2]Cl (35 mg, 0.15 mmol). The mixture 

was stirred for 30 min and then filtered, and the filtrate was evaporated under reduced pressure and 

dried under vacuum. The residue was extracted three times with dichloromethane (20 mL) and 

washed with water. The organic layer was dried over magnesium sulfate and filtered, and the 

solvent was evaporated under reduced pressure. The crude product was dissolved in 

dichloromethane–diethyl ether and the solution was cooled slowly to −40 C. The product was 
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obtained as yellow block crystals (yield 13.7 mg, 26%). Anal. Calcd. for C14H10N4BCo: C, 55.31; H, 

3.32; N, 18.43. Found: C, 55.29; H, 3.34; N, 18.47. IR (cm−1): 3117, 1416, 1009, 924, 861, 820. 

[CoCp2][CF3BF3] ([1][CF3BF3]). An aqueous solution (0.2 mL) of KCF3BF3 (54 mg, 0.31 

mmol) was added to an aqueous solution (0.2 mL) of [CoCp2]Cl (44 mg, 0.20 mmol). The mixture 

was stirred for 1 h and filtered, and the filtrate was evaporated under reduced pressure. The residue 

was washed with diethyl ether and dried under vacuum. Recrystallization of the solid from 

dichloromethane–hexane (−40 C) gave the desired product as yellow needle crystals (12.4 mg, 

yield 24%). Anal. Calcd. for C11H10F6BCo: C, 40.54; H, 3.09; N, 0.00. Found: C, 40.43; H, 2.88; N, 

0.08. IR (cm−1): 632, 724, 863, 948, 975, 1009, 1040, 1186, 1417, 3124. 

[CoCp2][C(CN)3] ([1][C(CN)3]). An aqueous solution (0.3 mL) of KC(CN)3 (75 mg, 0.58 

mmol) was added to an aqueous solution (0.2 mL) of [CoCp2]Cl (59 mg, 0.26 mmol). The mixture 

was stirred for 30 min and filtered, and the filtrate was evaporated under reduced pressure and dried 

under vacuum. The residue was dissolved in water (2 mL) and extracted with dichloromethane. The 

organic layer was washed with water and dried over magnesium sulfate, and the solvent was 

evaporated under reduced pressure. Recrystallization of the solid from acetone–diethyl ether (−40 

C) gave the desired product as yellow needle crystals. The yield was not determined because the 

salt was very hygroscopic. HRMS m/z calcd. for [C10H10Co]+: 189.0115. Found: 189.0103. Calcd. 

for [C(CN)3]
−: 90.0092. Found: 90.0101.  

[CoCp2][FAP] ([1][FAP]). This salt was prepared as described for [1][CF3BF3] using Na[FAP] 

(41 mg, 0.09 mmol) and [CoCp2]Cl (29 mg, 0.13 mmol). Recrystallization of the product from 

dichloromethane–diethyl ether (−40 C) gave the desired product as yellow needle crystals (9.6 mg, 

yield 15%). Anal. Calcd. for C16H10F18PCo: C, 30.31; H, 1.59; N, 0.00. Found: C, 30.11; H, 1.05; N, 

0.25. IR (cm−1): 1420, 1295, 1209, 1177, 1137, 1125, 1096, 1069, 1014, 974, 962, 865, 804, 764, 

724, 617, 581, 530. 

[Ru(Cp)(C6H6)][CB11H12] ([2][CB11H12]). This salt was prepared as described for [1][CB11H12] 

using [Ru(Cp)(C6H6)]Cl (12 mg, 0.04 mmol) and Cs[CB11H12] (14 mg, 0.05 mmol). The desired 
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product was obtained as colorless block crystals (8.2 mg, yield 49%). HRMS m/z calcd. for 

[C11H11Ru]+: 244.9904. Found: 244.9899. calcd. for [CB11H12]
−: 143.2035. Found: 143.2047. IR 

(cm−1): 2527, 1442, 1087, 1062, 1018, 982, 843, 821, 715, 543. 

[RuCp(C6H6)][OTf] ([2][OTf]). An aqueous solution (0.3 mL) of AgOTf (71 mg, 0.28 mmol) 

was added to an aqueous solution (0.4 mL) of [RuCp(C6H6)]Cl (42 mg, 0.14 mmol), and the 

mixture was stirred for 30 min and collected by decantation. The residue was extracted twice with 

water, and the water solution was combined with the water phase. After evaporation of water, the 

residue was dried under vacuum. Recrystallization of the solid from acetone–diethyl ether (−40 C) 

gave the desired product as colorless needle crystals (36.2 mg, yield 64%). Anal. Calcd. for 

C12H11O3F3SRu: C, 36.64; H, 2.82; N, 0.00. Found: C, 36.57; H, 2.47; N, 0.02. IR (cm−1): 3085, 

1442, 1417, 1256, 1221, 1147, 1028, 1012, 829, 754, 634, 571. 

[RuCp(C6H6)][CF3BF3] ([2][CF3BF3]). This salt was prepared as described for [1][CF3BF3] 

using [Ru(Cp)(C6H6)]Cl (44 mg, 0.16 mmol) and KCF3BF3 (47 mg, 0.27 mmol). The product was 

obtained as colorless crystals (28.5 mg, yield 48%). Anal. Calcd. for C12H11F6BRu: C, 37.82; H, 

2.91; N, 0.00. Found: C, 37.83; H, 2.57; N, 0.06. IR (cm−1): 632, 724, 826, 852, 948, 975, 1011, 

1042, 1158, 1417, 1444, 3121. 

[RuCp(C6H6)][FAP] ([2][FAP]). This salt was prepared as described for [1][FAP] using 

[Ru(Cp)(C6H6)]Cl (62 mg, 0.21 mmol) and Na[FAP] (290 mg, 0.65 mmol). Recrystallization of the 

crude product from dichloromethane (−40 C) gave the desired product as pale yellow crystals (40.3 

mg, yield 46%). Anal. Calcd. for C16H10F18PRu: C, 29.62; H, 1.61; N, 0.00. Found: C, 29.74; H, 

1.38; N, 0.08. IR (cm−1): 1209, 1180, 1136, 1125, 721, 615. 

X-ray crystallography. Single crystals of [1][C(CN)3], [1][FAP], and [2][FAP] suitable for 

X-ray crystallography were obtained by recrystallization from acetone–diethyl ether, 

dichloromethane–diethyl ether, and dichloromethane, respectively. Single crystals of other salts 

were grown by diffusion of diethyl ether into acetone solutions. The crystal of [1][C(CN)3] was 

collected after adding liquid paraffin to the mother liquor owing to deliquescence. Single-crystal 
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XRD data were collected using a Bruker APEX II Ultra CCD diffractometer with MoK radiation 

( = 0.71073 Å). The structures were determined by the direct method using SHELXL.48 The 

crystallographic parameters are shown in Tables S2–S4 (Supporting Information). We also tried to 

determine the crystals structures of [2][CB11H12] and [2][OTf], but their refinements were 

unsatisfactory because of disorder.  
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(e) [1][BF4]                                                               (f) [1][C(CN)3] 

       

 

 

(g) [1][FAP]                                                              (h) [2][CB11H12]  

     

 

 

(i) [2][OTf]                                        (j) [2][CF3BF3]  
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(k) [2][BF4]                         (l) [2][FAP] 

       

 

Figure S1. DSC traces of (a) [1][CB11H12], (b) [1][B(CN)4], (c) [1][OTf], (d) [1][CF3BF3], (e)[1][BF4] 

(f)[1][C(CN)3], (g) [1][FAP], (h) [2][CB11H12], (i) [2][OTf], (j) [2][CF3BF3], (k) [2][BF4], and (l) [2][FAP]. 

 

 

 

Figure S2. Powder X-ray diffraction patterns of plastic phases. (a) [1][CF3BF3], [2][CF3BF3] and [2][BF4] at 

293 K (CuK radiation), (b) [1][OTf], [2][OTf], and [1][B(CN)4] at 400 K, [1][CB11H12] and [1][BF4] at 430 

K (MoK radiation). 
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Figure S3. ORTEP drawings of the cations and anions in (a) [1][CB11H12], (b) [2][CB11H12], (c) [1][B(CN)4], 

(d) [1][C(CN)3], (e) [1][FAP], and (f) [2][FAP]. Hydrogen atoms have been omitted for clarity. 
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(c)  

 

Figure S4. Packing diagrams of (a) [1][CB11H12], (b) [2][OTf] (only one of the disordered moieties in the 

anion is shown),  and (c) [2][FAP]. Hydrogen atoms have been omitted for clarity.   

 

 

Table S1. van der Waals volumes and ovalities of anions estimated 

based on DFT calculations (B3LYP/LanL2DZ) 

molecule volume (Å3) ovality 

BF4
– 54.9 1.10 

N(CN)2
– 64.5 1.12 

PF6
– 74.9 1.20 

CF3BF3
– 83.6 1.19 

OTf– 85.4 1.23 

C(CN)3
– 90.8 1.17 

FeCl4
– 98.0 1.45 

FSA 98.7 1.33 

GaCl4
– 103.4 1.29 

B(CN)4
– 117.2 1.22 

Tf2N– 157.5 1.44 

Monocarba-closo-dodecaborate 178.7 1.12 

FAP 243.2 1.40 
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Table S2. Crystallographic parameters   

 [1][CB11H12] [2][CB11H12] [1][B(CN)4] [1][C(CN)3] 

Empirical formula C11H22B11Co C12H23B11Ru C14H10BN4Co C14H10N3Co 

Formula weight 332.12 387.28 304.00 279.18 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 

Space group P21/n P21/n P21/c C2/c 

a [Å] 11.9463(11) 12.065(2) 20.056(3) 11.734(17) 

b [Å] 10.7375(10) 10.807(2) 14.147(2) 12.210(18) 

c [Å] 13.6897(12) 14.208(3) 30.946(5) 8.893(13) 

[°] 107.5070(10) 107.441(2) 106.634(2) 98.457(12) 

V [Å3] 1674.7(3) 1767.4(6) 8413(2) 1260(3) 

Z 4 4 24 4 

calcd [g cm–3] 1.317 1.455 1.440 1.471 

F(000) 680 776 3696 568 

Temperature [K] 100 100 100 100 

Reflns collected 9139 9254 36973 2867 

Independent reflns 3675 3855 13676 1114 

Parameters 257 265 1057 84 

R(int) 0.0145 0.0209 0.0322 0.1301 

R1
a, Rw

b (I > 2σ) 0.0239, 0.0616 0.0410, 0.0957 0.0533, 0.1419 0.0455, 0.1189 

R1
a, Rw

b (all data) 0.0246, 0.0628 0.0439, 0.0976 0.0603, 0.1455 0.0459, 0.1194 

Goodness of fit 1.059 1.104 1.241 1.081 

max,min [e Å–3] 0.322, –0.303 2.085, –0.833 2.573, –0.859 0.795, –0.867 

aR1 = Σ||Fo| – |Fc|| / Σ|Fo|. 
bRw = [Σw (Fo

2 –Fc
2)2/Σw (Fo

2)2]1/2 
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Table S3.  Crystallographic parameters 

 [1][FAP] [2][FAP] 

Empirical formula C16H10F18PCo C17H11F18PRu 

Formula weight 634.14 689.30 

Crystal system Monoclinic Monoclinic 

Space group P21/n P21/n 

a [Å] 10.9470(9) 11.5747(10) 

b [Å] 12.6504(10) 12.7379(11) 

c [Å] 14.7816(12) 15.3578(14) 

[°] 98.0370(10) 101.0190(10) 

V [Å3] 2026.9(3) 2222.6(3) 

Z 4 4 

calcd [g cm–3] 2.078 2.060 

F(000) 1240 1336 

Temperature [K] 100 100 

Reflns collected 11163 10626 

Independent reflns 4442 3926 

Parameters 371 392 

R(int) 0.0290 0.0224 

R1
a, Rw

b (I > 2σ) 0.0267, 0.0697 0.0354, 0.0937 

R1
a, Rw

b (all data) 0.0273, 0.0703 0.0391, 0.0985 

Goodness of fit 1.102 1.043 

max,min [e Å–3] 0.300, –0.674 0.686, –0.758 

aR1 = Σ||Fo| – |Fc|| / Σ|Fo|. bRw = [Σw (Fo
2 –Fc

2)2/Σw (Fo
2)2]1/2 

Table S4.  Crystallographic parameters 

 [2][CB11H12] [2][OTf] 

Empirical formula C12H23B11Ru C12H11F3O3SRu  

Crystal system Orthorhombic Monoclinic 

Space group Cmm2 P31 

a [Å] 10.1597(8) 10.205(2) 

b [Å] 12.5270(10) 10.205(2) 

c [Å] 7.2036(6) 10.868(2) 

[°] 90 90 

[°] 90 90 

[°] 90 120 

V [Å3] 916.81(13) 980.2(4) 

Temperature [K] 273 100 




