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ABSTRACT: The 1H NMR spectra of 10−5 mole fraction solutions
of 1-decyl-3-methyl-imidazolium chloride ionic liquid in water,
acetonitrile, and dichloromethane have been measured. The chemical
shift of the proton at position 2 in the imidazolium ring of 1-decyl-3-
methyl-imidazolium (H2) is rather different for all three samples,
reflecting the shifting equilibrium between the contact pairs and free
fully solvated ions. Classical molecular dynamics simulations of the 1-
decyl-3-methyl-imidazolium chloride contact ion pair as well as of
free ions in water, acetonitrile, and dichloromethane have been
conducted, and the quantum mechanics/molecular mechanics
methods have been applied to predict NMR chemical shifts for the
H2 proton. The chemical shift of the H2 proton was found to be
primarily modulated by hydrogen bonding with the chloride anion, while the influence of the solventsthough differing in polarity
and capabilities for hydrogen bondingis less important. By comparing experimental and computational results, we deduce that
complete disruption of the ionic liquid into free ions takes place in an aqueous solution. Around 23% of contact ion pairs were found
to persist in acetonitrile. Ion-pair breaking into free ions was predicted not to occur in dichloromethane.

■ INTRODUCTION

Ionic liquids (ILs) are salts with a melting point below 100 °C.
Because ILs are typically composed of asymmetric organic
cations and organic or inorganic anions, many of them remain
liquid at or near room temperature.1−4 ILs are generally
regarded as being environmentally friendly solvents because
they are nonvolatile, thermally stable, and recyclable. Many of
their chemical and physical properties, such as acidity,
electrical conductivity, ability to solvate solutes of different
polarities, or miscibility with water as well as with organic
solvents, can in principle be tailored for specific needs due to
the seemingly unlimited flexibility in choosing the cationic and
anionic species. A few areas of applications of these task-
specific ILs include cellulose processing,5 lubrication,6 solvent-
free electrolytes for solar cells,7 CO2 capture,

8,9 or extraction of
metals from aqueous solutions.10,11 Furthermore, ILs have
demonstrated their potential in separation technologies,12−14

organic syntheses and catalyses,15−20 and electrochemical
devices.21−23

Pure ILs are, however, seldom dealt with. Many of them are
very hygroscopic and may readily absorb considerable amounts
of water from the atmosphere.24 Water may have both
detrimental and favorable effects on the properties of ILs.
For example, even trace amounts of water were seen to
significantly diminish the solubility of cellulose in the 1-butyl-
3-methyl-imidazolium chloride, [C4mim][Cl], IL.5 On the
other hand, the role of water was recognized as crucial for the

stabilization of the native state of the cytochrome c protein in
the biocompatible IL over periods of time significantly
exceeding those seen in protein’s natural aqueous environ-
ment.25,26 Mixtures of IL and water may also exhibit
unexpected behavior such as recently demonstrated increasing
viscosity induced by heating the sample.27 ILs are notoriously
viscous, and the addition of a molecular cosolvent reduces the
viscosity considerably and thus renders these liquids easier to
handle.28,29 The conductivities of pure ILs are typically rather
low, but they are markedly higher for their mixtures with
traditional solvents.30 Mixtures of IL and acetonitrile were seen
to possess an improved electrochemical window as compared
to those of pure components,31 and they have been used as
electrolytes in electrochemical production of graphene32 or for
the electrocatalytic enhancement of the reduction of CO2 to
CO.33

To rationalize the modulating effect of the molecular solvent
on the properties of the IL, a thorough understanding of
intermolecular interactions between the constituent ionic and
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molecular species that govern molecular association in the
mixture is crucial.3,4 At lower concentrations of the IL in the
molecular solvent, ion pairing is an important phenomenon,
where the dynamic equilibrium between free ions, solvent-
separated and contact ion pairs, and higher-order neutral or
charged ionic aggregates is established, which is sensitive to the
concentration of the IL.34,35 There is a general trend for polar
solvents to be capable of breaking the ion pairs into separate
ions, while nonpolar solvents tend to favor ion aggregation.34,36

This can be exemplified by the association constants of 1-butyl-
3-methyl-imidazolium tetrafluoroborate, [C4mim][BF4],
which range from the order of 105 dm3/mol in dichloro-
methane, DCM, to 10−1 dm3/mol in water.35 Indeed, the low-
concentration aqueous solutions of ILs behave as traditional
electrolytes, where ions are virtually completely sol-
vated,35,37−41 although in some instances ion pairing was
detected even at rather low concentrations of the IL.42,43

Dimethyl sulfoxide, DMSO, has also demonstrated the
capability of breaking ionic aggregates into separate
ions,41,44−46 but, here too, some ILs have displayed slight
association at high dilutions.35,47 Remarkably, however, higher-
order supramolecular ionic clusters were found to persist at
rather low concentrations of [C4mim][Cl] IL in DMSO.37

Even though acetonitrile is rather similar to DMSO in polarity,
it does not seem to break ionic aggregates into separate ions,
apparently due to the poorer hydrogen-bond accepting
abilities.45,48−50 Varying degrees of dissociation of the
[C4mim]-based35,51,52 and ammonium-based41 ILs in acetoni-
trile solution were, however, reported. At low concentrations in
nonpolar solvents, ILs tend to form supramolecular aggre-
gates,35,44,51,53−55 although lone contact ion pairs were seen to
be the dominant association pattern for some ILs in
chloroform47 and dichloromethane.56,57 However, the dissoci-
ation of [C4mim][Cl] ion pairs into separate ions in solutions
of chloroform and carbon tetrachloride has been observed very
recently.58,59

Nuclear magnetic resonance, NMR, spectroscopy has
proven to be a useful tool in structural and dynamical
investigations of IL systems.3,4,60−62 For the imidazolium
family of ILs, the chemical shift of the H2 proton has been
recognized to be a sensitive probe of the local environment of
the imidazolium cation37,50,52,53,55,63 because the C2−H2 bond
is the most acidic bond in the imidazolium ring and thus is
typically the most favorable site for hydrogen bonding.64,65 In
one particular case, the NMR signal of the H2 proton in the
solutions of [C10mim][Br] IL has displayed a rather strong
solvent dependence as it was found to be the highest at about
10.6 ppm in dichloromethane, DCM, and the lowest at about
8.9 ppm in water with an intermediate chemical shift at around
10.3 ppm recorded in acetonitrile, ACN, all w.r.t. Si(CH3)4.

66

These results clearly reflect the shifting equilibrium between
ionic aggregates and free ions in these three solvents, which
differ in both polarity and capability for hydrogen bonding. To
elucidate the effect of different molecular solvents on ion
pairing at low concentrations of the IL, we have performed the
1H NMR measurements of 1-decyl-3-methyl-imidazolium
chloride, [C10mim][Cl], in solutions of water, ACN, and
DCM, where the molar fraction of the IL was as low as 10−5.
The concentration of the IL in all three solvents was held as
low as possible so that we may rely on the assumption that the
equilibrium is mainly established between contact ion pairs and
free ions, thus hopefully excluding the possibility of higher-
order ionic aggregates.

To provide valid rationalizations of experimental results, the
NMR shielding constants of the C10mim cation in the ion pair
and in its free solvated state are necessary yet virtually
unachievable by measurements due to the fast chemical
exchange. To assess the equilibrium between different states of
the ions and to get a detailed microscopic picture of the ion
pairing phenomenon in the studied mixtures of IL and three
molecular solvents, we rely on an integrated computational
approach. This approach incorporates classical molecular
dynamics, MD, simulations for sampling the phase space of
the molecular system at given thermodynamic conditions and
the combined quantum mechanics/molecular mechanics, QM/
MM, model for calculations of the NMR shielding
constants.67,68 Such computational scheme allows accounting
for the solvent effects on the NMR properties in an effective
and accurate manner,69−76 and it was demonstrated to be
essential for qualitatively correct predictions of NMR spectra
of IL systems as well.77,78

■ METHODS
Classical MD Simulations. Classical MD simulations were

performed to address structural features of the [C10mim][Cl]
contact ion pair in the solutions of water, ACN, and DCM as
well as to generate a number of statistically uncorrelated
molecular configurations to be used in the subsequent QM/
MM calculations of the electronic NMR properties. All MD
simulations have been conducted using the Amber12
program.79 The geometries of the C10mim cation in all-anti
conformation of the decyl group, of the ACN, and of the DCM
molecules were optimized at the HF/6-31G* level of
theory80,81 using the Gaussian09 program.82 We have
employed Lennard−Jones parameters for the C10mim cation
as well as for the chloride anion taken from ref 83, where the
parameters based on the Amber force field were developed
specifically for the imidazolium family of ILs. For ACN and
DCM, parameters from the general Amber force field84,85 were
employed. The point charges for C10mim, ACN, and DCM
molecules were derived by means of the restrained electrostatic
potential, RESP, procedure86 as implemented in the Ante-
chamber module87 of Amber12. These point charges were
based on the electrostatic potentials computed at the HF/6-
31+G* level using the Gaussian09 program, in accordance with
the procedure used in ref 83. The standard TIP3P potential
was used for water molecules.88 The solutions of [C10mim]-
[Cl] in DCM, ACN, and water were represented by one
[C10mim][Cl] ion pair and 2030 DCM, 2490 ACN, and 2735
water molecules, respectively. In addition, we have performed
MD simulations using two different initial conditions in each of
the three casesstarting from the contact ion pair or from the
configuration where both ions are free and completely solvated
by the solvent. The initial configurations were constructed
using the Packmol program.89

MD simulations were carried out using the Sander module
of Amber12. Periodic boundary conditions were employed,
and a cutoff of 10 Å was used for nonbonded interactions. The
SHAKE algorithm90 was imposed to constrain all bonds
involving hydrogen atoms, and the SETTLE scheme91 was
used to ensure rigidity of the water molecules in the
simulations. The equations of motion were integrated using
the leap-frog algorithm with a time step of 1 fs. The
temperature was set to 297.15 K in all simulations and
controlled using the Langevin thermostat with a collision
frequency of 3.0 ps−1. For each of the simulated systems, an
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initial simulation in the NPT ensemble at the pressure set to 1
bar was conducted for 300 ps to equilibrate the density. We
then switched to the NVT ensemble, equilibrated the system
for another 200 ps, and finally continued with the production
run of 1 ns. Statistical equilibrium was assessed by monitoring
the convergence of the thermodynamic properties. Molecular
configurations were recorded every 0.5 ps for further analysis.
Electronic Structure Calculations. To select a reliable

electronic structure method for the calculation of the NMR
isotropic shielding constants, we have performed a series of
benchmark calculations on a 1,3-dimethylimidazolium,
C1mim, cation. The C2v geometry of the isolated C1mim
cation was optimized by the B3LYP functional92 together with
the aug-cc-pVTZ basis set93,94 using the Gaussian09 program.
The B3LYP,92 PBE0,95 and KT396 density functionals as well
as the ab initio MP2 method were considered. The coupled
cluster singles and doubles, CCSD, computations were
performed to gauge the accuracy of the aforementioned
methods. Basis sets due to Ahlrichs97 (def2-X(Z)VP(D),
where X = S, T, Q) and Dunning93,94,98 (aug-cc-p(C)VXZ,
where X = D, T, Q) were considered. The gauge-including
atomic orbital, GIAO, approach was used to obtain origin-
independent NMR isotropic shielding constants. The density
functional theory, DFT, calculations were performed using the
Gaussian09 program,99 while MP2 and CCSD computations
were done using CFOUR.100

The QM/MM method based on the GIAO-DFT
approach68,101 implemented in the Dalton electronic structure
program99 has been used for the calculations of NMR isotropic
shielding constants. The point charges for ACN and DCM
molecules used in the QM/MM calculations were derived by
fitting to the electrostatic potential computed at the B3LYP/
aug-cc-pVTZ method along with the polarizable continuum
method, PCM,102 according to the CHELPG procedure
together with the constraint on the magnitude of the dipole
moment.103 These calculations were conducted using the
Gaussian09 program. For water molecules, point charges from
the TIP3P force field88 were used, and we have also employed
the polarizable potential due to Ahlström104 for comparative
purposes. The liquid-state results for NMR shielding constants
are obtained as statistical averages over 100 molecular
configurations selected from the MD trajectories at regular
intervals of 10 ps. We have applied a spherical cutoff radius
centered at the center of mass of the C10mim cation for every
molecular configuration, resulting in an average number of
1050 water and DCM or 1290 ACN solvent molecules
included in a single QM/MM calculation.
We have also employed the so-called supermolecular

approach to account for solvent effects on the NMR properties
of the C10mim cation. Here, the geometries of the C10mim
cation and its aggregates with chloride anion as well as with
water, ACN, and DCM molecules were optimized using the
B3LYP functional along with the 6-31++G** basis set.81 The
Gaussian09 program was employed to carry out these
geometry optimizations and calculations of NMR properties
using the PCM model with default settings for all solvents of
water, ACN, and DCM.
Experimental 1H NMR Measurements. The [C10mim]-

[Cl] IL from Ionic Liquids Technologies GmbH was dried
under vacuum at 333 K for 24 h. Samples were prepared
directly in 5 mm NMR tubes using a micropipette and in
parallel weighing the samples to ensure exact concentration. A
capillary insert filled with the mixture of D2O and sodium

trimethylsilylpropanesulfonate, DSS, was used for lock and 1H
NMR chemical shift referencing (δ = 0 ppm). The chemical
shifts were subsequently referenced against tetramethylsilane,
TMS, taking δ(TMS) = 0.02 ppm. NMR measurements were
carried out on a Bruker AVANCE III HD 400 MHz NMR
spectrometer using a BBO high-resolution probe. The sample
temperature was set to 298 ± 0.5 K. For 1H NMR spectra,
4096−8192 scans were accumulated using 5 s of recycling
delay.

■ RESULTS AND DISCUSSION
Method Analysis. To select an appropriate electronic

structure method for the computation of the 1H NMR
chemical shifts for the imidazolium cation, we have conducted
a series of benchmark calculations on the C1mim cation. The
C2v structure and atom labeling of C1mim are presented in
Figure 1. We consider relative chemical shifts of the C1mim

cation here as these are easier to compute accurately due to the
apparent cancellation of errors, as opposed to the isotropic
shielding constants. Because our QM/MM calculations of
NMR chemical shifts will be performed at the DFT level of
theory, we have selected the PBE0 functional for the basis set
analysis of the relative chemical shifts, and the results are
collected in Table 1. The relative 1H NMR chemical shifts for

H2 and H4/5 protons are evaluated with respect to the
arithmetic average of the protons in the methyl group of
C1mim. As seen in Table 1, the relative chemical shifts are
apparently well converged for the most extensive basis set we
have used, which is aug-cc-pCVQZ. The effect of tight core
functions included in the Dunning-type basis sets is rather

Figure 1. 1,3-Dimethylimidazolium cation, C1mim.

Table 1. Relative 1H NMR Chemical Shifts (in ppm) for the
C1mim Cation Calculated Using the PBE0 Functional and
Different Basis Setsa

basis set H2 H4/5

def2-SVP(143) 3.50 3.47
def2-SVPD(228) 3.79 3.48
def2-TZVP(271) 3.88 3.61
def2-TZVPD(340) 3.99 3.57
def2-QZVP(669) 3.91 3.58
def2-QZVPD(738) 3.93 3.57
aug-cc-pVDZ(242) 3.88 3.52
aug-cc-pVTZ(529) 3.94 3.56
aug-cc-pVQZ(947) 3.91 3.55
aug-cc-pCVDZ(270) 3.86 3.52
aug-cc-pCVTZ(620) 3.92 3.55
aug-cc-pCVQZ(1177) 3.90 3.55

aThe number of contracted basis functions is indicated in parentheses
for each basis.
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small for relative shifts. In general, we see that reasonable
results for the relative 1H NMR chemical shifts can be
expected with all basis sets but Ahlrich’s single valence-type
basis sets, thus corroborating the findings in ref 105. Owing to
the size of the C10mim cation, we have chosen the def2-TZVP
basis set for our subsequent calculations of NMR isotropic
shielding constants, a choice that has proven appropriate for
NMR properties of other organic molecules in the liquid
phases.70,76

The relative 1H NMR chemical shifts of the C1mim cation
computed using three different DFT functionals as well as the
MP2 and CCSD approaches combined with the def2-TZVP
basis set are collected in Table 2. Interestingly, we have found

considerable differences between the relative chemical shifts
for H2 proton computed using the correlated ab initio MP2
and CCSD methods. The PBE0 functional is seen to provide
relative chemical shifts that are closest to the corresponding
CCSD predictions. On these grounds, we have chosen the
PBE0 exchange−correlation functional along with the def2-
TZVP basis set for all further calculations of NMR isotropic
shielding constants in this work.
Classical MD Simulations. Classical MD simulations of a

single [C10mim][Cl] contact ion pair forming a hydrogen
bond through the C2−H2 bond of the imidazolium ring have
been pursued in aqueous as well as in ACN and DCM
solutions. The C2−H2 moiety has been recognized as the
primary site for hydrogen bonding of the imidazolium
cation,36,64,65 and thus, we have excluded the configuration
of the ionic pair where the hydrogen bonding between the ions
is formed through the C4−H4 or the C5−H5 bonds from
consideration. We have observed the [C10mim][Cl] ion pair
to disrupt in water already during the early stages of the
equilibration, meaning that present force fields predict the fully
dissociated state of [C10mim][Cl] IL at infinite dilution in an

aqueous solution, in line with the findings in refs 35, 37−41.
The contact ion pair remained intact in the other two less polar
solvents, and the most probable distance between the H2
proton and Cl− anion was found to be around 2.53 Å in both
DCM and ACN. In Figure 2a, we show the distribution of the
hydrogen bond angle C2−H2···Cl− in ACN and DCM. We
readily observe that the C2−H2···Cl− hydrogen bond is
strongly nonlinear, and we generally find the hydrogen bond
angles to be smaller in ACN rather than in DCM. The most
probable hydrogen bond angle is around 130° in ACN and
around 150° in DCM. The distribution of the dihedral angle
N1−C2−H2···Cl− shown in Figure 2b illustrates quite clearly
that the chloride anion tends to be located out of the plane of
the imidazolium ring with roughly the same probability of
being on either side of it in both solvents. In addition, the
anion is seen to have the preference for leaning more toward
the methyl rather than the decyl group side, apparently, due to
the steric effects. Our findings are thus in contradiction to
those based on the quantum chemical geometry optimization
of the isolated ion pair composed of an imidazolium cation and
a chloride anion. These computations predict two config-
urations of the ion pair with comparable interaction energies
where the chloride is positioned either in the plane of the
imidazolium ring forming almost a linear hydrogen bond or on
top of the C2−H2 bond.78,106,107 Car−Parinello MD
simulations of the neat [C2mim][Cl] IL indicate the C2−
H2···Cl− to be preferably linear,78 while those of the
[C2mim][Cl] ion pair in aqueous solution show reasonable
populations of configurations with chloride being both in-plane
of the imidazolium ring and on top of the C2−H2 bond with a
preference for the former.108 However, classical MD
simulations of mixtures of [C4mim][Cl] IL with water and
DMSO reported in ref 37 also find the distribution of chloride
around the C2−H2 bond to be qualitatively similar to that of
the present study. Classical MD simulations of neat [C4mim]-
[Cl] IL lead to qualitatively different results concerning the
preferred location of the chloride anions around the C2−H2
moiety, apparently depending on the used force field.78,109

Interestingly, the neutron scattering measurements of neat
[C2mim][Cl] IL have shown that the most probable C2−
H2···Cl− hydrogen bond angle corresponds to the position of
the chloride anion that is intermediate between the in-plane
and on top of the C2−H2 bond configurations.110

In Figure 3, we show the radial distribution functions, RDFs,
between the H2 atom of the free C10mim cation and the
electronegative atoms in the molecules of each of the three

Table 2. Relative 1H NMR Chemical Shifts (in ppm) for the
C1mim Cation Calculated Using Different Electronic
Structure Methods along with the def2-TZVP Basis Set

method H2 H4/5

PBE0 3.88 3.61
B3LYP 3.83 3.54
KT3 3.69 3.48
MP2 3.65 3.59
CCSD 3.89 3.57

Figure 2. Distribution of the C2−H2···Cl− (a) and the dihedral N1−C2−H2···Cl− (b) angle around the C2−H2 moiety of the imidazolium ring in
ACN and DCM.
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solvents: the oxygen atom of water, the nitrogen atom of ACN,
and chlorine atoms of DCM. These RDFs were recorded
during our simulations of dissociated [C10mim][Cl] ion pairs.
The RDFs indicate some association of the C10mim cation
with the solvent molecules through the C2−H2 bond of the
imidazolium ring. Spherical integration of the first peaks in the
RDFs in Figure 3 gives an average number of corresponding
atoms of the solvent molecules in the vicinity of the C2−H2
moiety. These numbers were found to be 3.7, 2.9, and 3.6 in
DCM, ACN, and aqueous solution, respectively. The spherical
integration of the first peak of the RDF between H2 atom of
imidazolium and carbon atom of DCM molecules extended up
to 5.23 Å results in the coordination number of 2.8. Thereby,
we barely see any specific interactions between the C10mim
cations and rather nonpolar DCM molecules.
To scrutinize the local distribution of the solvent molecules

around the C2−H2 bond in the C10mim cation in some more
detail, we have analyzed the distributions of the C2−H2···X
angle and the N1−C2−H2···X dihedral angle, where X
corresponds to the O, N, or Cl atoms in water, ACN, or
DCM molecules, respectively, see Figure 4. These distributions
have been compiled by considering only those solvent
molecules for which the distance between the H2 atom and
O atom of water, N atom of ACN, and Cl atoms of DCM does
not exceed 3.7, 4.3, and 4.4 Å, respectively. These cutoff values
are based on the RDFs shown in Figure 3. As seen in Figure 4a,
the angular distribution peaks at around 130°. We also find

that the solvent molecules,in particular, those of ACN and
DCM solvents and somewhat less those of water,tend to be
located above the imidazolium ring within the applied
thresholds for the interatomic distances. The distributions of
dihedrals shown in Figure 4b mimic the distribution of
corresponding dihedral angles between the cation and the
anion in the [C10mim][Cl] contact ion pair shown in Figure
2b, indicating again that solvent molecules tend to be
positioned out of the imidazolium ring plane.

NMR Results. The QM/MM results for the 1H NMR
isotropic shielding constants of the H2 proton in the
imidazolium ring of the solvated C10mim cation are presented
in Table 3. Each entry for the shielding constant in Table 3 is
obtained as an average over 100 molecular configurations
recorded during the MD simulation. For the free C10mim
cation in aqueous solution, we have computed the NMR
shieldings using two types of the classical potential for all water
moleculesthe nonpolarizable TIP3P as well as a polarizable
potential due to Ahlström et al.104 The latter potential includes
isotropic molecular dipole polarizability assigned to the oxygen
atom in addition to the three partial atomic point charges. As
seen in Table 3, the results for the shielding constant of the H2
proton computed using both potentials are virtually identical,
and we have thus chosen to use nonpolarizable potentials for
all classical solvent molecules of water, ACN, and DCM in all
subsequent QM/MM calculations.
In the QM/MM scheme utilizing nonpolarizable potentials,

the inclusion of some of the solvent molecules to the quantum
mechanically treated region of the model offers an improved
description of electrostatic interactions between the solute and
the solvent. In addition, mutual solute−solvent polarization as
well as nonclassical effects such as Pauli repulsion are
introduced. It is typically mandatory to treat the solvent
molecules forming the hydrogen bonds with the solute using
the QM approach rather than to describe them by a classical
potential, so that both the hydrogen bond donor and acceptor
molecules are considered on an equal footing.69−71,73,74 We
have considered here the expansion of the QM part of the
model by a few relevant solvent molecules as well as chloride
anion in the case of the simulated contact ion pair. We have
thus included up to three molecular species closest to the H2
atom to the region of the model treated quantum mechanically
by DFT. In addition, two solvent molecules closest to the H4
and H5 atoms were also promoted to the QM part to make
sure all hydrogen-bonding interactions involving the imidazo-
lium ring of C10mim are accounted for consistently. As seen in

Figure 3. RDFs between the H2 atom of the free C10mim cation and
the electronegative atoms of the solvent molecules.

Figure 4. Distribution of the C2−H2···X (a) and the dihedral N1−C2−H2···X (b) angle, where X is the electronegative atom in the solvent
molecules found in the vicinity of the C2−H2 bond of free C10mim cation. See the text for details.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://dx.doi.org/10.1021/acs.jpcb.0c07450
J. Phys. Chem. B 2020, 124, 10776−10786

10780

https://pubs.acs.org/doi/10.1021/acs.jpcb.0c07450?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c07450?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c07450?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c07450?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c07450?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c07450?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c07450?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c07450?fig=fig4&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c07450?ref=pdf


Table 3, 3 solvent moleculesor two solvent molecules plus
the anion in the case of the contact ion pairis a sufficient
expansion of the QM region to obtain a converged effect on
the shielding constant of the H2 atom. However, the quantum
mechanical treatment of hydrogen bonding between solvent
molecules and imidazolium cation through the C4−H4 and
C5−H5 bonds has apparently a very small effect on the
shielding constant of the H2 proton.
The improved description of intermolecular interactions has

a marked effect on the shielding constant of the H2 proton. In
the case of the free C10mim cation, the shielding constant is
decreased by around 0.5−0.6 ppm as compared to the case
where only the cation is considered at the DFT level and all
solvent molecules are represented by the point charge
potential, for all three solutions. The effect is even stronger
for the contact ion pair. Here, the shielding constant of the H2
atom decreases by 1.8−1.9 ppm compared to the case where
both the anion and all solvent molecules are represented by the
potential. As seen in Table 3, the hydrogen bonding between
the C10mim cation and the chloride anion has a significant
modulating effect on the magnitude of the shielding constant
of the H2 atom, while hydrogen bonding between C10mim
and solvent molecules as well as the polarity of the solvent is
clearly of less importance. Indeed, the formation of the contact
ion pair leads to the deshielding of the H2 atom by 1.5 and 2.1
ppm compared to the corresponding shielding constant of the
free cation in ACN and DCM solution, respectively. However,
the shielding constants of the H2 atom for the contact ion pair

differ by a mere 0.17 ppm in ACN and DCM solution. The
shieldings of H2 proton for the free C10mim are virtually
identical in ACN and water, and it is somewhat larger in DCM
by around 0.4 ppm.
In Table 4, we have collected our computational predictions

for the 1H NMR chemical shifts of the H2 atom in the

[C10mim][Cl] contact ion pair and in the free C10mim cation
in the solutions of water, ACN, and DCM. These results are
based on the isotropic shielding constants of the H2 proton
calculated using the most extensive QM region in the QM/
MM calculations as given in Table 3. The chemical shifts were
evaluated with respect to the shielding constant of equivalent
protons in TMS. The geometry of the isolated TMS has been
here optimized at the Hartree−Fock level together with the 6-
31+G* basis set to be consistent with the protocol adopted for
the development of the AMBER type force field for the
C10mim cation applied in the MD simulations.83 The
shielding constant for the protons of TMS of 31.91 ppm was
then obtained using the PBE0 exchange−correlation functional
and the def2-TZVP basis set. Our experimental results for the
NMR chemical shifts of the H2 atom of [C10mim][Cl] IL
solutions in water, ACN, and DCM are also included in Table
4.
The QM/MM result for the chemical shift of the H2 proton

in the free C10mim cation in an aqueous solution of 8.83 ppm
compares very well to the experimental shift of 8.66 ppm
measured for the sample of the [C10mim][Cl] aqueous
solution, where the molar fraction of the IL is equal to 10−5.
This finding lends strong support to the notion that
[C10mim][Cl] IL completely dissociates into free fully
solvated ions in aqueous solutions at these very low
concentrations. In ACN, the experimental chemical shift is
found to be in-between those computed for the contact ion
pair and for the free C10mim cation, being closer to the latter.
Assuming that chemical equilibrium in ACN is established only
between the dissociated state of the ions and the contact ion
pairs formed via hydrogen bonding solely through the C2−H2
bond of the imidazolium ring, we can evaluate the fraction of
the contact ion pairs, XACN

CP , according to

δ δ
δ δ

=
−
−

XACN
CP ACN

exp
ACN
FI

ACN
CP

ACN
FI

(1)

In eq 1, CP and FI indicate the contact ionic pair and free
C10mim cation, respectively. Using data in Table 4, we find

Table 3. Statistically Averaged NMR Isotropic Shielding
Constants, σ, (in ppm) of the H2 Proton of the C10mim
Cation in Water, ACN, and DCM Computed Using the
PBE0/def2-TZVP Level of Theoryb

system QM region σ(H2)

FI in water C10mim 23.64 (0.07)
C10mima 23.62 (0.07)
C10mim (1,1,1) 23.31 (0.08)
C10mim (3,0,0) 23.06 (0.08)
C10mim (3,1,1) 23.08 (0.09)

FI in ACN C10mim 23.62 (0.03)
C10mim (1,1,1) 23.09 (0.05)
C10mim (3,0,0) 22.98 (0.05)
C10mim (3,1,1) 23.00 (0.05)

CP in ACN C10mim 23.30 (0.04)
C10mim (2,1,1) 21.44 (0.08)
C10mim (3,0,0) 21.48 (0.08)
C10mim (3,1,1) 21.50 (0.08)

FI in DCM C10mim 24.02 (0.03)
C10mim (1,1,1) 23.52 (0.06)
C10mim (3,0,0) 23.36 (0.06)
C10mim (3,1,1) 23.41 (0.06)

CP in DCM C10mim 23.23 (0.03)
C10mim (2,1,1) 21.29 (0.09)
C10mim (3,0,0) 21.29 (0.08)
C10mim (3,1,1) 21.33 (0.08)

aComputed using the polarizable potential for water molecules.104
bStatistical errors are evaluated as standard deviations of the sample
and are provided in parentheses. The state of the [C10mim][Cl] ion
pair in the system is indicated as FI for free ions or CP for contact ion
pair. In the second column, the three integers given in parentheses
indicate the numbers of solvent moleculesincluding chloride in the
case of the CPpromoted to the QM region closest to H2, H4, and
H5 atoms, respectively.

Table 4. NMR Chemical Shifts, δ, (in ppm) of the H2
Proton in the Imidazolium Ring of the C10mim Cation in
Water, ACN, and DCM Evaluated with Respect to TMSa

system δ(H2)

FI in water 8.83
FI in ACN 8.91
CP in ACN 10.41
FI in DCM 8.50
CP in DCM 10.58
expmnt. (water) 8.66
expmnt. (ACN) 9.23
expmnt. (DCM) 10.83

aChemical shifts are based on the 1H NMR shielding constants
computed using the most extensive QM region in this work. FI and
CP indicate free ions and contact ion pair, respectively. Experimental
data is provided at the end of the table.
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XACN
CP to be equal to 0.23, meaning that on average one ion pair

out of four or five is found in the aggregated state. We thus
conclude that acetonitrile is in fact able to break the contact
ion pairs of the [C10mim][Cl] IL apart and the equilibrium is
shifted toward the free fully solvated ions at molar fractions of
the IL as low as 10−5. Apparently, the driving force behind this
phenomenon is the ability of the ACN molecules to form
hydrogen bonding with the C10mim cation, even though ACN
molecules do not possess strong hydrogen-bond donating
abilities to solvate chloride anions efficiently.
As seen in Table 4, the NMR chemical shift of the H2 atom

measured for the sample of the [C10mim][Cl] solution in
DCM is higher than our QM/MM prediction for the chemical
shift of this atom in the cation−anion contact ion pair by 0.25
ppm. Our findings thus indicate that dissociation of the
[C10mim][Cl] IL into free ions does not occur in the rather
nonpolar DCM solution even at this extremely low
concentration of the IL. On the one hand, the discrepancy
between experimental measurements and computational
predictions in the DCM solution may be due to the
inaccuracies of the applied computational scheme. On the
other hand, experimental findings indicate that the ions of the
[C10mim][Cl] IL may form larger ionic aggregates rather than
separate contact ion pairs in DCM. The adopted computa-
tional procedure cannot provide an unambiguous conclusion
regarding the latter possibility, but we have undertaken
measures to get a feeling of the accuracy of our computational
procedure based on the integrated MD-QM/MM approach. It
has been demonstrated that the accuracy of the NMR chemical
shifts modeled using the QM/MM scheme along with the MD
simulations based on flexible force fields may suffer from an
inherently incorrect sampling of the vibrational phase space
due to the imperfections in the classical force field.71 An
alternative approach to predict molecular properties of solvated
molecules is the supermolecular approach, where specific
interactions between the solute and the solvent are accounted
for by geometry-optimizing small solute−solvent molecular
aggregates along with the PCM model to account for the bulk
solvent effects. This approach allows for comparatively more
accurate molecular geometries that are indeed important as
much as NMR chemical shifts are concerned. However, the
energy-minimized structure of the molecular aggregate does
represent only one point on the molecular potential energy
hypersurface meaning that the dynamical solute−solvent
effects remain here completely neglected.
In Table 5, we have collected the calculated NMR chemical

shifts of the H2 atom for the geometry-optimized C10mim
cation and its complexes with water, ACN, and DCM
molecules as well as with the chloride anion. Geometry
optimizations have been carried out at the B3LYP/6-31++G**
level of the theory along with the PCM to account for bulk
solvent effects. We only consider the hydrogen-bonded
complexes formed through the C2−H2 moiety of the
imidazolium ring. The optimized complexes are illustrated in
Figure 5. Contrary to the case of the isolated ion pair,106,107 the
configuration of the [C10mim][Cl] aggregate where the
chloride anion is situated on top of the C2−H2 bond is not
a minimum on the potential energy surface when PCM is
applied, and it evolves down to the configuration with the
chloride in the plane of the imidazolium ring as shown in
Figure 5D. NMR chemical shifts given in Table 5 have been
evaluated with respect to the 1H NMR isotropic shielding
constant of TMS of 31.62 ppm computed using the geometry

of TMS optimized at the same level of theory as the molecular
complexes under investigation.
We immediately observe that the chemical shift of the H2

atom in the C10mim cation is virtually the same in all three
solvents if lone C10mim cation is immersed in the PCM cavity.
The inclusion of the hydrogen-bonded solvent molecule has,
however, a very large effect on the chemical shift of the H2
proton, leading to additional deshielding by around 2 and 1
ppm in water and ACN, respectively. Even though DCM has
weak hydrogen-bond accepting abilities, the shielding constant
of the H2 atom in the complex of the C10mim cation and
DCM molecule is increased by a substantial ∼0.4 ppm as
compared to the case where the DCM solvent is represented
entirely by the dielectric continuum. The chemical shift of the
H2 atom in the complex of the C10mim cation with the water
molecule of 10.02 ppm is considerably overestimated as
compared to the experimental chemical shift of 8.66 ppm
measured for the aqueous solution of the [C10mim][Cl] IL. In
ACN, the supermolecular approach predicts the equilibrium to
be shifted toward the free ions rather than contact ion pairs
even more so than that based on the MD-QM/MM scheme.
The experimental chemical shift of the H2 atom of 10.83 ppm
measured for the [C10mim][Cl] solution in DCM is situated
roughly in the middle of the corresponding chemical shifts
predicted for the complexes of C10mim with the chloride
anion and DCM molecule, suggesting ample dissociation of the
[C10mim][Cl] in the DCM solution. This conclusion is
inconsistent with the experimental findings as well as with the
predictions based on the MD-QM/MM approach.
Comparing the results of these two approaches, we conclude

that it is mandatory to account for the dynamics of the solvent
as well as of the chloride anion around the imidazolium cation
to obtain a qualitatively correct picture of the NMR spectra of
IL systems, as also stressed in ref 78. The supermolecular
approach is based on the static energy-minimized solute−
solvent structures may not be a sufficiently accurate
representation of the solute−solvent and, particularly, for ILs,
of the cation−anion interactions. The supermolecular
approach has been applied to predict NMR properties of IL
systems,64,105,111 yet the results should be seen with a degree of
caution.

■ CONCLUSIONS
In this work, the pairing of the constituent ions of the
[C10mim][Cl] ionic liquid in its low-concentration solutions
in solvents of different polarities and different capabilities for
hydrogen bonding is addressed. The 1H NMR chemical shifts

Table 5. Supermolecular Results for the NMR Chemical
Shifts, δ, (in ppm) of the H2 Proton of the C10mim Cation
and Its Aggregates with Water, ACN, and DCM Molecules
as well as with Chloride Computed Using PBE0/def2-
TZVP/PCM Level of Theory

system δ(H2)

C10mim in water 8.03
C10mim + H2O in water 10.02
C10mim in ACN 8.03
C10mim + ACN in ACN 9.05
C10mim + Cl in ACN 11.44
C10mim in DCM 8.00
C10mim + DCM in DCM 8.37
C10mim + Cl in DCM 12.20
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of the H2 proton have been measured for the sample of
[C10mim][Cl] solutions in water, acetonitrile, and dichloro-
methane where the molar fraction of the IL is as low as 10−5.
To rationalize experimental data, we have conducted classical
MD simulations of a single contact ion pair as well as of the
system where the ion pair is dissociated into free ions in all
three solvents. The QM/MM approach based on DFT and
nonpolarizable potentials was then used to calculate the NMR
isotropic shielding constants of the H2 proton of the C10mim
cation forming the contact pair with the anion and in its free
fully solvated state. We assume that the equilibrium is
established only between the contact ion pairs linked by the
hydrogen bonding through the C2−H2 moiety and the free
ions at these low concentrations of the ionic liquid. Combining
measured and calculated NMR chemical shifts of the H2 atom,
we can quantify the fraction of the ions forming contact pairs
in the solution.
Classical MD simulations suggest that the [C10mim][Cl]

ionic liquid breaks into free ions in aqueous solutions
completely, and the modeled NMR chemical shift of the H2
atom of the free C10mim cation in aqueous solutions is found
to agree well with the experimental value. In acetonitrile,
around 23% of the ion pairs were found to form contact pairs
and the rest are broken into free ions. Modeling suggests that
ion-pair dissociation does not take place in the nonpolar
dichloromethane solvent. As predicted by the QM/MM
model, the chemical shift of the H2 atom in the C10mim
cation is primarily modulated by hydrogen bonding to the
chloride anion, while the effect of the solvent is rather small.
Chemical shifts of the H2 proton have a very similar value for
the free C10mim cation in all three solutions and likewise for
the contact ion pair in acetonitrile and dichloromethane. We
have also attempted the supermolecular approach to predict
the NMR chemical shifts of the H2 atom in C10mim, but we
find the results to be inferior to those based on the MD-QM/
MM scheme.
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(7) Zakeeruddin, S. M.; Graẗzel, M. Solvent-Free Ionic Liquid
Electrolytes for Mesoscopic Dye-Sensitized Solar Cells. Adv. Funct.
Mater. 2009, 19, 2187−2202.
(8) Bates, E. D.; Mayton, R.; Ntai, I.; Davis, J. H. CO2 Capture by a
Task-Specific Ionic Liquid. J. Am. Chem. Soc. 2002, 124, 926−927.
(9) Hasib-ur-Rahman, M.; Siaj, M.; Larachi, F. Ionic liquids for CO2
capture − Development and progress. Chem. Eng. Process. 2010, 49,
313−322.
(10) Visser, A. E.; Swatloski, R. P.; Reichert, W. M.; Mayton, R.;
Sheff, S.; Wierzbicki, A.; Davis, J. H., Jr.; Rogers, R. D. Task-Specific
Ionic Liquids for the Extraction of Metal Ions from Aqueous
Solutions. Chem. Commun. 2001, 0, 135−136.
(11) Janssen, C. H. C.; Macías-Ruvalcaba, N. A.; Aguilar-Martıńez,
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