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Imidazolium ionic liquids (ILs) can be functionalized by introducing —NH,, which were
found to be excellent solvents for CO, capture and electrophile separation, however, some
disadvantages, e.g., the relatively high viscosities, limit their eventual large-scale applica-
tions. To understand the influences of amino addition on their properties and promote their
applications, the microstructure and interionic interaction in two selected amino-function-
alized imidazolium ILs, I-aminoethyl-3-methylimidazolium hexafluorophosphate and 1-
aminopropyl-3-butylimidazolium tetrafluoroborate, are studied both for bulk liquid by
using molecular dynamics simulations and for isolated ion pair by using ab initio calcula-
tions. It is found that the amino addition does not remarkably affect the organization of
anions around C2-site, C4-site, and C5-site on imidazolium ring, while it participates in
the cation—anion interaction as a new strong site where anions strongly organize around
—NH,; and form strong ion-type hydrogen bonds. The condensed phase simulations indi-
cate that their ionic self-diffusion coefficients are on the order of 10~"> m? s~ at room
temperature, roughly 2 order of magnitude lower than that of conventional imidazolium
ILs without —NH,; the isolated ion pair calculations show that such terminal amino-asso-
ciated interaction reduces the flexibility of alkyl side chains and increases the cation—anion
interaction,; and these results are qualitatively consistent with their higher experimental
viscosities. © 2007 American Institute of Chemical Engineers AIChE J, 53: 3210-3221, 2007
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Introduction

The use of volatile organic solvents has brought serious
environmental problems. There is a strong driving force to
seek new alternatives. In the last 10 years, a new class of
compounds, ionic liquids (ILs), have emerged and attracted
increasing interests.'® ILs are organic salts composed
entirely of organic cations and inorganic/organic anions,
while different from traditional high-temperature molten
salts, e.g., NaCl, they are generally liquids at or below room
temperature. They have negligible vapor pressure, and thus
fugitive emissions in engineering applications will be signifi-
cantly lower than those for conventional volatile organic sol-
vents. Therefore, ILs has been proposed as “green solvents”
or environmentally friendly solvents. One typical potential
application of ILs is capturing CO, from nature gas and fuel
gas where CO, is contaminant and atmosphere pollutant,
respectively. Comparing with the traditional alkanolamine
solutions process where the concurrent loss of volatile
amines and the uptake of water into the gas stream cause in-
tensive energy consumption, cost increase, and corrosion, ILs
are preferable potential alternatives for their nonvolatility.
Recent studies showed that imidazolium ILs have remarkable
absorption capacities,'®° especially at relatively high
pressures, e.g., the CO, solubility is on the order of
50 mol % at 5 MPa.'” However, their absorption capabilities
are poor at lower pressures,'""'>'721% e.o about 0.02 mol
CO,/mol IL at atmospheric pressure and room temperature.
To this regard, functional amino group was introduced to
the alkyl side chain terminal of imidazolium ILs to tailor
their performances, e.g., 1-(3-aminoethyl)-3-methylimidazo-
lium hexafluorophosphate ([aemim][PFg]) and 1-(3-amino-
propyl)-3-butylimidazolium tetrafluoroborate ([apbim][BF,]),
Scheme 1.27® The introduction of —NH, significantly en-
hances the absorption capabilities, e.g., at room temperature
and atmospheric pressure 1 mol [apbim][BF4] can absorb
0.5 mol COz,28 which is about a few hundred times than that
of conventional imidazolium ILs, such as [bmim][PF¢] and
[bmim][BF,], where [bmim] is 1-n-butyl-3-methylimidazo-
lium. In addition, they also presented good performances in
solution-phase parallel synthesis as electrophile scavenger27
and in Knoevenagel reaction as catalyst.”” However, as has
been demonstrated, some undesirable properties, such as the
high viscosities (e.g., the viscosity of [aemim][PFg] is about
2 order of magnitude higher than that of conventional imida-
zolium ILs.%’), may limit their eventual large-scale applica-
tions in industry.

A fundamental understanding of microstructure and inter-
ionic interaction in ILs is very valuable and necessary for

[aemim][PFg]

understanding their properties, and further for rationalizing
their designs. Molecular dynamics (MD) simulations have
been used to study the microstructure of imidazolium ILs
and predict their thermodynamic or dynamic properties.®* ™
It has been concluded that their liquid phases are strongly
organized through widely existing interionic hydrogen bonds
and electrostatic interaction; anions prefer to organize around
C2-site on imidazolium ring and form strong hydrogen bonds
with C2—H, then followed by C4—/C5—sites, and have a
weak interaction with alkyl side chains; such strong inter-
ionic interaction is responsible for the long-range ordering in
liquid, much higher vaporization heat and cohesive energy
density that is consistent with their nonvolatile nature, and
much lower ionic self-diffusion coefficients (e.g., the pre-
dicted ionic self-diffusion coefficients of imidazolium hexa-
fluorophosphate and tetrafluoroborate ILs are around on the
order of 107" m? s~ ! at room temperature,”’”’3(”45 which
is about 2 order of magnitude lower than that of conventional
molecule solvents, e.g., water is 2.3 X 1072 m? s~ ! at 298
K and 1 atm®). The local interaction on individual ions
within imidazolium ILs can better be understood by investi-
gating an isolated ion pair from ab initio calculations, which
includes the geometries (cation—anion interaction site, hydro-
gen bond), electronic properties (charge, electron density,
molecular orbital), cation—anion interaction energy, and ther-
modynamic properties in ideal gas state.*’>® Such jon pair
calculations have been employed to interpret their volatility,
melting points, water solubility, chemical reactivity, and so
on.>%333357 However, most of these studies are limited into
the conventional imidazolium ILs.

With regard to the effects of microstructure and interionic
interaction on the viscosity, there have been some intuitive
understandings, such as the flexibility of alkyl side chains, >~
the geometric symmetry of and charge distribution on ions,**%?
and the interionic hydrogen bonding, van der Waals, coulom-
bic electrostatic interaction.’*¢"¢%6*% Qur recent studies
showed that the interionic interaction, such as hydrogen
bonds, has an important effect on the liquid organization and
viscosity, both from MD simulations®®®® and ab initio calcu-
lations.®” The influences of ionic structure and hydrogen
bonding interaction on the reactivity of —NH, towards CO,
have been investigated for such amino-functionalized imida-
zolium ILs by us.”® In this work, in order to understand the
influences of amino addition on the microstructure, interionic
interaction, and properties, MD simulations, and ab initio cal-
culations are performed for [aemim][PF¢] and [apbim][BF,]
to investigate the bulk liquids (including density, energy
composition, volume expansivity, ionic organization, hydro-
gen bond, self-diffusion coefficient) and isolated ion pairs

N O~ ]

[apbim][BF,]

Scheme 1. Amino-functionalized Imidazolium ILs.
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Table 1. Properties of Amino-Functionalized Imidazolium ILs, Calculated from
Condensed Phase Molecular Dynamics Simulations

D (1078 m?s™h

ILs Temp. (K) U™ @&Imol ™) AH*™ (kImol™)) V,(m®mol™) ¢Jdem®  Dens. (gcm ) Cation  Anion
[aemim][PFq] 298.15 —523.1 * 1.3 1233 176.0 686.4 1.540 *+ 0.008 7.9 3.3
333.15 —5243 + 14 124.8 178.6 683.1 1.517 = 0.008 434 15.5

368.15 —5204 + 1.5 121.2 181.7 650.0 1.492 * 0.012 70.7 53.7

[apbim|[BF,] 298.15 —5404 * 1.1 107.9 2235 471.6 1.203 * 0.009 9.0 7.3
333.15 -5372 %12 105.0 228.7 446.9 1.176 = 0.008 39.5 23.1

368.15 —528.6 + 1.3 96.7 233.2 401.4 1.153 = 0.009 173.1 131.1

(including cation—anion interaction pattern, interaction
energy, hydrogen bond, the flexibility of side chain rotation),
respectively.

Computational Methods
MD simulation

MD simulations for the bulk liquids were performed with
MDynaMix.”® The double time-step algorithm’' was adopted,
with long and short time steps of 2 and 0.2 fs, respectively.
Ewald summation method’* was used to treat the long-range
electrostatic interaction, in which the short-range and long-
range parts were cut off at a radius of 15 A and a half-length
of simulation box, respectively. The Lennard-Jones force
was cut off at a radius of 15 A. Each simulation system con-
sists of 192 ion pairs. A typical simulation process is illus-
trated as follows. In NVE ensemble, a starting simulation is
executed from an FCC lattice at a very low density and high
temperature, typically 0.1 g cm > and 700 K. After a relaxa-
tion for a few MD steps (around 20 ps) to reduce the
possible overlapping in the initial configuration, the simula-
tion is transferred into Nosé-Hoover NPT ensemble’® to be
performed with coupling constants 700 and 80 fs. Descend-
ing from 700 K to the sampling temperature, e.g., 298.15 K,
a series of NPT simulations are performed with an equal
interval of 50 K, each temperature point being lasted for 20
ps. At the sampling temperature point, it is equilibrated for
at least 2 ns, then the production phase is lasted for 5 ns.

Ab initio calculation

All the calculations were performed with GAUSSIAN 03.7*
The ab initio method of frozen-core second-order perturbation
approximation Mgller-Plesset (MP2)”*7° and the density func-
tional theory method of the well-established Becke’s three-pa-
rameter hybrid functional’’ with the correlation functional of
Lee et al.”® (B3LYP) were used, combined with 6-31G* basis
set, of which the abilities to calculate the structure and energy
of ILs ion pair have been widely demonstrated.*’~>® Each opti-
mized structure was checked to be a true minimum and not a
saddle point through frequency calculation.

Results and Discussion
MD simulation of bulk liquids

Force Field Development. The force field in AMBER
framework was adopted in this work, and their abilities
to simulate imidazolium ILs have been widely demon-
strated,>3-30:4143:44.66-68.79 Bocause of the addition of amino
group, some new force field parameters need to be regressed.
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The development details and complete listing of force field
parameters are provided in the Supporting Information.

Simulation Results

Liquid density. [aemim][PFg] and [apbim][BF,] were
simulated in NPT ensemble at 1 atm and 298.15, 333.15, and
368.15 K. The calculated densities are presented in Table 1.
Their densities ascend along with temperature decreasing. In
the span of 70 K, the densities increase 0.048 g cm > for
[aemim][PF¢] and 0.05 g em  for [apbim][BF,]. The simu-
lated density for [aemim][PFg] at 298.15 K is 1.54 g cm 3,
and it is in good agreement with the experimental value of
1.56 g cm >.*’ Comparing with [aemim][PF], the density of
[apbim][BF,] is lower, e.g., 1.203 g cm™ > at 298.15 K. The
lower density may be ascribed to the longer alkyl side
chains of [apbim][BF,] than [aemim][PFs] which reduce the
packing efficiency of the fluid."* When comparing with 1,3-
dibutylimidazolium tetrafluoroborate ([bbim][BF,], it has simi-
lar side-chain characteristic to [apbim][BF,]), the density of
[apbim][BF,] is higher than that of [bbim][BF,], e.g., 1.203 g
cm > for [apbim][BF,] at 298.15 K while 1.15 g cm > for
[bbim][BF,] at 301.15 K.* The higher density of [apbim][BF,]
partially results from the more compact ILs structure caused
by amino-associated interaction, as will be illustrated.

Energy analysis. The calculated intermolecular energies
in liquid phase (U™, i.e., the sum of intermolecular van der
Waals and Lennard-Jones energies), vaporization heat
(AH"™), molar volume (V,,), and cohesive energy density
(c), are presented in Table 1, see to Ref. 36 for the detailed
description of calculating these energy terms.

Comparing with [bmim][BF,] and [bmim][PF¢], amino-
functionalized [aemim][PFs] and [apbim][BF,] give more
negative U™, e.g., —523.1 and —540.4 kJ mol ' for
[aemim][PFs] and [apbim][BF,] at 298.15 K, respectively,
while —493.8 and —506.8 kJ mol ™' for [bmim][PFgs] and
[bmim][BF4],36 respectively, which indicates the stronger ion
interaction in [aemim][PF¢] and [apbim][BF,4]. In addition,
the high vaporization heats and cohesive energy densities for
[aemim][PF¢] and [apbim][BF,] are consistent with the
nature of negligible vapor pressure.

Volume expansivity. The volume expansivity indicates
the extent to which the volume of a fluid changes with tem-
perature at constant pressure, and is defined as

1 /0V
=y (ﬁ),, M

The calculated molar volumes as a function of temperature
at 1 atm are shown in Figure 1, and their values are included
in Table 1. Figure 1 shows that the change of molar volume
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Figure 1. Calculated molar volumes of [aemim][PFg]
and [apbim][BF,] at 1 atm.

Lines are linear fits to the data.

with temperature is very linear. The calculated op of
[aemim][PF¢] and [apbim][BF,] are 4.59 X 107 K ! and
6.06 X 107* K™, respectively, which are comparable with
the op of [bmim][PFe] at 0.98 bar, 5.49 X 107* K™%

Liquid structure. Site—site radial distribution functions
(RDFs), g(r), and site—site number integrals, /(r), are used to
characterize the liquid microstructure of [aemim][PFg] and
[apbim][BF,], based on the results in NPT ensemble of
298.15 K and 1 atm. Here, two class of site—site RDFs were
computed. One is between P-/B-atoms on anions and heavy
atoms on cations, which reflects the organization of anions
around cations. The other one is between F-atoms on anions
and H-atoms on cations, which indicates the hydrogen bond-
ing interaction between anions and cations.

The RDFs between P-atom on [PFg]™ and heavy atoms on
[aemim]* are shown in Figure 2 and some selected charac-
teristic parameters are presented in Table 2. As shown in
Figure 2, four strong peaks of P—C2, P—N19, P—C4, and
P—CS5 indicate the strong organization of [PFg]™ around C2-
site, C4-site, C5-site, and —NH,. The first peak of P—C2
appears at 3.95 A with an I(r) of 1.98 at the first shell, which
is similar to that in [bmim][PFs] where the peak is observed
at 4 A with an 1(r) of 2.0'"* the RDFs for P—C4 and P—C5
are almost identical, and their characteristics are comparable

4.04 4.0

3.51 - == PuC4 01 i P-C12
304 ! -~ P-C§ :
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o
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= 204
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Figure 2. RDFs presentation between P-atom on [PFg]”
and heavy atoms on [aemim]™ (see Figure
S1a for atom numbering).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Table 2. Characteristic Parameters for the RDFs Between
P-Atom on [PF¢]™ and Heavy Atoms on [aemim]™, Along
with the First Shell Integral Number I(r)

Characteristic Parameters (A)

Site-Site max;* min,;’ max, min, max; mins ()
P—C2 3.95 5.05 6.25 775 1045 1425 198
P—C4 4.25 5.05 545 7.15 1145 1485 2.12
P—C5 4.35 5.05 545 695 11.25 1485 2.01
P—C9 4.55 7.05  10.75 5.51
P—Cl12 4.35 6.45 9.45 4.39
P—Cl16 4.55 6.85 9.55 5.04
P—NI19 4.05 4.85 555 7.15 9.15 1.86

*Location of the maximum of g(r).
"Location of the minimum of g(r).

to that in [bmim][PF6].l4’32 So, the amino addition does not
has remarkable effects on the organization of [PF¢]™ around
C2-/C4-/C5-sites, instead, the —NH, participates in the
cation—anion interaction as a new strong site. At first of
sight, P—C9, P—C12, and P—CI16 also give strong peaks,
but they are pushed to further positions; as a matter of fact,
C9-site, C12-site, and Cl6-site are only sharing the [PF¢]”
which organize around C2-site, C4-site, C5-site, and —NH,.
Table 2 indicates that at the first shell there are 1.98, 2.12,
2.01, and 1.86 anions around C2-site, C4-site, C5-site, and
—NH,, respectively, and thus there are totally 7-8 anions
around the cation at the first shell.

The RDFs between F-atoms on [PFg]” and H-atoms on
[aemim] ™ are shown in Figure 3. Because of the fact that the
H-atoms on the same heavy atom give almost completely
identical RDFs, only one H-atom on each heavy atom is
selected to present the RDFs. As shown in Figure 3, there
are four strong peaks, i.e., F—H6, F—H7, F—HS8, and
F—H20; further, their peak positions are at 2.25, 2.55, 2.55,
and 2.15 A, respectively, and they are all less than the the
van der Waals H---F distance of 2.7 A.5! Thus, there exist
strong hydrogen bonding interaction between H6, H7, HS,
H20/H21 and the F-atoms of [PFg]~, which is consistent with
the strong organization of [PF4]™ around C2-site, C7-site, C8-

2.5 =%
—FHE ——F-H10
- - - F-HT 2 F-H13
2.0+ .o F-HB E1.5 A F-H17
- F-Hz0 = If\__'_ \__HJ_Fd—n—____
--=--N18-H20 |
1.5 st d
&
1.0
0.5
0.0
T T T 1 T T L]
2 4 5 & 10 12 14 1€
riA)

Figure 3. RDFs presentation between F-atoms on
[PFs]” and H-atoms on [aemim]* (see Figure
S1a for atom numbering).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 4. RDFs presentation between B-atom on [BF,]”
and heavy atoms on [apbim]* (see Figure
S1b for atom numbering).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

site, and —NH, discussed earlier. There are much weaker
hydrogen bonding interaction between the F-atoms and the
remained H-atoms on the side-chains. An interesting finding
is that F-H17 presents a peak while the counterpart F—HC
in [bmim][PF¢] (see Figure 5 in Ref. 36) does not, which
implies that H17 is sharing the anions that interact with
—NH,. In addition, the RDFs for N19—H20 shows that
there does not exist remarkable hydrogen bonding interaction
between the —NH, on different cations.

The RDFs between B-atom on [BF4]™ and heavy atoms on
[apbim] ™ are shown in Figure 4, and some selected charac-
teristic parameters are presented in Table 3. The RDFs
between F-atoms on [BF;]” and H-atoms on [apbim]Jr are
shown in Figure 5. As shown in Figure 4 and 5, similar to
[aemim][PF¢], in [apbim][BF,] the —NH, is a new strong
cation—anion interaction site. [BF4]” organizes around C2-
site, C4-site, C5-site, and —NH,, and forms the hydrogen
bonds with the H-atoms on these sites. Table 3 shows that
there are totally 5-6 [BF,]” around [apbim]+. In Figure 4,
the first and second peaks of B—C4 and B—CS5 are very
close, only 1.5 and 1.4 A, respectively, and the close second
peaks are expected to be partially intervened by the [BF4]”

Table 3. Characteristic Parameters for the RDFs Between
B-atom of [BF,]” and Heavy Atoms on [apbim]*, Along with
the First Shell Integral Number I(r)

Characteristic Parameters (A)

Site-Site  max;* min;’ max, min, max; ming ()

B—C2 3.65 4.95 595 735 11.65 14.65 1.59
B—C4 4.05 4.75 555 675 1195 1495 1.29
B—-C5 4.05 4.75 545 675 1195 15.05 1.27

B—C9 4.25 6.55 3.50
B—CI2 4.25 7.05 4.37
B—CI5 4.45 7.25 8.85 4.41
B—CI8 4.35 7.05 4.39
B—C21 5.05 7.15 9.75 4.39
B—C24 4.55 7.15 9.25 4.33
B—C27 4.55 7.15 8.95 423
B—N31 4.05 4.85 1.68

*Location of the maximum of g(r).
"Location of the minimum of g(n).
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Figure 5. RDFs presentation between F-atoms on
[BF,]” and H-atoms on [apbim]* (see Figure
S1b for atom numbering).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

around C2-site.'* Because of the almost completely symmet-
ric side chains in [apbim]*, the RDFs between B-atom and
the counterpart C-atoms on two side chains were expectedly
similar; however, comparing with B—C15 (4.45 A)/B—C21
(5.05 A)/B—C27 (4.55 A), B—CI8, and B—C24 give
higher peaks at closer 4.35 and 4.55 A, respectively, which
are expected to result from the effects of [BF,]” around ter-
minal —NH,. In Figure 5, the weak F—H25/H26 are out of
our expectation, because H25/H26 are just next to the termi-
nal —NH, and were expected to interact with the [BF,]”
around —NH,; otherwise, this possibly implies that the ori-
entation for [BF,]” to approach —NH, is from C24—N31
axis. The RDFs for N31—H32 indicates in [apbim][BF,] the
—NH; on different cations do not remarkably interact.

The center-of-mass RDFs for cation—cation, anion—anion,
and anion—cation of [aemim][PFg] and [apbim][BF,] are
shown in Figure 6, and some selected characteristic parame-
ters are presented in Table 4. In [aemim][PFs], the RDFs for
cation—anion indicates that there are three solvation shells in
half a simulation box; the I(r) of 7.57 at the first shell is con-
sistent with the foregoing RDFs results between P-atom on
[PF¢]” and heavy atoms on [aemim]". In [apbim][BF,], the
first peak of cation-anion RDFs is slit into two subpeaks
with comparable height and close distance of 1.7 A. Combin-
ing Figure 4 and Table 3, the first subshell is expected to be
associated with C2-site, the second with —NH,, and C4-/C5-
sites are probably involved in both of the subshells. The /(r)
of 5.19 at the first shell is also consistent with the foregoing
RDFs results between B-atom of [BF,]” and heavy atoms on
[apbim]*.

The above MD simulation results show that, in [aemim]
[PF¢] and [apbim][BF,], besides the well-known C2-, C4-,
and C5-sites, terminal —NH, participates in the cation—anion
interaction as a new strong site. The anions interacting with
—NH, may simultaneously interact with other cations
through C2-/C4-/C5-sites or —NH,, thus, a compact liquid
structure in such amino-functionalized imidazolium ILs is
formed with the participation of —NH,. In such liquids, the
ion fragments are relatively stably “fixed” and the ion
motion becomes more difficult. To more quantitatively

December 2007 Vol. 53, No. 12 AIChE Journal
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Figure 6. Center-of-mass RDFs presentation for ion-ion of [aemim][PFs] and [apbim][BF,].

understand such amino-associated interaction, a statistic on
the number of anions that undergo hydrogen bonding interac-
tion with —NH, was performed, and the results are pre-
sented in Table 5. As presented in Table 5, there are around
83.6% and 81.7% anions being involved in the interaction
with —NH, for [aemim][PFg] and [apbim][BF,], respec-
tively. Further, the numbers of the anions that simultaneously
interact with two —NH, or more are 51% and 44.9% for
[aemim][PFg] and [apbim][BF,], respectively, which indi-
cates a local network-characteristic liquid structure. So, a
great portion of the cation—anion interaction are concerned
with —NH,. As a comparison, although there are similar
chemical environments for the terminal —CH; and —NH,
on [apbim]™, there are only 34.1% anions interacting with
the terminal —CHj; and only 6.0% simultaneously with two
—CH; or more. Thus, the participation of —NH, in the cat-
ion—anon interaction is believed to be responsible for their
higher viscosities.
Self-diffusion coefficient.
D, is calculated by the Einstein relation.

The self-diffusion coefficient,
72

D=1 tim g(Ar(t)2) 2)

t—oo dt

where Ar(r)* is the mean square displacement (MSD) of the
center-of-mass of a molecule, and “()” represents ensemble
average. The MSDs of the cations and anions for
[aemim][PFg] and [apbim][BF,] at 298.15 K and 1 atm are
shown in Figure 7. Both of the MSDs for [aemim][PF4] and
[apbim][BF,] are roughly linear with the time from 1000 to
2000 ps, and their self-diffusion coefficients for the cations
and anions were obtained by fitting the slope of this linear
region. The calculated self-diffusion coefficients are pre-
sented in Table 1. The self-diffusion coefficients of the cati-
ons are higher than that of the anions, which is also found in

conventional imidazolium hexafluorophosphate and tetrafluor-
oborate ILs. 323336456582 aple | shows that the self-diffu-
sion coefficients are sensitive to temperature, which is also
consistent with the experimental observation.> The self-dif-
fusion coefficients of [aemim][PFs] and [apbim][BF,] are on
the order of 10 "* m? s~! at 298.15 K, which is roughly 2
order of magnitude lower than that of conventional imidazo-
lium hexafluorophosphate and tetrafluoroborate ILs,**33-64
and this is consistent with the higher viscosities of the for-
mers.

Ab Initio Calculations of Ion Pair. Ab initio calculations
of isolated ion pair of imidazolium ILs showed that the cat-
ion—anion interaction characteristic in ion pair is in agree-
ment with that in bulk liquid, 49-54.56-58 qiich as the C2-site,
C4-site, and C5-site on imidazolium ring that were found to
be the main cation—anion interaction sites both from ab initio
calculations of ion pair and MD simulations of bulk liquid.
Ab initio calculations of ion pair can be employed to investi-
gate the local interaction on individual ions within ILs, such
as cation—anion interaction site, hydrogen bond, and cation—
anion interaction energy, and so on.

[aemim][PFs]. The starting structures were constructed
through placing [PF,]™ in various positions around [aemim] ™.
Following the previous calculated results for imidazolium
ILs ion pair,***38% the regions on [aemim] " to be consid-
ered for potential interaction with [PFs]™ mainly include (a)
both the side chains (potential van der Waals and hydrogen
bonding interaction), (b) the top and bottom of imidazolium
ring plane (possible interaction with 7 electrons), and (c) the
three ring H-sites on C2/C4/C5 (coupled hydrogen bonding
and electrostatic interaction), see Figure Sla for a visual
understanding. The final stable configurations obtained at
MP2/6-31G* level are shown in Figure 8. The configurations
obtained at B3LYP/6-31G* level (see Figure S3) are compa-
rable with that at MP2/6-31G* level. Although there are

Table 4. Characteristic Parameters for the Cation—Anion Center-of-Mass RDFs of [aemim][PF¢] and [apbim][BF,],
Along with the First Shell Integral Number I(r)

Characteristic Parameters (A)

+

Cation-Anion max;* min; max, miny maxs mins maxy 1(r)
[aemim] " -[PF¢] 4.55 7.95 10.85 14.85 17.25 7.574'
[apbim] " -[BF,4]” 4.05 4.95 5.75 7.55 11.45 14.65 17.95 5.19*%

*Location of the maximum of g(r).

i’:Location of the minimum of g(r).

*The 1(r) is up to min,.

December 2007

AIChE Journal Vol. 53, No. 12

Published on behalf of the AIChE

DOI 10.1002/aic 3215



Table 5. Statistic on the Number of Anions Undergoing Hydrogen Bonding Interaction with —NH,,
along with the Terminal —CHj in [apbim][BF,]

[aemim][PFg]

—NH, coordination no.* 0 1

[PFs]™ no. 314 = 1.8 62.5 £ 2.9

[PFs]™ no./ total [PFs]™ no. % 16.4 = 0.9 326 1.5
[apbim][BFy]

—NH, coordination no.* 0 1

[BF4]™ no. 352 £ 3.6 70.6 £ 4.2

[BF4]™ no./ total [BF4]” no. % 183 = 1.9 36.8 £ 2.2
[apbim][BF,]

—CH; coordination no." 0 1

[BF4]™ no. 126.6 £ 1.5 54.0 £ 1.5

[BF,]” no./ total [BF,]” no. % 659 £ 0.8 28.1 £ 0.8

2 3 4 5 6
57.6 £2.6 290 £ 14 100 £ 1.5 14 =04 0.1 £ 0.1
300 £ 1.3 15.1 £ 0.7 52 %038 0.7 x02 0.1 £ 0.0

2 3 4 5 6
572 £39 235 £2.7 47 09 0.7 £ 0.6 0.0 = 0.1
29.8 £2.0 123 =14 25 0.5 04 £03 0.0

2 3 4 5 6
102 £ 0.5 1.1 = 0.1 0.1 £0.0 0.0 0.0

53 %03 0.6 £0.0 0.0 £ 0.0 0.0 0.0

*The number of —NH, simultaneously interacting with an anion.
"The number of —CH; simultaneously interacting with an anion.

some little deviations for some specific hydrogen bonds, the
main cation—anion interaction characteristics are identical.
So, only the ion pairs obtained at MP2/6-31G* level are
discussed.

As shown in Figure 8, configuration 8a is the most stable.
The energies of configurations 8b, 8c, and 8d are 11.4, 36.4,
and 57.8 kJ mol " higher than that of 8a, respectively. In the
most stable 8a, the terminal —NH, is involved in hydrogen
bonding interaction with [PFg]™. The hydrogen bonding
strength is comparable with that between C2—H and [PF¢] ",
as indicated by the hydrogen bonding parameters for
N—H--F (NH--F, 215 A, < (N—H--F), 137.6°) and
C2—H--F (C2H--F, 2.09/2.10 A, < (N—H--F), 138.7/
130.2°), while stronger than other hydrogen bonds on alkyl
side chains. Such a hydrogen bond characteristic is different
from that in conventional imidazolium ILs, in the latter the
hydrogen atoms on further than the ethyl C of side chain are
not involved in hydrogen bonds for an ion pair.49_54’56’57
When the amino-associated hydrogen bond is excluded, e.g.,
8b, the ion pair steps into higher-energy configurations. Fur-
ther, when the C2—H is also excluded, e.g., 8c and 8d, the
energies of the ion pairs are significantly increased. Thus,
besides C2—H, the terminal —NH, is another new interac-
tion site which is consistent with the above MD simulation
results, and the involution of —NH, enhances the cation—
anion interaction in [aemim][PF]. 4 '

The cation—anion interaction energy of ILs, U"P*' is
defined as the difference between the energy of the ion pair
and the sum of the energies of the purely cationic and ani-

0.0 v T T g T
0 1000 2000 3000
Time (ps)

4000

onic species, which indicates the strength of cation—-anion
interaction. The values of U'"P*" for [aemim][PFg], along
with [bmim][PFg] and [bmim][BF,], are presented in Table
6. As indicated in Table 6, [aemim][PFs] has a more nega-
tive U'" P¥ ie., stronger cation—anion interaction.

[apbim][BF,]. The construction of starting structures for
[apbim][BF,] is similar to that for [aemim][PFg]. The final sta-
ble configurations at MP2/6-31G* level are shown in Figure 9
and that at B3LYP/6-31G* level are shown in Figure S4.

As shown in Figure 9, configuration 9a is the most stable,
of which the energy is 19.3, 45.3, and 45.9 kJ mol ™! lower
than that of configurations 9b, 9c, and 9d, respectively. Simi-
lar to the most stable configuration 8a for [aemim][PF¢], in
configuration 9a the terminal —NH, is also involved in the
hydrogen bonding interaction with the anion, again, the
hydrogen bonding strength between —NH, and [BF,]” is
comparable with that between C2—H and [BF,], as indi-
cated by the hydrogen bonding parameters for N—H--F
(NH---F, 2.00 A, < (N—H--F), 154.4°) and C2—H:--F
(C2H---F, 2.05, < (N—H--F), 144.9°), while stronger than
other hydrogen bonds on alkyl side chains. When the —NH,
is excluded from hydrogen bond, a 19.3 kJ mol ' energy is
increased for configuration 9b. When both —NH, and C2
are excluded, i.e., in the case of configurations 9c and 9d,
the energies are significantly increased. The relative energies
of configurations 9c and 9d are comparable while there is a
large energy difference between configurations 8c and 8d of
[aemim][PF¢], which is ascribed to the more symmetrical
alkyl side chains in [apbim][BF,4]. The above results show

4__ ——[apbim]
a3 BRI
s S
2 2
E e

1_.

U T T L

0 1000 2000 3000 4000
Time (ps)

Figure 7. Center of mass mean square displacements of [aemim][PFg and [apbim][BF,] at 298.15 K and 1 atm.
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Figure 8. The stable configurations for [aemim][PF¢] ion pair, calculated at MP2/6-31G* level; hydrogen bonds are
indicated by dot line and distances are in A; the relative energy values are labeled on the top-left corner

of each configuration, in kJ mol™".

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

that in [apbim][BF,], the amino-associated hydrogen bond
enhances the cation—anion interaction. The values of U'*" P*"
in Table 6 also show a stronger cation—anion interaction in
[apbim][BF,] than that in those without —NH,.

Ion tripolymer. As indicated in the earlier MD simula-
tions, in the bulk liquids the cations are generally surrounded
by several anions. Therefore, another anion is added into the
above ion pairs to construct ion tripolymer unit. The stable
tripolymers for [aemim][PFs] and [apbim][BF,] are shown in
Figure 10. As shown in Figure 10, the addition of the second
anions does not remarkably change the cation—anoin interac-
tion characteristics of the original ion pairs, and only has
some effects on some specific hydrogen bonding parameters,
e.g., the F—NH bond in [aemim][PFg] is slightly lengthened
from 2.15 to 2.21 A and the F—NH bond in [apbim][BF,] is
lengthened from 2.00 to 2.03 A. In these tripolymers, C2-

Table 6. Cation—Anion Interaction Energies (in kJ mol ™)
for Imidazolium ILs

Interaction Energy

ILs B3LYP/6-31G* MP2/6-31G*
[aemim][PFg] —393.0 —402.3
[bmim][PFe] —370.2 —376.6
[apbim][BF,] —425.5 —435.0
[bmim][BF,] —403.2 —406.0

AIChE Journal December 2007 Vol. 53, No. 12

Published on behalf of the AIChE

site, C4-site, and —NH, are simultaneously involved into the
interaction with anions, and the local liquid structure is
closer to these tripolymer units.

Rotation of side-chain with —NH,. To investigate the
influences of amino-associated hydrogen bonds on the flexi-
bility of the related side chain, the relaxed energy scans for
the rotation of the side chain with —NH, are performed with
the existence of one anion, two anions, and no anions. The
results are shown in Figure 11. Comparing with
[aemim][PFg], the influences of the addition of anions on the
rotation of —NH, side-chain is somewhat more complicated.
As indicated in Figure 11, the hydrogen bonds between
—NH, and anions increase the rotational energy barriers of
side chain and reduce the flexibility. Following the previous
understanding that the flexibility of side chain will impose
important effects on ILs viscosity,sg_61 the interaction
between —NH, and anions is partially responsible for their
high viscosities.

Conclusions

To understand the functional ILs from a microscopic point
of view and promote their applications in industry, in this
work, the microstructure, interionic interaction, and proper-
ties of two selected amino-functionalized imidazolium ILs,
[aemim][PF¢] and [apbim][BF,], are studied by using ab ini-
tio calculations and MD simulations, specifically, including

DOI 10.1002/aic 3217
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Figure 9. The stable configurations for [apbim][BF,] ion pair, calculated at MP2/6-31G* level; hydrogen bonds are
indicated by dot line and distances are in A; the relative energy values are labeled on the top-left corner

of each configuration, in kJ mol™".

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

the cation—anion interaction pattern, interaction energy,
hydrogen bond, and the flexibility of side chain rotation in
the isolated ion pairs; the density, energy composition, vol-
ume expansivity, ionic organization (site-site RDFs), hydro-
gen bond, and self-diffusion coefficient in the bulk liquids.

It is found that the amino addition does not remarkably
affect the organization of anions around C2-site, C4-site, and

C5-site on imidazolium ring, instead, —NH, participates in
the cation—anion interaction as a new strong site. In their
bulk liquids, the site—site radial distribution functions (RDFs)
between P-/B-atoms on their anions and heavy atoms on their
cations indicate that the anions strongly organize around
—NH,, further, the RDFs between F-atoms and H-atoms
indicate that —NH, forms hydrogen bonds with the anions.

(@)
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Published on behalf of the AIChE

(b)
Figure 10. The stable ion tripolymers for (a) [aemim][PFs] and (b) [apbim][BF,], calculated at B3LYP/6-31G* level.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 11. The rotation of side chain with —NH, for [aemim][PFg] and [apbim][BF,] at B3LYP/6-31G* level, with the
existence of one anion (circle, (), two anions (triangle, A), and no anions (square, []).

The abscissas and ordinate denote the rotational degrees and energies relative to the stable configurations.

Such a participation of —NH, in cation—anion interaction
may result into a local network-characteristic and more com-
pact liquid structure. The simulated ionic self-diffusion coef-
ficients are on the order of 107" m? s~ ! at 298.15 K,
roughly 2 order of magnitude lower than that of conventional
imidazolium ILs, which is qualitatively consistent with their
higher experimental viscosities. In their most stable ion pair
configurations, terminal —NH, forms hydrogen bonds with
anions, furthermore, the hydrogen bonding strength is compa-

AIChE Journal December 2007 Vol. 53, No. 12
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rable with that of C2—H on imidazolium ring and much
stronger than that of other alkyl H-atoms. The amino-associ-
ated hydrogen bonds reduce the flexibility of alkyl side
chains, and the cation—anion interaction energies are 20-30
kJ mol ! higher than that of some imidazolium ILs without
—NH,.

This work shows that side chains of imidazolium ring may
play an important role in deciding ILs structure/property, and
should be carefully tailored in ILs design.
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