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A series of 1-alkyl-3-methylimidazolium amino acid ionic liquids (ILs) [C,mim][Gly] were studied by molecular
simulations based on the all-atom force field. Volume expansivity and heat capacities for [Comim][Gly] were calculated for
validating the force field. Site-to-site and centre-of-mass radial distribution functions were investigated to depict the
microscopic structures. It is interesting to find that one [Gly] ~ anion could catch more than two imidazolium rings, and they
may arrange approximately parallel to each other. Moreover, aggregation of the alkyl chains was observed in the ILs with

alkyl side chains longer than or equal to C4.

Keywords: molecular dynamics simulation; amino acid; ionic liquid

1. Introduction

Tonic liquids (ILs) have been attracting considerable
attention due to their designable nature for a variety of
potential applications [1-6]. In recent years, amino acid
ILs, as an important kind of ILs, have been studied by
more and more scientists. Fukumoto et al. [7] succeeded
in synthesising ILs from 20 natural amino acids in 2005.
Yang et al. [8] synthesised the amino acid IL, 1-ethyl-3-
methylimidazolium aminoacetate ([C,mim][Gly]), and
measured the densities and surface tensions of [C,.
mim][Gly] at different temperatures. A new series of
task-specific ILs, tetrabutylphosphonium amino acid
([P(Cy4)4][AA]), were synthesised by Zhang et al. [9] to
capture CO,, and CO, absorption capacity at equilibrium
was 50mol% of ILs. In various fields, including
industrial chemistry and pharmaceutical chemistry, the
amino acid ILs have proved to be useful in intermediates
for peptide syntheses, functional materials and biode-
gradable ILs [7].

Molecular simulation is an indispensable tool for
understanding the microstructures of the ILs [10-20].
For example, Wang and Voth [21] used the multiscale
coarse-graining method and found the spatial hetero-
geneity in imidazolium-based ILs. Bhargava and
Balasubramanian [22] performed the molecular simu-
lation to study the structure of the liquid—vapour
interface of [Cymim][PFs]. Maginn et al. [23]

investigated the underlying mechanisms for the high
solubility of CO, in imidazolium-based ILs and
dramatic increase in viscosity after absorption of CO,
in amine-functionalised ILs [24]. In this work, a serial
of amino acid ILs were studied based on the force field
of 1-alkyl-3-methylimidazolium ([C,mim]*) [14] and
glycine ([Gly] ) [25]. The restraint electrostatic
potential (RESP) [26] method was used to obtain the
point charges of [C,,mim]". Molecular dynamics (MD)
simulations were carried out in the isothermal—isobaric
ensemble for four kinds of 1-alkyl-3-methylimidazolium
aminoacetate [C,mim][Gly] ILs. The volume expansiv-
ities and heat capacities for [C,mim][Gly] were
calculated, and a good agreement with the experimental
data was obtained. Moreover, the interaction between
cations and anions was analysed by radial distribution
functions (RDFs) of these ILs. Aggregation of the alkyl
chains in non-polar domains was observed in the ILs
with alkyl side chains longer than or equal to C4.
Because one terminal of [Gly] is the electronic
acceptor, and the another is the adopter, hydrogen
bonds between anions themselves were found. In
addition, it is interesting to find that the imidazolium
rings are aligned approximately parallel to each other,
and the distance between the rings is very close, even
closer than that between the ring and the anion.
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Figure 1. Structures and atom types of [C,mim] " cations and the [Gly]  anion.

2. Force-field development

The AMBER force field [27] was used with the following
functional form for the potential energy E:

Eoa = Y K r =10l + > Ko(0 — 6)°

bonds angles

K
+ D 5 (14 cos(ap = 7))

torsions
qiqj
+20
r ij

N N Uij 12 a_lj 6
*2 3 |() -()
i=1 j=i+1 U Y
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where the potential parameters have their usual meaning.
Lennard-Jones parameters for interactions between
different atom types were obtained by using the
Lorentz—Berthelot mixing rule [28]:

&ij = [Eiigjj;

The structures of [C,mim]" were optimised at the
B3LYP/6-314+G#* level using the Gaussian 03 program.
The atomic charges were fitted to reproduce the molecular
electrostatic potential and calculated at the 6-3114
G#*/B3LYP level. The fitting was carried out using the
RESP method. Atomic partial charges, the equilibrium
bonds and angles obtained from the optimised structures
are listed in Tables S1 and S2 (please refer to the
supporting information, available online). The atom types
for [C,mim]" are presented in Figure 1.

oij = (03 + 03) /2. 2

3. Simulation details

MD simulations for all the four [C,mim][Gly] ILs were
performed using the M.DynaMix program version 4.3
[29]. Each system contains 192 [C,,mim]™" cations and 192
[Gly]  anions. Simulations started from the FCC lattice at
alow density of 0.2 g/cm’. After the system was relaxed in
the NVE ensemble for a few MD steps (2000 steps) to
remove the possible overlapping in the initial configur-
ation, the Nosé—Hoover [30] NpT ensemble was adopted
with coupling constants of 100 and 1000 fs for temperature
and pressure, respectively. Then, the system density
gradually increased. The Tuckerman—Berne double time-
step algorithm [31] was employed with long and short time
steps of 2 and 0.2fs, respectively. The intramolecular
forces were cut off at 15 A, while the long-range forces,
including LJ and Coulombic interactions, were cut off at
20 10\, and the Ewald [32] summation was implemented for
the latter. The system equilibrated for at least 1.0 ns, and
each production phase lasted for another 3.0 ns at 298.15 K
under 1.0 atm.

4. Results and discussion
4.1 Liquid densities

Table 1 shows the computed densities of [C,,mim][Gly]
and experimental data for [C,mim][Gly] at different
temperatures. The predicted densities of [Comim][Gly] are
higher than the experimental densities [8] by about 2.0%.
The agreement is good considering that the calculations
are purely predictive, which means the force field of

Table 1. Comparison of predicted and experimental density, molar volumes and volume expansivities at 1.0 atm.

p (g/cm3) V (cm>/mol) ap (1074 K™Y
IL T (K) Sim. Exp. Sim. Exp. Sim. Exp.
- 298.15 1.179 1.1589 157.1 159.8 4.81 5.24
[Comim][Gly] 323.15 1.165 1.1437 159.0 162.0 4.76 5.17
- 343.15 1.154 1.1322 160.5 163.6 4.71 5.12
[C4ymim][Gly] 298.15 1.103 - 194.3 - - -
[Cemim][Gly] 298.15 1.061 - 227.5 - - -
[C1omim][Gly] 298.15 0.998 - 298.0 - - -
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Figure 2. Density of [C,mim][Gly] vs. number of carbon in the
alkyl side chain.

[C,,mim] " and [Gly]  could be successfully used in this
system. It can be seen in Figure 2 that the density of
[C,,mim][Gly] reduces with the increase in the number of
carbon in the alkyl side chain, and this result is similar to
that of [C,,mim][TFSI] [33].

4.2 Volume expansivity

The volume expansivity quantifies the extent to which the
volume of a fluid changes with temperature at constant
pressure, and it is defined as [10]

1 oV
=y (&), v

It is another important data for validating a proposed
force-field except for density. The volume expansivity was
obtained by running a series of simulations at different
temperatures. As the change in volume with temperature
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Figure 3. Molar volume of [Comim][Gly] vs. temperature.
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Figure 4. Enthalpy of [C,mim][Gly] vs. temperature.

is approximately linear (Figure 3), ap can be calculated
according to Equation (3) by fitting a straight line to the
simulated molar volume. Table 1 lists the computed
volume expansivities of [C,mim][Gly]. Comparing with
the experimental results, the simulated expansivities of
[Comim][Gly] are bigger than the experimental values [8]
by less than 2.0% in all cases, and the agreement is good
enough to confirm that the proposed force field can be
successfully used in this kind of ILs.

4.3 Heat capacity at constant pressure

The heat capacity at constant pressure can be calculated by
[34]:

oH
P

where H is the enthalpy.

10
p — [Comim][Gly]
8 ;'l"- ---- [C,mim][Gly]
N [Cemim][Gly]
[ .
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>
4
2 -
O -
1 2 3 4 5 6 7 8
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Figure 5. RDFs between HS5 in [C,mim] with O2 in [Gly].
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Figure 6. RDFs between H4™ and H4" in [C,mim] with O2 in [Gly].

H=EN +ENT L g1 pv. 3)

The total potential energy E is split into non-bonded and
intramolecular terms (E = E NB L E INT). K is the kinetic
energy, p and V are the pressure and molar volume,
respectively.

The heat capacity at constant pressure was computed
under several temperatures and 1.0atm. Because the
change in enthalpy with temperature is approximately
linear, Cp can be calculated using Equation (4) by fitting a
straight line to the simulated enthalpy data (see Figure 4).
The computed heat capacity between 298.15 and 343.15K
i$390T mol 'K ' or2.107J g{1 Kil, which is lower than
the heat capacities of most tetrabutylphosphonium amino
acid ILs [25], for example, the Cp of [P(C4)4][Gly] is
25257 g "K' [25].
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>
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4.4 Micro-interaction and structure
4.4.1 Atomic interaction

To understand the effect of alkyl side chains on structures of
[C,mim][Gly], the RDFs between H atoms in the
imidazolium ring of [C,mim]" with O2 in [Gly]™ were
investigated. Figure 5 shows the RDFs between HS5 and O2.
All the first maximum locations of these RDFs are 2.35 10\,
however, the peak height decreases with reducing the length
of the alkyl side chain. Itindicates that the activity of HS in the
cation with different alkyl side chains decreases in the order
of [Cyomim]" > [Cgmim]™ > [Cymim]" > [Comim] ™.
Figure 6 shows the RDFs between H4 and O2 (H4™ is
the H atom close to the methyl, and H4" is the H atom
close to the alkyl side chain). Both RDFs of H4™—02 and
H4—02 are similar to that of H5—O02, but a little lower.

®) H12-02
5
— [C,mim][Gly]
N ---- [C4mim][Gly]
...... [Cemim][Gly]
| — ==+ [Comim][Gly]
E
2 -
1 -
0 -
1 2 3 4 5 6 ! °

Figure 7. RDFs between HI™ and HI1" in [C,mim] with O2 in [Gly].
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Table 2. The first peak location of the RDFs between O2 and
different H.

IL H5 H4* H4® HI1? HI1°

[Comim][Gly] 2.35 2.45 2.35 2.55 2.55
[C4smim][Gly] 2.35 2.45 2.35 2.55 2.55
[Cemim][Gly] 2.35 2.45 2.35 2.55 2.55
[Ciomim][Gly] 2.35 2.45 2.35 2.55 2.55

It indicated that the O2 prefers to distribute around HS,
rather than H4 (H4™ and H4%). The first maximum
locations of the RDFs are 2.45 and 2.35 A for H4™—02
and H4*—02, respectively. Compared with H4™—02, the
peak height of H4*—O2 is little higher, and that might be
caused by the larger atom charge of H4".

Interactions between O2 in [Gly] and HI in methyl
and methylene connecting with the imidazolium ring were
studied. RDFs for HI—O2 are shown in Figure 7, H1™ and
H1? are the H atom on methyl and methylene, respectively.
The strength between H1 and O2 is lower than the
H4—02, and the similar varying regularity with changing
the length of alkyl side chains is observed. It is found that
activity of the different H atoms in the cation decreases in
the order of H5 > H4 > HI. The first peak locations for
[C,mim][Gly] are shown in Table 2, and it is obvious that
the locations are the same for these ILs. The above results
imply that the length of alkyl side chains has little effect on
the atom interaction distance, but may change the
interaction strength.

Wang and Voth [21] found the aggregation of the alkyl
side chain in [C4;mim][NO5] using the multiscale coarse-
graining method. Lopes and Padua [12] studied
the nanostructure organisation in [C,mim][PF4] and
[C,mim][(CF3S50,),N]. In this work, the aggregation in
[C,,mim][Gly] was also discussed. For [C 1omim] ", the end
carbon is named C10, and in the order of approaching to

3.0

2.5 1
2.0 1

1.5 1

g

1.0 1

0.5 1

0.0 1
0 3 6 9 12 15 18
r(A)

Figure 8. Intermolecular atom—atom RDFs between several
equivalent carbons along the alkyl side chain in [C;ymim][Gly].
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the imidazolium ring it is C9, C8, ..., Cl1. Figure 8 shows
the RDFs between pairs of equivalent carbon atoms
along the alkyl chain of [C;omim] ™. It can be seen that the
interaction between the end-methyl (C10) in the side chain
is the strongest, and the interactions of the methylene
decrease in the order of moving to the central imidazolium
ring. In order to investigate the influence of the alkyl chain
length on the interaction, RDFs between the terminal
carbon of the alkyl chain for [C,,mim]" were studied and
are shown in Figure 9. The peak heights of RDFs for three
[C,mim]™, except [Comim] ™, are higher than 2.0, the
present results agree with the ones reported by Lopes and
Padua [12].

4.4.2 Ionic interaction

Centre-of-mass (COM) RDFs are used to depict the ion
interactions and to study the microstructures. First, the
COM RDFs between the anion and the imidazolium ring
(including adjacent atoms) are considered, and it is shown
in Figure 10(ia). It can be seen that peaks of these RDFs
are located at about 6 A. Then, we calculated the COM
RDFs for anion—anion, which are shown in Figure 10(aa).
The highest peaks locate at about 9 A. There is a small
peak before the highest one, and these RDFs are not
similar to those reported results for [PFq] [14]. We
suppose that it may be caused by the weak hydrogen bond
interaction between O2 and H of amino acid in different
anions. In order to check the interaction, RDFs of O2—H
were studied and are shown in Figure 11. Because of the
small radius and big atom charge of H, these RDFs are
sharp but narrow, which may imply the existence of the
hydrogen bond but of weak interaction.

The cation—cation COM RDFs are shown in Figure
10(cc). In these RDFs, no clear peak is found. It is reported
that the imidazolium ring, plus the CH, and CHj
bonded directly to it compose the charged domains [12].

3.0
— [Comim]*
2.5 7 i - - - [Cymim]*
N P
2.0 - HASN [Cem'rT‘] .
! I“,‘.\'\ - [Clomlm]
= 154 "
(=]
1.0 4
0.5 A
0.0 A
0 3 6 9 12 15 18

r(A)

Figure 9. RDFs between the terminal carbon in [C,mim] ™.
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Figure 10. COM RDFs between anion—anion (aa), cation—cation (cc), imidazolium rings and themselves (ii), imidazolium rings and

anions (ia).

The above result may be due to COM for the cations not
being consistent with the centre of the imidazolium ring,
especially for the long alkyl side chain. The RDFs for the
COM of imidazolium rings, were calculated and are shown
in Figure 10(ii). As shown in the figure, the RDF peak
height for [C;omim][Gly] is the highest of all the four ILs.
Compared with Figure 10(aa), it is obvious that the RDFs
are very different, as there is only one obvious peak for
each RDF at about 4 A. In order to present the differences
clearly, four kinds of COM RDFs for [C;omim][Gly] are
shown in Figure 10(all) and compared with each other.
After the first peak of RDFs for the anion—imidazolium
ring, a clear peak is observed for the anion—anion RDF,
and it should be the second shell. The result is similar to

[Ciomim][PFs] [12]. However, there is an abnormal
phenomenon that the first peak location of the RDF for the
imidazolium ring and itself appears before that for the ia
RDFs. Why does it happen? We suppose that there is a
strong interaction between O2 in anion and H atoms in the
imidazolium ring, and one [Gly]  would catch more than
two cations. It can be proved by the spatial distribution
functions (SDFs) in Figure 12. The anions are distributed
at the above and below the imidazolium ring along the axis
of the C—H bond, and the imidazolium rings are
distributed at two sides of the ring. It is reported by
Rogers et al. [35] that the imidazolium cations of
[Cimim][PF¢] will form a weakly C—H...p hydrogen-
bonded zigzag chain motif via CH;. However, for our
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Figure 11. RDFs of O2—H in [Gly] .

system, the imidazolium rings of these cations may be
aligned approximately parallel to each other (see
Figure 13). So the distance between the rings is very
close, even closer than that between the ring and anion.

5. Conclusions

A series of amino acid ILs were studied by molecular
dynamics based on the all-atom force field. Simulations
were carried out for four [C,mim][Gly] ILs at 298.15 K.
Volume expansivity and heat capacity for [Comim][Gly]
were compared with the experimental data to validate the
force field, and a good agreement was obtained.

The local structures and micro-interaction were
studied by the RDFs. The site—site RDFs of the H atoms
in cations and O2 in the anion reveal that the interaction
decreases in the order of H5 > H4 > HI1. For different
ILs, the order is [C;omim]*T > [Cgmim]T > [Cymim]T >
[Comim]". The interaction between the alkyl chain

Figure 12. SDFs for (a) C in the anion around the imidazolium
ring and (b) CR in the imidazolium ring around the imidazolium
ring, and the atom type and location are shown in Figure 1. For
part (a), the blue- and pink-bounded contour surfaces are drawn
at 20 and 10 times the average density, respectively. For part (b),
the orange- and yellow-bounded contour surfaces are drawn at 9
and 6 times the average density, respectively.

Molecular Simulation 1129

Figure 13. A snapshot of four cations and one anion in
[Ciomim][Gly] at 4 ns.

themselves was investigated in detail. It is found that
aggregation of the alkyl chains could be observed in the
ILs with alkyl side chains longer than or equal to C4. COM
RDFs were also computed to study the ionic interaction.
Because one terminal of [Gly]  is the electronic acceptor,
and the other is the adopter, hydrogen bonds could form
between anions themselves. A small peak is found before
the highest one for anion—anion RDFs. RDFs for
imidazolium rings were studied, and it is interesting to
find that the first peak locations of RDFs for the
imidazolium ring and itself appear before the imidazolium
ring and anion RDFs. Through the SDFs, it is implied that
the imidazolium rings of these cations may be aligned
approximately parallel to each other. It is no surprise that
the distance between the rings is very close, even closer
than that between the ring and the anion.
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