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Ton pair speciation of ionic liquids (ILs) has an important effect on the physical and chemical properties of ILs and recognition
of the structure of ion pairs in solution is essential. It has been reported that ion pairs of some ILs can be formed by hydrogen
bonding interactions between cations and anions of them. Considering the fact that far-IR (FIR) spectroscopy is a powerful tool in
indicating the intermolecular and intramolecular hydrogen bonding, in this work, this spectroscopic technique has been combined
with molecular dynamic (MD) simulation and nuclear magnetic resonance hydrogen spectroscopy ("H NMR) to investigate ion
pairs of aprotic ILs [Bmim][NOs], [BuPy][NOs], [Pyri4][NOs], [PP14][NOs] and [Bu-choline][NOs] in aqueous IL mixtures. The
FIR spectra have been assigned with the aid of density functional theory (DFT) calculations, and the results are used to understand
the effect of cationic nature on the structure of ion pairs. It is found that contact ion pairs formed in the neat aprotic ILs by hydrogen
bonding interactions between cation and anion, were still maintained in aqueous solutions up to high water mole fraction (say 0.80
for [BuPy][NOs;]). When water content was increased to a critical mole fraction of water (say 0.83 for [BuPy][NOs]), the contact
ion pairs could be transformed into solvent-separated ion pairs due to the formation of the hydrogen bonding between ions and
water. With the further dilution of the aqueous ILs solution, the solvent-separated ion pairs was finally turned into free cations and
free anions (fully hydrated cations or anions). The concentrations of the ILs at which the contact ion pairs were transformed into
solvent-separated ion pairs and solvent-separated ion pairs were transformed into free ions (fully hydrated ion) were dependent on
the cationic structures. These information provides direct spectral evidence for ion pair structures of the aprotic ILs in aqueous
solution. MD simulation and '"H NMR results support the conclusion drawn from FIR spectra investigations.
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1 Introduction

Tonic liquids (ILs) are attracting increasing attention from
scientific and industrial communities because of their poten-
tial applications in novel synthesis, CO; absorption, catalysis,
separation, cellulose dissolution and electrochemistry [1-3].
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One of the important features affecting the properties of ionic
liquids is ion pair formation in which hydrogen bonding often
imposes a high degree of directionality [4,5]. Thus, hydrogen
bonding mediated ion pair of the ILs is different from that of
inorganic salts. In addition, ion pairing in solution is the re-
sult of a subtle balance between ion-solvent and cation-anion
interactions [6,7]. This is particularly true for ionic liquids
where a mix of Coulomb forces, hydrogen bonds, and dis-
persion forces between the cation and anion leads to unique
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macroscopic properties of these Coulomb fluids. Thus, the
study on hydrogen bonding mediated ion pair of ILs in con-
densate, gas phase and solutions is highly desired.

Recently, numerous theoretical studies on ion-pairs or
ion aggregates (including ab initio calculations, classical
molecular dynamics simulations and Car-Parrinello molec-
ular dynamics simulations) have been reported in gas phase
[8—11]. These studies revealed interaction energy, interaction
site and charge distribution of ion pairs at molecular level
and made a great progress in the recognition of ion pairs
of ILs. In experimental aspects, ion pairs of some ILs in
condense phase were studied by conductivity, NMR and
X-ray technologies [12—17]. It was speculated that neat
imidazolium ILs could be described as hydrogen-bonded
polymeric supramolecules of the type [A.Bu-—n]" [AwnBy]",
in which A is 1,3-dialkylimidazolium cation and B is anion.
Ion pairs of some ILs in gas phase was also investigated
through mass spectrometry [18-21], and supramolecules of
the type [ABu-n]"[AwnBy]" in imidazolium-based ionic
liquids were apparently maintained to a great extent in the gas
phase. In solution phase, the investigations of ion pairs of ILs
were conducted by conductivity, NMR, mass spectrometry,
dielectric spectroscopy and IR spectroscopy [22-35]. It was
deduced that not only contact ion pairs, but also triple ion,
larger ionic and neutral aggregates were present in solution
even when the ILs were dissolved in organic solvents with
relatively high dielectric constants, such as acetonitrile and
dimethyl sulfoxide. Although the above studies revealed
some important aspects of ion pairs of ILs, only indirect
information was given, and the search of direct experimental
evidence for ion pair is still a great challenge.

Until recently, Ludwig et al. [36—41], for the first time,
used far infrared spectroscopy (FIR) to directly characterize
hydrogen bonding mediated contact ion pairs in neat ILs.
The obtained experimental frequencies were assigned ra-
tionally with the introduction of density functional theory
(DFT) calculations. For example, these authors selected
the ILs with [C,Ciim]" cation and [N(CN),],, [SCNT,
[NOs], [CH3COO] anions to study the effect of anion
type on the hydrogen bonding interaction in ion pairs
[40]. In order to eliminate frequency shift caused by the
force, the anions considered have similar reduced mass.
A shifting to the higher frequency was seen from the FIR
bands in the order [N(CN),]'<[SCN] <[NOs] <[CH;COO]",
which indicates the increased hydrogen bonding inter-
actions between the cation and anion in the ion pairs.
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In order to investigate the effect of substituent group in
cation on the hydrogen bonding interaction in ion pairs,
the ILs with the same [NTf,]” anion but different cations
including  1,2,3-trimethyl-imidazolium  ([C,C,Ciim]"),
1,3-dimethyl-imidazolium ([C,C,im]’), 1,2-dimethylimida-
zolium ([C;Ci'im]") and 1-methyl-imidazolium ([C;im]")
were selected [41]. It was found that the vibrational bands
focused on the maximum absorption intensities of the FIR
modes below 150 cm™ showed some differences. The fre-
quencies were found to shift to higher wavenumbers in the
order [C,C,Ciim]'<[C,C,im]*<[C,C,im]'<[C;im]", indicat-
ing the increased hydrogen bonding interaction strength in
pairs. Considering the fact that FIR spectroscopy is a power-
ful tool to investigate the intermolecular and intramolecular
hydrogen bonding, the above findings provide direct evi-
dence for the hydrogen bonding mediated contact ion pairs
in neat ILs.

Despite the progress in the studies on ion pairs in neat ILs
by FIR spectroscopy, the structures of ion pairs of ILs in so-
lutions are not well understood in this respect [42]. To the
best of our knowledge, only one paper [43] has been pub-
lished, up to now, to study ion speciation of a protic IL tri-
ethylammonium methylsulfonate ([TEA][MS]) in water by
FIR spectroscopy in combination with DFT calculations. It
was reported that contact ion pairs were formed in water and
four water molecules were needed to transform the contact
ion pairs into solvent-separated ion pairs. However, only one
protic IL was investigated in the work mentioned. For apro-
tic ILs, what is the structure of ion pairs in aqueous solutions
in the whole concentration range? How the cationic and an-
ionic nature of the ILs affects their structures with addition of
water in succession? These issues have not been addressed.

In this work, a set of aprotic ILs including 1-butyl-
3-methylimidazolium nitrate ([Bmim][NOs]), 1-butyl-
4-methylpyridinium nitrate ([BuPy][NOs]), 1-butyl-1-
methylpyrrolidinium  nitrate  ([Pyris][NOs]), 1-butyl-1-
methylpiperidinium nitrate ([PP14][NOs]), and N-butyl
choline nitrate ([Bu-choline][NOs]) were chosen based on
the difference of number of available sites for hydrogen bond
in cation, and used to study ion speciation in aqueous solu-
tions such as contact ion pairs, solvent-separated ion pairs,
and free ion (full hydrated ion) (Scheme 1) as a function of
cationic structure and IL concentration by FIR spectroscopy
in combination with DFT calculation and molecular dynamic
(MD) simulation. In addition, considering the fact that
nuclear magnetic resonance hydrogen ("H NMR) spectra can
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Scheme 1 The simplified 2D representation for the structures of contact ion pair, solvent-separated ion pair and free ion of ionic liquids. Black spot: solvent

molecule (color online).
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be affected significantly by solute-solute and solute-solvent
interactions, this technology was also utilized to probe the
structural transition of ion pairs in aqueous solutions and the
interactions of cations with water. It was found that the con-
clusion obtained from FIR spectroscopy was supported by
MD simulation and "H NMR results.

2 Experimental

1-Butyl-3-methylimidazolium nitrate [Bmim][NOs] (99%),
1-butyl-4-methylpyridinium nitrate [BuPy][NOs] (98.5%),
1-butyl-1-methylpyrrolidinium nitrate [Pyri4][NOs] (99%),
1-butyl-1-methylpiperidinium nitrate [PP14][NOs] (99%),
and N-butyl choline nitrate [Bu-choline][NOs] (99%) were
purchased from Lanzhou Institute of Chemical Physics,
Chinese Academy of Sciences, China. The water content
in the purchased ILs was stated to be less than 0.5 wt%. In
order to reduce the water content in these ILs, all of them
were dried under vacuum at 343 K for 2-3 d in the presence
of P,Os. And then, the water contents in these dried ILs were
determined by Karl Fischer titration. It was found that less
than 0.07 wt% of water was remained.

FIR spectra measurements were carried out with a Perkin-
Elmer Spectrum 400 FIR spectrometer (USA) consisting of a
room temperature DTGS detector (Perkin-Elmer, USA) with
preamplifier and polyethylene (PE) windows with 5 mm in-
ternal optical path. The wavenumber range was from 50 to
450 cm™! and the resolution of FIR spectrometer is 2 cm™'. A
PE-94 temperature controller (Perkin-Elmer, USA) was used
to keep the system temperature within =1 K. In the measure-
ments, a small droplet of IL was placed on the top of the PE
windows, and each FIR spectrum was the result of 200 signal
averaged scans.

The frequencies of the stable configurations of the ILs were
calculated by using the internal stored 6-31+G* basis set of
Gaussian 09 D.01 program at the B3LYP/6-31+G*level [44].
The binding energies were corrected for the basis set superpo-
sition error (BSSE) [45]. The vibrational frequencies for all
clusters were corrected by the standard factor of 0.96. The in-
teraction energy, AEi, was evaluated by the following equa-
tion:

AE‘int = Eion—pair - (Ecalion + Eanion) (1)

where Eionpair 1S the single point energy of ion pair, and Ecation
and Eanion are the single point energies of cation and anion in
the geometry of the corresponding cation-anion pair, respec-
tively. The value of Euion is —280.457557 hartree. The calcu-
lated values of AEi, Eion-pair, ad Ecaion Were shown in Table 1.

"H NMR spectra of the ILs in H,O were collected at 298 K
on a Bruker Avance-400 NMR spectrometer (Germany) op-
erating at 400.13 MHz. The internal standard tube with D,O
and trimethylsilicon (TMS) was used. The chemical shifts
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were given in ppm downfield from TMS.

All-atom force fields were used in our simulations. For
[Bmim][NO;] [46] and [Bupy][NOs] [47], the reported
parameters of AMBER force field were used, and the SPC
model [48] was employed for water molecules. All simu-
lations were performed with MDynaMix 5.2 package [49].
The double time-step algorithm [50] was adopted with long
and short time steps of 2 and 0.5 fs, respectively. Ewald
summation method [51] was used to treat the long-range
electrostatic interaction, in which the long-range parts were
cut off at 15 A. All the simulations were carried out by using
mixtures of IL and water with different mole fraction at 298
K, and the initial configuration was prepared by PACKMOL
in a square box, typically larger than the “real” size to make
the packing easier. The numbers of water molecules for each
IL-H,O system were given in Table 2.

A starting simulation was carried out at 700 K in NVE en-
semble. After a relaxation for a few MD steps to reduce the
possible overlapping in the initial configuration, the Nose-
Hoover NPT ensemble simulation [52] was performed. De-
scending from 700 K to the sampling temperature of 298 K,
a series of NPT simulations were carried out under the stan-
dard atmospheric conditions. At the sampling temperature
point, the system was equilibrated for at least 5 ns, and then
the production phase was lasted for 4 ns. The conformations
in trajectories were dumped with an interval of 20 fs for fur-
ther analysis. The number and the radial distribution function
of hydrogen bonding between cation and anion were obtained
for all the systems.

3 Results and discussion

3.1 The assignments of FIR peaks in the neat aprotic ILs

FIR spectrum of the neat [Bmim][NO;], [BuPy][NO;],
[Pyri4] [NOs], [PP14][NOs] and [Bu-choline][NOs] was deter-
mined at 298 K, and the results were shown in Figure 1 and
Figures S1-S4 in the Supporting Information online. To
better identify and understand these peaks, density functional
theory calculation was conducted, and chemical structures
of the ILs were shown in Scheme 2. First of all, stable
configuration was optimized for ion pairs of the ILs and their
corresponding interaction energy between cation and anion
was determined. These results were listed in Table 1. It can
be seen that the interaction energy between cation and anion
decreased in the sequence [Pyris][NOs]>[PP14][NOs]>[BuPy]
[NO;]>[Bmim][NOs]>[Bu-choline][NOs], indicating that the
interaction strength between cation and anion increased in
the order [Pyris][NOs]<[PP14][NO;]<[BuPy][NO;]<[Bmim]
[NOs]<[Bu-choline][NOs]. After that, vibrational frequen-
cies were computed by determining the second derivatives of
the energy of stable configuration of the ion pairs with res-
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Table 1 The optimized stable geometries for ion pairs of the ILs and the corresponding energies

IL Optimized geometry Eion-pair (hartree) Ecation (hartree) AEin (kJ mol™)
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Table 2 The molecule number of ILs and water for each simulated systems
1.0
System IL H,O
128 0 0.8
128 128
128 256 8 06+
(72}
128 384 g
Z 04
128 512
IL-H,O
128 640 0.2
128 768
128 896 0.04
T T T T T T T T T T T T T T T T
128 1024 0 50 100 150 200 250 300 350 400 450
v (cm-1)
128 1280

pect to the Cartesian nuclear coordinates and then transform-
ing to mass-weighted coordinates [44]. The experimental and
calculated values of the vibrational frequencies in the 50—450
cm! range as well as the corresponding vibrational assign-
ments for these ILs were shown in Table 3 and Tables S1-S4
(Supporting Information online). It is clear that the experi-
mental values of the vibrational peaks are in line with the cal-

Figure 1 FIR spectra of neat [BuPy][NOs] in the range of 50450 cm™.

culated values, and the peaks for hydrogen bonding, possi-
bly formed by H2, H3 or H4 atom of [PPis]"and [BuPy]",
H2 or H3 atom of [Pyri4]", H2, H4 or H5 atom of [Bmim]"
and H atom in —OH group of [Bu-choline]” with O atom in
[NOs]™ anion, respectively, were identified in the neat ILs.
Herein, it was found that the difference in the calculated val-
ues of hydrogen bonding peaks formed by different hydrogen
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Scheme 2 The chemical structures and H atom numbering of the ILs.

Table 3 Wavenumber of neat [BuPy][NO;] at 298 K and the related assign-
ments

Experimental ~ Calculated value

value (cm™) (cm™) Assignment
stretching vibration of hydrogen
112.3 136.7 bonding between H2, H3, H4
atoms and O atom in [NO;]~
95.4 105.5 stretching vibration of cation
402.8 387.8/405.1 bending vibration of cation

atoms at the same cation is very small, and it is very difficult
to distinguish them. Therefore, the hydrogen bonding peak
observed in FIR was ascribed to that formed by these H atoms
with O atom in [NOs] anion. It is known that beside coulomb
interactions, a strong and directional hydrogen bond between
cation and anion provides strongly bound contact ion pairs
in the neat ILs [42]. Therefore, the existence of hydrogen
bonding peak in neat ILs indicates that contact ion pairs were
formed in neat ILs, and the change of hydrogen bonding peak
could be used as a probe to monitor the formation or breaking
of'ion pair structure of the ILs in solution, but cannot provide
any structure information of ion clusters.

In addition, the vibrational frequencies of hydrogen bond-
ing between cation and anion of the ILs increase in the
sequence [Pyri4][NO;] (104.4 cm ')<[BuPy][NO;] (112.3
cm )<[PP][NO;] (113.5 cm )<[Bu-choline][NOs] (115.0
cm H<[Bmim][NO;] (119.9 cm™). Based on the equation
of the simple harmonic oscillator v=(1/2m)(x/u)"?, the fre-
quency (wavenumber) is determined by the square root of
the ratio between the force constant x and the reduced mass
u. For the ILs investigated in this work, the mass of the
cation is different, leading to the difference in reduced mass.
Therefore, the order of vibrational frequencies of hydrogen
bonding could not simply used to judge the order of the
strength of hydrogen bonding interaction between cation and
anion for different ILs.
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3.2 The contact ion pairs and their structural change in
aqueous solutions

It has been deduced from FIR spectra that contact ion pairs
were formed in neat aprotic ILs, and their formation is depen-
dent on hydrogen bonding between cation and anion. Consid-
ering the fact that ion pairing in aqueous solution is the result
of a subtle balance between ion-water and cation-anion in-
teractions [6,7], if the anion-cation interaction is sufficiently
strong, contact ion pairs would be the dominant structure in
the mixtures. On the other hand, when the ion-water inter-
action is much stronger, solvent-separated ion pairs prevail
[42]. To verify whether the structure of ion pairs of the ILs
in aqueous solution could undergo the transition from con-
tact ion pairs to solvent-separated ion pairs and then to free
ions as water was added into ILs in succession, FIR spectrum
of the ILs was measured with the increase of mole fraction
of water, and the results were shown in Figure 2 and Figures
S1-S4. Taking [BuPy][NO;] as an example, the peak of hy-
drogen bonding between cation and [NOs] ™ is located at 112.3
cm! in the neat IL. It can be seen from Figure 2 that when the
mole fraction of water (XHZO) was 0.19 and 0.61, the hydrogen
bonding peak between cation and anion was shifted to 116.5
and 126.8 cm™!, respectively. This indicates that the hydro-
gen bonding peak between cation and anion showed a mea-
sureable blue-shift. It has been reported that when a X—H---Y
group experiences a stronger H-bonding the X—H bond elon-
gates (and hence red-shifts), while the H--Y bond shortens
and hence blue-shifts [28]. Therefore, it can be deducted that
addition of water reduced the hydrogen bonding interaction
between cation and anion to a great extent, but the hydro-
gen bonding and the contact ion pais were well present in the
IL-H,O mixtures. As the mole fraction of water was increased
to 0.80, the peak was shifted to 138.0 cm™' and became broad.
Based on the result reported by Ludwig et al. [38], this peak
was still assigned to hydrogen bonding between cation and

20 —755=0.00 o075

20 “ o019 g:zgjg;gg
1.8+ *j{‘:zg;g:ig — tzof?.gg
1.6 : — Mo~

1.4
1.2
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0.4
0247
0.0

Intensity

T T T T T T T T T T T T T T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550 600
v (cm-1)

Figure 2 FIR spectra of the IL in [BuPy][NOs]/H,O mixture in the range
of 50-450 cm™" as a function of mole fraction of water (XHZO) (color online).
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anion, suggesting that contact ion pair of the IL was still
present. Interestingly, when the mole fraction of water was up
to 0.83, the hydrogen bonding peak disappeared, but a new

peak occured at 150.7 cm™, which indicated that contact
ion pair of the IL was broken and solvent-sepratered ion pair
was formed [42]. In other words, about five water molecules
were needed to disrupt one strongly bound contact ion pair of
[BuPy][NO:s], leading to the transition from contact ion pair
to solvent-sepratered ion pair. Furthermore, as the mole frac-
tion of water was increased to 0.9, only the peak at 172.7 cm™
was observed in FIR spectrum, which is assigned to the hy-
drogen bonding of H2, H3 or H4 atom in cation with O atom
of H;O, as indicated from DFT calculations. At this stage,
solvent-sepratered ion pairs would be transformed into free
ion. At the same time, the hydrogen bonding peak formed by
anion with water should be appeared at 200 cm™', in princi-
ple, due to the breaking of ion pair [10,39]. However, because
the hydrogen bonding peak formed among water molecules is
also exhibited at about 200 cm™, these two peaks overlap in
FIR spectra and the hydrogen bonding peak formed by anion
with water was not solely observered.

In addition, the transition from solvent-sepratered ion pair
to free ion could not be determined definitely by us, because
the change in the structure of ion pairs was only judged by
the change of hydrogen bonding peak of ion pairs in FIR
spectrum, and at this water content, hydrogen bonding peak
was already vanished, resulting in the unavailability of the
judgement through hydrogen bonding peak. Similar phenom-
enon was observed for the other ILs investigated in this work.
The values of mole faction of water and the number of water
molecules needed for the disruption of contact ion pair were
listed in Table 4. It is clearly indicated that the number of such
water molecules decreased in the order [PP14][NO;]=[Bmim]
[NOs]>[Pyr14][NO;]=[BuPy][NO;]>[Bu-choline][NOs]. In-
deed, this sequence is not in agreement with the order of the
interaction strength between cation and anion of the ILs. This
suggests that the breaking of ion pairs by water molecules is
dependent not only on cation-anion interaction of the ILs, but
also on the ion-water interaction.

Molecular dynamics (MD) simulation is a powerful tool
for studying the structure in ILs and IL solutions at molec-
ular level [53]. From the above discussion, we understand
that when water molecules were added in the neat ILs in suc-
cession, the hydrogen bonding between cation and anion was
replaced gradually by the hydrogen bonding of cation-wa-
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ter and anion-water. If so, the number of hydrogen bonding
between cation and anion would decrease with the addition
of water and the radial distribution function g(r), which is a
function that describes the spherically averaged local organ-
ization around any given atom, would be changed as well.
Therefore, the change in the number of hydrogen bonding
between cation and anion and the radial distribution func-
tion with water content was calculated from MD simulation
in representative aqueous [BuPy][NOs] and [Bmim][NOs] so-
Iutions. Here, the number of hydrogen bond between cation
and anion is defined as the average number of hydrogen bond
formed per cation-anion ion pair in mixture system. The cri-
terion for the formation of hydrogen bonding is described as
[54]: the distance from a donor hydrogen to an acceptor is
less than 2.5 A, and the angle of acceptor-hydrogen-donor is
larger than 120°. According to this definition, all the hydro-
gen bonding in the conformations that meet this criterion were
statistically analyzed, and the average number of hydrogen
bonding per ion pair of the ILs was calculated. Figure 3 de-
scribes the variety of average hydrogen bonding number be-
tween cation and anion with mole fraction of water. It was
found that the average hydrogen bonding number was really
decreased quickly with the increase of mole fraction of water.
This supports our results from FIR spectroscopy.

Figure 4 shows the radial distribution function of [NOs]~
around H2 atom in [BuPy]" and [Bmim]" in neat ILs and
ILs/water systems. It can be seen that the peak height
for [NOs]™ around H2 atom in [BuPy]* and [Bmim]* was
much higher in neat ILs than in ILs/water systems. This
indicates that the hydrogen bonding interaction of H2 atom
in the cations with O atom in [NOs]™ became weak with
the addition of water. It is known that when the value of
radial distribution function g(r) is small, g(r) can be used
to describe bond length [55]. As shown in Figure 4, with
the addition of water, the peak maximum for [NOs]™ around
H2 atom in [BuPy]" and [Bmim]" shifted to the right, which
indicates that these hydrogen bondings were elongated and
their strength became weaker. For example, the distance
between H2 of the cation and O atom of [NO;]” was 0.01
nm larger in [Bmim][NO;]-H>O mixture at XH20:0.86than in
the neat IL. Considering the fact that hydrogen bonding is a
short-range and directional non-covalent force [54], this is an
indicative that at this time, the hydrogen bonding of H2 atom
of the cation with O atom of [NOs]~ was broken and contact
ion pair of the IL was transformed into solvent-separated ion

Table 4 The mole fraction of water ( )(HZO) and the number of water moleculars (n) needed for the transition of contact ion pair to solvent-sepratered ion pair

IL [Bmim][NOs] [BuPy][NO:s] [Pyr14][NOs] [PPy4][NOs] [Bu-choline][NO]
XH,0 0.86 0.83 0.83 0.86 0.80
n 6 5 5 6 4




976 Wang et al.  Sci China Chem

2.2 1

2.0
—a— [Bmim][NO,]

1.8—-
| —e— [BUuPy][NO;]

1.6 -
1.4+

1.2+

HB number

1.0-
0.8—.
0.6—-
04

0.2 T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
AH,0

Figure 3 The variation of average hydrogen bonding number between
cation and anion of the ILs with mole fraction of water (XHZO) at 298 K
(color online).
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Figure 4 Radial distribution function of O atom of [NO;]™ around H2
atom of the cations in neat ILs and ILs-H,O systems. (a) [Bmim][NOs]; (b)
[BuPy][NOs] (color online).

pair [56]. Similar situation was also found for the hydro-
gen bonding in [BuPy][NOs] and in [BuPy][NOs]-H,O at
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XH20:0'83' These MD results also support our results from
FIR spectroscopy.

3.3 'H NMR clues for the structural transition of ion
pairs in aqueous solutions

Here, '"H NMR technology was also used to investigate the
transition of the contact ion pair to solvent-separated ion pair
induced by the addition of water. The concentration depen-
dences of the proton chemical shifts of the ILs were shown in
Figure 5 and Figures S5-S8, and the proton numbering of the
ILs could be found in Scheme 2. Since values of the experi-
mental chemical shifts (dobsa) Were greatly different for differ-
ent protons, we plotted our data as Adepsa=0obsi—Jobsd,m, Where
Jobsam 18 the observed chemical shift of a given IL at the low-
est concentration under study. As an example, Figure 5 shows
the variety of Adonsa for the protons of [BuPy][NO;] with mole
fraction of water in the IL-H,O mixture. Here, the lowest
concentration of water is 0. It is clear that with increasing
mole fraction of water, the protons H2, H3, H4, HS and H6
shifted to upfield and the values of Adsnsa Were negative, while
the protons H7 and HS8 shifted to downfield and the values
of Adsnsa Were positive. Hydrogen bonding is an important
factor to influence the chemical shift of protons. It is gener-
ally accepted that formation of hydrogen bonding (X-H--Y)
causes downfield chemical shift of H proton in X-—H bond,
whereas breaking of the hydrogen bonding results in the up-
field shift in H proton of X—H bond [23]. Although the proton
H2 can form hydrogen bonding with O atom in [NO;]™ and
H,O0, respectively, the strength of hydrogen bonding between
H2 atom of the cation and O atom in [NOs]™ is weaker than
that between H2 atom and O atom in H,O [57]. Therefore,
the hydrogen bonding of H2 proton with O atom of [NO;]~
was gradually destroyed by the addition of water, resulting
in the upfield shift of H2 proton. Meanwhile, because of the
breaking of the hydrogen bonding between cation and anion
of [BuPy][NOs], the electron density of cation was increased
and n-7 packing effect among the pyridine rings was reduced,
thus leading to the upfeild shift of the protons H3, H4, H5
and H6 [58]. However, in the case of protons H7 and HS,
the downfield shift of the two protons could be ascribed to a
partial changeover from gauche to trans conformations in the
alkyl chain [59]. For the other aqueous ILs systems, similar
results were obtained. These results support the idea that the
formation of the hydrogen bonds of cation and anion with wa-
ter molecules leads to the reduction of interactions between
cation and anion, resulting in the transition of the ion pair
structure from contact ion pair to solvent-separated ion pair.
In order to better understand the origin why the transition
from contact ion pair to solvent-separated ion pair needs dif-
ferent number of water molecules for different ILs, we inves-
tigated the difference in the hydrogen bonding interaction of
cations of the ILs with water. Figure 6 illustrates the change
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Figure 5 The variety of Adsa of the protons for [BuPy][NO;] with mole
fraction of water in the [BuPy][NO;]-H,O mixtures. In this system, Adopsq 1S
defined as the difference between its chemical shifts in the mixtures and that
in the neat ILs (color online).
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of Adosa for the protons of the cations in the ILs-H.O
binaries as a function of water mole fraction. Based on
the conclusion [58] that a more positive trend of Adobsd
indicates a stronger hydrogen bonding interaction, it is
clear that the strength of the hydrogen bonding inter-
action of the cations with water increases in the order
[Bu-choline]™>[Pyri4] >[PP14] >[BuPy]™>[Bmim]". This
order is generally reverse to the order of mole fraction of
water needed for the transition of contact ion pair to sol-
vent-separated ion pair mentioned above. This suggestes that
contat ion pair would be easier to transform into solvent-sep-
arated ion pair when cation of the ILs has stronger hydrogen
bonding interaction with water.

4 Conclusions

In summary, we investigated ion pairs and their structural

July (2017) Vol.6o No.7 977

transition in aqueous ILs solutions by means of far infrared
spectroscopy. It was found that although hydrogen bonding
interaction between cation and anion of the aprotic ILs should
be weaker than that of the protic ILs, hydrogen bonding me-
diated contact ion pairs present in neat aprotic ILs were still
remained in aqueous solution up to high water mole frac-
tion, and structurally transformed into solvent-separated ion
pairs and free ions with the further addition of water, due
to the formation of hydrogen bonding between ions (cation
and anion) and water molecules. The values of mole fac-
tion of water at which contact ion pair was transformed to
solvent-separated ion pair were shown to decrease in the o-
rder [PP4][NOs]~[Bmim][NO;]>[Pyr4][NOs]~[BuPy][NO;]
>[Bu-choline][NOs]. These findings were supported by con-
centration dependence of the average hydrogen bond number
between cation and anion of the ILs and the radial distribu-
tion function calculated from MD simulation. Furthermore,
"H NMR spectroscopy was also used to investigate the tran-
sition of the contact ion pair to solvent-separated ion pair in-
duced by the addition of water, and the results also support
the conclusions drawn from the far infrared spectroscopy.
In addition, it was noted from '"H NMR spectroscopy that
the strength of hydrogen bonding interaction of the cations
with water increased in the sequence [Bu-choline]™>[Pyr4]*
>[PP1s] >[BuPy]"™>[Bmim]", which is generally reverse to the
order of mole faction of water where contact ion pair was
transformed into solvent-separated ion pair. This result con-
firms that the transition from contact ion pair to solvent-sepa-
rated ion pair for the ILs in water is the result of a subtle bal-
ance between cation-anion interaction of the ILs and ion-wa-
ter interaction.

Acknowledgments This work was supported by the National Natural Sci-
ence Foundation of China (21573060, 21673068), Program for Innovative
Research Team in Science and Technology in University of Henan Province
(16IRTSTHNO002), Plan for Scientific Innovation Talent of Henan Province
(144200510004) and The High Performance Computing Center of Henan
Normal University.

Conflict of interest
interest.

The authors declare that they have no conflict of

Supporting information The supporting information is available online
at http://chem.scichina.com and http://link.springer.com/journal/11426.
The supporting materials are published as submitted, without typesetting
or editing. The responsibility for scientific accuracy and content remains
entirely with the authors.

1 (a) Zhang S, Sun J, Zhang X, Xin J, Miao Q, Wang J. Chem Soc Rev,
2014, 43: 7838-7869; (b) Zhang L, Dong K, Chen S, Zhang S. Sci
China Chem, 2016, 59: 547-550

2 (a) Chen S, Zhang S, Liu X, Wang J, Wang J, Dong K, Sun J, Xu B.
Phys Chem Chem Phys, 2014, 16: 5893-5906; (b) Zhu Q, Ma J, Kang
X, Sun X, Hu J, Yang G, Han B. Sci China Chem, 2016, 59: 551-556

3 Hayes R, Warr GG, Atkin R. Chem Rev, 2015, 115: 6357-6426
Dupont J. Acc Chem Res, 2011, 44: 1223-1231

5 Neto BAD, Meurer EC, Galaverna R, Bythell BJ, Dupont J, Cooks


http://chem.scichina.com
http://springerlink.bibliotecabuap.elogim.com/journal/11426
https://doi.org/10.1039/C3CS60409H
https://doi.org/10.1007/s11426-016-5588-x
https://doi.org/10.1007/s11426-016-5588-x
https://doi.org/10.1039/C3CP53116C
https://doi.org/10.1007/s11426-016-5584-1
https://doi.org/10.1021/cr500411q
https://doi.org/10.1021/ar2000937

978

10

11

12

13

14

15

16
17

18

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Wang et al.

RG, Eberlin MN. J Phys Chem Lett, 2012, 3: 3435-3441

Marcus Y, Hefter G. Chem Rev, 2006, 106: 4585-4621

Dupont J. J Braz Chem Soc, 2004, 15: 341-350

Zahn S, Uhlig F, Thar J, Spickermann C, Kirchner B. Angew Chem
Int Ed, 2008, 47: 3639-3641

Tsuzuki S, Tokuda H, Hayamizu K, Watanabe M. J Phys Chem B,
2005, 109: 16474-16481

Fumino K, Reimann S, Ludwig R. Phys Chem Chem Phys, 2014, 16:
21903-21929

Fumino K, Ludwig R. J Mol Lig, 2014, 192: 94-102

Consorti CS, Suarez PAZ, de Souza RF, Burrow RA, Farrar DH,
Lough AJ, Loh W, da Silva LHM, Dupont J. J Phys Chem B, 2005,
109: 4341-4349

Sadeghi R, Ebrahimi N. J Phys Chem B, 2011, 115: 13227-13240
Li W, Zhang Z, Han B, Hu S, Xie Y, Yang G. J Phys Chem B, 2007,
111: 6452-6456

Katsuta S, Imai K, Kudo Y, Takeda Y, Seki H, Nakakoshi M. J Chem
Eng Data, 2008, 53: 1528-1532

Dorbritz S, Ruth W, Kragl U. Adv Synth Catal, 2005, 347: 1273-1279
Gozzo FC, Santos LS, Augusti R, Consorti CS, Dupont J, Eberlin MN.
Chem Eur J, 2004, 10: 6187-6193

Bini R, Bortolini O, Chiappe C, Pieraccini D, Siciliano T. J Phys
Chem B, 2007, 111: 598-604

Neto B, Ebeling G, Goncalves R, Gozzo F, Eberlin M, Dupont J. Syn-
thesis, 2004: 1155-1158

Avent AG, Chaloner PA, Day MP, Seddon KR, Welton T. J Chem Soc
Dalton Trans, 1994: 3405-3413

Mele A, Tran CD, De Paoli Lacerda SH. Angew Chem Int Ed, 2003,
42: 43644366

Scharf NT, Stark A, Hoffmann MM. J Solution Chem, 2013, 42:
2034-2056

Zheng YZ, Wang NN, Luo JJ, Zhou Y, Yu ZW. Phys Chem Chem
Phys, 2013, 15: 18055-18064

Bester-Roga¢ M, Stoppa A, Hunger J, Hefter G, Buchner R. Phys
Chem Chem Phys, 2011, 13: 17588-17598

Stoppa A, Hunger J, Hefter G, Buchner R. J Phys Chem B, 2012, 116:
7509-7521

Batista MLS, Kurnia KA, Pinho SP, Gomes JRB, Coutinho JAP. J
Phys Chem B, 2015, 119: 1567-1578

Roohi H, Khyrkhah S. Comp Theor Chem, 2014, 1037: 70-79
Zhang L, XuZ, Wang Y, Li H. J Phys Chem B, 2008, 112: 6411-6419
Zanatta M, Girard AL, Simon NM, Ebeling G, Stassen HK, Livotto
PR, dos Santos FP, Dupont J. Angew Chem Int Ed, 2014, 53:
12817-12821

Yaghini N, Pitawala J, Matic A, Martinelli A. J Phys Chem B, 2015,
119: 1611-1622

Yaghini N, Nordstierna L, Martinelli A. Phys Chem Chem Phys, 2014,
16: 9266-9275

Ren Z, Brinzer T, Dutta S, Garrett-Roe S. J Phys Chem B, 2015, 119:
4699-4712

Strauch M, Roth C, Kubatzki F, Ludwig R. ChemPhysChem, 2014,

Sci China Chem

July (2017) Vol.60 No.7

34

35
36

37

38

39

40

41

42

43

44

45
46

47

48

49

50

51

52

53

54

55

56

57

58

59

15: 265-270

Fumino K, Stange P, Fossog V, Hempelmann R, Ludwig R. Angew
Chem Int Ed, 2013, 52: 12439-12442

Pierola IF, Agzenai Y. J Phys Chem B, 2012, 116: 3973-3981
Fumino K, Wulf A, Ludwig R. Angew Chem Int Ed, 2008, 47:
8731-8734

Wulf A, Fumino K, Ludwig R. Angew Chem Int Ed, 2010, 49:
449453

Fumino K, Reichert E, Wittler K, Hempelmann R, Ludwig R. Angew
Chem Int Ed, 2012, 51: 6236-6240

Fumino K, Wulf A, Ludwig R. Angew Chem Int Ed, 2009, 48:
3184-3186

Fumino K, Wulf A, Ludwig R. Angew Chem Int Ed, 2008, 47:
3830-3834

Roth C, Peppel T, Fumino K, Kockerling M, Ludwig R. Angew Chem
Int Ed, 2010, 49: 10221-10224

Stassen HK, Ludwig R, Wulf A, Dupont J. Chem Eur J, 2015, 21:
8324-8335

Stange P, Fumino K, Ludwig R. Angew Chem Int Ed, 2013, 52:
29902994

Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Scalmani G, Barone V, Mennucci B, Petersson GA,
et al. Gaussian 09. Revision D.01. Wallingford, CT: Gaussian, Inc.,
2009

Boys SF, Bernardi F. Mol Phys, 1970, 19: 553-566

Liu X, Zhou G, Zhang S, Wu G, Yu G. J Phys Chem B, 2007, 111:
5658-5668

Freire MG, Neves CMSS, Shimizu K, Bernardes CES, Marrucho IM,
Coutinho JAP, Canongia Lopes JN, Rebelo LPN. J Phys Chem B,
2010, 114: 15925-15934

Wu Y, Tepper HL, Voth GA. J Chem Phys,
024503-024503

Lyubartsev AP, Laaksonen A. Comp Phys Commun, 2000, 128:
565-589

Tuckerman M, Berne BJ, Martyna GJ. J Chem Phys, 1992, 97:
19902001

Leeuw SWD, Perram JW, Smith ER. Proc R Soc A-Math Phys Eng
Sci, 1983, 388: 177-193

Martyna GJ, Tuckerman ME, Tobias DJ, Klein ML. Mol Phys, 1996,
87: 1117-1157

Koddermann T, Klembt S, Klasen D, Paschek D, Kragl U, Ludwig R.
ChemPhysChem, 2012, 13: 1748-1752

Zhao'Y, Wang J, Wang H, Li Z, Liu X, Zhang S. J Phys Chem B, 2015,
119: 66866695

Koch W, Holthausen MC. 4 Chemist’s Guide to Density Functional
Theory. 2nd Ed. Weinheim: Wiley-VCH Verlag GmbH, 2001
ZhaoY, Gao S, Wang J, Tang J. J Phys Chem B, 2008, 112: 2031-2039
Karve L, Dutt GB. J Phys Chem B, 2012, 116: 1824-1830

Remsing RC, Liu Z, Sergeyev I, Moyna G. J Phys Chem B, 2008, 112:
7363-7369

Singh T, Kumar A. J Phys Chem B, 2007, 111: 7843-7851

2006, 124:


https://doi.org/10.1021/jz301608c
https://doi.org/10.1021/cr040087x
https://doi.org/10.1590/S0103-50532004000300002
https://doi.org/10.1002/anie.200705526
https://doi.org/10.1002/anie.200705526
https://doi.org/10.1021/jp0533628
https://doi.org/10.1039/C4CP01476F
https://doi.org/10.1016/j.molliq.2013.07.009
https://doi.org/10.1021/jp0452709
https://doi.org/10.1021/jp2055188
https://doi.org/10.1021/jp071051m
https://doi.org/10.1021/je800152d
https://doi.org/10.1021/je800152d
https://doi.org/10.1002/adsc.200404352
https://doi.org/10.1002/chem.200305742
https://doi.org/10.1021/jp0663199
https://doi.org/10.1021/jp0663199
https://doi.org/10.1039/DT9940003405
https://doi.org/10.1039/DT9940003405
https://doi.org/10.1002/anie.200351783
https://doi.org/10.1007/s10953-013-0082-y
https://doi.org/10.1039/c3cp53356e
https://doi.org/10.1039/c3cp53356e
https://doi.org/10.1039/c1cp21371g
https://doi.org/10.1039/c1cp21371g
https://doi.org/10.1021/jp3020673
https://doi.org/10.1021/jp510125x
https://doi.org/10.1021/jp510125x
https://doi.org/10.1016/j.comptc.2014.03.035
https://doi.org/10.1021/jp8001349
https://doi.org/10.1002/anie.201408151
https://doi.org/10.1021/jp510691e
https://doi.org/10.1039/c4cp00527a
https://doi.org/10.1021/jp512851v
https://doi.org/10.1002/cphc.201300797
https://doi.org/10.1002/anie.201303944
https://doi.org/10.1002/anie.201303944
https://doi.org/10.1021/jp212202b
https://doi.org/10.1002/anie.200803446
https://doi.org/10.1002/anie.200905437
https://doi.org/10.1002/anie.201200508
https://doi.org/10.1002/anie.201200508
https://doi.org/10.1002/anie.200806224
https://doi.org/10.1002/anie.200705736
https://doi.org/10.1002/anie.201004955
https://doi.org/10.1002/anie.201004955
https://doi.org/10.1002/chem.201500239
https://doi.org/10.1002/anie.201209609
https://doi.org/10.1080/00268977000101561
https://doi.org/10.1021/jp068849a
https://doi.org/10.1021/jp1093788
https://doi.org/10.1063/1.2136877
https://doi.org/10.1016/S0010-4655(99)00529-9
https://doi.org/10.1063/1.463137
https://doi.org/10.1098/rspa.1983.0077
https://doi.org/10.1098/rspa.1983.0077
https://doi.org/10.1080/00268979600100761
https://doi.org/10.1002/cphc.201100838
https://doi.org/10.1021/acs.jpcb.5b01925
https://doi.org/10.1021/jp076467e
https://doi.org/10.1021/jp208394n
https://doi.org/10.1021/jp800769u
https://doi.org/10.1021/jp0726889

