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Abstract: The coordination states of the divalent and trivalent rare earth complexes in ionic liquid, triethyl-pentyl-
phosphonium bis(trifluoromethyl-sulfonyl) amide [P2225][TFSA] were investigated by Raman spectroscopy and DFT 
calculation. The concentration dependences of the deconvoluted Raman spectra were investigated for 0.23–0.45 mol kg-

1 RE(III), RE=Nd and Dy, and the mixed sample of RE(II)/RE(III)=1/3 at the molar ratio in [P2225][TFSA]. According to the 
conventional analysis, the solvation number; n of rare earth complexes in [P2225][TFSA] were determined to be n=4.06 for 
Nd(II), 5.01 for Nd(III), 4.12 for Dy(II) and 5.00 for Dy(III). 

Thermodynamic properties such as ΔisoG, ΔisoH and ΔisoS for the isomerism of [TFSA]- from trans- to cis-isomer in bulk 
and the first solvation sphere of the centered [RE3+] cation in [P2225][TFSA] were evaluated from the temperature 
dependence in the range of 298-398K. ΔisoG(bulk), ΔisoH(bulk) and TΔisoS(bulk) at 298 K were -1.06, 6.86, and 7.92 kJ 
mol-1, respectively. The trans-[TFSA]-was dominant in the enthalpy due to the positive value of ΔisoH(bulk) and 
TΔisoS(bulk) was slightly larger than ΔisoH(bulk), so that cis-[TFSA]- was revealed to be an entropy-controlled in 
[P2225][TFSA]. On the other hand, in the first solvation sphere of [RE3+] cation, ΔisoH (Nd)(-47.39 kJ mol-1) increased to the 
negative value remarkably and implied that the cis-[TFSA]- isomers were stabilized for enthalpy. ΔisoH(Nd) contributed to 
the remarkable decrease in the ΔisoG(Nd) and this result clearly indicated that the cis-[TFSA]- bound to Nd3+ cation was 
preferred and the coordination state of [Dy(III)(cis-TFSA)5]2- was stable in [P2225][TFSA] 

The optimized geometries and the bonding energies of [RE(II)(cis-TFSA)4]2- and [RE(III)(cis-TFSA)5]2- clusters were also 
investigated from DFT calculation with ADF package. The bonding energy; ΔEb was calculated from ΔEb= Etot(cluster) –
Etot(RE2,3+) –nEtot([TFSA]-). ΔEb([Nd(II)(cis-TFSA)4]2-), ΔEb([Nd(III)(cis-TFSA)5]2-), ΔEb([Dy(II)(cis-TFSA)4]2-) and 
ΔEb([Dy(III)(cis-TFSA)5]2-) were -2241.6, -4362.3, -2135.4 and -4284.2 kJmol-1, respectively. This result was revealed that 
[RE(III)(cis-TFSA)5]2-cluster formed stronger coordination bonds than [Dy(II)(cis-TFSA)4]2- cluster. The average atomic 
charges and the bond distances of these clusters were consistent with the thermodynamic properties. 
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1. INTRODUCTION 

Rare earth (RE) elements have peculiar 
physicochemical properties and are indispensable for 
abrasives, catalysts, fluorescent materials and 
permanent magnets [1-4]. In particular, Nd-Fe-B 
permanent magnets have high ferromagnetic 
performance and it has been used for a variety of high-
tech products, such as voice coil motors in hard disk 
drives, magnetic field sources for magnetic resonance 
imaging, driving motors for hybrid-type electric vehicles 
etc. [5-7]. Nd and Dy are very important RE element for 
Nd-Fe-B magnets because Nd is main component of 
Nd-Fe-B alloy and Dy protects the ferromagnetism at 
high temperatures. However, it is difficult to supply RE 
elements continuously due to uneven distribution of 
their resources and diplomatic reasons. Therefore, it is 
very important to establish a recovery process of Nd 
and Dy from   the spent Nd-Fe-B magnets in order to  
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provide a steady supply of RE resources. For this 
purpose, our research group has already demonstrated 
the electrodeposition method of Nd [8-12] and Dy [13, 
14] metals using room-temperature ionic liquids 
(RTILs), which have several distinctive properties such 
as low vapor pressure, incombustibility, high ionic 
conductivity and a wide electrochemical window [15, 
16]. In particular, the RTIL composed of phosphonium 
cation with short alkyl chain and bis(trifluoromethyl-
sulfonyl)amide anion; [TFSA]- was appropriate for the 
electrodeposition of RE metals because of low viscosity 
at elevated temperatures and high thermal stability 
compared with other RTILs [17].  

In general, it was known that the electrodeposition 
process was remarkably affected by the solvation 
structure of metal ion in ILs. It was reported that the 
solvation structures of various metal ions, Li [19-23], 
Mn [24, 25], Fe [26], Co [24, 26], Ni [24, 26], Zn [24], 
Nd [10, 27], Eu [28] and Dy [29] ions in [TFSA]-based 
ILs were evaluated by Raman spectroscopy and DFT 
calculation. It has also revealed that the solvation 
structures and the electrochemical behaviors of 
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trivalent Nd and Dy cations in order to reveal the 
electrodeposition mechanism in our previous study 
[14]. In our findings, the reduction process of trivalent 
Nd and Dy cations proceeded in two steps by way of 
divalent of Nd and Dy cations [RE(III) + e-→ RE(II), 
RE(II) + 2e-→ RE(0), RE=Nd and Dy]. However, there 
were no information about the detailed solvation 
conformations of Nd(II) and Dy(II) except for our recent 
research [29]. Therefore, we have investigated the 
solvation number and the isomeric characteristic of the 
[TFSA]- ligand of RE(II) and RE(III) complexes by 
means of Raman spectroscopic analysis in this study. 
In addition, to discuss the optimum geometries of 
RE(II) and RE(III) complexes in more detail, we 
adopted the theoretical DFT calculations by 
Amsterdam Density Functional (ADF) program 
package (version 2014.01) [30-34]. The ADF package 
can perform a full-electron calculation for all elements 
including heavy atoms such as RE metals. 

In this way, the methodology both experimental 
approach and computational analysis enables us to 
deeply understand the coordination states of RE(II) and 
RE(III) complexes in ILs. In this paper, the solvation 
number and the [TFSA]- isomer analysis of RE(II) and 
RE(III) complexes in [TFSA]-based ILs were 
investigated from the band intensity analysis and 
thermodynamic analysis by Raman spectroscopy. 
Moreover, the optimum geometries and the bonding 
energies of RE(II) and RE(III) complexes were also 
examined using ADF package in order to understand 
the stability of their coordination states. 

2. EXPERIMENTAL 

2.1. Preparation 

The IL of triethyl-n-pentyl-phosphonium bis 
(trifluoromethyl-sulfonyl) amide; [P2225][TFSA] used in 
this study was synthesized by a metathesis reaction 
between [P2225]Br (Nippon Chemical Industrial Co., 
Ltd.,>99.5 %) and Li[TFSA](Kanto Chemical Co., Inc., 
99.7 %) as described in the previous reference [35]. 
The absence of bromide anion in IL was confirmed by 
titration with AgNO3 after repeated washing of IL with 
distilled water. The obtained [P2225][TFSA] was dried 
under high vacuum < -0.1 MPa at 393 K for more than 
48 h. Nd(TFSA)3 and Dy(TFSA)3 salts were 
synthesized by a neutralization reaction between 
Nd2O3 (Wako Pure Chemical Industries Ltd, 99.9%) 
and Dy2O3 (Kanto Chemical Co., Inc., 99.95 %) and 
1,1,1-Trifluoro-N-[(trifluoromethyl)sulfonyl]methanesul-
fonamide (HTFSA, Kanto Chemical Co., Inc., 99.8 %) 

in an aqueous solution, respectively. The unreacted 
acid and water components in the resulting products 
were removed by evaporation at 393 K. Nd(TFSA)3 and 
Dy(TFSA)3 salts were dried in vacuo< -0.1 MPa at 393 
K for 24 h. 

2.2. Raman Spectroscopy 

At first, four kinds of Nd(III) and Dy(III) solutions 
were prepared by dissolving the appropriate amounts 
of Nd(TFSA)3 and Dy(TFSA)3 salts into [P2225][TFSA] at 
the concentration of 0.23, 0.30, 0.38 and 0.45 mol kg-1, 
respectively. Raman spectra (NRS-4100, JUSCO 
Corp.) were measured at 298 K and 373 K using 532 
nm laser for Nd, and 785 nm laser for Dy. The 
appropriate gratings for Raman spectrum were 1800 
mm-1 for Nd, and 1200 mm-1 for Dy. These conditions 
were adopted in order to prevent the effect of 
fluorescence of RE ions based on the recent our 
investigations [26, 27]. In order to analyze the solvation 
number of RE(II), RE=Nd and Dy in [P2225][TFSA], 
according to the previous study [14] the mixed samples 
of RE(II)/RE(III) complexes for Raman spectroscopy 
were prepared by the controlled potential electrolysis 
(CPE) method based on the electrochemically 
reduction reaction. The induced overpotential on the 
working electrode was maintained at -2.5 V during 
CPE, because the apparent potential of RE(II)/RE(III) 
was determined from the following equation in the 
previous EMF study [14]. 

ENd(II)/Nd(III) = -2.3628 +0.0326 ln([Nd(III)]/[Nd(II)])  (1) 

EDy(II)/Dy(III) = -2.4463 +0.0324 ln([Dy(III)]/[Dy(II)])  (2) 

The number of electron transferred at -2.36V and -
2.45V was confirmed to be one by the slope of above 
equations. Pt disk electrode with surface area: 2.0× 
10-5 m2 was employed as a working electrode. Pt wire 
with 0.5 mm inside diameter was used as a quasi-
reference electrode (QRE). A counter electrode of Pt 
wire with 0.5mm inside diameter was isolated from the 
electrolyte with Vycor glass filter in order to prevent the 
decomposition of the bulk sample. After CPE, the molar 
ratio of RE(II)/RE(III) in IL was confirmed to be 1:3 for 
all samples. 

The sample solutions for analysis of [TFSA]- isomer 
were prepared by dissolving RE(TFSA)3 into 
[P2225][TFSA]. The molar fractions of RE(III) in the 
sample solutions, xRE, were 0.000, 0.033, 0.055 and 
0.075. Raman spectra were measured at various 
temperatures, 298, 323, 348, 373 and 398 K. All of 
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Raman spectra were accumulated 512 times in order to 
keep a sufficiently high S/N ratio. The overlapping 
Raman bands were deconvoluted into single 
component with a pseudo-Voigt function. 

2.3. Calculation Methods 

DFT calculations of ILs were carried out using the 
Gaussian 09 program package [36]. The geometry 
optimization and the frequency calculations of [P2225]+ 
and [TFSA]- were calculated with the basis set of 
B3LYP/6-31G(d,p) [37-41] and B3LYP/6-31+G(d), 
respectively. The B3LYP of hybrid functional, which 
include a mixture of Hartree-Fock exchange with DFT 
exchange-correlation, is Becke’s three-parameter 
hybrid method (B3) [42] with the non-local correlation 
provided by Lee, Yang, and Parr (LYP) [43]. The 6-31G 
with diffuse and polarization functions was applied to 
the basis set. 

On the other hand, the clusters of [RE(II)(TFSA)4]2-

and [RE(III)(TFSA)5]2- complexes were calculated by 
ADF program package [34] using BP (Becke88-
Perdew86 functional [44-47]) /TZP for Pr, Nd and Dy, 
and BP/DZP for light elements. The ADF adopts the 
Slater-type orbital (STO) which describes atomic 
orbitals more exactly than Gauss-type orbital (GTO). 
Moreover, all electron and frozen-core basis sets are 
available for all elements including lanthanides and 
actinides because the ADF adopts the Zeroth-Order 
Regular Approximation (ZORA) method [48-50]. The 

frozen-core approximation can be used to considerably 
reduce the computation time for systems with heavy 
nuclei. 

3. RESULTS AND DISCUSSION 

3.1. Analysis of the Solvation Number 

The concentration dependences of the 
deconvoluted Raman spectra in the frequency range 
720–780 cm-1 for 0.23–0.45 mol kg-1 pure Nd(III) 
sample in [P2225][TFSA] and the mixed sample of 
Nd(II)/Nd(III)=1/3 at the molar ratio in [P2225][TFSA] 
were shown in Figures 1a and 1b, respectively. The 
Raman spectra in this range were separated into two 
components at approximately 740 cm-1and 751 cm-1. It 
is known that these Raman bands are ascribed to the 
combination of the stretching vibration νs(SNS) and the 
bending vibration δs(CF3) of the [TFSA]- anion [51, 52]. 
These two bands at 740 cm-1and 751 cm-1are caused 
by the free [TFSA]- anion and the [TFSA]-anion bound 
to Nd3+ ion, respectively. As can be seen from Figure 1, 
a new band at 751 cm-1 was observed as a shoulder of 
the band at 740 cm-1. This new band intensified with 
increasing the concentration of Nd(III)in IL. 

The solvation number of Nd(II) in[P2225][TFSA] was 
evaluated using the similar analysis method suggested 
by Umebayashi et al. [20, 21]. The intensity of the 
deconvoluted Raman band of free [TFSA]- anions in 
the bulk IL was represented as If= Jfcf, where Jf and cf 

 
Figure 1: Raman spectra of [P2225][TFSA] containing 0.23, 0.30, 0.38 and 0.45 mol kg-1 (a) Nd(III) samples and (b) Nd(II)/Nd(III) 
mixed samples at 298 K. 
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were the molar Raman scattering coefficient and the 
concentration of free [TFSA]- anions in the bulk, 
respectively. The cf value was represented as cf= cT-
cb= cT-ncM, where cT, cb, cM, and n expressed for the 
concentration of total [TFSA]- anions, that of bound 
[TFSA]- anions (solvated to the metal ion), that of metal 
ion, and the solvation number of the metal ion, 
respectively. By inserting cf=cT-cb= cT-ncM into If= Jfcf, 
the following equation was obtained: 

If/ cM = Jf(cT / cM - n)   (3) 

The plot of If/ cM against cT / cM leads a straight line if 
the solvation number of the Nd cation in [P2225][TFSA] 
is constant. Thus, the value of n is obtained using n= - 
β/α from a slope of α= Jf and an intercept of β= -Jfn. 
The plots of If/cM against cT/cM for [P2225][TFSA] ILs 
containing 0.23–0.45 mol kg-1 Nd(III) and Nd(II)/Nd(III) 
mixed samples, were represented in Figures 2a and 
2b, respectively. As shown in these plots, the strong 
linear relationship indicated that the number of the 
[TFSA]- anion solvated to the Nd(II) and Nd(III) was 
maintained unchanged under the examined 
experimental conditions. Hence, the estimated n values 
of Nd(III) and Nd(II)/Nd(III) mixed sample were 
evaluated as nNd(III)=5.01 and nNd(II)/Nd(III)=4.69, 
respectively. This result suggested that the centered 
[Nd3+] cation in [P2225][TFSA] was solvated by five 
[TFSA]- anions and the complexation of [Nd(TFSA)5]2-

cluster existed in this system. In addition, considering 
that the molar ratio of mixed samples, Nd(II)/Nd(III) is 
1/3, the result of nNd(II)/Nd(III)=4.69 allowed us to conclude 

that the solvation number of Nd(II) in [P2225][TFSA] was 
nNd(II)=4.06. In the case of Dy, the result of 
nDy(II)/Dy(III)=4.78 indicated that the solvation number of 
Dy(II) in [P2225][TFSA] was nDy(II)=4.12. Therefore, the 
centered RE2+cation was found to be existed as the 
complex state of [RE(TFSA)4]2-cluster in [P2225][TFSA]. 
It was found that the solvation number of [TFSA]- anion 
on the centered RE2+cation was smaller than that on 
the centered RE3+cation. This decrease in the solvation 
number would be due to the difference in ionic valence 
of the centered cation metals. This result was also 
consistent with the previous result that the diffusion 
coefficient [14] of Dy(II) was larger than that of Dy(III) in 
[P2225][TFSA]. Thus, the definite difference of the 
diffusion coefficient between Dy(II) and Dy(III) clusters 
would be due to the difference of electrostatic 
interaction between the centered metal ion and the 
surrounding [TFSA]- anion by the solvation structure in 
[TFSA]-based ILs. 

3.2. Thermodynamic Stability for [TFSA]- Isomerism 

The temperature dependence of Raman spectra for 
Nd(III) in [P2225][TFSA] (xNd= 0.000, 0.033, 0.055 and 
0.075) was measured in order to evaluate the 
thermodynamic stability for [TFSA]- isomerism. 
Temperature dependences of the deconvoluted Raman 
spectra for (a) neat [P2225][TFSA], (b) Nd(III) in 
[P2225][TFSA] (xNd(III)= 0.033) and (c) Dy(III) in 
[P2225][TFSA] (xDy(III)= 0.033) in the frequency range of 
370-440 cm-1 were shown in Figures 3a, 3b and 3c, 
respectively. These two peaks appeared in Figure 3 

 
Figure 2: Plot of If/cM against cT/cM for [P2225][TFSA] containing 0.23–0.45 mol kg-1 (a) Nd(III) samples and (b) Nd(II)/Nd(III) 
mixed samples at 298 K. 
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were suitable for analysis of the [TFSA]- isomer 
because there was no overlapping with Raman bands 
from the [P2225]+, as represented in Figure 4. These 
theoretical spectra for the optimized geometries of 
[P2225]+ cation, trans-[TFSA]- and cis-[TFSA]- were 
calculated by DFT method at the B3LYP/6-31G(d,p) 
and 6-31+G(d) levels. In the range of 370-440 cm-1, 
there were no theoretical bands in [P2225]+ spectrum. 
The bands of trans-[TFSA]- and cis-[TFSA]- were 
assigned at 370 cm-1 and 380 cm-1, respectively. 
Therefore, Raman bands of 396 cm-1 and 403 cm-1 

shown in Figure 3 were corresponding to the trans-
[TFSA]- and cis-[TFSA]- isomers, respectively. As for 
the temperature dependence of neat [P2225][TFSA] in 
Figure 3a, the decreasing degree of the Raman 
intensity of trans-[TFSA]-was larger than that of cis-
[TFSA]-. This result revealed that the trans-[TFSA]- 

isomers was enthalpically stable compared to cis-
[TFSA]- isomers. With regard to the Raman band of 
RE(III) in [P2225][TFSA] at xRE(III)= 0.033, when RE(III) 
existed in IL, the peak area of the cis-isomers 
increased clearly in comparison with the band of neat 
[P2225][TFSA]. This result indicated that the [TFSA]- 

anion solvated in RE(III) would be coordinated as the 
cis-isomers anion dominantly. That is to say, when 
[TFSA]- bound to the RE(III) in [P2225][TFSA], the cis-
[TFSA]- isomers was more stable than the trans-
[TFSA]- isomers. 

In order to perform a quantitative evaluation based 
on thermodynamics about [TFSA]- isomers, the 
apparent thermodynamic quantities; ΔisoG, ΔisoH and 

TΔisoS were determined from van’t Hoff plots analysis 
[20]. The parameters of ΔisoG, ΔisoH and TΔisoS from 
the trans-[TFSA]- to cis-[TFSA]- as a function xRE can 
be defined as follows. As the first step, the apparent 
equilibrium constant, Kiso for the [TFSA]- conformational 
isomerism from the trans-[TFSA]- to cis-[TFSA]- as a 
function xRE was defined as Kiso=ccis/ctrans. Using this 
equilibrium constant, Kiso, ΔisoG was represented as 
follows. 

 
Figure 4: Theoretical Raman spectra for the optimized 
geometries of (a) [P2225]+, (b) trans-[TFSA]-, and (c) cis-
[TFSA]- evaluated from DFT calculations. 

ΔisoG = -RT ln Kiso= -RT ln (ccis/ctrans)  (4) 

Where R and T were a gas constant and an 
absolute temperature, respectively. In addition, ΔisoG 
can be expressed as ΔisoG=ΔisoH-TΔisoS and the 

 
Figure 3: Temperature dependence of deconvoluted Raman spectrum of (a) neat [P2225][TFSA], (b) Nd(III) in [P2225][TFSA] 
(xNd(III)=0.033), (c) Dy(III) in [P2225][TFSA] (xDy(III)=0.033) in the frequency range of 370-440 cm-1. 
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Raman intensity; I is I=Jc. When these two equations 
were substituted for ΔisoG= -RT ln (ccis/ctrans), the 
following van’t Hoff equation [20] was obtained. 

–Rln(Icis/Itrans) = ΔisoH/T–ΔisoS–Rln(Jcis/Jtrans)  (5) 

Where Icis and Itrans are the Raman intensity of cis-
[TFSA]- and trans-[TFSA]-, respectively. Jcis and Jtrans 
stand for the Raman scattering coefficients for the cis-
[TFSA]- and trans-[TFSA]- isomers. Van’t Hoff plot 
derived from the ratio of Raman band intensity for cis-
[TFSA]- and trans-[TFSA]- isomers at 396 cm-1 and 403 
cm-1 was shown in Figure 5. The similar measurements 
were performed for the samples varied in xRE(III) 
(xRE(III)=0.000, 0.033, 0.055, 0.075) and the 
corresponding plots were displayed in Figure 5. The 
van’t Hoff plot showed a good linear relation in all xRE(III) 

concentrations and the concentration dependence was 
confirmed in the slopes clearly. This suggested that the 
slopes, in other words, a value of ΔisoH was able to 
evaluate as a function of xRE(III) with high accuracy. In 
addition, it was found that the slope of the plots 
(=ΔisoH) tended to decrease with increasing the 
concentration of RE(III). This result revealed that cis-
[TFSA]- was thermodynamically more stable than trans-
[TFSA]-in the system for high concentration of RE(III) 
and the cis-[TFSA]-anions predominately coordinated 
with the centered RE3+ cation. 

 
Figure 5: Van’t Hoff plot for the [TFSA]- isomerism in 
[P2225][TFSA] containing Nd(TFSA)3, (a)xNd(III)=0.000, (b) 
xNd(III)= 0.033, (c) xNd(III)= 0.055 and (d) xNd(III)=0.075. 

Then, the value of ΔisoS was also evaluated from 
the intercept of the van’t Hoff plot (Figure 5) based on 
Eq. (5). It is necessary to consider the Jcis/Jtrans ratio 
and this value was estimated by means of the 
relationship of Icis = – (Jcis/Jtrans)Itrans + JciscT [20]. From 

the slope of the plots of Itrans against Icis, it was 
experimentally determined that the value of Jcis/Jtrans 

ratio was 0.68. In order to confirm the reliability of this 
value (0.68), the theoretical calculation for the value of 
Jcis/Jtrans ratio using DFT method was carried out. The 
theoretical value of Jcis/Jtrans ratio estimated by 
B3LYP/6-31+G(d) level method was 0.69. Thus, an 
experimental value was in good accordance with a 
theoretical value with high accuracy, so that we applied 
this value to evaluate the entropy term; ΔisoS. Then, 
from the obtained value of ΔisoH and ΔisoS, ΔisoG 
(=ΔisoH–TΔisoS) at 298 K were estimated as described 
above. All obtained thermodynamic quantities; ΔisoG, 
ΔisoH and TΔisoS were plotted against the xRE as shown 
in Figure 6. It was suggested that apparent 
thermodynamic quantities; ΔisoX (X=G, H and S) 
existed as a function of xRE(III) because the linearity was 
very good for all plots of thermodynamic quantities. 
These apparent thermodynamic quantities indicated 
that it was sum of those which was based on free 
[TFSA]-anions in bulk [ΔisoX(bulk)] and those which 
derived from the bonded [TFSA]- anions in the first 
solvation sphere of the centered RE3+cation 
[ΔisoX(RE)]. That is to say, the apparent thermodynamic 
quantities; ΔisoX (X=G, H and S) were expressed as the 
following equation [20]. 

ΔisoX = nxDy(III)ΔisoX(RE) + (1–nxDy(III))ΔisoX(bulk)  (6) 

Where  n stands for the solvation number of RE(III), 
n=5.0. Therefore, from the relationship of Eq. (6), the 
values of ΔisoX at xRE(III)=0 and 0.33 are ΔisoX(bulk) and 
ΔisoX(RE), respectively, as shown with the broken lines 
in Figure 6. Thermodynamic quantities for [TFSA]- of 
the bulk and the first solvation sphere of RE cation 
were listed in Table 1. As for the discussion of the bulk 
condition, the obtained values of ΔisoG (bulk), ΔisoH 
(bulk), and TΔisoS (bulk) at 298 K were -1.06, 6.86, and 
7.92 kJ mol-1, respectively. The trans-[TFSA]- was 
dominant in the enthalpy due to the positive value of 
ΔisoH(bulk) (6.86kJ mol-1). TΔisoS(bulk)(7.92 kJ mol-1) 
was a positive value and slightly larger than the value 
of ΔisoH (bulk), so that cis-[TFSA]- was revealed to be 
an entropy-controlled in [P2225][TFSA]. As a result, 
about the value of ΔisoG(bulk), it was suggested that 
trans-[TFSA]-and cis-[TFSA]-almost existed in 
equilibrium in neat [P2225][TFSA] because there were 
almost no differences of the Gibbs free energies(-
1.06kJ mol-1) between the trans-isomers and the cis-
isomers. On the other hand, in the first solvation sphere 
of Nd3+, the value of ΔisoH(Nd)(-47.39kJ mol-1) 
increased to the negative value remarkably and implied 
that the cis-[TFSA]-isomers were stabilized for 
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enthalpy. This value of ΔisoH(Nd) contributed to the 
remarkable decrease in the value of ΔisoG(Nd) which 
greatly changed into the negative direction (-13.23 kJ 
mol-1) compared with the ΔisoG(Nd). This result clearly 
showed that the cis-[TFSA]-bound to the Nd3+ cation 
was preferred and the coordination state of [Nd(III)(cis-
TFSA)5]2- was stable in [P2225][TFSA]. This stabilization 
of the cis-[TFSA]- bound to the centered Nd3+ cation 
would be resulted from a charge-dipole interaction 
between the Nd3+ cation and cis-[TFSA]- anion. The 
dipole moment of trans-[TFSA]- and cis-[TFSA]- 

estimated from DFT calculations at B3LYP/6-31+G(d) 
were 0.29 and 4.07, respectively. It was supposed that 
cis-[TFSA]- isomer form a relatively large electric 
charge-dipole interaction to dysprosium ion, and form a 
more stable salvation structure, because the dipole 
moment of cis-[TFSA]-was larger than that of trans-
[TFSA]- 

 
Figure 6: Apparent thermodynamic properties for the 
conformational isomerism of [TFSA]- from the trans- to cis-
isomer as a function of xNd at 298 K.  

3.3. Geometries Analysis of [RE(II)(cis-TFSA)4]2- and 
[RE(III)(cis-TFSA)5]2- Clusters 

From a series of results of 3.2 and 3.3 sections, the 
solvation numbers of RE(II) and RE(III) in [P2225][TFSA] 
were 4.0 and 5.0, respectively, and the cis-[TFSA]-

anions predominately coordinated with RE3+ in the first 
solvation sphere of RE cation. Therefore, we applied 
for two clusters, [RE(II)(cis-TFSA)4]2- and [RE(III)(cis-
TFSA)5]2- for ADF calculations in order to analysis the 
optimum geometries and the bonding energies for 
these clusters in detail. The scalar relativistic zero 
orders regular approximation (ZORA) method as one of 
the relativistic effect [48-50] was applied for the 
calculation of two clusters because these clusters 
included in a heavy RE atom. In addition, the frozen-
core approximation was also introduced for relatively 
small calculation costs. The optimized geometries of 
[RE(II)(cis-TFSA)4]2- and [RE(III)(cis-TFSA)5]2- clusters 
were evaluated at BP/TZP level for RE and DZP level 
for other elements. In both of clusters, the oxygen 
atoms (O’) which bound to RE cation turned out to be 
equally distributed in the space. The results indicated 
that the ligands were positioned where the repulsion 
energy between each ligand was minimized, because 
the f-orbital atoms such as lanthanides did not have a 
remarkable stereochemical influence for their ligands. 

As for the [RE(II)(cis-TFSA)4]2-complex, four [TFSA]- 
anions behaved as a bidentate ligand by two oxygen 
atoms to RE2+ and formed the complex structure that 
the coordination number was 8. In some research 
about the metal complexes; [M(TFSA)3]- [24,26], 
(M=Fe, Co, Ni and Zn), some reports were indicated 
that the [TFSA]-anions acted as a bidentate ligand and 
this result was consistent with these references. On the 
other hand, about [RE(III)(cis-TFSA)5]2-complex, three 
[TFSA]-anions were positioned as the bidentate ligands 
and the other two [TFSA]-anions behaved as the 
monodentate ligands. As a result, the coordination 
number of [RE(III)(cis-TFSA)5]2-was also maintained at 
8, and which was good accordance with a result of 
[RE(II)(cis-TFSA)4]2-. In general, it was reported that the 
coordination number of the lanthanide aqua-complex; 
[Ln(OH2)n]3+ was from 8 to 9. Besides T. Yaita et al. 
[53] revealed that the coordination numbers of 
dysprosium in aqueous nitrate and chloride solutions 
were assigned from 8 to 9 by EXAFS analysis. As a 
result, our results were consistent with the above 
reports.  

Table 1: Thermodynamic Properties for the Isomerism of [TFSA]- from the trans- to cis-isomer in Bulk and the First 
Solvation Sphere of Nd3+ and Dy3+ in [P2225][TFSA] at 298 K 

Thermodynamic properties bulk Nd3+ first solvation sphere Dy3+ first solvation sphere 

ΔisoG / kJ mol-1 -1.06 -13.23 -15.56 

ΔisoH / kJ mol-1  6.86 -47.39 -49.22 

TΔisoS / kJ mol-1  7.92 -34.16 -33.66 
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Total bonding energy; Etot of Nd(II), Nd(III), Dy(II) 
and Dy(III) clusters were -33246.1, -41364.7, -32754.4 
and -40629.9 kJmol-1, respectively. The bonding 
energy between the center Nd cation and [TFSA]- 
ligands; ΔEb was calculated according to ΔEb= 
Etot(cluster) –Etot(RE2,3+) –nEtot([TFSA]-), where n was 
solvation number of RE2+ and RE3+. The values thus 
calculated were -2241.6, -4362.3, -2135.4 and -4284.2 
kJmol-1 for [Nd(II)(cis-TFSA)4]2-, [Nd(III)(cis-TFSA)5]2-, 
[Dy(II)(cis-TFSA)4]2- and [Dy(III)(cis-TFSA)5]2-clusters, 
respectively. It was revealed that there were 

approximately two times differences in each bonding 
energy. Therefore, it was found that [RE(III)(cis-
TFSA)5]2-cluster had stronger coordination bonds than 
[RE(II)(cis-TFSA)4]2- cluster. The result of average 
atomic charge for each cluster was also tabulated in 
Table 2. This result indicated that the centered 
RE3+cation strongly attracted with [TFSA]- ligands in 
comparison with RE2+ cation because RE3+cation has a 
high electric charge and a small ionic radius. The 
average atomic charges of RE cation and O’ atoms for 
[RE(III)(cis-TFSA)5]2- cluster were larger than those for 

Table 2: Average Atomic Charge, Bond Length, Bond Angle, Dihedral Angle and Dipole Moment for the Optimized 
Geometries of [RE(II)(cis-TFSA)4]2- and [RE(III)(cis-TFSA)5]2- (RE=Nd and Dy) Clusters 

Clusters [Nd(II)(cis-TFSA)4]2- [Nd(III)(cis-TFSA)5]2- [Dy(II)(cis-TFSA)4]2- [Dy(III)(cis-TFSA)5]2- 

 Atomic charge, q / e 

REn+ 2.042  2.473  2.077  2.545 

O -0.706 -0.716 -0.721 -0.737 

O’ -0.904 -0.936 -0.932 -0.953 

N -0.962 -0.793 -0.986 -0.815 

S 1.974 1.816 1.999 1.833 

C 0.602 0.523 0.635 0.574 

F -0.286 -0.264 -0.303 -0.288 

 Bond distance, r / Å 

RE n+-O’ 2.594 2.482 2.556 2.430 

N-S 1.682 1.642 1.606 1.600 

S-O 1.478 1.478 1.455 1.452 

S-O’ 1.482 1.491 1.477 1.488 

S-C 1.912 1.912 1.891 1.890 

C-F 1.371 1.382 1.353 1.351 

 Bond angle, θ / deg. 

RE n+-O’-S 142.3 146.3 145.2 147.6 

O- RE n+-O’ 66.9 68.2  67.7  69.5 

S-N-S 124.2 125.9 126.2 127.0 

N-S-O 111.7 111.6 112.9 112.8 

N-S-C 102.4 102.3 103.6 103.5 

O-S-C 102.8 101.8 103.1 103.5 

O-S-O’ 117.6 116.4 118.7 118.6 

S-C-F 109.4 112.6 110.5 110.2 

F-C-F 107.2 109.3 108.5 108.7 

 Dihedral angle, φ / deg. 

S-N-S-C 251.6 246.2 255.9 248.9 

S-N-S-C 112.4 103.2 114.6 102.8 

 Dipole moment, µ / D 

 32.6 36.8 32.4 36.0 
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[RE(II)(cis-TFSA)4]2- cluster, so that the result indicated 
that [RE(III)(cis-TFSA)5]2-cluster had stronger 
coordination bonds than [RE(II)(cis-TFSA)4]2- cluster. In 
addition, the average bond distance of RE3+–O’ of 
RE(III)-cluster was shorter than RE2+–O’ of RE(II)-
cluster by 0.112Å(Nd) and 0.126Å (Dy) as listed in 
Table 5. The dipole moment of [RE(III)(cis-TFSA)5]2- 

cluster were larger than those for [RE(II)(cis-TFSA)4]2-. A 
series of structural results related with clusters allowed 
us to conclude that [RE(III)(cis-TFSA)5]2-cluster existed 
as more stable coordination state than [RE(II)(cis-
TFSA)4]2- cluster in [P2225][TFSA]. 

4. CONCLUSION 

The solvation structures of the divalent and trivalent 
dysprosium complexes in [P2225][TFSA] were 
investigated by Raman spectroscopic analysis and 
DFT calculations. From the analysis of Raman intensity 
range of 740-751 cm-1 for RE(II)/RE(III) , (RE=Nd and 
Dy) mixed sample, the number of [TFSA]- anions 
solvated to RE2+ was evaluated to be about 4, 
therefore, RE2+cation existed as the state of 
[RE(TFSA)4]2-in [P2225][TFSA]. According to the 
conventional analysis, the solvation number of RE(III) 
in [P2225][TFSA] were determined to be 5.00. 

Moreover, the thermodynamic stability for [TFSA]- 
isomerism was evaluated from the van’t Hoff plots from 
the temperature dependence of the Raman spectra. 
The thermodynamic properties such as ΔisoG, ΔisoH and 
ΔisoS for the isomerism of [TFSA]- from trans- to cis-
isomer in bulk and the first solvation sphere of the 
centered Nd3+cation in [P2225][TFSA] were calculated in 
the range of 298-398 K. As for the bulk condition, 
ΔisoG(bulk), ΔisoH(bulk) and TΔisoS(bulk) at 298 K were 
estimated to be -1.06, 6.86, and 7.92 kJ mol-1, 
respectively. These results indicated that the trans-
[TFSA]-was dominant in the enthalpy and TΔisoS (bulk) 
was slightly larger than ΔisoH(bulk), so that cis-[TFSA]-

was determined to be an entropy-controlled in 
[P2225][TFSA]. On the other hand, in the first solvation 
sphere of Nd3+ cation, ΔisoH(Nd) increased to the 
negative value (-47.39 kJ mol-1) remarkably and 
revealed that the cis-[TFSA]- isomers were stabilized 
for enthalpy. ΔisoH(Nd) contributed to the remarkable 
decrease in the ΔisoG(Nd) and this result indicated that 
the cis-[TFSA]-bound to Nd3+ cation was preferentially 
stabilized and the coordination state of [Nd(III)(cis-
TFSA)5]2- became steady in [P2225][TFSA] 

Furthermore, the optimum geometries and the 
bonding energies of [RE(II)(cis-TFSA)4]2- and [RE(III)(cis-
TFSA)5]2- were also determined from DFT simulations 

with ADF package. The bonding energy; ΔEb was 
estimated from ΔEb= Etot(cluster) –Etot(RE2,3+) –
nEtot([TFSA]-). The calculated ΔEb([Nd(II)(cis-TFSA)4]2-), 
ΔEb([Nd(III)(cis-TFSA)5]2-), ΔEb([Dy(II)(cis-TFSA)4]2-) and 
ΔEb([Dy(III)(cis-TFSA)5]2-) were -2241.6, -4362.3, -
2135.4 and -4284.2 kJmol-1, respectively. This result 
was revealed that [RE(III)(cis-TFSA)5]2- cluster formed 
stronger coordination bonds than [RE(II)(cis-TFSA)4]2- 
cluster. The average atomic charges and the bond 
distances of these clusters were consistent with the 
thermodynamic properties. 
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