Chapter 8 )
Mixing States of Ionic Liquid-Molecular Shethie
Liquid Mixed Solvents and Their Effects

on Metal Complex Formation

Toshiyuki Takamuku

Contents

I B (16 Vo e LU Te 6 o) s E PRI 234

8.2 X-Ray Crystallography . ........uiiieiii e 236

8.3 Stability CONSIANLS. ... oottt e 237

8.4 Mixing States of ComimTFSA and CgmimTFSA with MLs ..., 241
8.4.1 AcCetonitrile. ... ...ooiiii i 241
842 MEOH ...ttt e 242
BiA3 DIMSO ..ttt 246

8.5 Mechanism of Complex FOrmation.............ccooiuiiiiiiiiii i 247

I I ©10) 1161 11 1 T} 1 T 250

ES (3] 117 252

Abstract In this chapter, the complex formation of nickel(II) ion (Ni2t) in
imidazolium-based ionic liquids, 1-alkyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)amide (CymimTFSA, N represents the alkyl chain length) with molecular
liquids (MLs), such as dimethyl sulfoxide (DMSO), methanol (MeOH), and ace-
tonitrile (AN), observed by ultraviolet (UV)-visible spectroscopy is explained on the
molecular level. In CymimTFSA, Ni2* is coordinated with the six oxygen atoms of
TESA™ to form an octahedral complex. On adding ML into the Ni>*-IL solutions,
the replacement of the TFSA™ anions by the ML molecules is progressed due to the
higher electron donicity of the MLs than that of TFSA™. The stability constants of
the complex formation at various temperatures were determined from the UV-visible
spectra. It is expected that the mixing state of IL and ML, including the various
microscopic interactions, such as IL-cation-anion, IL-cation-ML, and IL-anion-ML,
and ML-ML, may influence the complex formation equilibria. Moreover, the polar
domains consisting of the charged imidazolium ring and TFSA™ and the nonpolar
domains arising from the non-charged alkyl chains may also affect the equilibria.
To discuss the mechanism of the complex formation equilibria, thermodynamic
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parameters, enthalpies AH® and entropies AS°, were estimated using the van’t Hoff
plots on the stability constants of the complex formation. Moreover, the microscopic
interactions were also clarified using infrared (IR), I and 13C NMR, small-angle
neutron scattering (SANS) techniques.

Keywords Metal complex formation - Imidazolium ring - Electron donicity -
Stability constant - Enthalpy - Entropy - Ionic liquid - Dimethyl sulfoxide
(DMSO) - Methanol - Acetonitrile - Nickel(II) ion - Complex formation -
Solvation - Hydrogen bond - Cluster - UV-visible spectroscopy - NMR - X-ray
crystallography - Small-angle neutron scattering (SANS) - Correlation length -
van’t Hoff plot

8.1 Introduction

Despite electrolytes consisting of organic cation and large-sized anion, room tem-
perature ionic liquids (ILs) are in a liquid state below 100 °C and have unique prop-
erties. Particularly, many researchers have paid their attention to the very low volatil-
ity and nonflammability of ILs. Thus, ILs may be applied to metal ions extraction,
such as noble metals, gold, platinum, and palladium, as a green extractant. Among
various kinds of ILs, imidazolium-based ILs have been most often investigated in
the fields of chemistry. Figure 8.1 shows the structure of typical imidazolium-based
IL, 1-alkyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide. Here, the IL
is abbreviated into CymimTFSA. CymimTFSA can be easily synthesized with
various alkyl chain lengths N. The previous MD studies showed that the charged
imidazolium ring and anion, which is not limited to TFSA™, form the polar domains
in pure ILs, whereas the alkyl chains aggregate with themselves to form the nonpolar
domains, that is, microphase separation of both domains occurs in neat ILs [1, 2].
In CymimTFSA, the transition metal ion, such as NiZ T, may be coordinated with
the six oxygen atoms of TFSA™ to form the octahedral solvate complex [3]. The
details of the coordination manner of TESA™ for the transition metal ions are still
controversial [4, 5], i.e., whether TFSA™ anions coordinate with a transition metal
ion as monodentate or bidentate ligands or their mixture in ILs. The crystal structure
of cobalt(Il) (Co2™) complex, (C1C4Pyr)2[Co(tfsa)s], precipitated from ionic liquid,
1-butyl-1-methyl-pyrrolidinium TFSA™ (C;C4PyrTFSA), has been reported using
X-ray crystallography [6]. In the Co>* complex, two TFSA™ anions coordinate with

Fig. 8.1 Structure of H
1-alkyl-3-methylimidazolium F F
bis(trifluoromethylsulfonyl) )2\ \ ~ F F ~N /
amide, CymimTFSA, where H3C\N N —CxyHiyi /C S) C\
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Co?* at the axial positions as monodentate ligands, while the other two anions are
bound to the metal ion at the equatorial positions as bidentate ligands to form two
chelated rings. Recently, the structure of Co>* solvate complex in the C4mimTESA
solution was determined by means of extended X-ray fine structure (EXAFS) [7].
In the C4mimTFSA solution, the six oxygen atoms of six TEFSA™ anions coordinate
with Co?* as monodentate ligands. However, the coordination of six TFSA™ anions
as monodentate ligands is evidenced only from the number of six interactions
between the central Co>* and the nonbonding TESA™ nitrogen atoms.

Various molecular liquids (MLs), such as water and protic and aprotic organic
solvents, often have higher basicity (electron donicity) than ILs-anions. For exam-
ple, the Gutmann’s electron-donor numbers Dy [8], which are a scale of basicity,
of dimethyl sulfoxide (DMSO), methanol (MeOH), and acetonitrile (AN) (29.8,
19.0, and 14.1, respectively) are much higher than that (7.0) of TFSA™ [9, 10].
Therefore, on adding ML into a metal ion-CymimTFSA solution, the complex
formation equilibrium occurs as a ligand exchange reaction.

Several interactions among metal ion, IL-cation and anion, and ML influence
such complex formation equilibrium. In the case of CymimTFSA, the sizes of polar
and nonpolar domains in the solution due to the intrinsic microphase separation
of ILs may also affect the equilibrium. Additionally, the three imidazolium ring
hydrogen atoms may be hydrogen-bonded with the electron-donor atom of MLs,
such as the oxygen atom of DMSO and MeOH and the nitrogen atom of AN [11—
13]. On the contrary, protic MLs molecules like MeOH may be hydrogen-bonded
with TFSA™ oxygen atoms. Aggregation of ML molecules with themselves may
also act on the complex formation, that is, MeOH molecules are hydrogen-bonded
with themselves to form MeOH clusters in ILs [14].

However, there have been a few reports on complex formation equilibria for
transition metal ions in ILs. The stability constants of the complex formation of
uranyl cation U022Jr with nitrate ions NO3 ™~ in C4mimTFSA have been determined
using UV-visible spectroscopy [15]. The structure of the uranyl complex has been
observed by an EXAFS technique. The highest complex, [UO2(NO3)3]~, where
NO3™ ions coordinate to the uranyl cation as bidentate ligands, formed in the IL
solutions [15]. The thermodynamic parameters, enthalpies AH° and entropies AS°®,
of the complex formation of Ni>* with NO3~ anions have been determined from
microcalorimetric measurements [16]. Moreover, Kanzaki et al. have determined
the thermodynamic parameters of the complex formation of copper(II) (Cu®*) with
chloride CI™ in C4mimTfO, where TfO™ is the basic anion of trifluoromethyl-
sulfonate [17]. In C4mimTfO, Cu?t is coordinated by four TfO™ anions to form
the square planar structure. [CuCly]?~ is formed as the highest complex when the
CI™ concentration rises. Despite such investigations, the mechanism of complex
formation of transition metal ions in IL—ML binary solvents has not been discussed
in terms of the microscopic interactions among IL-cation and anion and ML
molecules on the molecular scale.

In this chapter, our investigations on the complex formation equilibria for Ni>*+
with MLs including DMSO, MeOH, and AN in ComimTFSA and CgmimTFSA
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are introduced as below. The complex formation of Ni>T with MLs was observed
from the electron spectra of Ni*t by UV-visible spectroscopy. At various tem-
peratures, the stability constants of the complex formation were determined. The
thermodynamic parameters, enthalpies AH° and entropies AS°, were estimated by
the van’t Hoff plots on the stability constants. Furthermore, the hydrogen bonding
of the imidazolium ring with ML molecules was evaluated using infrared (IR)
spectroscopy and 'H and '3C NMR. The aggregation of ML molecules in the ILs
was mesoscopically observed by means of small-angle neutron scattering (SANS).
The mechanism of the complex formation of Ni>* with ML molecules is discussed
in terms of both thermodynamic parameters and interactions among ILs and MLs.

8.2 X-Ray Crystallography

The following X-ray crystallographic data are evidence of the ligand replacement
of TFSA™ on Ni’** by ML molecules in the imidazolium-based IL. Figure 8.2 illus-
trates the structure of [Ni(dmso)e](TFSA), and [Ni(an)s](TFSA),, which were pre-
cipitated from ComimTFSA-DMSO and ComimTFSA-AN solutions of Ni(TFSA),,
respectively [18]. For comparison, the structure of [Co(dmso)e](TFSA), is also
depicted in the figure. Ni>* and Co’* are coordinated by six DMSO or AN
molecules to form an octahedral complex. However, TESA™ is not bound to the cen-
tral metal ion. This is because the electron donicities of DMSO and AN are higher
than that of TFSA™ as described above. In the structure of both DMSO complexes,
the orientation of DMSO molecules suggests that they coordinate with the metal
ions through the lone pair of oxygen atoms. AN molecules bind to the metal ion by
the lone pair of nitrogen atoms. The octahedral complexes, [Ni(dmso)e](TFSA),
[Ni(an)g](TFSA);, and [Co(dmso)s](TFSA), reveal that TFSA™ anions that ini-
tially coordinate with the metal ion in the IL are fully replaced by ML molecules in
the IL solutions at the high ML content.

Fig. 8.2 Perspective views of [Ni(dmso)s](TFSA), (left), [Ni(an)¢](TFSA); (middle), and
[Co(dmso)e J(TFSA), (right) complexes, respectively [18]. Thermal ellipsoids are drawn at the
50% probability level. The Cambridge Crystallographic Data Center (CCDC), 1427034, 1427034,
and 1427036 contain the supplementary crystallographic data for the complexes, respectively
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8.3 Stability Constants

UV-visible spectra for Ni(TFSA)>-CymimTFSA-ML solutions with N = 2 and
8 in the temperature range of 25.0-45.0 °C were recorded as a function of ML
content. The MLs include DMSO, MeOH, and AN. Figure 8.3 shows the represen-
tative spectra of Ni(TFSA), in CsmimTFSA-ML solutions at the concentration of
[Ni2+] =50 mM (= mmol dm_3) and 25.0 °C as a function of ML content [19]. The
spectra suggest that the octahedral structure of Ni** is kept in all the ML systems
in the ML concentration range examined. The d-d transition band in the wavelength
range from 600 to 900 nm gradually shifts to the shorter wavelength as the ML
content increases. The shifts of both bands at 420 and ~800 nm for the AN solutions
with increasing ML concentration are most significant among the three ML systems.
This is because the coordination atoms change from the TFSA™ oxygen atoms
to the AN nitrogen atoms. These features were also observed for the Ni(TFSA),-
ComimTFSA-ML solutions. The UV-visible spectra indicate that TFSA™ anions
that initially coordinate with Ni** are gradually replaced by ML molecules with
increasing ML content with keeping the octahedral structure of Ni**. As shown in
Fig. 8.2 of the previous section, six ML molecules may finally coordinate with Ni*
as the highest complex. Thus, the equilibrium can be described as

[Ni(tfsa),, | + 6ML = [Ni(ml)g]** + mTFSA, (8.1)

and the overall stability constant B¢ can be defined by

_ [Ni(ml)g]

- , 8.2
7 INi] [MLJS ®-2

where the IL-anion TFSA™ as a solvent and the charges of species are omitted.
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Fig. 8.3 UV-visible spectra of Ni(TFSA);-CgmimTFSA solutions with DMSO, MeOH, and
AN at 25.0 °C and various ML concentrations [19]. The arrows give the increase in the ML
concentration. M represents the units of mol dm—3
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The conditional B, values for the solutions can be determined by fits of the
experimental UV-visible spectra at various ML concentrations with Eqs. (8.3), (8.4),
and (8.5) for the theoretical absorption of the solutions and the mass balances of
Ni?* and ML, respectively.

n
Acale,n = ENi2t [Ni2+] +éemL,n [ML] + Z e Bn [N12+] [ML]", (8.3)
1
Capr = [Ni”] +3 B [Ni”] [ML]", (8.4)
n

CuL = [MLI+ ) 1B, [Ni”] ML]", (8.5)

where ¢ represents the molar absorption coefficient for each species as a function of
wavelength L. The spectra in the wavelength range of A = 360-900 nm were fitted
using the program for nonlinear least-squares refinement with Marquardt algorithm
[20], MQSPEC [21] arranged for batch measurements, to minimize the residual U
of Eq. (8.6),

U= Z Z (ACXPJJI - Acalc,k,n)z. (8.6)
A n

The ¢ and B, values can be refined in the fits. From the UV-visible spectra
at several temperatures in the range from 25.0 to 45.0 °C, the B, values at each
temperature were determined. The stepwise stability constants K, for the equilibria
were calculated from the §, values. The van’t Hoff plots were conducted on the
InK,, values against the reciprocal absolute temperatures to estimate the conditional
enthalpies AH®, and entropies of the complex formations in the solutions.

Table 8.1 shows the overall and stepwise stability constants, logg, and logk,,
respectively, the AH°, and TAS°, values for the Ni** complex formation with
DMSO, MeOH, and AN in both ComimTFSA and CgmimTFSA at 25.0 °C. The
fits of the UV-visible spectra of the MeOH and AN systems with both ILs gave
the results of the formation of the di-, tetra-, and hexa-ML complexes, [Ni(ml);],
[Ni(ml)4], and [Ni(ml)g], where the charges of complexes and the coordinated
TFSA™ are omitted. For the DMSO system, the formation of the mono-DMSO
complex, [Ni(dmso)], is found only in CsmimTFSA with the longer octyl group.
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Fig. 8.4 Stepwise stability constants for [Ni(dmso),], [Ni(meoh),], and [Ni(an), ] complexes in
ComimTFSA (open circles) [18] and CgmimTFSA (filled circles) [19] at 25.0 °C against the
equilibrium step n. The standard deviations are represented by error bars

The logPe values for the highest Ni’t complexes in the C,mimTFSA
solutions with the shorter ethyl chain are larger in the order of [Ni(dmso)s]
> > [Ni(an)¢] > [Ni(meoh)s]. The largest stability of the hexa-DMSO complex
[Ni(dmso)g] is caused by the highest electron donicity of DMSO among the
three MLs. The Gutmann’s donor numbers of DMSO, MeOH, and AN are
Dn = 29.8, 19.0, and 14.1, respectively [8]. Interestingly, the logPe values in
the CgmimTFSA solutions with the longer octyl chain are larger in the different
order of [Ni(an)g] > [Ni(dmso)g] > [Ni(meoh)g] from that of the ComimTFSA
solutions. Despite the lowest electron donicity, AN molecules form the most stable
complex with Ni%t in the CsmimTFSA solutions. The stability of [Ni(meoh)g] is
the lowest in both IL solutions, although the donor number of MeOH is middle
between those of DMSO and AN.

For comparison of the stepwise complex formation in the ComimTFSA and
CgsmimTFSA solutions, the logK,, values are plotted against the equilibrium step
n in Fig. 8.4. The di-, tetra-, and hexa-AN complexes, [Ni(an),], [Ni(an)4], and
[Ni(an)e], are more stable in the IL with the longer octyl chain compared to those
in the IL with the shorter ethyl chain. In contrast, the stabilities of the DMSO
complexes, [Ni(dmso);], [Ni(dmso)4], and [Ni(dmso)e], in the IL with the longer
alkyl chain are much lower than those in the IL with the shorter chain. Nevertheless,
the mono-DMSO complex, [Ni(dmso)], can only be formed in the IL with the
longer chain. Surprisingly, the stabilities of the MeOH complexes in both ILs are
not largely different from each other, unless the DMSO and AN complexes. These
features on the Ni>* complex formation with ML molecules should be attributed to
the microscopic interactions among IL-cation and anion and ML molecules. In the
next section, the mixing states of the ILs of ComimTFSA and CgmimTFSA with
the three MLs observed by IR, 'H and '3C NMR, SANS techniques are explained
on the micro- and mesoscopic scales.
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8.4 Mixing States of C,mimTFSA and CgmimTFSA
with MLs

In the imidazolium-based ILs, the interactions of the positively charged imidazolium
ring with ML molecules are important. The three hydrogen atoms of the imida-
zolium ring may be hydrogen-bonded with MLs. In particular, the hydrogen atom
at position 2 between the two nitrogen atoms (see Fig. 8.1) can be most strongly
hydrogen-bonded with ML molecules because of its highest positive charge (the
highest acidity) among the three hydrogen atoms [22, 23]. The hydrogen bonding
of the ring hydrogen atoms with MLs can be evaluated from the redshift of the C-H
stretching vibration of the ring and the deshielding of 'H and '3C chemical shifts
observed by IR and NMR spectroscopy, respectively. The C-H vibration and the
NMR chemical shifts for ComimTFSA with DMSO, MeOH, and AN showed that
the hydrogen bonds of the ring hydrogen atoms with the MLs are stronger in the
order of DMSO > > MeOH > AN [11]. This is consistent with Gutmann’s electron-
donor number of the MLs [8], as described in the previous section. The mixing state
of each ML with CymimTFSA is discussed in the below sections.

8.4.1 Acetonitrile

The effect of the alkyl chain length of the imidazolium most markedly appears in the
AN system due to the lowest electron donicity (the hydrogen bonding acceptability)
of the AN nitrogen atom. Figure 8.5 shows the differences of the chemical shifts
Ad/ppm of the hydrogen and carbon atoms at the positions of 2, 4, and 5 of the
ring in the C;mimTFSA-AN and CgmimTFSA-AN solutions from those for neat
ILs (xan = 0) as a function of AN mole fraction xan. At position 2, the A§ value
gradually increases in ComimTFSA with the increase in xan. Thus, the hydrogen
atom at the position 2 is deshielded with increasing xan; that is, the electron density
of the hydrogen atom decreases with the increase in AN content. It is suggested that
the hydrogen bond between the hydrogen atom and AN strengthens in ComimTFSA
as the AN content increases. On the contrary, the A§ value of the hydrogen atom
for the CsmimTFSA-AN solutions decreases with increasing xan, revealing the
shielding of the hydrogen atom. Thus, the hydrogen bond between the hydrogen
atom at the position 2 and AN molecule gradually weakens with the increases in the
AN content. This difference in the hydrogen bonding of AN molecules between the
ILs with the ethyl and octyl groups arises from the steric hindrance of the long alkyl
chain.

On the other hand, the A§ values of the hydrogen and carbon atoms at positions
4 and 5 in both ILs increase with increasing xan. This is because the cyano
group C=N of AN molecules interacts with the imidazolium ring through the
-7 interaction between the ring and the cyano group. The positive charge (the
acidity) of the hydrogen atoms at the positions 4 and 5 is lower than that at the
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Fig. 8.5 Differences, A8/ppm, in I'q and 13C NMR chemical shifts for the C2-H, C*-H, and C3>-H
positions of the imidazolium ring in ComimTFSA-AN and CgmimTFSA-AN solutions from those
at xaN = 0 as a function of xaon [19]. The standard deviations are represented by error bars

position 2. Thus, the -7 interaction of the AN cyano group at both positions
is predominant rather than hydrogen bonding. When AN molecule interacts with
other molecules, the side of the C=N group gives the magnetical deshielding field,
while the lone pair of the AN nitrogen atom provides the shielding field. Thus, the
weaker deshielding of the hydrogen and carbon atoms at the positions 4 and 5 in the
CgmimTFSA solutions than in the ComimTFSA suggests that the r-1 interaction of
AN molecules with the ring is weaker in the former than the latter due to the steric
hindrance of the longer octyl chain, as well as the hydrogen bond at the position
2. These results reveal that AN molecules in the CgmimTFSA-AN solutions more
weakly interact with the IL than in the ComimTFSA-AN solutions. In other words,
AN molecules are freer in the former than those in the latter.

842 MeOH

MeOH molecules can be hydrogen-bonded with the imidazolium ring hydrogen
atoms, particularly the atom at the position 2 in the ILs [11]. The left panel
of Fig. 8.6 indicates the wavenumber of the C-H stretching vibration at the
position 2 in ComimTFSA and CgmimTFSA as a function of MeOH mole fraction
xMeoH- Generally, a redshift of the vibration with increasing ML content gives the
information on the strengthening of the hydrogen bond of the ring hydrogen atom
with ML molecule. As shown in the left panel of Fig. 8.6, however, the redshift
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Fig. 8.6 Wavenumbers of the stretching vibrations (left) and differences, A8/ppm, in 'H and 3C
NMR chemical shifts (middle and right, respectively) for the C2-H position of the imidazolium
ring from those at xpeog = 0 in ComimTFSA-MeOH and CgmimTFSA-MeOH solutions as a
function of xpeon [19]. The standard deviations are represented by error bars

against the increase in xpeoq 1S not significant in both ILs. The redshift of ~2 cm™!
for both MeOH systems with increasing xpeon from 0 to 0.9 is much less compared
to that of ~7 cm ™! for ComimTFSA-DMSO system in the same mole fraction range
in the literature [11]. The hydrogen bond of MeOH with the ring hydrogen atom
at the position 2 is weaker than that of DMSO. Furthermore, the difference in the
redshifts between the ComimTFSA-MeOH and CgmimTFSA-MeOH solutions is
not remarkable. Thus, the strength of the hydrogen bond is not markedly different
between the IL solutions. As shown in the middle and right panels of Fig. 8.6, the
differential 'H and '3C NMR chemical shifts A8 of the ring hydrogen and carbon
atoms in both IL systems increase with increasing xyeon. Therefore, the hydrogen
bond of the ring hydrogen atom at position 2 with MeOH molecule strengthens
as the xmeon increases. However, the differences in the Aé values for both IL
solutions are very small. This is consistent with the small difference of the C-H
stretching vibration at the position. The IR and NMR results reveal that the strength
of the hydrogen bond between MeOH and the hydrogen atom at position 2 is not
remarkably affected by the alkyl chain length.

In the MeOH case, the self-hydrogen bonds among MeOH molecules should
be pointed out rather than the hydrogen bond with the imidazolium ring. In fact,
SANS experiments on CymimTFSA-deuterated MeOH (MeOH-ds) with N = 4-12
showed that the ILs are heterogeneously mixed with MeOH in the high MeOH-d4
mole fraction range [14]. Figure 8.7 indicates the SANS profiles of CymimTFSA-
MeOH-d4 solutions at various xymeoH. The correlation lengths & of the scale for
heterogeneous mixing were estimated from the fits on the SANS profiles through
the Ornstein-Zernike equation,

I(g)=1/(1+&4>) +b.g, (8.7)
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Fig. 8.7 SANS profiles of CymimTFSA-MeOH-d, solutions at various MeOH-ds mole fractions
((@) N =4; (b) 6; (c) 8; (d) 105 (e) 12) [14]. The values in parentheses are those shifted from the
origin to avoid overlap of the plots. The solid lines show the results of Ornstein-Zernike fits

where g (= 4mnsind/A) represents the scattering vector with the scattering angle
26 and the wavelength of neutrons A, Iy gives the scattering intensity at g = 0,
and b.g. the background intensities. The & values are plotted against xpeoH-g4 in
Fig. 8.8. As shown in Fig. 8.8, the mole fraction of the maximum heterogeneity for
each system appears around xpeon = 0.97. The mole fraction of the maximum
& does not depend on the alkyl chain length N. However, the magnitude of the
maximum heterogeneity for CymimTFSA-MeOH-d4 solutions is enhanced with
elongating the alkyl chain N. The heterogeneity arises from the self-hydrogen
bonding among MeOH to form MeOH clusters in the solutions. Figure 8.9 shows
the xpmeon dependence of the concentration ratios of the isolated and hydrogen-
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Fig. 8.9 Ratios of the concentrations of (a) isolated and (b) hydrogen-bonded MeOH molecules
to the total concentration of MeOH of CymimTFSA-MeOH solutions as a function of xpyeoq [14].
The standard deviations are indicated as error bars

bonded MeOH molecules, which were estimated from the IR measurements on
the O-H stretching vibration modes of MeOH molecules in CymimTFSA-MeOH
solutions [14]. As shown in Fig. 8.9, the concentration of the self-hydrogen-bonded
MeOH molecules at each xpmeon decreases with elongating the alkyl chain length
N. In contrast, the isolated MeOH molecules increase with the elongation of N.
Therefore, MeOH molecules are freer in the CgmimTFSA-MeOH solutions than
in the ComimTFSA-MeOH solutions, although the heterogeneity is more enhanced
in the CgmimTFSA solutions. The magnitude of heterogeneity for the IL-MeOH
solutions observed by the SANS experiments may mainly arise from the aggregation
of the alkyl chains rather than the self-hydrogen bonding of MeOH molecules.
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8.4.3 DMSO

DMSO molecules are most strongly hydrogen-bonded with all the three imida-
zolium ring hydrogen atoms due to the highest electron donicity among the MLs.
The strong hydrogen bonds of DMSO with the ring hydrogen atoms bring the
homogeneous mixing between CymimTFSA and DMSO. Figure 8.10 displays the
SANS profiles of CymimTFSA-deuterated DMSO (DMSO-dg) solutions with the
alkyl chain lengths N = 2—12 at various DMSO mole fractions xpmso-a6 [13].

In the IL-DMSO solutions with N > 6, a peak is observed in the scattering
vector ¢ range from 0.2 to 0.3 A~!. This is often called as a low-g peak [24]. The
peak is more noticeable at the lower xpmso-46 and strengthens with elongating the
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Fig. 8.10 SANS profiles of CymimTFSA-DMSO-dg solutions at various DMSO-dg mole frac-
tions ((a) N = 2; (b) 4; (¢) 6; (d) 8; (e) 10; (f) 12) [13]
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alkyl chain length N. Moreover, the peak shifts to the lower ¢ as the alkyl chain
N lengthens. These findings agree with the X-ray diffraction results on CymimCl
and CymimBF4 with N = 4-10 [25] and the SANS results on CymimTFSA with
N = 6-12 [24]. In the imidazolium-based ILs, the polar domains consisting of the
charged imidazolium rings and anions and the nonpolar domains of aggregation of
the alkyl chains are simultaneously formed, as described above [1, 2]. The SANS
and high-energy X-ray diffraction (HEXRD) study with the help of MD simulations
suggested that the low-g peak mainly arises from the diffraction caused by the inter-
aggregates of the polar domains, but not the nonpolar domains consisting of the
alkyl chains [24].

Nevertheless, the significant SANS intensities of the Ornstein-Zernike type
are not observed in the profiles of CymimTFSA-DMSO-dg solutions below
g = 0.2 Al (Fig. 8.10), unlike the MeOH system (Fig. 8.7). Thus, DMSO
molecules are homogeneously mixed with the ILs, at least on the SANS scale.
This is due to the strong hydrogen bonds of DMSO with the ring hydrogen atoms.
It is likely, therefore, that DMSO molecules more frequently exist in the polar
domains of ILs formed by the charged imidazolium rings and anions than the
nonpolar domains of the alkyl chains.

8.5 Mechanism of Complex Formation

In this section, the complex formation equilibria of Ni** with the three MLs,
DMSO, MeOH, and AN in ComimTFSA and CgmimTFSA are discussed, according
to the thermodynamic parameters and the mixing states of the IL-ML solutions
explained above. In particular, the effects of the alkyl chain length N of the ILs
on the complex formation are discussed on the molecular scale.

Figure 8.11 indicates the stepwise AH®, and TAS°®, values for the DMSO,
MeOH, and AN systems with both ComimTFSA and CgmimTFSA at 25.0 °C
against the equilibrium step n, which are listed in Table 8.1. As shown in Table
8.1 and Fig. 8.4, the logK,, values of the AN systems reveal that the di-, tetra-, and
hexa-AN complexes are more stable in CgmimTFSA with the longer octyl chain
than in ComimTFSA with the shorter ethyl chain. As discussed in the Sect. 8.4.1,
AN molecules in the former IL are freer than those in the latter IL. AN molecules do
not strongly hydrogen-bonded with the imidazolium ring because of the low electron
donicity. Particularly, the hydrogen bonding of AN with the ring hydrogen atoms in
the IL with the octyl chain is weaker compared to that in the IL with the ethyl chain
due mainly to the steric hindrance of the longer octyl chain. Moreover, the octyl
chain weakens the 7-7 interaction between the AN cyano group and the ring at the
positions 4 and 5. The disruption for the weaker interactions of the imidazolium ring
with AN molecules in the CgmimTFSA solutions does not cause the large enthalpic
loss, when AN molecules are bound to NiZt. In contrast, the stronger interaction
of AN with the imidazolium ring in the ComimTFSA solutions results in the larger
enthalpic loss for the coordination of AN with Ni**. Thus, as shown in Fig. 8.11,
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Fig. 8.11 Stepwise AH®, 0
(left) and TAS®,, at 25.0 °C
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the AH®,, values for all the three steps for the CgmimTFSA-AN solutions are more
negative than those in the ComimTFSA-AN solutions. From the entropic aspects,
the loss of the degree of freedom for AN molecules in the CgmimTFSA solutions is
larger than that of the C;mimTFSA solutions because of the restriction of freer
AN molecules on Ni2t. Indeed, the TAS®, values for the former solutions are
more negative compared to those for the latter solutions. For both IL solutions, the
magnitude of AH®, values is larger than those of TAS°, values. Thus, the complex
formation of [Ni(an),] is enthalpically driven in both ILs. The more negative AH®,,
values for the CgmimTFSA solutions than the ComimTFSA solutions contribute to
the higher stability of the complexes in the AN systems.

Figure 8.4 shows that the logK, values for the MeOH systems with both ILs
do not significantly differ from each other. The strength of the hydrogen bonding
of MeOH with the imidazolium ring hydrogen atoms, especially at the position 2,
is not markedly different between the two IL solutions. As shown in the SANS
results, MeOH molecules are self-hydrogen-bonded with themselves to form MeOH
clusters in the ILs. Thus, the self-hydrogen bonding among MeOH molecules is the
key to the thermodynamics of the equilibria. As described in the Sect. 8.4.2, MeOH
clusters are more enhanced in the IL with the longer alkyl chain N. However, this
mainly arises from the aggregation of the alkyl chain rather than the self-hydrogen
bonding among MeOH. In fact, the IR spectroscopic experiments suggested that the
self-hydrogen bonds among MeOH molecules decrease with elongating the alkyl
chain of IL. Thus, the self-hydrogen bonds in the CgsmimTFSA-MeOH solutions
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are weaker than in the ComimTFSA-MeOH solutions. This is reflected in the
thermodynamic parameters as described below.

As seen in Fig. 8.11, the AH°®, values at the steps of n = 2 and 4 in the
CgsmimTFSA solutions are slightly more negative than those in the ComimTFSA
solutions. The T AS°, value at the step of n = 4 in the former is lower than that in the
latter. Additionally, the value at n = 2 for the former is also slightly lower than that
for the latter. These thermodynamic features arise from the higher degree of freedom
of MeOH molecules in the CgmimTFSA-MeOH solutions due to the weaker self-
hydrogen bonds among MeOH molecules. The coordination of MeOH with Ni%*
in the CgmimTFSA solutions is more significantly reflected in the enthalpic gain
than in the ComimTFSA solutions. This oppositely results in the effect on the
entropic loss. However, the strength of the self-hydrogen bonds among MeOH is
not sufficiently different between both IL solutions to cause a large difference in the
stability constants of the Ni>* complexes in the solutions. The difference between
the enthalpic gain and the entropic loss in both IL-MeOH solutions is comparable
with each other. Thus, the logK,, values at n = 2 and 4 for the two IL-MeOH systems
are coincident with each other. Figure 8.11 also shows that the enthalpic gain in the
CgmimTFSA-MeOH solutions at n = 6 becomes smaller than those at n = 2 and
4. The entropic loss at n = 6 is smaller than those at n = 2 and 4. The changes in
the AH®, and TAS°®, values from n = 4 to 6 are caused by the strengthened self-
hydrogen bonds among MeOH molecules due to the increase in the MeOH content
in the CgmimTFSA-MeOH solutions where the hexa-MeOH complex mainly forms.

For the DMSO systems, as shown in Fig. 8.4, the logK, values for the
CgmimTFSA-DMSO solutions are remarkably smaller than those for the
ComimTFSA-DMSO solutions, while, for the MeOH and AN systems, the former
values are larger than the latter values though the difference between the former and
latter values for the MeOH systems is very small. Furthermore, the mono-DMSO
complex forms in the CgmimTFSA-DMSO solutions. DMSO molecules can be
strongly hydrogen-bonded with the three imidazolium ring hydrogen atoms. The
strong hydrogen bonds may not be affected by the alkyl chain length N of the
ILs [13]. Thus, the other factors may contribute to the difference of the stability
constants of Ni** complex formation with DMSO in the ILs. As described in the
Sect. 8.4.3, the polar domains consisting of the imidazolium rings and anions are
formed by the electrostatic force in the imidazolium-based ILs, while the nonpolar
domains of aggregates of the alkyl groups are generated through the dispersion
force [1, 2]. As the alkyl group elongates, the volume of the nonpolar domains in
the ILs increases. However, the volume of the polar domains does not change with
the alkyl chain length. Thus, the volume ratio of the polar domains to the nonpolar
domains in the ILs decreases against the elongation of the alkyl chain N.

Ni?* and DMSO may be concentrated into the polar domains in the ILs because
of the charge and the strong hydrogen bonding with the ring hydrogen atoms,
respectively. The ligand exchange reaction of TESA™ on Ni** by DMSO molecules
mainly occurs in the polar domains of the IL-DMSO solutions. As the alkyl chain
of CymimTFSA elongates from the ethyl to the octyl group, the ligand exchange
reaction should take place in the smaller spaces of the polar domains. This is the
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same even in the MeOH and AN systems. However, DMSO molecules are the most
strongly hydrogen-bonded with the imidazolium ring hydrogen atoms. Therefore,
the largest DMSO molecules may be most significantly affected by the smaller
spaces of the polar domains among the three MLs. DMSO molecules are less
easily eliminate from the ring in the smaller polar domains of CgsmimTFSA than
C,mimTFSA. TESA™ may not also easily dissociate from Ni** due to the smaller
spaces of the polar domains. These factors contribute to the formation of the mono-
DMSO complex in the CgmimTFSA solutions. In the mono-DMSO complex, at
least one TFSA™ anion may coordinate with Ni** as a monodentate ligand with
an opened chelate ring. The confined spaces also contribute to the smaller logK,,
of the higher complexes at n = 4 and 6 in the CgmimTFSA solutions. Therefore,
the AH®, values in the CgmimTFSA solutions at n = 4 and 6 are less negative as
compared to those in the ComimTFSA solutions due to the larger enthalpic loss
for the disruption of the bonds between Ni>* and the TFSA™ oxygen atoms in the
CgmimTFSA solutions. The less negative TAS®,, values at n = 4 and 6 may be
ascribed to the increase in the degree of freedom for TFSA™ eliminated from Ni**,
Consequently, the stabilities of the di-, tetra-, and hexa-DMSO complexes in the
CgmimTFSA solutions are lower than those in the ComimTFSA solutions.

8.6 Conclusions

The present investigations showed that the complex formation of Ni>™ with MLs
of DMSO, MeOH, and AN occurs in the imidazolium-based ILs of ComimTFSA
and CgmimTFSA. The TESA™ anions of the ILs that initially solvate to Ni>* are
replaced by ML molecules in the three steps with increasing ML content. When the
ML concentration increases, a pair of ML molecules simultaneously replace TESA™
at each step. Therefore, the di- and tetra-ML complexes, [Ni(ml)>] and [Ni(ml)4]
were formed in the ILs. Then, the hexa-ML complex, [Ni(ml)g], was finally formed
in the ILs at the high ML content. Based on the present results only, it appears
that three TESA™ anions are bound to Ni** via the two oxygen atoms as bidentate
ligands to form the solvated complex [Ni(tfsa)3]2Jr with the three chelate rings in
the ILs. Interestingly, the mono-DMSO complex, [Ni(dmso)], is only formed in
CgmimTFSA with the longer octyl chain. In the complex formation, the microscopic
interactions affect each step depending on the properties of ILs and MLs.

In ComimTFSA with the shorter ethyl chain, the stability of the complexes with
MLs is higher in the order of DMSO >> AN > MeOH. The highest stability of
the DMSO complexes mainly arises from the highest electron donicity of DMSO
among the MLs. However, despite the higher electron donicity of MeOH than that
of AN, the MeOH complexes are less stable compared to the AN complexes. The
self-hydrogen bonding among MeOH molecules to form MeOH clusters affects on
the lower stability of the MeOH complexes. These features of the ML complex
formation in C;mimTFSA are not surprising. In other words, the mechanism of the
ML complex formation in the IL can be understood in terms of the interactions
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of IL-ML and ML-ML, as well as the mechanism of the complex formation in
conventional solvents.

The specific properties of the imidazolium-based ILs appeared in the complex
formation of Ni** with the MLs in CsmimTFESA with the longer octyl chain rather
than ComimTFSA. The stability of the DMSO complexes became lower than that
of the AN complex. Furthermore, the formation of the mono-DMSO complex was
found in CgmimTFSA. These findings for the DMSO system are attributed to the
microphase separation of the imidazolium-based ILs. In the ILs, the positively
charged imidazolium rings and anions form the polar domain, whereas the alkyl
chains aggregate with themselves to form the nonpolar domain. The volume ratio of
the polar domains against the nonpolar ones in the ILs decreases with elongating
the alkyl chain because of the development of the nonpolar domains. Thus, the
spaces of the polar domains in CsmimTFSA are smaller than those in ComimTFSA.
The complex formation takes place in the polar domains, where Ni2*, TFSA~, and
DMSO are condensed. In the smaller spaces of CgmimTFSA, the replacement of
TESA™ coordinated with Ni>* by DMSO less easily occurs than in ComimTFSA.
This is the plausible reason for the lower stability of the DMSO complexes and
the formation of the mono-DMSO complex in CgsmimTFSA. In the AN systems,
the degree of freedom of AN is increased in CgmimTFSA because of the weaker
interaction between AN molecules and the imidazolium ring. Thus, the enthalpic
gain of the coordination of AN with Ni>* largely contributes to the higher stability
of the AN complexes in CsmimTFSA than ComimTFSA.

In both ComimTFSA and CgmimTFESA, the MeOH clusters due to the self-
hydrogen bonding among MeOH molecules mainly affected the lowest stability
of the MeOH complexes among the three ML systems. The self-hydrogen bonds
among MeOH molecules become weaker in CgmimTFSA than ComimTFSA.
However, the enthalpic loss for the disruption of the self-hydrogen bonds among
MeOH molecules is not significantly different between the two IL systems. Thus,
the effect of the alkyl chain length of the IL-cations on the complex formation did
not markedly appear, resulting in the smallest difference in the stability of the MeOH
complexes among the ML complexes.

As discussed above, the properties of the imidazolium-based ILs observed by
IR, NMR, and SANS were reflected in the complex formation of Ni2* with the
three MLs. For the application of ILs as extractants, further investigations on the
complex formation of the transition metal ions in ILs on the molecular scale should
be needed. The present investigations are the first case of such studies connecting
the complex formation with the properties of IL-ML binary solvents.
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