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ABSTRACT: Ionic liquids (ILs) containing cationic 

mixed-valence biferrocenylene derivatives were 

synthesized with an octanoyl or octyl substituent in 

each cation. Their melting points ranged between 25 

and 39 °C and the octanoyl derivatives exhibited higher 

melting points than the octyl derivatives. In addition, 

each IL exhibited a glass transition in the temperature ranging from −66 to −45 °C after melting. 

Their melting points were ~10 °C higher than those of mononuclear octamethylferrocenium salts 

bearing the same substituents. The solvent polarity (ET
N) and Kamlet-Taft parameters (*,  and  ) 

of these dinuclear and mononuclear ILs were then examined. The dinuclear ILs bearing octanoyl 

substituents exhibited significant increases in ET
N and *, and a decrease in  with decreasing 

temperature, whereas the other ILs exhibited a significantly less pronounced temperature dependence. 

Finally, the intervalence charge-transfer (or charge-resonance) bands of the octanoyl dinuclear ILs 

exhibited red-shifts with decreasing temperature, which can be regarded as 

self-thermosolvatochromism.  
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INTRODUCTION 

In recent decades, extensive investigations have been conducted into the science and application 

of ionic liquids (ILs).1 Although the majority of ILs are composed of salts based on onium cations, a 

number of metal-containing ILs have also been reported,2–10 which exhibit unique functions 

originating from the constituent metal complexes. In addition, our laboratory has developed a variety 

of organometallic ILs containing mononuclear sandwich complexes, such as ferrocenium cations.11–

19 These organometallic ILs exhibit intriguing magnetic properties,13,14 photoreactivities,15–18 and 

chemical reactivities.19 

In this study, we aimed to prepare ILs based on cationic dinuclear organometallic complexes. 

Multinuclear complexes are interesting because of their mixed-valency properties, although room 

temperature ILs based on multinuclear complexes are scarce.20–22 The monocations of biferrocene 

(Figure 1a)23–33 and 1,1-biferrocenylene (Figure 1b, bis(fulvalene)diiron; BFD)27,28,34–41 are typical 

examples of mixed-valence compounds. According to the Robin-Day classification, mixed-valence 

compounds can be classified as Class I (non-interacting), Class II (moderately coupled), and Class III 

(strongly coupled) compounds depending on the coupling between the two redox centers.28,42–45 

Mixed-valence complexes exhibit intervalence charge-transfer bands,42–45 although the term 

intervalence charge resonance (IVCR) is more appropriate for the bands in Class III compounds 

because charge transfer is not responsible for the absorption.34,46 The biferrocenium monocation, 

containing one Fe(II) and one Fe(III) center, typically exhibits Class II behavior.23–33 This cation 

undergoes rapid valence tautomerization coupled with intramolecular electron transfer, in addition to 

often exhibiting charge localization at low temperatures. In contrast, BFD is a Class III 

average-valence complex,28,34–41 even when unsymmetrically substituted.34,38 In this complex, the 

interaction between the two metal centers is strong enough to give a genuinely averaged valence 

state, where the valence tautomers of BFD form the resonance structures (Figure 1b). We were 

interested in whether such dinuclear organometallic cations can produce ILs. In addition, ILs with 
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mixed-valence cations may exhibit intriguing solvent properties owing to their large polarizability. 

Previously, we synthesized salts of biferrocenium cations and bis(trifluoromethanesulfonylamide) 

(Tf2N) anions, although they were found to be solids with high melting points.26 We therefore 

considered preparing the salts of BFD cations in this study. 

 

Figure 1. Structures of the monocations of (a) biferrocene (tautomeric structures) and (b) BFD 

(resonance structures). 

 

Thus, we herein report the thermal properties and solvent polarities of mixed-valence ILs 

containing cationic dinuclear BFD derivatives and the Tf2N anion (Figure 2a). Cations containing an 

octyl or octanoyl substituent at the α- or β-position are employed, and the properties of the obtained 

ILs (1a, 1b, 2a, and 2b) are discussed in comparison with those of mononuclear ferrocenium ILs 3 

and 4 (Figure 2b), whose molecular volumes are similar to those of the dinuclear ILs. Compound 3 

is synthesized for the first time in this study, whereas the preparation and thermal properties of 4 

have been previously reported.14 In addition, we evaluate the solvent polarity parameters (ET
N and 

the Kamlet-Taft parameters)47–49 of the synthesized ILs, noting that the solvent polarity parameters of 

a number of onium-based ILs have been previously measured using solvatochromic dyes,49–60 

including their temperature dependence.61–65 Finally, the solvato- and thermochromic properties of 
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the IVCR bands of the dinuclear ILs are examined. 

 

Figure 2. Structural formulae of (a) dinuclear ILs 1a/1b and 2a/2b, and (b) mononuclear ILs 3 and 4. 

 

RESULTS AND DISCUSSION 

Thermal properties. Dinuclear ILs 1a–2b were obtained as dark green crystals by the reaction 

of neutral BFD derivatives and AgTf2N. The green crystals of mononuclear IL 3 were prepared using 

the same procedure. The thermal properties of these salts were then investigated by differential 

scanning calorimetry (DSC), and the results are summarized in Table 1, together with those of 4.14  

The melting points of the dinuclear ILs were near room temperature (25–39 °C), and they 

maintained the liquid state at ambient temperature after melting. More specifically, the melting 

points of acyl derivatives 1a and 1b were 37.6 and 38.9 °C, respectively, which were ~10 °C higher 

than those of alkyl derivatives 2a and 2b (i.e., 25.4 and 28.6 °C, respectively). This tendency was 

ascribed to the higher polarity of the acyl substituents present in the cation component. In each 

derivative, the -isomer (1b or 2b) exhibited a slightly higher melting point than that of the -isomer 

(1a or 2a), which could be due to the longer molecular shape of the former. Indeed, a similar 
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tendency has been observed in several BFD derivatives.35  

We further compared the melting points of the dinuclear ILs and their precursors (neutral BFD 

derivatives), as shown in Figure 3. The neutral BFD derivatives exhibited the same tendency as the 

salts, with higher melting points being observed for the acyl derivatives and the -isomers. In 

addition, the melting points of 1a/1b and 2a/2b were 10–20 °C lower than those of their precursors, 

and a linear correlation was found to exist (i.e., Tm(salt, °C) = 0.61×Tm(precursor, °C) + 3.5). A similar linear 

correlation was also observed for ferrocenium ILs and their precursors (Tm(salt, °C) = 

0.94×Tm(precursor, °C) + 30.3).11 These correlations suggest that the intermolecular interactions 

commonly present in the salts and precursors dominate the melting points in both of these 

organometallic ILs. In contrast to mononuclear ILs, dinuclear ILs generally exhibit lower melting 

points than their precursors, which may be primarily ascribed to their larger cation volumes. 

After melting, the dinuclear ILs maintained their liquid states below room temperature, 

exhibiting glass transitions at low temperatures. The glass-transition temperatures of 1a/1b and 

2a/2b were approximately –45 and –65 °C, respectively, and the ratio of the glass transition 

temperature to the melting point (Tg/Tm) ranged from 0.69 to 0.73, which is in accordance with the 

empirical relationship of Tg/Tm = 2/3.66,67 At high temperatures, the acyl derivatives decomposed 

easily because of the presence of electron-withdrawing substituents. Their decomposition 

temperatures (1a, 70 °C; 1b, 71 °C) were significantly lower than those of the alkyl derivatives (2a, 

132 °C; 2b, 123 °C). As a result, the liquid temperature range (Tg−Tdec) of the acyl derivatives (i.e., 

116 °C) was narrower than that of the alkyl derivatives (i.e., ~190 °C). 

Mononuclear ILs 3 and 4 were chosen for comparison because their cation volumes were 

comparable to those of the dinuclear ILs (V = 316 Å3 for [Fe(C5Me4H)2]
+ and V = 344 Å3 for [BFD]+, 

as estimated by DFT calculations). It was found that the acyl derivative 3 (Tm = 28.3 °C) exhibited a 

higher melting point than the alkyl derivative 4 (Tm = 16.9 °C), which was similar to the case of the 

dinuclear ILs. In addition, 3 crystallized upon cooling from the melt and exhibited no glass transition. 
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The melting points of the dinuclear ILs were ~10 °C higher than those of the corresponding 

mononuclear ILs, which may be due to their higher molecular weights and slightly larger volumes. 

Table 1. Thermodynamic data for the dinuclear ILs (1a/1b and 2a/2b), the mononuclear ILs (3 

and 4), and their corresponding precursors (neutral BFD/ferrocene derivatives) 

 Tf2N salt  Precursor 

 Tm (°C) Sm (J mol−1 K−1) Tg (°C) Tg/Tm Tdec (°C)  Tm (°C) Sm  (J mol−1 K−1) 

1a 37.6 47.3 −46 0.73 70   56.1 53.2 

1b 38.9 49.5 −45 0.73 71   58.3 51.3 

2a 25.4 37.5 −66 0.69 132   36.4 42.1 

2b 28.6 34.2 −63 0.70 123   41.5 47.5 

3 28.3 17.8 – –   27.2 32.1 

4a) 16.9 12.5 −84 0.65    23.8 34.7 

a) Ref. 14. 
 

 
 

   

 

 

Figure 3. Correlation between the melting points of 1a/1b, 2a/2b, and their corresponding precursors 

(neutral biferrocenylenes). 

 

Solvent polarity parameters. The ET
N and Kamlet-Taft parameters (*,  and  ) of the 

dinuclear and mononuclear ILs in the liquid state were evaluated at 20 °C using solvatochromic dyes, 

as summarized in Table 2. The ET
N values of these ILs were comparable to those of typical 

imidazolium-based ILs, although there were some variations depending on the substituents and 
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cation species employed. 

ET
N is the most widely used empirical scale of solvent polarity, where the values of 

tetramethylsilane and water are 0 and 1, respectively.48 The values for the present ILs were 

determined to be 0.67–0.76, which are comparable to those of alcohols and imidazolium-based ILs 

containing fluorinated anions (0.5–0.7).51 More specifically, the ET
N values for 1a (0.73) and 1b 

(0.76) were larger than those for 2a (0.70) and 2b (0.71); the higher values observed for the acyl 

derivatives are consistent with the substituent polarity, while the larger values observed for the 

-isomers may be ascribed to their longer cation lengths. Furthermore, the values for these dinuclear 

ILs were larger than those for mononuclear ILs 3 (0.70) and 4 (0.67), which is consistent with the 

larger polarizability of the dinuclear units. The acyl derivative also exhibited a larger value for the 

mononuclear ILs. It should also be noted that the ET
N values for the current ILs were larger than 

those of other organometallic ILs containing smaller cations, such as [Co(C5H4Et)2]Tf2N (0.54)9 and 

[Ru(C6H6)(PhBu)]Tf2N (0.51)12. 

The Kamlet-Taft parameters include π* (dipolarity/polarizability), α (hydrogen-bond donation 

ability), and β (hydrogen-bond acceptor ability).49 It was found that the * values for 1a/1b and 

mononuclear ILs 3 and 4 were comparable (i.e., 0.73–0.87). These values are smaller than those 

generally obtained for imidazolium-based ILs (i.e., ~1),51–53 and this may be due to their large cation 

volumes.68 The reason for the larger values for 2a/2b (i.e., ~1.0) is unclear but it could be due to 

higher charge delocalization in the cation. 

It is known that the value of  (i.e., the hydrogen-bond donation ability) mainly depends on the 

cation present in the IL.51 In our case, the values for the current ILs (0.69–0.98) were significantly 

larger than those of common imidazolium-based ILs (0.4–0.6),51–53 wherein the larger values 

obtained for 1a/1b compared to 2a/2b were probably due to the acidity of the ring hydrogen atoms 

adjacent to the acyl substituents. Consistently, this trend was not observed in the mononuclear ILs 

(0.8–0.9) containing no ring hydrogen atoms on the substituted ring. In addition, it is known that the 
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value of  mainly depends on the anion,51 and hence it is reasonable that the  values of the current 

ILs (0.21–0.28) are comparable to those of imidazolium-based ILs containing Tf2N.51–53 

 

Table 2. Solvent polarity parameters for 1a/1b, 2a/2b, 3, and 4 determined at 

20 °C and their corresponding temperature dependence 

 
ET

N *   ET
N a) *a) a) a) 

1a 0.73  0.77  0.98  0.22  +0.05 +0.28 −0.17 +0.07 

1b 0.76  0.85  0.97  0.21  +0.09  +0.44  −0.25  +0.02  

2a 0.70  1.03  0.70  0.27  +0.03  +0.16  −0.08  +0.09  

2b 0.71  1.05  0.69  0.28  +0.02  +0.08  −0.07  +0.06  

3 0.70  0.87  0.83  0.24  +0.02  +0.08  −0.06  +0.05  

4 0.67  0.73  0.90  0.24  +0.02  +0.04  −0.03  −0.01  

[Bmim]Tf2Nb) 0.64 0.98 0.61 0.24     

a) Difference of the values obtained at 60 and −40 °C. b) Ref. 51.   

 

Temperature dependence of the solvent polarity parameters. The temperature dependence of 

the solvent polarity parameters of the ILs was then examined between –40 and 60 °C (Table 2), 

within which range all examined ILs maintained their liquid state after melting. As can be seen from 

Table 2, the values of ET
N, *, and  for the dinuclear ILs bearing acyl substituents changed 

significantly, which is probably ascribed to their unsymmetrical mixed-valence state. 

The temperature dependence of the ET
N values of the ILs is presented in Fig. 4a, wherein it can 

be seen that 1a and 1b exhibited significantly higher values at lower temperatures, and the increases 

in this temperature range (i.e., ET
N) were +0.05 and +0.09, respectively. The other ILs (i.e., 2a/2b, 3, 

and 4) exhibited only a slight, linear increase (ET
N ≈ 0.02); this negative solvatochromic behavior is 

typically observed in onium-based ILs, and is ascribed to stronger intermolecular interactions at low 

temperatures.54,61,63 Notably, the changes observed for 1a/1b were significantly more prominent. 

The temperature dependences of the * and  values are plotted in Figures 4b and 4c, 

respectively, wherein it can be seen that the * values for acyl derivatives 1a/1b increased markedly 
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with decreasing temperature. This contrasts with the behavior of the other ILs, which exhibited only 

a small, linear increase, as typically observed in onium-based ILs, and is consistent with an increase 

in the liquid density.63,68 Similarly, the  values of 1a/1b decreased significantly with decreasing 

temperature, although the other ILs exhibited only a small temperature dependence. The temperature 

dependence of the  values was small for all ILs ( <0.1; Figure S2, Supporting Information). 

The observed changes in the solvent polarity parameters for 1a/1b can likely be attributed to the 

change in their cation valence state. Of the two resonance structures shown in Figure 1b, form I has 

a greater contribution in the ground state owing to the electron-withdrawing acyl substituent, 

whereas the contribution of the vibrationally excited state increases at higher temperatures, 

ultimately leading to a more significant contribution from form II. Therefore, the higher contribution 

of form I at lower temperatures results in greater charge localization, facilitating ion-pair formation 

and an increase in the cation dipolarity, which accounts for the increase in the ET
N and * values of 

1a/1b. The larger polarity changes in 1b compared to 1a may be due to its longer cation length. This 

interpretation also accounts for the decrease in α at lower temperatures, since the higher contribution 

from form I leads to the lower acidity of the hydrogen atoms in the substituted ring. Another 

possibility may be that the effect of ion pairing at low temperatures is more significant in ILs with 

more polarized cations. 

 

Figure 4. Temperature dependence of the solvent polarity parameters (a) ET
N, (b) , and (c)  for 

dinuclear ILs 1a/1b and 2a/2b, and mononuclear ILs 3 and 4. 
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Solvatochromism of the IVCR bands of the dinuclear ILs. The BFD monocation exhibits a 

particularly broad IVCR band at 1000–2000 nm (5000–10000 cm−1) in solution, which shows only a 

slight or negligible solvatochromic shift.34,37,41 We therefore investigated the IVCR energies of the 

synthesized dinuclear ILs in organic solvents (see Table 3), wherein small solvatochromic shifts 

were observed, albeit smaller than those observed in similar SbF6 salts. 

The IVCR energies of 1a/1b and 2a/2b in several organic solvents are plotted in Figure 5a as a 

function of (1/n2–1/D),42,45 where n and D are the refractive index and the dielectric constant of the 

solvent, respectively. As can be seen from the figure, the IVCR energies of 1a/1b exhibited 

solvatochromic shifts of ~100 cm−1 (~7860 cm−1 in CHCl3 and ~7960 cm−1 in MeCN), whereas the 

those of 2a/2b exhibited much smaller shifts of ~20 cm−1 (~7780 cm−1 in CHCl3 and ~7800 cm−1 in 

MeCN). The solvatochromic shifts of the present salts are significantly smaller than those reported 

for the SbCl6 salts of acetyl and ethyl derivatives.34 This phenomenon is ascribed to the effect of the 

Tf2N anion, which is more coordinating than SbF6; the polar anion stabilizes the cation through ion 

pairing or coordination effects,69 which results in larger IVCR energies, particularly in nonpolar 

solvents. The larger shifts in the acyl derivatives compared to the alkyl derivatives were attributed to 

the unsymmetrical cation charge distribution, wherein the charge-resonance transition acquires some 

charge-transfer character. The solvatochromic shifts of BFD cations are significantly smaller than 

those of Class II mixed-valence biferrocenium cations (~1000 cm−1, B(C6F5)4 salt).69 

 

Table 3. Absorption maxima of the IVCR bands for 

1a/1b and 2a/2b measured in various organic solvents 

  CHCl3 THF C2H5OH CH3CN CH3OH 

  (0.270)a (0.375)a (0.497)a (0.527)a (0.535)a 

1a 7865  7920  7965  7960  7955  

1b 7845  7895  7955  7965  7970  

2a 7770  7775  7780  7785  7790  

2b 7795  7800  7815  7815  7820  

a) Value of 1/n2–1/D of the solvent. 
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Figure 5. (a) IVCR energies of the dinuclear ILs in organic solvents plotted as a function of 

(1/n2-1/D), where n and D are the refractive index and the dielectric constant of the solvent, 

respectively. (b) Temperature dependence of the absorption maxima (max) of the IVCR bands of 1a, 

1b, and 2a in the liquid state, and those of (c) neat 1b, 1b in [Bmim]Tf2N, and 1b in [Bm2im]Tf2N. 

 

Thermochromism of the IVCR bands. The IVCR energies of acyl derivatives 1a/1b in the 

liquid state were examined and compared with those of alkyl derivative 2a. It was found that the 

IVCR bands of the neat acyl derivatives exhibited red shifts with respect to those measured in 

organic solvents, which was ascribed to the effect of the IL environment. Furthermore, the IVCR 

bands exhibited significant red shifts with decreasing temperature, which is regarded as 

self-thermosolvatochromism. 

The IVCR bands of 1a and 1b were observed at 7695 and 7680 cm−1, respectively. The 

UV-vis-NIR spectrum of 1b is shown in Figure S3 (Supporting Information), wherein the observed 

IVCR bands appeared at lower energies (~200 cm–1) than those measured in CHCl3. To investigate 

the origin of this effect, we measured the IVCR bands of 1b dissolved in the [Bmim]Tf2N (Bmim = 

1-butyl-3-methyl-imidazolium) and [Bm2im]Tf2N (Bm2im = 1-butyl-2,3-dimethylimidazolium) ILs. 

These bands appeared at 7735 and 7710 cm–1, respectively, which are close to the band of 1b in the 

neat state. Therefore, the red shifts can be attributed to the solvent effect in the IL environment. On 

the other hand, the IVCR band of 2a appeared at 7745 cm–1, and was shifted by only 25 cm–1 with 
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respect to that in CHCl3. This small shift is consistent with the negligible effect of the solvent on the 

IVCR energy of 2a, as described above. 

Furthermore, we investigated the temperature dependence of the IVCR energy, as shown in 

Figure 5b. The IVCR energies of 1a and 1b exhibited significant red shifts with decreasing 

temperature, and the shift was more prominent for 1b. In contrast, 2a exhibited only a small linear 

shift. The IVCR energies of 1b dissolved in [Bmim][Tf2N] and [Bm2im]Tf2N were also investigated 

(Figure 5c), where only small temperature dependences were observed. These results indicate that 

the large thermochromic shifts observed in 1a/1b in the liquid state is ascribed to their 

temperature-dependent solvent property changes, rather than their IL environment. Therefore, this 

phenomenon can be regarded as self-thermosolvatochromism. In addition, the temperature 

dependence of the IVCR energies in 1a/1b shows an inflection point at the glass transition 

temperature, below which these compounds exhibit only a small temperature dependence (Figure S4, 

Supporting Information). This can be accounted for by considering that solvent reorganization does 

not occur in the glassy state; hence, this result supports the above interpretation. However, the 

mechanisms behind the red shifts of the IVCR energies of 1a/1b compared to those observed in 

organic solvents and at low temperatures remain unclear. The obtained results seem to indicate that 

the ground state of the cation is destabilized when more strongly solvated in the IL state, which 

seems contrary to expectation.  

 

CONCLUSION 

Organometallic ILs containing mixed-valence biferrocenylenium cations bearing octanoyl or 

octyl substituents were synthesized, and their thermal properties and solvent polarity parameters 

were compared with those of mononuclear ILs containing substituted octamethylferrocenium cations. 

Despite their heavier molecular weights, the melting points of the dinuclear ILs were also detected at 

approximately room temperature, and the liquid state was maintained after melting. The dinuclear 
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ILs bearing acyl substituents were found to exhibit a large temperature dependence on the solvent 

polarity parameters. Furthermore, the intervalence charge-resonance bands of the acyl derivatives 

exhibited thermosolvatochromic shifts. This study therefore demonstrated that unique liquid features 

can be achieved by incorporating polynuclear mixed-valence complexes into ILs. 

 

EXPERIMENTAL SECTION  

General. 2,6-Diphenyl-4-(2,4,6-triphenylpyridinium-1-yl) phenolate, N-diethylnitroaniline 

(DENA), and nitroaniline (NA) were purchased from Sigma-Aldrich, Oakwood Chemicals, and 

Wako Chemicals, respectively. Silver bis(trifluoromethanesulfonyl)amide (AgTf2N)70 and 

[Fe(C5Me4H)(C5Me4COC7H15)]
14 were synthesized according to the literature. The octanoyl- and 

octyl-1,1-biferrocenylenes were prepared using the same method as previously described for the 

corresponding acetyl and ethyl derivatives, respectively, with the exception that octanoyl chloride 

was used as a reagent.35 The yields of the -octanoyl, -octanoyl, -octyl, and -octyl derivatives 

after recrystallization from dichloromethane were 35, 36, 41, and 20%, respectively. 1H NMR 

spectroscopy was carried out using a JEOL JNM-ECL-400 spectrometer. Elemental analyses were 

performed using a Yanaco CHN MT5 instrument, while DSC measurements were carried out using a 

TA Instruments Q100 calorimeter at a rate of 10 K min–1. The decomposition temperatures were 

determined by using an Electrothermal 1201D melting point apparatus, and the accuracy was 

checked by comparing the data for 1b with that of its thermogravimetric analysis data. The 

variable-temperature UV-Vis-NIR absorption spectra were recorded on a JASCO V-570 

UV/VIS/NIR spectrometer equipped with a Linkam LTS350 hot stage. The UV-Vis spectra for the 

solvent polarity measurements were recorded using a mixture of the desired IL (10–20 mg) 

containing a polarity indicator (0.05 eq.), which was melted and sandwiched between two quartz 

plates. The solvent polarity parameters ET
N,  , and  were calculated from the charge-transfer 

absorption energies of Reichard’s dye, DENA, and NA in the ILs using the following equations: ET
N 
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= [(28591/max)−30.7]/32.4, * = (27.52−DENA)/3.128,  = [(28591/Reichardt) −14.6(*−0.23) 

−30.1]/16.5, and  = [(1.035DENA−NA)+2.64]/2.50–52 The IVCR bands measured in the organic 

solvents were recorded using a sample content of 0.2 wt%, while those recorded in the ILs were 

carried out at a sample content of 0.1 mol%. 

   Preparation of 1a/1b and 2a/2b. A solution of AgTf2N (85 mg, 0.22 mmol) in CH2Cl2 (8 mL) 

was added in a dropwise manner to a solution of 2-octanoyl-1,1′-biferrocenylene (100 mg, 0.20 

mmol) in CH2Cl2 (5 mL). After filtration, the filtrate was placed in a test tube under a nitrogen 

atmosphere. After allowing the solution to stand for 1 week at 12 °C, green crystals of 1a were 

obtained in a 16% yield. Anal. Calcd (%) for C30H30F6Fe2NO5S2 (774.37): C, 46.35; H, 3.90; N, 1.81. 

Found: C, 46.50; H, 3.95; N, 1.91. The other salts were synthesized using the same procedure. 1b: 

Yield 5.2%. Anal. Calcd (%) for C30H30F6Fe2NO5S2 (774.37): C, 46.53; H, 3.90; N, 1.81. Found: C, 

46.81; H, 3.42; N, 1.54. 2a: 12% yield. Anal. Calcd (%) for C30H32F6Fe2NO4S2 (760.04): C, 47.39; H, 

4.24; N, 1.84. Found: C, 47.52; H, 4.31; N, 1.91. 2b: 17% yield. Anal. Calcd (%) for 

C30H32F6Fe2NO4S2 (760.04): C, 47.39; H, 4.24; N, 1.84. Found: C, 47.52; H, 4.49; N, 1.85. 

   Preparation of 3. An solution of AgTf2N (56 mg, 0.15 mmol) in CH2Cl2 (5 mL) was added 

dropwise to a solution of [Fe(C5Me4H)(C5Me4COC7H15)] (50 mg, 0.13 mmol) in CH2Cl2 (5 mL). 

After stirring the solution for 30 min at room temperature, the silver deposits were removed by 

filtration, and the filtrate was evaporated and extracted with CH2Cl2. After drying the combined 

organic extracts over anhydrous MgSO4, the solvent was filtered, and the filtrate was evaporated 

under reduced pressure. The desired product was obtained as green crystals in 81% yield (74 mg) by 

recrystallization of the obtained residue from dichloromethane–diethyl ether. Anal. Calcd (%) for 

C28H40F6FeNO5S2 (704.59): C, 47.73; H, 5.72; N, 1.99. Found: C, 47.55; H, 5.99; N, 1.85. 
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Figure S1. DSC traces of the mono-substituted BFD salts with Tf2N: (a) 1a, (b) 1b, (c) 2a, and (d) 2b.  
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Figure S2. Temperature dependence of  for 1a, 1b, 2a, 2b, 3, and 4. 

 

Figure S3. UV-vis-NIR spectrum of 1b in the liquid state (20 °C). 

 

Figure S4. Temperature dependences of the IVCR energies of 1a, 1b, and 2a. The arrows indicate the 

glass transition temperatures. 


