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The equilibrium geometries and vibrational frequencies of the ionic liquid 1-butyl-3-methy-
limidazolium cation and the alanine anion [BMIM][Ala] are studied using density functional
theory (DFT) at the B3PW91/6-311+G(d, p) level. The most stable structures of the anion, the
cation, and the ion pairs are obtained and characterized, and the geometry parameters of the
ion pairs confirm the presence of a hydrogen bonding interaction between the anion and the
cation. Natural bond orbital (NBO) analysis is also performed to analyze the atomic charge
distribution and charge transfer in the [BMIM]" cation and [BMIM][Ala] ionic liquids. The re-
sults show that there are the electrostatic interaction and multiple hydrogen bond interactions
between the cation and the anion of the ionic liquids, and the stability of the ground state of the
ion pairs mostly results from the hydrogen bonding between the lone pairs of O atoms in the
anion and H in the imidazole cycle of the cation. There are some changes in microstructures
and the charge distribution during the formation of the ion pairs.

Keywords: amino acid ionic liquids (AAILs), density functional theory (DFT), natural
bond orbital (NBO), second order interaction energy.

INTRODUCTION

In recent years, ionic liquids (ILs) have been used widely in various chemical fields such as ca-
talysis, organic synthesis, electrochemistry, biochemistry, and material engineering [ 1—4 ] due to
their unique properties, including negligibly small vapor pressure, high thermal stability, and high
ionic conductivity [ 5—7 ]. In addition, as an environmentally friendly solvent, ILs were expected to
substitute the traditional industrial organic solvents, most of which resulted in environmental pollution
because of their properties of volatility and toxicity. The coupling of the imidazolium cation with natu-
ral amino acids or the coupling of the amino acid cation with other anions can develop a novel concept
of amino acid ionic liquids (AAILs) composed of natural amino acid ions. These AAILs not only pos-
sess the particular physical and chemical properties mentioned above, but also possess some great
merits, such as low costs, are biodegradable and biocompatible, containing multi-functional groups, a
strong hydrogen bonding ability and abundant source [ 8, 9 ], as revealed by the works of the groups of
Ohno [9, 10] and Kou [ 11, 12]. In addition, the physicochemical properties of AAILs can easily be
adjusted by modifying their various functional groups on the side chain of the amino acids [ 13, 14 ],
therefore, the functional design of AAILs can be achieved for a wide range of tasks, for example, by
introducing the chiral center into the IL [ 11—18].

Applications in the synthesis of AAILSs as catalysts were published one after another, indicating
that it is a pop field [ 19 |. However, the mechanism of the reaction was a pending problem, and there-
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fore the understanding of the properties of AAILs and the interpretation of the mechanism of catalysis
were of fundamental importance not only for synthetic chemistry, but also for designing task-specific
ILs. Therefore, apart from these experimental results, many theoretical papers were published [ 20—
28 ] on the studies of their microstructures, intermolecular interactions, hydrogen bonds, and physico-
chemical properties. They included traditional molecular dynamics simulations, first-principles mo-
lecular dynamics simulations, and electronic structure methods. For example, AAIL of [emim][Gly]
formed by the glycine anion demonstrated that the intermolecular H bonds were the evident character-
ristics of it [ 20 ]. By means of a combination of the experimental and theoretical methods, Rong ef al.
[21] studied the glutamic acid based ILs of [Glu]X(X = BF;, NOj, CI', PFg, ...) and found that the

smaller the absolute value of the binding energy between [Glu]™ and the acid anion, the lower the mel-
ting point was. Gao et al. [ 22 ] carried out a theoretical study on the structure and the cation-anion
interaction of [Pro] [NO;] AAIL, and Chiappe [ 23] studied the novel glycerol borate-based ILs by
combining the experimental and theoretical studies. Zhang et al. [ 24 ] characterized the structural
properties of N,N-dimethylformamide based IL using a DFT calculation. Gutowski et al. carried out
the ab initio calculations on the formation and stabilities of ILs [ 25, 26 ]. Zhang et al. completed the
DFT study on the structure and the cation-anion interaction of [Csmim] [Glu]” AAIL [27]. Wu et al.
explored systematically the structural and electronic properties of AAILs using a theoretical method
and found that the properties of AAILs were dependent on the variety of amino acid anions [ 28 ].
These theoretical studies mentioned above redound to understand the molecular level interaction and
further to predict and design functional AAILSs.

In this paper, the structural and electronic properties of AAIL of the 1-butyl-3-methylimidazolium
cation and the alanine anion, i.e. [BMIM][Ala], which was utilized as halogen-free catalyst for the
synthesis of cyclic carbonates from CO, and epoxides [ 19 ], were explored by DFT. The results were
useful for the understanding of the structures and properties of AAILs in the liquid phase and the in-
terpretation of the mechanism of the catalysis, and furthermore, they contribute to the design of task
specific ILs.

COMPUTATIONAL METHOD

The equilibrium geometries, vibrational frequencies, and interaction energies of [BMIM][Ala]
were studied by performing DFT calculations. The B3PW91 [ 29, 30 | method with the 6-311G+(d,p)
basis set was used because B3PW91 would give a more reasonable description than other functionals
[31], such as B3LYP, for AAIL involving strong hydrogen bonds. The electronic properties, bonding
characteristics, and second order stability energies were illustrated based on the natural bond orbital
(NBO) analysis [ 32, 33 ].

The interaction energy (AE;,) could be used to estimate the intensity of the interaction between the
cation and the anion in ion pairs, which was defined as a difference between the energy of the ion pairs
and the energies of their free fragments, and it can be evaluated in Eq.(1): AEin = Ecation T Eanion —
— Eionpair Where Ejonpair 15 the energy of the ion pairs of [BMIM][Ala], Ecaion 1s the energy of [BMIM]+,
and Eqnon 18 the energy of [Ala]. In addition, the interaction energies were corrected by the basis set
superposition errors (BSSE) [ 34 ] with the counterpoise procedure method [ 35 ] and the zero-point
energy (ZPE) obtained within the harmonic approximation. All calculations were performed using the
Gaussian-03 program [ 36 |.

RESULTS AND DISCUSSION

Geometries of [BMIM][Ala]. Initially, a series of possible geometries for the ion pairs were de-
signed and optimized. However, some different initial geometries were optimized to the same result.
After the optimizing process, seven various configurations named as A, B, C, D, E, F, and G of
[BMIM][Ala] were obtained and illustrated in Fig. 1. The relative energies (£,) corrected by ZPE, the
interaction energies between the anion and the cation corrected by BSSE and ZPE (AEgssg+zpe), and
the single point energy change or deformation energies (AE,) of the anion and the cation during the
formation of [BMIM][Ala] are given in Table 1. At this level, the most stable isomer of [BMIM][Ala]
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Fig. 1. Optimized structures of the [BMIM][Ala] ionic liquid at the B3PW91/6-311+G(d,p) level.

All distances are in Angstroms

was shown as A in Fig. 1, and two hydrogen bonds between the oxygen atoms of the anion and the
hydrogen atoms in methyl and the imidazolium ring of the cation were formed. The lengths of O34—
H14 and O35—H6 were 2.030 A and 1.626 A respectively, being less than the van der Waals H---O
distance (2.72 /0\) [37], and obviously, their formation improved the stability of the ion pairs. The
structure of the second conformer B, which was 2.2 kJ-mol " less stable than A, was very similar to
that of A. The difference between these two conformers was the hydrogen bonds. In the configuration
B, the O35—H14 and O34—HG6 hydrogen bonds were the main interaction, which were 2.014 A and
1.668 A respectively. As shown in Fig. 1, The third conformer C, which was 2.6 kJ-mol ™" less stable
than A, was as alike as the aforementioned two structures as a whole.
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Table 1

ZPE corrected Relative energies E., k] -mol ™!, BSSE and ZPE corrected interaction
energies between the anion and the cation AEgssg.zpE, kJ-mol ™', and the single point

energy change or deformation energies AEg,, kJ -mol™" of the anion and the cation
during the formation of [BMIM][Ala]

Configuration | E, BSSE energy | AEgssg+zpe AESp/([BMIM]+) AEg/([Ala])
A 0 3.0 385.2 8.8 7.2
B 2.2 3.1 382.9 7.1 7.7
C 2.6 33 382.2 7.3 7.6
D 33.2 4.8 350.2 6.2 17.8
E 38.1 3.8 346.3 5.9 6.1
F 46.5 3.8 337.9 6.7 6.7
G 50.4 2.9 334.9 6.4 5.6

The configuration D, as illustrated in Fig. 1, was greatly different to the aforesaid three structures.
The hydrogen bond between N33 and H6 also formed (2.201 &), apart from O34—H19 (2.277 /0\) and
035—H14 (2.191 A). Compared with that of A, these hydrogen bonds of the configuration D were
weak and as a result it was 33.2 kJ-mol ' less stable than the most stable conformer A. The other iso-
mers of [BMIM][Ala] IL, such as E, F, and G given in Fig. 1, were 38.1 kJ-mol ', 46.5 kJ-mol ', and
50.4 kJ-mol ' less stable respectively. Because the acidity of C5—H in the imidazolium ring was
stronger than other H of the cation unit, the hydrogen bond between the C5—H and oxygen of the
anion unit must be stronger than other hydrogen bonds and contributed mostly to the stabilities of
these structures of the ion pairs. Therefore, the absence of the type of the hydrogen bond formed be-
tween C5—H and the oxygen atom in the isomers D, E, F, and G would reduce their stabilities rela-
tive to A, B, and C. From the above analysis, it could be concluded that in all configurations the hy-
drogen bonding interactions were mostly between the O atoms on the anion and H atoms on the cation
fragments, which possessed more negative and positive charges. The hydrogen bond strength was op-
posite to its length, and furthermore, the interaction between the cation and the anion was in accor-
dance with the intensity of the hydrogen bond. In the structures of A, B, and C shown in Fig. 1, the
hydrogen bond involved C5—H, the acidity of which was the most strong among all the H atoms in
the ion pairs, which were shorter than other hydrogen bonds, and as a result, it can be understood easi-
ly that these three structures were much more stable relative to the other conformers. In addition, the
interactions between the anion and the cation occurred in those regions that possessed more negative
and positive charges, suggesting that the electrostatic attractions contributed to the interaction between
the anion and the cation.

Furthermore, comparing isolated [BMIM]" and the ion pairs, it was easily discovered that the
C—H bond of the cation would be elongated if the corresponding H atom participated in the formation
of the H bond [ 38 ]. For example, the bond lengths of C5—H6 and C12—H14 in the configuration A
changed from 1.078 A and 1.089 A in isolated [BMIM]" to 1.139 A and 1.097 A in [BMIM][Ala] A.
Obviously, the formation of H bonds weakened the corresponding C—H bonds.

INTERACTION ENERGIES

The interaction energies were also calculated and corrected by ZPE and BSSE at the same level,
which confirmed the stability order of these conformers from another point of view. As seen from
Table I, these values were 385.2kJ-mol”', 382.9kJ-mol', 822kJ-mol’, 350.2kJ-mol’,
346.3 kJ-mol ™, 337.9 kJ-mol ™", and 334.9 kJ-mol™' respectively, being consistent with the stability
evaluated by the relative energies. And obviously, it was indubitable that the larger the interaction en-
ergy is, the stronger the interaction between the cation and the anion. From a comparison with the re-
sults of the structural optimization and the relative energy calculation, it could be seen that because of
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the similarity of the geometries of the configurations A, B, and C, their interaction energies were very
close. However, these values of the configurations D, E, F, and G were all lower than those of A, B,
and C, indicating that the difference in the geometries resulted in an inappropriate position for the
formation of the hydrogen bonding interaction. The C5—H6 site on [BMIM]" was the most favorable
for the interaction between the anion and the cation because the acidity of H atoms in C7—HS,
C9—H10, methyl, and butyl were all weaker than that of C5—H6, and as a result, the interaction ener-
gies of D, E, F and G conformers were small relative to that of A.

In order to evaluate the deformation of ions from the energy point of view, the single point ener-
gy changes (AEj,) of the anion and the cation during the formation of [BMIM][Ala] IL were obtained
by calculating the differences between the free fragment and its corresponding isolated moiety in the
ion pairs (the remaining part of the ion pair was set as a ghost atom) [ 27, 28 ]. As seen from Table 1,
compared with the free anion or the cation, the single point energies of its corresponding isolated unit
in the ion pairs changed to a varying degree, suggesting that both anion and cation were distorted du-
ring the formation of the ion pairs. As for the [BMIM]" cation, in all configurations the maximum AE,
value was 8.8 kJ-mol ' for A, relatively indicating its most prominent change. However, for the anion,
the most distinct change took place in the configuration D, as revealed by the largest AE, value
(17.8 kJ-mol ™). It can be speculated rationally that the reason for the deformation during the forma-
tion of the ion pairs was the interactions between the anion and the cation, such as the hydrogen bon-
ding interaction and electrostatic attraction.

NBO ANALYSIS

Based on the optimization of the structures for the ion pairs, the natural population and NBO
were also calculated at the same level to analyze the charge distribution and bond properties of the ion
pairs. Table 2 listed some of the charge increment and decrement values on the corresponding atoms
in going from the isolated ions to the ion pairs. It could be seen from Table 2 that there were net
charge transfer from the [Ala] anion to the [BMIM]" cation for all configurations during the combina-
tion of the two units, and based on the simplicity, only the charge changes on the atoms involving the
H bond were listed. The total amount of charge transfer from the anion to the cation for the configura-

Table 2
NBO charge of [BMIM][Ala]
[BMIM][Ala]
Atoms

A B C D E F G
H3 +0.027 | +0.029 | +0.071 | +0.009
H4 +0.071 | +0.043
Ho6 +0.063 | +0.063 | +0.063 | +0.043
HS +0.063 | +0.059 | +0.060
H10 +0.027
H14 +0.065 | +0.067 | +0.027 | +0.050
H18 +0.021 | +0.0475 | +0.034
H19 +0.005 | +0.003 | +0.002 | +0.062
N33 +0.018 | +0.020 | +0.019 0 +0.015 | +0.016 | +0.014
034 +0.014 | -0.010 | -0.012 | —0.007 | +0.005 | —0.012 | —0.009
035 —0.008 | +0.008 | +0.008 | +0.017 0 +0.001 0
Total Ae | 0.134 | 0.124 | 0.122 | 0.070 | 0.112 0.084 0.093

Total Ae means the total amount of charge transfer from the anion to the cation,
"~ means a negative charge increment, "+” means a positive charge increment.
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Table 3
Electronic donorlacceptor of NBO and the corresponding stable energy of [BMIM][Ala]

Configu- Donor Acceptor E®, Configu- Donor Acceptor E®,
ration NBO(i) NBO(j) kJ-mol || ration NBO(i) NBO() kJ-mol™!
A |LP(03%5) BD*(1)C5—H6 | 165.7 D |LP(N33) BD*(1)C5—H6 32.8

LP(034) BD*(1)C12—H14| 33.1 LP(034) BD*(1)C16—H19| 9.9
BD(1)C32—035|BD*(1)C5—H6 4.9 LP(O35) BD*(1)C12—H14| 4.9
B |LP(O34) BD*(1)C5—H6 | 139.3 BD(C32—035)|BD*(2)N1—C5 4.7
LP(035) BD*(1)C12—H14| 34.7 E |LP(O35) BD*(1)C7—H8 | 116.5
BD(C32—034) |BD*(1)C5—H6 4.7 LP(034) BD*(1)C2—H4 32.2
C [LP(O34) BD*(1)C5—H6 | 137.9 F |LP(O34) BD*(1)C7—HS8 79.5
LP(O35) BD*(1)C2—H3 30.0 LP(0O35) BD*(2)C7—C9 3.9
BD(C32—034) |BD*(1)C5—H6 4.4 G |LP(0O34) BD*(1)C7—HS8 | 107.1

tion A was the maximum, being in agreement with its maximum interaction energy. However, for
some configurations, the relationship did not hold true. In addition, on the H, O, and N atoms, which
formed H bonds with each other between the anion and cation fragments, the charge accumulations
were relatively prominent. For example for the configuration A, both H6 and H14 formed H bonds
with O35 and O34 respectively, therefore, during the formation of the ion pairs, the evident charge
transfer occurred on H6 and H14. The rest of the configurations also exhibit this feature. Based on the
above analysis, it could be concluded that during the combination of the [Ala] anion and the [BMIM]"
cation, the charge redistribution mainly took place on the corresponding atoms involving H bonds.
Rationally, the charge transfer and redistribution also contributed to the stability of the ion pairs.

The second order interaction energies (E®) of IL can be used to investigate the interaction be-
tween the cation and the anion, electron donor orbitals, electron acceptor orbitals, which indicates the
intensity of the interaction between the electron donor orbitals and the electron acceptor orbitals [ 39 .
The higher the value of £ is, the more the electron tends to transfer from donor orbitals to acceptor
orbitals. It can be obtained from the following equation: £ = inF(i,j)z/(sl — ¢j), where g; is the donor
orbital occupancy, ¢ and g; are the diagonal elements, and F{;; is the off-diagonal NBO Fock matrix
element. The E® values were also computed and listed in Table 3, in which LP and BD* denote the
lone pairs and antibonding orbitals respectively. As seen from Table 3, for the most stable structure A,
the second order interaction energies of LPs of O35 and BD* of C5—H6 were maximal
(165.7 kJ-mol "), contributing mostly to the stability of the ion pairs, and indicating that the hydrogen
bond between O35 and C5—H6 was stronger than other hydrogen bonds. Therefore, the interaction of
the cation and the anion was dominated by a hydrogen bond formed by LPs of O35 and C5—HG6 anti-
bond. However, the interaction between LPs of O34 and the antibond of C12—H14 also promoted its
stability. As for the structure of B, the dominant interaction between the [BMIM]" and [Ala] frag-
ments presented to be the interaction of LPs of 034 and BD* of C5—H6, whose E® amounted to
139.3 kJ-mol ', The interaction due to O35 and C12—H]14, which amounted to 34.7 kJ-mol ', was
relatively small. In regard to the configuration C, the second order interaction energy resulted from the
hydrogen bonds between O34 and C5—H6 was also maximum, predicating that it was the strongest
interaction. From the above analysis of the configurations A, B, and C, it can be seen that there were
some similarities, i.e. the dominant interactions all involved C5—H6 in the imidazole plane, whose
acidity was the strongest among all of the H atoms.

As regards the configuration D, the primary donor NBO was LPs of N33 in the anion unit, while
the acceptor NBO was the antibond of C5—H6 in the cation unit, which was different from the other
conformers. Additionally, the £ value was also smaller than those of the other systems. The E® va-
lues for the configurations E, F, and G, also indicated that the primary interactions resulted from LPs
of O34 or 035 and the C7—HS antibond, as seen from Table 3. Comparing E® with the interaction
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energies it can be concluded that the large E® values for the configurations A, B, and C may be one of
the leading causes of their large interaction energies.

CONCLUSIONS

Based on the calculation of the electron structure for IL of the 1-butyl-3-methylimidazolium
cation and the alanine anion, i.e. [BMIM][Ala], the configurations in the gas phase with different sta-
bilities were obtained. The BSSE and ZPE corrected interaction energies between the anion and the
cation were in turn 385.2 kJ-mol ', 382.9 kJ-mol ', 382.2 kJ-mol ', 350.2 kJ-mol ', 346.3 kJ-mol ',
337.9 kJ-mol ', and 334.9 kJ-mol ', and the larger the value is, the stronger the interaction. The hy-
drogen bonding interaction and electrostatic attraction were the main modes of the interaction between
the anion and the cation, and they both contributed to the stabilities of the system. Configurations A,
B, and C were more stable structures, and their interaction energies were close to each other. During
the combination of the cation and the anion, geometry changes, charge redistribution, and hydrogen
bonding interaction enhanced the stability. In the most stable structure, the hydrogen bond formed be-
tween LPs of O35 and the antibond of C5—H6 was the strongest and contributed mostly to the stabi-
lity of the configuration, the second order interaction energy of which also confirmed its stability from
another point of view. The interaction between the anion and the cation included the electrostatic
power and the hydrogen bond, and delocalization resulting from the transfer of LPs of the O atom in
the anion to the antibond contributed mostly to the stability.
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