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Thank you for sending many useful comments.
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Especially as the 0.1 MPa is 1 bar pressure.

According to your comments, the expression of the pressure was modified in the revised manuscript. 

(p.3L18)

P4, L8: Considering that the authors are using ADF, a STO basis set code, it's really surprising that 

they chose such small basis sets for their Gaussian09 calculations. Is there a reason for choosing 

only a DZ basis set? Especially as they use a TZ basis set for the latter ADF calculations.

As you pointed out, it would be better to adopt the large basis sets. In ADF simulations, STO is more 

exactly than GTO and all-electron and frozen-core basis sets are available for all elements. From a 

standpoint of balance for the precision and the computational cost, the basis-set is selected in this 

study. Similar simulation analysis was previously adopted in J. Mol. Liq., 215 (2016) 308-315.

P4, L13: Only the cis-version of the NTf2 molecule was used for the cluster calculations. Was there 

no exploration of the conformational equilibrium in for these complexes? If not, could the authors 

provide their reasoning?

According to your advice, the comment of the conformational equilibrium was added in the revised 

manuscript. (p.6L15-L20) Moreover, the conformational equilibrium in complexes is explained as 

follows. The equilibrium constant (Kiso) for the [NTf2]- conformational isomerism from trans-[NTf2] 

and cis-[NTf2] is generally defined as Kiso=ccis/ctrans.

Kiso

trans-[NTf2] ⇔ cis-[NTf2]
From the relation of I=Jc (I is Raman intensity and J is Raman scattering coefficient), 

Kiso=ccis/ctrans=Icis/Itrans･Jtrans/Jcis. As shown in Fig.3, Icis is always larger than Itrans at 298-398K and 
that means Icis>Itrans. Then, from a standpoint of the thermodynamics, ΔisoG=-RTlnKiso=-

RTlnccis/ctrans, the term of -RTlnccis/ctrans is expressed as follows.

-RTlnccis/ctrans=-RT(lnIcis/Jcis-lnItrans/Jtrans)=-RT(lnIcis-lnJcis-lnItrans+lnJtrans)

=-RT(lnIcis-lnItrans+lnJtrans-lnJcis)=-RT(lnIcis/Itrans+lnJtrans/Jcis)

From the thermodynamics relation,ΔisoG=ΔisoH-TΔisoS=-RT(lnIcis/Itrans+lnJtrans/Jcis)

→-RTln(Icis/Itrans)=ΔisoH-TΔisoS+RT ln(Jtrans/Jcis)→-RTln(Icis/Itrans)=ΔisoH-TΔisoS-RTln(Jcis/Jtrans)

→-Rln(Icis/Itrans)=ΔisoH/T-ΔisoS-Rln(Jcis/Jtrans)

As a result, the Jcis/Jtrans ratio is determined to be 0.68 experimentally and Jtrans/Jcis is 1/0.68=1.47 

(Jtrans/Jcis>1). From the above relation (Icis>Itans and Jtrans/Jcis>1), the equilibrium constant is derived 

to be Kiso=ccis/ctrans>1 and this result means ccis>ctrans. Therefore, the cluster calculation of cis-[NTf2] 



is applied in this study, because the cis-[NTf2] conformer is predominant and thermodynamically 

more stable.

On P5, the authors claim that the frequency mode of the NTf2 that interacts with the metal ion is 

always at the same value, i.e. 751 cm-1. Is that a reasonable approximation? Shouldn't the differing 

metal ions have a slightly different wavenumber value? (Especially as the authors mention later on 

that the calculated structures all have the same structures, yet should not have the same weighted 

mass of the frequency mode) or are they too close to tell apart with experimental setup?

As you pointed out, the metal ions would have a slightly different wavenumber value. In the case of 

similar iron group metals in this study, the similar results for Co(II) and Ni(II) in [EMI][TFSA] 

system were reported in Anal. Sci., 24 (2008) 1377-1380. Then, the overlapping Raman bands were 

deconvoluted into individual components using a pseudo-Voigt function by nonlinear least-square 

analysis. The used pseudo-Voigt function was also adopted by J. Phys. Chem. B, 114 (2010) 6513-

6521. Therefore, it is a reasonable approximation in this study.

Fig. 1

b) There is a noticeable frequency shift in the purple trace of this graph (a shift of maybe 1-2 cm-1). 

Thus, there is the question if something else has started to happen inside this system.

As you pointed out, the deconvoluted data with a deviation of 1-2 cm-1 would be obtained. However, 

there is no something else to happen inside this Raman system. If a something else happens inside 

Raman system, the Raman spectrum definitely becomes strange. 

c)The blue peak at 750 cm-1 seems to be far broader than the other peak. Is there a reason for that? 

Especially as the purple peak is sharper and in-line with the other peaks.

As you pointed out, the deconvoluted data with a broader peak would be obtained. Although we do 

not know a clear reason, it would depend on the original data before deconvolution. However, the 

Raman spectroscopy is normal state and the adopted pseudo-Voigt function is appropriate in this 

study.

The other revised sentences were marked with red letter in the revised manuscript.

We hope that the revised manuscript will be suitable for the publication.
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Highlights

・The solvation structures of Fe(II), Co(II) and Ni(II) in ILs were investigated by Raman spectroscopy.

・The thermodynamic properties for the isomerism of [NTf2]− from trans- to cis-isomer were evaluated.

・The bonding energies of [M(II)(cis-NTf2)3]−, (M=Fe, Co, Ni) were estimated from DFT calculations.
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1 ABSTRACT

2 The solvation structures of divalent iron, cobalt and nickel complexes in the ionic liquid, triethyl-n-

3 pentylphosphonium bis(trifluoromethyl sulfonyl) amide ([P2225][NTf2]) were investigated by Raman spectroscopy. 

4 Based on a conventional analysis, the solvation numbers of Fe(II), Co(II), and Ni(II) in [P2225][NTf2] were 

5 determined to be 3.18, 3.21, and 3.14 at 298 K and 3.24, 3.32, and 3.37 at 373 K, respectively.

6 From the temperature dependence of the Raman bands the isomerism of [NTf2]− from trans- to cis-

7 coordinated isomer in the bulk and the first solvation sphere of the central M2+ (M=Fe, Co, and Ni) cation in 

8 [P2225][NTf2], thermodynamic properties such as ΔisoG, ΔisoH, and ΔisoS for the isomerism were evaluated. It was 

9 revealed that cis-[NTf2]− isomers were stabilized by enthalpic contribution, because ΔisoH(M) became remarkably 

10 negative in the first solvation sphere of the M2+ cation. Moreover, ΔisoH(M) contributed to the remarkable decrease 

11 in ΔisoG(M), and this result clearly indicates that cis-[NTf2]− conformers bound to M2+ cations are the preferred 

12 coordination state of [M(II)(cis-NTf2)3]− in [P2225][NTf2].

13 The optimized geometries and the binding energies of [Fe(II)(cis-NTf2)3]−, [Co(II)(cis-NTf2)3]−, and [Ni(II)(cis-

14 NTf2)3]− clusters were calculated by ADF simulations. The bonding energy, ΔEb, was calculated as ΔEb = 

15 Etot(cluster) – Etot(M2+) – nEtot([NTf2]−), and ΔEb ([Fe(II)(cis-NTf2)3]−), ΔEb([Co(II)(cis-NTf2)3]−), and ΔEb([Ni(II)(cis-

16 NTf2)3]−) were calculated to be −2132.1± 6.4, −2254.6± 6.1, and −2283.4± 7.2 kJ mol−1, respectively. 

17 Furthermore, the bond distances of these clusters were consistent with the thermodynamic properties.

18
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1 1. Introduction

2 Iron group elements are indispensable in high-tech industries due to their metallic properties [1,2]. In 

3 particular, Nd-Fe-B permanent magnets are finding increasing applications in a broad range of fields and are used 

4 for a variety of industrial products, such as voice coil motors, magnetic resonance imaging, and hybrid-type electric 

5 vehicles [3–5]. For the development of recycling process of Nd-Fe-B components, it is very important to establish a 

6 novel recovery process with energy-saving. For this purpose, we have previously demonstrated an electrodeposition 

7 method for Fe[6,7], Nd [7–12] and Dy [13,14] metals using room-temperature ionic liquids (RTILs) with the 

8 bis(trifluoromethyl sulfonyl)amide, [NTf2]–, anion. RTILs have several distinctive properties such as low vapor 

9 pressures, incombustibility, high ionic conductivity, and a wide electrochemical window [15,16]. In particular, 

10 phosphonium ILs containing the [NTf2]– anion are appropriate for the electrodeposition of metals because of their 

11 low viscosities, high thermal stabilities, and wide electrochemical windows in comparison with imidazolium-based 

12 ILs [17]. 

13 In general, in ILs, metal ions are solvated by several molecular dipoles to form metal ion solvated clusters 

14 [18]. The electrodeposition process is affected significantly by the solvation structure of the metal ions in the ILs. 

15 There have been some reports concerning the solvation structures of various metal ions, Li [19–23], Mn [24,25], Fe 

16 [26], Co [24,26], Ni [24,26], Zn [24], Pr[27], Nd [10,27,28], Eu [29], and Dy [27,30], in NTf2-based ILs as 

17 determined by Raman spectroscopy. However, there have been few reports concerning the analysis of the solvation 

18 structures at elevated temperatures or thermodynamic analyses concerning the isomerism of the [NTf2]– anion, 

19 which can isomerize between trans and cis isomers in the bulk and in the first solvation sphere of the iron group 

20 metal ions dissolved in ILs. Therefore, we investigated the solvation number at elevated temperature and the 

21 isomerization characteristics of the [NTf2]– ligands of Fe(II), Co(II), and Ni(II) complexes by investigating the 

22 temperature dependence of the Raman bands. In addition, DFT calculations were carried out using the Amsterdam 

23 Density Functional (ADF) program (version 2014.01) [31–35], and we have used these results to discuss the 

24 optimum geometries of these complexes in depth. The ADF package enables us to perform full-electron 

25 calculations for all elements including the heavy metal elements.

26 Therefore, by combining an experimental approach and computational analysis, we have gained a thorough 

27 understanding of the coordination states of iron group metal complexes in ILs. In this work, the solvation number 

28 and the [NTf2]– isomer analysis of Fe(II), Ni(II), and Co(II) complexes in NTf2-based ILs were investigated by 
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1 band intensity analysis and thermodynamic analysis using Raman spectroscopy. Moreover, the optimum geometries 

2 and the bonding energies of these complexes were also examined using the ADF package to understand the stability 

3 of their coordination states.

4

5 2. Experimental

6 2.1. Preparation

7 The phosphonium IL, triethyl-n-pentyl phosphonium bis(trifluoromethyl sulfonyl)amide, [P2225][NTf2] was 

8 prepared according to a well-documented procedure [36]. The [P2225][NTf2] was synthesized by the ion exchange 

9 between [P2225]Br (Nippon Chemical Industrial Co., Ltd., > 99.5 %) and Li[NTf2] (Kanto Chemical Co., Inc., 

10 99.7 %). Then, the generated [P2225][NTf2] was purified by removing residual bromide ion with distilled water until 

11 no AgBr precipitate was detected in the organic phase by titration with AgNO3. The organic phase was dried under 

12 vacuum < -0.1 MPa at 393 K for 48 h.

13 Fe(NTf2)2, Ni(NTf2)2, and Co(NTf2)2 salts were synthesized by a neutralization reaction between iron powder 

14 (Wako Chemical Industries Ltd, 99.9%), CoCO3 (Wako Pure Chemical Industries Ltd), NiCO3･4H2O (Wako Pure 

15 Chemical Industries Ltd), and 1,1,1-trifluoro-N-[(trifluoromethyl)sulfonyl] methanesulfonamide (H[NTf2], Kanto 

16 Chemical Co., Inc., > 99.8 %) in aqueous solution at 423 K for 20 min under stirring. The insoluble substance in 

17 the reaction mixture was removed by filtration and the filtrate was evaporated at 393 K. The obtained Fe(NTf2)2, 

18 Co(NTf2)2, and Ni(NTf2)2 salts were dried in vacuo (< 1.0×10-6 atm) at 393 K for 24 h.

19

20 2.2. Raman spectroscopy

21 The six solutions containing Fe(II), Co(II), and Ni(II) were prepared for the analysis of solvation number. 

22 Appropriate amounts of Fe(NTf2)2, Co(NTf2)2, and Ni(NTf2)2 salts were dissolved in [P2225][NTf2] at 

23 concentrations of 0.23, 0.30, 0.38, 0.45, 0.53 and 0.59 mol kg−1, respectively. Raman spectra (NRS-4100, JUSCO 

24 Corp.) were measured at 298 and 373 K using a 532-nm laser. The appropriate gratings for the collection of the 

25 Raman spectra were 1800 mm–1 and the selection of the gratings is based on the results of our recent investigations 

26 [26,27].

27 Regarding the analysis of isomerism thermodynamics, the molar fractions of M(II) in the sample solutions, 

28 xM(II), were 0.000, 0.033, 0.055, and 0.075. Raman spectra were measured at various temperatures, i.e., 298, 323, 
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1 348, 373, and 398 K. All Raman spectra were measured by accumulating 512 individual measurements to improve 

2 the signal-to-noise ratio. The overlapping Raman bands were deconvoluted into individual components using a 

3 pseudo-Voigt function.

4

5 2.3. Calculation methods

6 DFT calculations of the cation and anion components of the [P2225][NTf2] ILs were carried out using the 

7 Gaussian09 program [37]. The DFT calculations on models of the [P2225]+ and [NTf2]− ions were performed at the 

8 B3LYP/6-31G(d,p) [38-42] and B3LYP/6-31+G(d) level, respectively. Subsequently, frequency analysis was 

9 carried out on the optimized geometries. The hybrid functional B3LYP, which includes a mixture of Hartree-Fock 

10 exchange and DFT exchange-correlation, is Becke’s three-parameter hybrid method (B3) [43] with non-local 

11 correlation provided by the Lee, Yang, and Parr (LYP) functional [44]. The 6-31G basis set with diffuse and 

12 polarization functions was used for all atoms.

13 The geometry optimizations of [Fe(II)(cis-NTf2)3]−, [Co(II)(cis-NTf2)3]−, and [Ni(II)(cis-NTf2)3]− were performed 

14 using the Amsterdam Density Functional (ADF) program [37]. The BP (Becke88-Perdew86 functional [45–48]) 

15 and TZP basis sets were applied for divalent iron group metals. The BP/DZP basis sets were used for light elements. 

16 In ADF simulations, Slater-type orbitals (STO), which describe atomic orbitals more exactly than the Gaussian 

17 orbitals (GTO) were used in Gaussian09. Moreover, all-electron and frozen-core basis sets are available for all 

18 elements including iron group metals on the basis of the Zeroth-Order Regular Approximation (ZORA) method 

19 [49–51]. The frozen-core approximation is effective to reduce the calculation time for systems with heavy nuclei.

20

21 3 Results and discussion

22 3.1. Analysis of the solvation number

23 The concentration dependences of the deconvoluted Raman spectra in the frequency range 720–780 cm−1 for 

24 Fe(II), Co(II), and Ni(II) samples in [P2225][NTf2] are shown in Figs. 1(a), 1(b), and 1(c), respectively. Raman 

25 spectra in this range were separated into two components, one at approximately 740 cm−1 and the other at 751 cm−1. 

26 The Raman bands can be attributed to the combination of stretching, νs(SNS), and bending vibrations, δs(CF3), of 

27 the [NTf2]− anion [52,53]. These two bands at 740 and 751 cm−1 arise from the free [NTf2]− anion and the [NTf2]− 

28 anion bound to the metal ion, respectively. As can be seen from Fig. 1, a new band at 751 cm−1 is present as a 
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1 shoulder of the band at 740 cm−1. This new band intensified with increasing concentration of M(II) in the IL. The 

2 solvation number of M(II) in [P2225][NTf2] was evaluated using an analysis method similar to that suggested by 

3 Umebayashi et al. [20,21]. The intensity of the deconvoluted Raman band of free [NTf2]− anions in the bulk IL is 

4 represented as If = Jf cf, where Jf and cf are the molar Raman scattering coefficient and the concentration of free 

5 [NTf2]− anions in the bulk, respectively. The cf value is calculated as cf = cT  cb = cT - ncM, where cT, cb, cM, and n 

6 express the concentration of total [NTf2]− anions, that of bound [NTf2]− anions (solvated to the metal ion), that of 

7 metal ion, and the solvation number of the metal ion, respectively. By inserting cf = cT – cb = cT – ncM into If = Jf cf, 

8 the following equation is obtained:

9

10 If/cM = Jf × (cT/cM  n). (1)

11

12 The plot of If/cM against cT/cM yields a straight line if the solvation number of M(II) cation in [P2225][NTf2] is 

13 constant. Thus, n is obtained using n = –β/α from the slope of α = Jf and the intercept of β= –Jf n. The plots of If/cM 

14 against cT/cM for [P2225][NTf2] ILs containing 0.23–0.59 mol kg–1 of Fe(II), Co(II), and Ni(II) are shown in Figs. 

15 2(a), 2(b) and 2(c), respectively. As shown in these plots at 373 K, the strong linear relationship indicates that the 

16 number of [NTf2]− anion solvated to M(II) remained unchanged under the examined experimental conditions. 

17 Hence, the values of n of Fe(II), Co(II), and Ni(II) in ILs were evaluated as nFe(II) = 3.18, nCo(II) = 3.21, and 

18 nNi(II) = 3.14 at 298 K, and nFe(II) = 3.24, nCo(II) = 3.32, and nNi(II) = 3.37 at 373 K, respectively. This result indicates 

19 that the M2+ cations in [P2225][NTf2] were solvated by five [NTf2]− anions; therefore, [M(II)(NTf2)3]− clusters were 

20 present in this system.

21

22 3.2. Thermodynamic stability for [NTf2]− isomerism

23 The effect of temperature on the Raman spectra of the M(II) ions in [P2225][NTf2] (xM(II) = 0.000, 0.033, 0.055, 

24 and 0.075) was investigated to evaluate the thermodynamic stability of the [NTf2]− complex isomers. The 

25 temperature dependence of the deconvoluted Raman spectrum for (a) Fe(II), (b) Co(II), and (c) Ni(II) in 

26 [P2225][NTf2] (xM(II) = 0.033) in the frequency range of 370–440 cm–1 is shown in Fig. 3. Two peaks are visible in 

27 Fig. 3, and these are suitable for the thermodynamic analysis of the [NTf2]− isomer because no Raman bands arising 

28 from [P2225]+ are predicted to overlap [NTf2]– bands in the range of 370–440 cm–1 [30]. The wagging ω-SO2 
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1 vibration at 396 and 403 cm−1 shown in Fig. 3 correspond to trans-[NTf2]− and cis-[NTf2]− isomers, respectively 

2 [21]. Regarding the temperature dependence of the Raman spectra for neat [P2225][NTf2], the Raman intensity of the 

3 trans-[NTf2]− Raman band was larger than that of cis-[NTf2]−. This result indicates that trans-[NTf2]− isomers are 

4 enthalpically stable compared to cis-[NTf2]− isomers. Regarding the Raman band of M(II) in [P2225][NTf2] at xM(II) = 

5 0.033 shown in Fig. 3, the peak area of the band arising from cis-isomers increased in comparison with the that 

6 arising from neat [P2225][NTf2]. This result indicates that the [NTf2]− anions solvating in M(II) are predominantly 

7 coordinated as cis-isomers. That is to say, when [NTf2]− is bound to M(II) in [P2225][NTf2], cis-[NTf2]− isomers are 

8 more energetically stable than the trans-[NTf2]− isomers.

9 To perform a quantitative evaluation based on the thermodynamics of the [NTf2]− isomers, the apparent 

10 thermodynamic quantities; ΔisoG, ΔisoH, and TΔisoS were determined from analysis of Van’t Hoff plots [20]. The 

11 parameters ΔisoG, ΔisoH, and TΔisoS derived for trans-[NTf2]− to cis-[NTf2]− as a function xM(II) can be defined by 

12 Eq. (2). As the first step, the apparent equilibrium constant, Kiso for the [NTf2]− conformational isomerism from the 

13 trans-[NTf2]− to cis-[NTf2]− as a function xM(II) was defined as Kiso = ccis/ctrans.

14

15 Kiso

16 trans-[NTf2] ⇔ cis-[NTf2]                                  (2)

17

18 From the relation of I=Jc (I is Raman intensity and J is Raman scattering coefficient), Kiso=Icis/Itrans･Jtrans/Jcis. As 

19 shown in Fig.3, this result implies Icis>Itrans and the cis-[NTf2] conformer would be predominant in [P2225][NTf2] 

20 system. Therefore, from a stand point of thermodynamics, the conformational isomerism was discussed as follows.

21 Using this equilibrium constant, ΔisoG was calculated as follows:

22

23 ΔisoG = −RT ln Kiso= −RT ln (ccis/ctrans), (3)

24

25 where R and T are the gas constant and the absolute temperature, respectively. In addition, ΔisoG can be expressed 

26 as ΔisoG = ΔisoH − TΔisoS, and the Raman intensity, I, is I = Jc. When these two equations are substituted for 

27 ΔisoG = −RT ln (ccis/ctrans), the following Van’t Hoff equation [20] is obtained:

28
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1 –Rln(Icis/Itrans) = ΔisoH/T – ΔisoS – Rln(Jcis/Jtrans) (4)

2

3 where Icis and Itrans are the Raman intensities of cis-[NTf2]− and trans-[NTf2]− isomers, respectively. Jcis and Jtrans are 

4 the Raman scattering coefficients for the cis-[NTf2]− and trans-[NTf2]− isomers. The corresponding Van’t Hoff plots 

5 are shown in Fig. 4, and these are derived from the ratio of Raman band intensities for cis-[NTf2]− and trans-

6 [NTf2]− isomers at 396 and 403 cm–1, based on Eq. (4). Similar measurements were performed for samples with 

7 different values of xM(II) (e.g., xM(II)= 0.000, 0.033, 0.055, and 0.075) and the corresponding plots are also shown in 

8 Fig. 4. The Van’t Hoff plots show good linear relationships at all xM(II) concentrations, and the concentration 

9 dependence is clearly demonstrated by the slopes of the plots. This indicates that the slopes of the plots, which 

10 represent ΔisoH, can be evaluated as a function of xM(II) with high accuracy. In addition, we found that the slope of 

11 the plots (= ΔisoH) decreased with increasing M(II) concentration. This result indicates that cis-[NTf2]− was 

12 thermodynamically more stable than trans-[NTf2]− in the system with a high concentration of M(II), and cis-[NTf2]− 

13 anions are the major isomers coordinated to the M2+ cations.

14 In addition, the value of ΔisoS was evaluated from the intercept of the Van’t Hoff plot based on Eq. (4). For 

15 this, the Jcis/Jtrans ratio must be considered, and this value was estimated using the relationship Icis = –

16  (Jcis/Jtrans) Itrans + JciscT [20]. From the slope of the plots of Itrans against Icis, we experimentally determined that the 

17 value of Jcis/Jtrans ratio was 0.68. To confirm the accuracy of this value (0.68), we estimated the value of the 

18 Jcis/Jtrans ratio using DFT calculations. The theoretical value of the Jcis/Jtrans ratio calculated at the B3LYP/6-

19 31+G(d) level of theory was 0.69. Thus, the experimental value agrees well with that predicted by theory; therefore, 

20 we used the Jcis/Jtrans ratio to evaluate the entropy term, ΔisoS. Then, from the obtained values of ΔisoH and ΔisoS, 

21 ΔisoG (= ΔisoH – TΔisoS) at 298 K was estimated, as described above. All thermodynamic quantities (i.e., ΔisoG, 

22 ΔisoH, and TΔisoS) at each value of xM(II) are tabulated in Table 1, and these values are also plotted against xM(II), as 

23 shown in Fig. 5. It can be inferred from the linearity of these plots that the thermodynamic quantities; ΔisoX (X = G, 

24 H, and S) are a function of xM(II). It appears that the apparent thermodynamic quantities are the sum of those of the 

25 free [NTf2]− anions in the bulk, [ΔisoX(bulk)], and those which derived from the ligated [NTf2]− anions in the first 

26 solvation sphere of the central [M2+] cation, [ΔisoX(M2+)]. That is to say, the apparent thermodynamic quantities, 

27 ΔisoX (X=G, H, and S), can be expressed by the following equation [20]:

28
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1 ΔisoX = nxM(II) ΔisoX(M2+) + (1– nxM(II)) ΔisoX(bulk), (5)

2

3 where  stands for the solvation number of M(II), n = 3.0. Therefore, based on Eq. (5), the values of ΔisoX at n

4 xM(II) = 0 and 0.50 are ΔisoX(bulk) and ΔisoX(M2+), respectively, as shown with the broken and chain lines in Fig. 5. 

5 Thermodynamic quantities for [NTf2]− of the bulk and the first solvation sphere of the M2+ cation are listed in 

6 Table 1. Regarding the bulk condition, the obtained values of ΔisoG(bulk), ΔisoH(bulk), and TΔisoS(bulk) at 298 K 

7 were −1.06, 6.86, and 7.92 kJ mol−1, respectively. In this case, trans-[NTf2]− makes a significant contribution to the 

8 total enthalpy as indicated by the positive value of ΔisoH(bulk) (6.86 kJ mol−1). TΔisoS(bulk) (7.92 kJ mol−1) was 

9 also positive and slightly larger than that of ΔisoH(bulk), indicating that cis-[NTf2]− is entropy-controlled in 

10 [P2225][NTf2]. As a result, the value of ΔisoG(bulk) suggests that trans-[NTf2]− and cis-[NTf2]− are almost at 

11 equilibrium in neat [P2225][NTf2] because there is virtually no difference in the Gibbs free energies (−1.06 kJ mol−1) 

12 of the trans-isomers and cis-isomers. In contrast, in the first solvation sphere of M2+, e.g., the value of ΔisoH(Fe) 

13 (−29.54 kJ mol−1) increased to a very negative value, implying that cis-[NTf2]− isomers were stabilized by enthalpic 

14 contributions. This value of ΔisoH(Fe) contributed to the remarkable decrease in the value of ΔisoG(Fe), which 

15 became negative (−7.53 kJ mol−1) compared to that of ΔisoG(Fe). This result clearly showed that cis-[NTf2]− bound 

16 to M2+ cation is preferred and that coordination of [M(II)(cis-NTf2)3]− is stable in [P2225][NTf2]. The stabilization of 

17 cis-[NTf2]− bound to the central M2+ cation results from charge-dipole interactions between M2+ cations and cis-

18 [NTf2]− anions. The dipole moments of trans-[NTf2]− and cis-[NTf2]−, estimated from DFT calculations at the 

19 B3LYP/6-31+G(d) level of theory, are 0.29 and 4.07, respectively. We believe that the cis-[NTf2]− isomer has a 

20 relatively large electric charge-dipole interaction with M2+ ions, forming a stable solvation structure with cis-

21 [NTf2]- anions because their dipole moments are greater than those of trans-[NTf2]– anions.

22

23 3.3. Geometry analysis of [M(II)(cis-NTf2)3]− clusters

24 As discussed in previous sections, the solvation number of Fe(II), Co(II), and Ni(II) cations in [P2225][NTf2] is 

25 3.0, and cis-[NTf2]− anions are the predominant isomer coordinating the M2+ cations in the first solvation sphere. 

26 After geometry optimization of iron group metal clusters using DFT calculations as shown in Fig. 6, suitable initial 

27 geometries of the cis-[NTf2]− anions have been found [30]. The scalar relativistic zero order regular approximation 

28 (ZORA) method allows inclusion of relativistic effects in heavy atoms at reduced computational cost [49–51], and 
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1 this was used for calculations on two clusters. In addition, the frozen-core approximation was also introduced to 

2 reduce computational costs. In all of clusters, the oxygen atoms (O’) bound to the M2+ cations were found to be 

3 evenly distributed around the cations. The results indicated that the ligands were positioned so that the repulsion 

4 energy between each ligand was minimized because the d-orbital do not have a significant stereochemical influence 

5 on ligand geometries. As for the [M(II)(cis-NTf2)3]− complex, three [NTf2]− anions were bidentate ligands. As a 

6 result, the coordination number of [M(II)(cis-NTf2)3]− was 6. The coordination numbers of [NTf2]- for Co2+ and Ni2+ 

7 cations in 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) amide; [EMI][NTf2] were also 3 [24], as 

8 determined by Raman spectroscopic analysis and our results were consistent with previous report. 

9 The bonding energy between the central M2+ cation and [NTf2]− ligands; ΔEb, was calculated as 

10 ΔEb = Etot(cluster) – Etot(M2+) – nEtot([NTf2]−), where n is solvation number of M2+ cations. The values thus 

11 calculated were −2131.1± 6.4, −2254.6± 6.1, and −2283.4± 7.2 kJ mol−1 for [Fe(II)(cis-NTf2)3]−, [Co(II)(cis-

12 NTf2)3]−, and [Ni(II)(cis-NTf2)3]− clusters, respectively. The errors were estimated from the calculation results based 

13 on different basis-sets. Furthermore, we found that there were almost no differences among these bonding energies. 

14 The bond distance, the bond angle, the dihedral angle and the dipole moment for the optimized geometries of 

15 [M(II)(cis-NTf2)3]- (M=Fe, Co and Ni) clusters were tabulated in Table 2. Although there were almost no 

16 differences among these optimized structures, the dipole moment of the [Ni(II)(cis-NTf2)3]− cluster was found to be 

17 larger than that of the other clusters.

18

19 4. Conclusion

20 From the analysis of 740–751 cm−1 for Fe(II), Co(II), and Ni(II) samples by Raman spectroscopy, the number 

21 of [NTf2]− anions solvated to M2+ was found to be about 3.0 ; therefore, M2+ cations are present as [M(II)(NTf2)3]− 

22 clusters in [P2225][NTf2]. Moreover, the thermodynamic stability of [NTf2]− isomers was evaluated from Van’t Hoff 

23 plots of the temperature dependence of the Raman bands at temperatures ranging from 298 to 398 K. As for the 

24 bulk condition, ΔisoG(bulk), ΔisoH(bulk), and TΔisoS(bulk) at 298 K were determined to be −1.06, 6.86, and 7.92 kJ 

25 mol−1, respectively. These results indicate that trans-[NTf2]− made a significant contribution to the enthalpy. 

26 Furthermore, cis-[NTf2]− was determined to be entropy-controlled in [P2225][NTf2], because TΔisoS(bulk) was 

27 slightly larger than ΔisoH(bulk). In contrast, in the first solvation sphere of the [M2+] cations, ΔisoH(M) became 

28 significantly negative, indicating that cis-[NTf2]− isomers are stabilized by enthalpy. ΔisoH(M) contributed to the 
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1 remarkable decrease in the ΔisoG(M), and this result indicates that cis-[NTf2]− bound to M2+ cations was 

2 preferentially stabilized; consequently, the coordination state of [M(II)(cis-NTf2)3]− became steady in [P2225][NTf2]

3 Furthermore, the optimum geometries and the bonding energies of [Fe(II)(cis-NTf2)3]−, [Co(II)(cis-NTf2)3]−, and 

4 [Ni(II)(cis-NTf2)3]− were also determined by DFT simulations using the ADF package. The bonding energy, ΔEb, 

5 was estimated by ΔEb = Etot(cluster) – Etot(M2+) – nEtot([NTf2]−). Thus, ΔEb([Fe(II)(cis-NTf2)3]−), ΔEb([Co(II)(cis-

6 NTf2)3]−), and ΔEb ([Ni(II)(cis-NTf2)3]−) were calculated to be −2132.1±6.4, −2254.6±6.1, and −2283.4±7.2 kJ 

7 mol−1, respectively. Finally, the structural information of the optimized these clusters were consistent with the 

8 thermodynamic properties.

9
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Caption of Figures

Fig. 1 Raman spectra of [P2225][NTf2] containing 0.23, 0.30, 0.38, 0.45, 0.53 and 0.59 mol kg-1 (a) 

Fe(II), (b) Co(II) and (c) Ni(II) at 373 K.

Red line: 0.23 mol kg-1, orange line: 0.30 mol kg-1, yellow green line: 0.38 mol kg-1, 

green line: 0.45 mol kg-1, blue line: 0.53 mol kg-1, purple line: 0.59 mol kg-1

Fig. 2 Plot of If/cM against cT/cM for [P2225][NTf2] containing 0.23–0.59 mol kg-1 (a) Fe(II), (b) 

Co(II) and (c) Ni(II) at 373 K.

Fig. 3 Temperature dependence of the deconvoluted Raman spectrum of (a) Fe(II), (b) Co(II) and (c) 

Ni(II) (xM(II)=0.033, M=Fe, Co and Ni) in [P2225][NTf2] in the frequency range of 370-440 cm-1.

Red line: 298 K, orange line: 323 K, green line: 348 K, blue line: 373 K, purple line: 398 K.

Fig. 4 Van’t Hoff plot for the [NTf2]- isomerism in [P2225][NTf2] containing (a) Fe(II), (b) Co(II) and 

(c) Ni(II), ○: xM(II)=0.000, ●: xM(II)= 0.033, ▲: xM(II)= 0.055 and ■: xM(II)=0.075, (M=Fe, Co and Ni).

Fig. 5 Apparent thermodynamic properties of (a) Fe(II), (b) Co(II) and (c) Ni(II) in [P2225][NTf2] for 

the conformational isomerism of [NTf2]-  from the trans- to cis-isomer as a function of xM(II) (M=Fe, 

Co and Ni) at 298 K. 

Fig. 6 The optimized geometry for [M(II)(cis-NTf2)3]- clusters calculated at the BD/DZP level using 

the TZP basis set for M2+, (M=Fe, Co, Ni).

●: M2+ (M=Fe, Co, Ni), ●:C, ●:N, ●:O, ●:F, ●:S
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Table 1 Thermodynamic properties for the isomerism of [NTf2]- from the trans- to cis-isomer in bulk and the first 

solvation sphere of Fe2+, Co2+ and Ni2+ in [P2225][NTf2] at 298 K.

bulk first solvation sphere

Fe2+ Co+ Ni2+

ΔisoG / kJ mol-1 -1.06 -7.53 -7.79 -9.30

ΔisoH / kJ mol-1  6.86 -29.54 -29.92 -31.04

TΔisoS / kJ mol-1  7.92 -22.01 -22.13 -21.75



Table 2 The bond length, the bond angle, the dihedral angle and the dipole moment for the optimized geometries of 

[M(II)(cis-NTf2)3]- (M=Fe, Co and Ni) clusters.

Clusters [Fe(II)(cis-NTf2)3]- [Co(II)(cis-NTf2)3]- [Ni(II)(cis-NTf2)3]2-

Bond distance, r / Å

M2+-O’ 2.149 2.163 2.158

N-S 1.613 1.638 1.624

S-O 1.451 1.476 1.483

S-O’ 1.482 1.496 1.488

S-C 1.873 1.861 1.890

C-F 1.326 1.348 1.351

Bond angle, θ / deg.

M2+-O’-S 135.4 134.9 137.6

O- M2+-O’ 83.7  84.1  84.5

S-N-S 125.6 126.2 127.1

N-S-O 112.9 111.8 112.8

N-S-C 103.7 103.1 103.5

O-S-C 103.4 102.6 103.8

O-S-O’ 117.5 116.8 118.2

S-C-F 109.8 111.4 111.6

F-C-F 109.4 108.9 109.7

Dihedral angle, φ / deg.

S-N-S-C 118.3 119.4 118.9

S-N-S-C -100.6 -101.3 -101.8

Dipole moment, μ / D

4.07 4.24 4.38


