J Mol Model (2014) 20:2495
DOI 10.1007/500894-014-2495-y

ORIGINAL PAPER

Interaction between phosphomolybdic anion
and imidazolium cation in polyoxometalates-based ionic liquids:

a quantum mechanics study

Yi Zheng + Jun Liu - Xiaoning Yang - Jun Wang

Received: 13 May 2014 / Accepted: 6 October 2014 /Published online: 25 October 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract In this study, interaction between the
phosphomolybdic anions ([PMoO]’") and 1-butyl-3-methyl
imidazolium cations ([Bmim]") has been systematically stud-
ied by the density functional theory at the PBE-D3/TZP level.
The stable geometries of the ion pairs with no imaginary
frequencies were obtained and characterized. Multiple H-
bonds formed between the cation and anion were revealed
with the type of C-H:--O. The interaction energy between the
constituent [PMoO]*~ anion and [Bmim]" cation is obviously
larger than those in common ionic liquid. This is the possible
reason for the relatively higher melting point of
polyoxometalates (POMs)-based ionic liquids. It was ob-
served that the interaction between the ion pairs was mainly
contributed from the electrostatic interaction between
[PMoO]*” and [Bmim]". The nature of the H-bonds was
analyzed by the atoms in molecules (AIM) theory, harmonic
vibrational frequency, the natural bond orbital (NBO), and the
non-covalent interaction (NCI) approaches. The charge trans-
fer and the orbital interaction between the ion pairs have also
been identified, which may have an important influence on the
electronic property of the ion pairs.
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Introduction

Ionic liquids (ILs) are a class of special compounds composed
exclusively of organic cations and inorganic or organic an-
ions. In general, ILs melt at relatively low temperatures
(<100 °C) [1, 2]. ILs are considered to be green media owing
to their low toxicity, low vapor pressure, absence of flamma-
bility, high thermal stability, negligible volatility, and so on.
Furthermore, the physicochemical properties of ionic liquids
could be adjusted through changing cation and anion [3]. It is
such tunable properties that have led to the diverse applica-
tions of ILs as solvents and catalysts [4, 5]. However, for the
common ILs, there exist some drawbacks [6], such as use of a
large amount, relatively long reaction times, and difficulty in
consequent separation.

In recent years, organic—inorganic hybrid materials have
attracted considerable attention, because they possess the ad-
vantage of the flexible adaptability of both organic and inor-
ganic groups [7]. Polyoxometalates (POMs) are metal-oxygen
cluster anions of early transition metals with unmatched mo-
lecular structural diversity. There are widespread applications
of POMs as acid and oxidation catalysts because of the con-
trollable redox and acidic properties by the proper choice of
constituent elements and counter cations [8, 9]. In addition,
the polyoxometalate anions have been employed as the coun-
ter anions for ILs. Wang et al. [10] synthesized a series of
POM salt catalysts containing the IL-cations, which were used
as reaction-induced phase separation catalysts for the esterifi-
cation reaction. The POM-based ILs have high melting tem-
perature (above 100 °C) and are not the conventional ionic
liquids [10]. They could be used as both homogeneous
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catalysts with high efficiency, and heterogeneous catalysts,
with easy recycle. At present, this POM-based catalysts, com-
bining POM-anions and functionalized IL-cations, has been
applied to various catalytic reactions, including esterification
[10, 11], Beckmann rearrangement of ketoximes [12], oxida-
tion of benzene alcohol [13], hydroxylation of benzene [14],
oxidation of sulfides [15], oxidative desulfurization [16, 17],
photo-polymerization [18], and so on. All these solid catalysts
lead to liquid—solid heterogeneous catalytic systems,
exhibiting not only high conversion and selectivity, but also
convenient recovery and steady reuse.

In general, for these POM-based solid catalysts, the com-
bination of POM anions and IL cations can be countless [19,
20]. The heterogeneous nature of the catalytic process is
closely associated with the hydrogen bonding networks be-
tween anions and cations [10, 14]. The intramolecular charge
transfer measured by UV—vis was also proposed to improve
the redox property of POM-anions [15]. Although the POM
anion is probably surrounded by several IL cations, the iso-
lated ion pair is still the basic constituent ions in the POM-
based ILs. In addition, in aqueous solution, the average coor-
dination number of cations around the polyoxometallate
Keggin anion is generally below one due to the solvation
effect [21]. The contact between the anion and the neighbor
cations does not follow the neutral matching. Therefore, the
interaction between one POM anion and one organic cation is
the fundamental aspect determining the property and perfor-
mance of the POM-based ILs and its study is highly essential
for the design and development of the materials.

The density functional theory (DFT) has been widely used
for studying the molecular structure and electronic properties
of various kinds of ILs [22, 23]. It has been found that the
intermolecular interactions, including Coulombic force, hy-
drogen bond, and van der Waals interaction, have a significant
effect on the structures and properties of different kinds of ILs
[24-27]. However, the interaction between POM-anions and
IL-cations has not been systematically studied, to our best
knowledge. In this work, the interaction between the
phosphomolybdic Keggin anion ([PMoO]’") and the 1-bu-
tyl-3-methyl imidazolium cation ([Bmim]") has been studied
using the DFT method. The geometrical characteristics, elec-
tronic structures and interaction mechanism have been clari-
fied. In particular, the formation of weak hydrogen bonds
between the C-H groups on the imidazolium cation and the
phosphomolybdic anion was identified.

Computational details
All the DFT calculations in this work were performed using
the Amsterdam Density Functional (ADF) program [28]. We

use the generalized gradient approximated (GGA) functional
Perdew-Burke-Ernzerhof (PBE) [29] with the empirical
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dispersion correction (—D3) introduced by Grimme [30].
Triple-C plus polarization Slater basis sets (TZP) were
employed for all atoms. The electrons from 1s to 3d shells
for Mo and 1s to 2p for P have been treated by frozen core
approximations in order to save the computation time without
sacrificing the computation quality [31, 32], while all electron
basis sets for the other atoms were used. Scalar relativistic
effect for all atoms has been considered using the zero order
regular approximation (ZORA) [33, 34]. Vibrational frequen-
cies were calculated to verify the stationary structure for all the
configurations. The interaction energies of the ion pairs are
defined as follows:

AEint - Eion pair_Ecaﬁon_Eanivn . ( 1 )

The zero-point vibrational energy corrections (ZPE) were
obtained within the harmonic approximation, and the basis set
superposition errors (BSSE) were determined by means of the
counterpoise correction of Boys and Bernardi [35]. The inter-
action energy can be further split up into four terms:

AEint = AEelst + AEPauli + AEoi + AEdzivpa (2)

where AE,;, corresponds to the classical electrostatic interac-
tion between the unperturbed charge distributions of the pre-
pared fragments. The Pauli repulsion AEp,,;; comprises the
destabilizing interactions between the occupied orbitals and is
responsible for steric repulsion. The orbital interaction energy
AE,,; reflects electron pair bonding, charge transfer, and po-
larization [28]. The dispersion energy AEgq, is calculated
using the empirical correction [30].

To analyze the nature of the interactions between the cation
and anion, atoms in molecule (AIM) theory [36, 37], and
natural bond orbital (NBO) [38] have also been calculated
on the basis of optimized structures. Both of them are popular
methods to study H-bonded systems and proved to be suc-
cessful tools for interpreting H-bonding interactions. The re-
duced density gradient (RDG) function [39] in the non-
covalent interaction (NCI) approach, which is an alternative
but complementary method to AIM theory, has also been used
to characterize the interactions.

Results and discussion

Geometrical features

The optimized structures of the isolated ions are displayed in
Fig. 1, and the selected geometrical parameters of the stable

geometry of [Bmim]" have been listed in Table 1. It is ob-
served that the imidazolium ring exhibits a planar structure.
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Fig. 1 The stable geometries of the isolated [Bmim]" cation and
[PMoOJ*~ anion (upper panel). Their electrostatic potential surfaces are
displayed below, where the red and blue identify regions of more negative
and positive electrostatic potential, respectively. The isodensity contours

The optimized geometries of [PMoO]> ™ agree very well with
the experimental ones [40]. There are 40 oxygen atoms sym-
metrically arranged in the [PMoO]*~ anion, classified into
four types of oxygen: central oxygen atom bound to the
phosphorus atom (O,), terminal oxygen atom bound to a
single molybdenum atom (QOyq4), corner-sharing oxygen atom
which bridges two molybdenum atoms (Oy,), and edge-sharing
oxygen atom which bridges two molybdenum atoms and
shares a central oxygen (O.) [32]. Therefore, as shown in
Fig. 1, O1, 02, 03, O7, and O8 are classified as Oq, while
04, 05, 06 as O, and 09, 010, O11 as Oy. The maximum
deviations between the optimized structure and the experi-
mental data are about 0.05 A in the Mo-O, and Mo-O4 bonds
(see Table S1 in the electronic supplementary material). Sim-
ilar discrepancy for the DFT optimization of other Keggin
anions has been reported elsewhere [32, 41]

To obtain the possible interaction modes between the
[PMoO]*~ anion and the [Bmim]" cation, the electrostatic
potential surfaces for the isolated ions have been constructed
(bottom in Fig. 1). For the [PMoO]*~ anion, the regions with
more negative electrostatic potential for proton attack are
around various oxygen atoms, which seem to have the same
electrostatic potential. In fact, the bridging oxygen atoms
possess more negative electrostatic potential than the terminal
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.0.2‘)8

0.221

I0.144

[Bmim]*

are 0.03 electron bohr™>. Based on the geometry of the anion, two regions
are marked as T and F to represent two different interacting regions with
the cation

oxygen atoms (—0.246 au for O, and —0.255 au for O, vs
—0.235 au for Oq), which is consistent with the previous study
[42].

On account of the geometry of [PMoO]*~ anion (T4 sym-
metry), two different regions are marked (Fig. 1): T region
(connecting three terminal oxygen atoms, i.e., O1, 02, and
03) and F region (connecting four terminal oxygen atoms,
ie., 01,02, 07, and O8). For the [Bmim]+ cation, the C2-H6
group in the imidazolium ring shows more positive potential,
as compared with the C4-H7 or C5-H8 groups. The hydrogen
atoms in methyl group have more positive potential than those
in butyl group.

In Fig. 2, six ion pair configurations, named as T1, T2, F1,
F2,F3, and TF have been located during the DFT optimization
processes. Configurations F3 and TF are consistent with the
experimental X-ray crystal structures of 1-butyl-3-methyl
imidazolium phosphomolybdate [40]. All the Cartesian coor-
dinates of the geometries have been given in the electronic
supplementary material. Additionally, during the geometry
optimization, no stable configuration can be located for the
interaction between the C4/C5-H of [Bmim]" and the oxygen
atoms of [PMoO]*". This means the C4/C5-H is not the
favorite site for the [Bmim]" cation to interact with the POM
anion.
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Table 1 The selected geometrical parameters of the [Bmim]" cation and six ion pairs

Parameters * [Bmim]* Tl T2 F1 F2 F3 TF

N1-C2 1.342 1.343 1.341 1.346 1.346 1.341 1.341
C2-N3 1.344 1.345 1.341 1.344 1.344 1.341 1.341
N3-C4 1.383 1.382 1.382 1.382 1.383 1.383 1.386
C4-C5 1.368 1.365 1.368 1.366 1.367 1.386 1.365
C5-N1 1.383 1.383 1.384 1.381 1.383 1.382 1.387
C2-Hé6 1.084 1.09 1.087 1.095 1.101 1.084 1.093
C4-H7 1.084 1.083 1.083 1.083 1.083 1.082 1.082
C5-H8 1.084 1.082 1.083 1.082 1.083 1.084 1.083
N1-C9 1.478 1471 1.469 1.474 1.476 1.468 1.472
C9-C10 1.528 1.525 1.526 1.525 1.525 1.527 1.529
C10-C11 1.533 1.532 1.532 1.531 1.534 1.532 1.532
Cl11-C12 1.53 1.53 1.53 1.529 1.53 1.53 1.529
C9-H14 1.098 1.097 1.096 1.098 1.096 1.095 1.098
C9-H15 1.098 1.099 1.098 1.096 1.101 1.097 1.101
C10-H16 1.103 1.103 1.104 1.102 1.099 1.104 1.1

C11-H18 1.103 1.102 1.103 1.101 1.102 1.102 1.104
C12-H20 1.1 1.101 1.102 1.1 1.1 1.102 1.098
N3-C13 1.467 1.464 1.462 1.465 1.467 1.464 1.465
C13-H23 1.094 1.096 1.094 1.095 1.095 1.096 1.095
C13-24 1.096 1.096 1.098 1.097 1.098 1.098 1.097
Cl13-25 1.096 1.096 1.096 1.097 1.096 1.096 1.097
AN1-C2-N3 108.75 108.2 108.5 108.1 108.1 108.6 108.6
Ans.cacs 107.02 107.2 107 107 107.1 107 107.1
Dni.coNca -0.12 1.1 1.3 1.7 -02 0.8 -1.4
DcanNs-ca-cs -0.12 -0.7 —0.6 -0.2 0.8 0.5 0.8

# A and D represent bond angle and dihedral angle. Distances are in angstroms and angles in degrees

As displayed in Fig. 2, the intermolecular H-bonds includ-
ing the bond lengths and the corresponding bond angles are
marked out, if the H---O distance is less than the van der
Waals distance of 2.7 A and the C-HO angle is greater than 90°
[43]. The selected geometrical parameters of [Bmim]" cations
in these ion pairs are also listed in Table 1. All optimized ion
pairs have been characterized by multiple H-bonds formed
between the electronegative oxygen atoms of [PMoO]*~ anion
and the C-H bonds of [Bmim]" cation. Our simulation pro-
vides a theoretical support to the previous experimental ob-
servation [40] of the H-bond formation between the
phosphomolybdic anion and the C-H groups on the
imidazolium cation. These H-bonds might form a network in
the condensed phase ILs [10].

On average, the lengths of the H-bonds in the six config-
urations are shorter than the van der Waals H---O distance
(2.7 A) by about 15 %, implying that most of these C-H---O
H-bonds are weak [44], which is different from those in
common ILs [45]. It should be noted that for each configura-
tion the C2-H6 group always involves in the formation of H-
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bond. In particular, the three H-bonds, the C2-H6---0O4
(1.998 A) in configuration F1, the C2-H6---04 (1.874 A) in
configuration F2, and the C2-H6---02 (2.017 A) in configu-
ration TF, are relatively shorter among all H-bonds, suggest-
ing that the C2-H6 may be the most favorable site to form H-
bond among the different C-H sites. As seen in Table 1, the
C2-H6 bonds in the six configurations, except configuration
F3, have been elongated more or less, whereas relatively less
bond length change is observed for other C-H bonds.

In spite of the electrostatic potential difference of the edge-
sharing oxygen atom O4 and the terminal oxygen atom O2,
the H-bond lengths of the C2-H6---O4 in configuration T1
and the C2-H6---O2 in configuration T2 are nearly equal.
Nevertheless, the H-bonds involving the C2-H6 and the
edge-sharing oxygen atom O4 in configurations F1 and F2
are stronger than those involving the C2-H6 and the terminal
oxygen atoms Ol or O2 in configurations F3 and TF. This
indicates that strong H-bond could be formed with the edge-
sharing oxygen atom in the F region. Configuration F1 has
similar geometry with configuration F2, but their main
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Fig. 2 Six optimized [PMoO]* [Bmim]" ion pairs at the PBE-D3/TZP level of DFT. All hydrogen bonds are indicated by dotted lines, and the
corresponding bond lengths (in angstroms) and bond angles (in degrees) are listed for each configuration

difference is the orientation of the butyl group of [Bmim]" The elongation of the C2-H6 bonds due to the formation of
cation. In configuration TF, the imidazolium ring of [Bmim]~  H-bond could be supported by the frequency shifts. Frequency
cation is above the edge-sharing oxygen atom O4 of [PMoO]>~  analysis for all optimized structures shows no imaginary fre-

anion, as a result, the H-bonds involve both T region and F  quencies, advising that they are all minimum energy structures
region in the [PMoO]>~ anion, which are different from other ~ on the potential energy surface. As displayed in Fig. 3a, for the
configurations. six ion pairs and the single [Bmim]" cation, the IR spectra are

@ Springer
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Fig.3 Infrared spectra of the isolated ion and ion pairs. (a) The [Bmim] " cation in the isolated state and the ion pair states. (b) The [PMoO]* anion in the

isolated state and the ion pair states

mainly characterized by a strong absorption peak for the
stretching vibration of the C2-H6 bond. In the isolated
[Bmim]" cation, the absorption peak for the stretching
vibration of the C2-H6 bond appears at about 3215 cm ™.
The largest red shift of 283 cm™' of the C2-H6 stretching
vibration is observed in configuration F2, corresponding
to the strongest H-bond. The smallest red shifts of the C2-
H6 stretching vibration in configurations T2 and F3 are
less than 100 cm™'. The magnitude of frequency shift for
the C2-H6 bonds agrees with the trend of the C2-H6 bond
elongation. Additionally, for the [PMoO]® anion
(Fig. 3b), the absorption peaks, assigned to the Keggin
structure, occur at 1070 cm ™' for v, (P-Oa), 965 cm ™' for
V4 (Mo-0d), 870 em ! for vy, (Mo-0-Mo), 790 cm ! for
V,s (Mo0-Oc-Mo), which are in good agreement with the
experimental spectra of the [PMoO]*~ anion [40]. The
vibrational modes of the anion moiety from individual
ion to ion pairs almost remain the same, implying the high
structural stability of the [PMoO]>~ anion.

Interaction energies

Table 2 lists the interaction energy AFE;,, the interaction
energy AEc corrected by BSSE and ZPE, and the relative

Table 2 The interaction energies (in kcal molfl) of six ion pairs

Tonpairs  ABSSE* AZPE* AE,* AE-? AEcp?
T1 1.70 1.62 —164.69 -161.37 7.88
T2 1.85 1.49 —165.68 —-162.34 6.91
F1 2.03 1.83 -173.11 -169.25 0.00
F2 2.05 1.51 -171.46 -167.90 1.35
F3 2.02 1.38 -171.39 -167.99 1.26
TF 2.19 0.79 -169.00 -166.02 3.23

* ABSSE, AZPE, AE;y, AE¢, and AEp represent the values of BSSE,
ZPE, the interaction energies, the interaction energies corrected by BSSE
and ZPE, and the relative interaction energies
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interaction energy AEz, along with the values of BSSE and
ZPE at the PBE-D3/TZP level. For the six ion pairs, the
interaction energies range from —169.25 to —161.37 kcal
mol ™", with the order of F1>F2~F3>TF>T2>T]I. This sug-
gests that the ion pairs formed in the F region are more stable
than those in the T region. Although configuration F1 is more
stable than configuration F2, the H-bond, C2-H6---O4, in
configuration F2, is the strongest one among all H-bonds.
Configuration F3 has similar energetic stability with F2, but
the H-bond C2-H6---O1 in configuration F3 is weaker. Con-
figuration TF has the intermediate stability among the six
configurations. From the energetic analysis, the experimental-
ly observed configurations, F3 and TF, are not the most stable.
This could be ascribed to the additional effect of the surround-
ing environment in the experimental solid state condition [46,
47].

In our IL system with the [PMoO]*~ anion and the
[Bmim]" cation, the interaction energy between the cation
and the anion is obviously larger than those in common ILs
[48-50]. The larger interaction energy might lead to the solid
nature of this POM-based ILs. To understand the origin of the
interaction between the [Bmim]" and [PMoO]’", we
employed the energy decomposition analysis [51-53] to eval-
uate the various energetic contributions. Table 3 presents the

Table3 Energy decomposition of interaction energies (in kcal mol ') for
six ion pairs

Ion pairs AE AEp i AE,; AE;,
T1 —153.04 25.01 -26.33 -10.33
T2 —156.35 26.55 —24.69 —-11.19
F1 —-160.83 30.23 -29.52 —12.98
F2 —159.88 33.52 —32.48 -12.62
F3 —-160.45 27.54 -25.15 —13.33
TF —158.84 31.84 —28.22 -13.77
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energy decompositions for all configurations. The elec-
trostatic attraction energy accounts for more than 90 %
of the total interaction energy, whereas the dispersion
energy only contributes less than 10 %. The electrostatic
attraction energy is the dominant contribution to the
interaction energy [24]. Although the larger electrostatic
interaction between the PMoO anion and the counter-ion
(IL cation) is associated with the high negative charge
(=3) in the anion, it definitely reflects the Coulombic

attraction between the constituent ions in the condensed-
phase [Bmim]*3[PMoO]*" ionic liquid, consequently
leading to a larger lattice energy. This result confirms
the previous experimental observation that Coulombic
attraction between ion pairs is responsible for the crys-
talline lattice state of POM-based ILs with higher melt-
ing points [54, 55].

It is noted that in configurations F1, F2, F3, and TF, the
difference in the interaction energies is due to the Pauli

Table 4 Properties of the elec-

tron density (in au) at bond critical lon pairs BCP P At A2 A3 v2p
points for the intermolecular in-
teraction of six ion pairs Tl C2-H6---04 0.0128 —0.0129 —0.0122 0.0706 0.0455
C13-H23---O 0.0140 —0.0149 —0.0140 0.0795 0.0505
C13-H25---06 0.0111 —0.0088 —0.0049 0.0594 0.0457
C9-H14---02 0.0121 —-0.0124 —0.0112 0.0672 0.0435
C9-H14---05 0.0112 —0.0091 —0.0042 0.0597 0.0464
T2 C2-H6---02 0.0129 —0.0134 -0.0116 0.0714 0.0464
C13-H23---04 0.0097 —0.0073 —0.0048 0.0519 0.0398
C13-H25---01 0.0171 —0.0190 —0.0183 0.0988 0.0616
C9-H15---03 0.0179 —0.0198 —0.0191 0.1027 0.0638
C9-H15---05 0.0094 —0.0069 —0.0040 0.0497 0.0389
Fl1 C2-H6---04 0.0248 —0.0317 —0.0313 0.1454 0.0824
C13-H23---02 0.0138 —0.0146 —0.0134 0.0777 0.0497
C13-H25---08 0.0117 —-0.0119 —0.0110 0.0653 0.0423
C9-H14---01 0.0079 —0.0068 —0.0024 0.0388 0.0296
C9-H14---09 0.0203 —0.0230 —-0.0217 0.1164 0.0717
C9-H15---07 0.0091 —0.0079 —0.0054 0.0493 0.0360
C11-H18---01 0.0057 —0.0047 —0.0044 0.0297 0.0206
F2 C2-H6---04 0.0315 —0.0443 —0.0435 0.1879 0.1001
C13-H23---01 0.0112 —-0.0114 —0.0104 0.0625 0.0407
C13-H23---09 0.0092 —-0.0077 —0.0039 0.0479 0.0362
C13-H25---07 0.0158 —-0.0177 —0.0165 0.0911 0.0568
C9-H14---02 0.0200 —0.0238 —0.0225 0.1173 0.0710
C10-H16---O11 0.0052 —0.0040 —0.0014 0.0251 0.0198
C10-H16---08 0.0136 —0.0144 —0.0138 0.0780 0.0498
C11-H18---02 0.0066 —0.0055 —0.0047 0.0339 0.0238
C12-H20---O8 0.0055 —0.0046 —0.0040 0.0289 0.0202
F3 C2-H6---0O1 0.0102 —0.0090 —0.0073 0.0539 0.0376
C13-H23---0O1 0.0095 —0.0088 —0.0086 0.0515 0.0342
C13-H25---07 0.0176 —-0.0197 —-0.0192 0.1023 0.0634
C9-H14---04 0.0128 —-0.0127 —0.0112 0.0702 0.0464
C9-H14---02 0.0110 —0.0095 —0.0079 0.0585 0.0411
C9-H15---011 0.0080 —0.0063 —0.0039 0.0419 0.0317
CI11-H18---02 0.0036 —0.0023 —0.0017 0.0173 0.0132
TF C2-H6---02 0.0232 —0.0289 —0.0269 0.1351 0.0793
C13-H23---05 0.0089 —0.0081 —0.0074 0.0473 0.0317
C13-H24---06 0.0127E@ —-0.0127 -0.0119 0.0709 0.0463
C10-H16---04 0.0105 —0.0097 —0.0095 0.0572 0.0380
C10-H16---09 0.0051 —0.0039 —-0.0022 0.0257 0.0197
C12-H20---010 0.0126 —0.0132 —0.0127 0.0713 0.0454
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repulsion and orbital interaction. For example, configuration
F2 has the largest orbital interaction energy, which is consis-
tent with the strongest H-bond C2-H6---O4. The orbital in-
teraction in the six ion pairs can be further analyzed by the
ETS-NOCYV scheme [56, 57], which combines the extended
transition state (ETS) approach with the natural orbitals for
chemical valence (NOCV) method. The important function
of the NOCYV analysis can be applied to clarify which
H-bond has the main contribution to the orbital interac-
tion in each ion pair. The detailed results for all six ion
pair configurations are presented in Fig. S1 in the
supplementary material. For all the NOCV decomposi-
tions in the six ion pair configurations, each energy
contribution term is very small. This is consistent with
the weak H-bonding nature in this system. For instance,
for configuration F2, the maximum energy contribution
(AE=—5.915 kcal mol™') to the orbital interaction
comes from the donation from the occupied O4 long-
pair orbital to the C2-H6 virtual orbital, which repre-
sents the contribution from the C2-H6---O4 H-bonding.
This is consistent with the preceding geometrical result
that the C2-H6 group always involves the H-bond for-
mation. The second larger contribution to the orbital
energy is from the H-bond of C9-HI15---O7 with the
energy AE=-2.399 kcal mol™'. These H-bonds corre-
spond to the shift of charge from the occupied orbital
on oxygen to the H-bonding bonding region.

Electronic property analysis

The nature of the H-bonding interaction can be characterized
from the topological analysis of electron density. According to
the AIM theory [36, 37], the electron density p can represent
the bond strength. A stronger bond is associated with a larger
p value. The Laplacian V?p value is generally used to reflect
the characteristic of bond. The negative V*p means the inter-
atomic bond exists as the covalent bond, while the positive
V?p indicates that the bond belongs to ionic, hydrogen bond-
ing, or van der Waals interactions. The V*p value can be
described by the sum of the three eigenvalues of the Hessian
matrix of p (V2 p=\;+ X+ \3). When the two eigenvalues are
negative and the third is positive, it is called the bond critical
point. Three AIM criteria was proposed by Lipkowski et al.
[58] to characterize the existence of H-bond, that is, 1) there is
abond critical point, 2) the electron density p and its Laplacian
V2p should be within the ranges 0.002-0.035 and 0.024-0.139
au, respectively.

As shown in Table 4, all of the topological parameters at
the bond critical points, except those in bold, fall within the
suggested value ranges, consequently, they can be classified
as the hydrogen bonding interactions. In configurations F1,
F2, and TF, the p values of the H-bonds involving C2-H6 are

@ Springer

above 0.023 au. Therefore, the C2-H6 site on the imidazolium
ring is the most favorable position to form H-bond, which has
also been confirmed experimentally elsewhere [59, 60]. There
possibly exists van der Waals interactions between [Bmim]"
cation and [PMoO]*~ anion in the four configurations F1, F2,
F3, and TF. For example, in configuration F2 (Table 4), the
low p values for C10-H16---O11, C11-H18---O2, C12-
H20---O8 are 0.0052, 0.0066, 0.0055, respectively, which
agree with the suggested criterion (<10 au) of van der Waals
complexes [61, 62].

The difference of electron density for configuration F2 is
shown in Fig. 4, which is obtained by subtracting the elec-
tronic density of each fragment from the total electronic
density of configuration F2. The redistribution of the electron
density is mainly in regions along the H-bond axes, where the
electron density reduction is concentrated at the positions of
H-bond donors. The electron density increase is observed at
the H-bond acceptors. These features are consistent with those
H-bonded configurations reported previously [63, 64]. The
maps of electron density difference for other configurations
are similarly observed in Fig. S2 in the electronic supplemen-
tary material. The kind of difference of electron density can
also described by the Voronoi deformation density (VDD)
charge analysis for the isolated cation and the cation moiety
in each ion pair (Table S2). This VDD charge shows that the
cation moieties have an increase in the net negative charge,
confirming an electron transfer from the anion moiety to the
cation moiety during the combination of the ion-pair. In par-
ticular, it was observed that the partial 7t electron show a
transfer along the imidazolium ring from the C2-H6 group
to the back-side C4(H7)-C5(HS8) region. This behavior is
consistent with the result of the difference of electron density
(Fig. 4).

In the NBO analysis, the second-order interaction energy
E® between the donor orbital / and the acceptor orbital j could

Fig. 4 Electron density difference map for configuration F2. The blue
and red regions represent increased electron density and decreased elec-
tron density, respectively. The isodensity contours are 0.0015 electron
bohr
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Table 5 The second-order interaction energies (in kcal mol™") and the
total amount of electron transfer (in ¢) from the anion to cation on the
basis of the NBO analysis

Ton pairs Donor(i)*  Acceptor(j)* charge transfer
T1 LP(O4) o*(C2-H6) 292 —0.0458
T2 LP(O1) o*(C13-H25) 069  —0.0408
Fl LP(04) o*(C2-H6) 795  —0.0557
LP(09) o*(C9-H14) 254
F2 LP(04) o*(C2-H6) 1224 —0.0748
F3 LP(O7) o*(C13-H25) 0.1 -0.0361
TF LP(02) o*(C2-H6) 167  —0.0609
LP(O6) o*(CI3-H24) 133
LP(O10)  o*Cl2-H20) 131
LP(O4) T0H(C2-N3) 3.89

4LP denotes the lone pair orbital. 0* and 7t* represent anti-bond orbitals

be estimated by the equation, E(z):AEij:q,»XF(i,j)z/(sj—s,»),
where ¢; is the donor orbital occupancy; €; and €; are diagonal
elements (orbital energies) and F(i,j) is the off diagonal NBO
Fock matrix element.

The second-order orbital interaction energy E® and the
charge transfer between the [Bmim]"* cation and the [PMoO7?
"~ anion are listed in Table 5. In configurations T1, F1, F2, and
TF, the £? values of LP (O)— 0*(C2-H6) are larger than the
others, reflecting the strong orbital interaction in the H-bonds
involving the C2-H6 group. Especially, the largest £ value
(~12 kecal mol™) corresponds to the strongest H-bond (C2-
H6---04) in configuration F2. For configurations T2 and F3,
the E® value of LP (O)— 0*(C2-H6) is too small to list,
which is in agreement with their small red shifts of the C2-
H6 stretching vibration. The E® value of LP (09)— o*(C9-
H14) in configuration F1 is 2.54 kcal mol ', while the £®
values of the other bonds are about 1 kcal mol™'. They are

(@)

2.0

18}
1.6}
14}
1.2
1.0

RDG

0.8 8
0.6 -
0.4+
0.2+

0

Sign(1,)p (au)

0 L ) H Dip et g L 1 .
-0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05

consistent with the trend of the H-bond strength. In configu-
ration TF, the p— interaction LP (04)— 7t*(C2-N3) with the
value of £ (3.89 kcal mol™") was observed, which is attrib-
uted to its specific geometry. The charge transfer from the
[PMoO]*" anion to the [Bmim]" cation has also been ob-
served. Configuration F2 has the largest charge transfer
(~0.075e), configurations F1 and TF have similar charge
transfer, and F3 has the smallest one (0.036e). The charge
transfer for each configuration does not have a direct relation-
ship with the stability of the ion pairs. However, the charge
transfer in the ion pairs may affect the electronic properties of
the [PMoO]* ™ anion [15].

In the NCI approach, RDG was computed by the equation
[39] RDG=1/(2(37%)"*)|Vp|/p**. In this approach, the plot of
RDG vs. sign (A;)p (the electron density multiplied by the sign
of the second Hessian eigenvalue) can be used to distinguish
the interaction nature between the [PMoO]>~ anion and the
[Bmim]" cation. Multiwfn 3.2 [65] was used to obtain the
graph of RDG versus sign () p and the RDG isosurfaces for
the optimized structures of ion pairs. As shown Fig. 5a, for
configuration F2, several obvious spikes are observed in the
low-density and low-gradient region, suggesting the existence
of the non-covalent interactions between the [Bmim]" cation
and the [PMoO]*~ anion. The low-density, low-gradient spikes
at negative values signify again the H-bond existence between
the ions. Finally, the low-density, low-gradient spikes very near
zero correspond to the weak dispersion interaction.

Moreover, the gradient isosurfaces of RDG (=0.5), subject
to the constraint of low density, is able to provide further
visual information of non-covalent interactions in the corre-
sponding space. According to the values of sign (A,) p, as
shown in Fig. 5b, the blue or green isosurfaces indicate the
formation of H-bonds between the hydrogen donor and the
oxygen acceptor, corresponding to the negative spikes in
Fig. 5a. The regions with the pistazinus (yellow-green) color
show weak dispersion interactions. The plots of RDG versus

(b) 0.02

Fig.5 The NCl analysis for configuration F2. (a) Plots of RDG versus the sign (A;)p. (b) RDG isosurfaces (RDG =0.5). Blue and red indicate dispersion

interactions and strong nonbonded overlap, respectively
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sign (A,)p and the RDG isosurfaces for the rest configurations
are given in Fig. S3 and Fig. S4, respectively, in the electronic
supplementary material. The p— interaction in configuration
TF could also be observed, which has already been confirmed
by the NBO analysis.

Conclusions

In this work, the interaction of novel POM-based ILs, com-
posed of [Bmim]" and [PMoO]*", have been investigated
employing the DFT computation. The geometrical character-
istics, energetic properties, IR spectra, and the intermolecular
H-bond characters between the [PMoO]> anion and the
[Bmim]~ cation have been systematically analyzed and
discussed. All the stable geometries of the ion pairs were
characterized by multiple H-bonds with the type of C-H---
O. The C2-H6 attached to the imidazolium ring is found to be
the favorable position to form the H-bonds between the ion
pairs. According to the interaction energy, the ion pairs formed
between the [PMoO]®~ and the [Bmim]" in the F region are
more stable than those in T region.

The computed IR spectra demonstrate four types of
Keggin-structured featured bands in the [PMoO]*~ anion,
which are in good agreement with the experimental result.
The vibrational modes from isolated ion to ion pairs almost
remain the same, implying the high structural stability of the
[PMoO]>" anion. The red shifts of H-bond involving C2-H6
for all configurations were also observed, which can be
assigned as the effect of H-bond. The interaction between
the [PMoOJ® anion and the [Bmim]" cation has been com-
prehensively characterized by the electron density and its
derivatives in the AIM scheme. The natural bond orbital
analysis and the non-covalent interaction approach reveal the
charge transfer from the anion to the cation. The obtained
results are expected to provide an understanding of the inter-
action between the [PMoO]*~ anion and the [Bmim]" cation
and they will be beneficial for further designing new POM-
based ionic liquids.
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