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In this work, the study on the volatility of ionic liquids is focused on the 1,1,3,3-tetra-
methylguanidinium-based ionic liquids. Vaporization enthalpy and cluster species in gas
phase for 1,1,3,3-tetramethylguanidinium lactate ([tmgH][L]), 1,1,3,3-tetramethylguani-
dinium trifluoroacetate ([tmgH][T]), and 1,1,3,3-tetramethylguanidinium formate
([tmgH][F]), are investigated by using molecular dynamic simulation and ab initio calcu-
lation, respectively. Results from the molecular dynamic simulations show that the inter-
ionic interactions of coulombic electrostatic and Van der Waals forces are the main factors
for deciding the volatility. In addition, owing to the change of molecular conformations
from the liquid phase to the gas phase, intraionic bond, angle, and torsion interactions also
give remarkable contributions. From the ab initio calculations, in the gas phase, an inter-
ionic proton transfer easily occurs in the ion pairs of these guanidinium-based ionic
liquids, and the ion pairs are finally transformed into more thermodynamically stable neu-
tral molecule dimers (this is different from some imidazolium-based ILs where ion pair can
stably exist in gas phase). The transfer energy barriers are very low (typically, less than 2
kJ mol_l), However, the existence of a third charged ion ([tmgH]*, [L]~, [T]~, or [F]~)
or neutral molecule (tmg, HL, HT, or HF ), will stabilize the ion pairs and prevent the trans-
fer of proton. Finally, the stable trimers are then formed. The tetramers are also stable spe-
cies. Ab initio results explain why they exist as ions in the liquid state. © 2010 American Insti-
tute of Chemical Engineers AIChE J, 57: 507-516, 2011
Keywords: ionic liquids, vaporization enthalpy, gas phase ion cluster, molecular
dynamics simulation, ab initio calculation
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In the last few decades, ionic liquids (ILs), known as

room-temperature ILs, have been receiving an upsurge of in-

terest as neoteric solvents; mainly because of their unique
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chemical and physical properties, such as low-melting points
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(<100°C), nonvolatility (generally present undetectable
vapor pressure), wide liquidus range, high thermal and
chemical stability, nonflammability and recyclability.'™ ILs
are often used in possible applications related to green chem-
ical processes, viz liquid-liquid extractions, gas separations,
catalysis, electrochemistry, fuel and solar cells, lubricants,
functional materials, etc.'™'°

Amongst the many desirable properties of ILs, we are par-
ticularly interested in their nonvolatility. Since ILs do not
evaporate, they cannot lead to fugitive emissions; a feature
that is doubtlessly important in engineering applications. As
a matter of fact, nonvolatility is widely received as a defin-
ing characteristic of ILs,'" and is one main reason why they
are referred to as “green solvents.”*”’ For newly developed
ILs, most people are likely to take their nonvolatility for
granted. Almost all the applications of ILs in current studies
are limited to the liquid phase, thus utilizing the advantage
of nonvolatility.

Recently, although one distillation test showed that some
ILs are volatile to some extent, and can be distilled at rela-
tively lower pressure without decomposition; specifically
some ILs of I-alkyl-3-methylimidazolium bis(trifluorome-
thylsulfonyl)imide ([C,mim][Tf,N]).""'?> On the one hand,
while this unexpected result contradicts the widely held
belief that ILs are nonvolatile, and on the other hand, it
tends to pave the way for newer potential applications. For
example, new purification methods, separation of two ILs by
simple distillation as well as reactions that use ILs in the gas
phase will become possible.12 Earlier, the distillation and
indirect determination of vapor pressure for some
[Comim][Tf,N] ILs have been performed.m’17

A direct indicator for volatility is the value of vaporization
enthalpy. The vaporization enthalpies for some imidazolium-
based ILs have been calculated by using molecular dynamic
simulations. The simulated values are in agreement with
direct or indirect experimental measurement with acceptable
errors.'” The values of vaporization enthalpy are much
higher than those of traditional molecule-style solvents (typi-
cally > 100 kJ mol™'; ~40 kJ mol' for H,O at 373 K),
indicating low volatility. Recently, the vaporization enthal-
pies of some [C,mim][Tf,N] ILs were further systematically
calculated in which volatile species with different sizes and
compositions were assumed.?® Ton pair was found to be the
most possible volatile species with the lowest value of va-
porization enthalpy, thereby supporting the assumption in all
earlier simulations that volatile species is ion pair.

Ab initio calculations have been used to investigate the
structure and interaction of ion pair or ion cluster in gas
phase for ILs, especially for imidazolium-based ILs.>"*
The results indicated that ion pair is stable in the gas phase.
For more energetic triazolium-based ILs,> interionic proton
transfer easily occurs in an ion pair to form neutral molecu-
lar dimer, and such a proton transfer was also found in the
earlier study on ammonium dinitramide.*® For some
imidazolium-based ILs, the results from mass spectrometric
analysis also indicated the existence of some ion cluster
species in gas phase, such as {[mmim],[AICI,]}T,
{[mmim]>[BF,]3} ", {[mmim]s[BF,]4}", and {[bmim]x-n
[BF4lx}n~ (n=1, x=1~13; n=2, x=13~25).7*

Guanidinium-based ILs have been used in gas absorption,
organic synthesis, electrochemistry, analysis, etc.*'™ The
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Figure 1. Structure of cation and anion for [tmgH][L],
[tmgH][T], and [tmgH][F] (atoms are given in

term of atom-type in AMBER force field from
our previous work>").

study on the volatility of guanidinium-based ILs is very val-
uable for expanding their applications and advancing the
study on the volatility of ILs. However, up to now, this
remains to be performed.

Recently, we have performed a series of studies to under-
stand the structure, interaction, and properties of some ILs in
both the liquid and gas phases by using molecular dynamic
simulation and ab initio calculation.**>* The force fields in
the framework of AMBER for guanidinium-based ILs were
developed,”'* the geometric and electronic structures of
[tmgH][L] ion pair were investigated by using ab initio cal-
culations.*”® In this work, the vaporization enthalpies of
1,1,3,3-tetramethylguanidinium lactate ([tmgH][L]), 1,1,3,3-
tetramethylguanidinium trifluoroacetate ([tmgH][T]), and
1,1,3,3-tetramethylguanidinium formate ([tmgH][F]) are cal-
culated by using molecular dynamic simulations (see Figure
1 for their molecular structures); their ion pair (cluster) spe-
cies in gas phase are specified by using ab initio calcula-
tions. Following these results, a volatilization mechanism is
discussed.

Computational Methods
Molecular dynamics simulation

The force field in the AMBER framework is from our pre-
vious work’'** the simulation is performed with MDyna-
Mix simulation package.’> The simulation details for liquid
phase are contained in our previous work**"3%%: the simu-
lation system is composed of 256 ion pairs in NPT ensem-
ble; the equilibrated and sampling time are 1 ns and 3 ns,
respectively. Gas phase simulation is performed in NVT en-
semble with one examinedoion pair in simulation box, where
the box diameter is 1000 A. Longer equilibrated time (5 ns)
and sampling time (10 ns) are adopted. Replicate runs are
performed to estimate the uncertainty of simulation results.
The configuration data in the production phase are used to
perform the statistics on the distributions of bond, angle, and
dihedral (the interval between two neighboring selected con-
figurations is 100 time-steps).
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Table 1. Vaporization Enthalpy (in kJ mol_l) for [tmgH][L], [tmgH][T], and [tmgH][F], along with the Specific
Contributions from Interionic and Intraionic Energies

AUVZ\p
Interionic Intraionic
ILs T (K) LJ Electrostatic LJ Electrostatic Bond Angle Dihedral Total RT AHYP
[tmgH][L] 298 82.77 133.59 —2.33 —17.94 —33.11 —38.29 —19.59 105.10 2.48 108 + 4
318 83.25 137.62 —2.98 —18.37 —35.85 —40.71 —19.72 103.25 2.64 106 + 4
333 79.94 144.10 —2.95 —18.31 —37.44 —43.24 —20.22 101.88 2.77 105 + 4
373 78.94 148.91 —3.48 —19.02 —40.61 —46.05 —22.90 95.79 3.10 99 + 4
[tmgH][F] 353 69.40 114.82 —1.46 —1.01 —-30.93 —28.46 —19.64 102.71 2.93 106 + 3
373 67.66 120.73 —1.14 0.14 —32.34 -30.26 —23.87 100.91 3.10 104 + 3
[tmgH][T] 318 73.14 119.15 -3.03 —7.31 —28.63 —29.94 —20.22 103.16 2.64 106 + 4
333 73.04 114.41 —3.06 —6.62 —30.96 —30.87 —20.26 95.68 2.77 98 + 4

Ab initio calculation

AD initio calculations are performed with GAUSSIAN 03
software package.’® Density functional theory method
B3LYP and frozen-core second-order perturbation approxi-
mation Mgller—Plesset (MP2) are used to optimize geometry
structure, combined with 6-314++G**basis set.”’ % Zero
point energy (ZPE) correction and frequency calculation are
performed at the corresponding theory level, where the latter
is used to specify the nature of each obtained structure, i.e.,
a true minimum or a transition state. Single point energy is
improved at the higher level of MP2/6-311++4-g(2df,p).

Results and Discussion
Vaporization enthalpy

The vaporization enthalpy, AHY*", is defined as!%2°
AHY™® = AU"™ 4+ RT (1)

where R is gas constant, T is temperature, AH"*" is the change
of internal energy between liquid phase and gas phase and is
defined as

AU = U(vap) — U(liq) 2)

The results of vaporization enthalpy for [tmgH][L],
[tmgH][T], and [tmgH][F], are presented in Table 1. In
Table 1, internal energy contributions are split into interionic
and intraionic terms. Interionic contributions include Van der
Waals (Lennard—Jones interaction potential, LJ) and coulom-
bic electrostatic; whereas intraionic contributions include LJ,
coulombic electrostatic, bond, angle, and dihedral.

From the data in Table 1, some conclusions can be drawn.
First, interionic coulombic electrostatic interaction is the
main contributor to vaporization enthalpy, with a ratio of
about 40%, and interionic LJ interaction follows with a ratio
of about 30%. The simulated vaporization enthalpy for some
other ILs also showed that interionic interaction is the main
contributor.'” > Second, the contributions from intraionic
coulombic electrostatic and LJ interactions, however, are
very small, especially the latter. Third, the intramolecular
interactions from bond, angle and dihedral are remarkable,
and the ratio is about 20%. Replicate run results show the
certainties in vaporization enthalpy are around 3—4 kJ mol ™",
which is similar to that reported by Kelkar and Maginn.26
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The remarkable contributions from bond, angle, and dihe-
dral intramolecular interactions imply that the conformations
in gas phase are somewhat different from that in liquid
phase. The statistical results for bond, angle, and dihedral
distributions for the three ILs are presented in Table 2. It
can be indicated from Table 2 that (a) the distribution range
of bond, angle, and dihedral is wider in liquid phase than in
gas phase, i.e., the amplitude of molecular stretching or tor-
sion is much larger in liquid phase, which can be attributed
to much more interionic interactions in liquid phase; (b)
compared with bond and angle distributions, dihedral distri-
bution is wider in liquid phase, which means more free rota-
tion of dihedrals.

The values of vaporization enthalpy for some imidazo-
lium-based ILs at 298 K and 1 atm, are listed in Table 3. As
shown in Table 3, the values of vaporization enthalpy for
these ILs are almost at the same magnitude as those for
some inorganic salts (e.g., silver chloride, 198 kJ mol ™}
cadmium fluoride, 214 kJ mol '),°> while significantly
higher for some traditional organic compounds (e.g., ben-
zene, 30.7 kJ mol™ !, at 353 K and 1 atm), which is consist-
ent with the nature of low volatility for ILs. The values of
vaporization enthalpy for the currently investigated ILs are
somewhat lower than those for the imidazolium-based ILs
used in this study.

Ion species in gas phase

Dimer. The initial structures of gas phase ion pair for
[tmgH][L], [tmgH][T], and [tmgH][F], are constructed
through fully considering cation—anion interaction, such as
interionic hydrogen bond, coulombic electrostatic, Van der
Waals, and steric effect. The thorough scans of potential
energy surface (PES) are performed to investigate the reac-
tion path of interionic proton transfer in ion pair. The final
structures of ion pair, transition state (TS), and molecular
dimer, are obtained for [tmgH][L] (Figure 2), [tmgH][T]
(Supporting Information Figure S1), and [tmgH][F] (Support-
ing Information Figure S2).

As for [tmgH][F], the stable structure of ion pair in gas
phase is not found, only tmg-HF molecular dimer is obtained
(Supporting Information Figure S2). A very similar reaction
path and PES characteristic are found for [tmgH][L] and
[tmgH][T]. Therefore, only the result of [tmgH]J[L] is used
to discuss the dimer.
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Table 2. Bond, Angle, and Dihedral Distributions in the Gas Phase and the Liquid Phase, for [tmgH][L] (at 298 K),

[tmgH][T] (at 318 K), and [tmgH][F] (at 353 K)*

Bond

Angle

Dihedral

N2-H
(0.846~1.144)

A A
v A\,

CA-N2
(1.133~1.533)

“CT
244-1.683)

W .‘"'-\., s ; Mo

CA-N2* N
(1.130~1.529) Q.

CT-H1
(0.923~1.249)

C-02
(1.056~1.428)

A § A,

C-H2 in [tmgH|[F]
(0.919~1.285)

C-CT in [tmgH][T]
(1.333~1.803)

L i A\,

H-N2-H
(93.6~140.5)

N2-CA-N2*
(95.2~142.8)

C-CT1 in [tmgH][L]

CT-FintmgHITl | 319-1.784)

(1.182~1.531)

CT-N2*-CT
(92.0-138.0)

CA-N2*-CT
(97.1-145.7)

02-C-H2 in [tmgH][F
.&137,4) 9HilF]

CT1-0H-HO in [tmgH][L]
(83.0-124.5)

P

H-N2-CA-N2*

CT-C-02in gtmgH][T]
(90.8-136.3

|C11-C
88.2~

2-HC in [tmgH]|L |
2% In [tmgHJIL]

1
1

| N2-CA-N2*-CT

C-Cl-FIn [tmgH]|| |
(.C31.1~136[6)g i

|[F-Cl-F 1 Hj[ 1
(B4.6~1'%.g])g i

OH-HO in [tmgH][L]
(0.814~1.101)

H1-CT-H1

(88.0~132.0)

CT2-HC in [tmgH][L]
(0.925~1.251)

02-C-02
(103.5~155.3)

02-C-CT1 in [tmgH][L]
(91.8-137.7)

C-CT1-OH in [tmgH][L
541735 4 LmoHIL

HC-CT2-HC in [tmgH][L]
(86‘3—129.5,!}"[ 9HIIL

CA-N2*-CT-H1

02-C-CT1-OH in [tmgH][L]

C-CT1-CT2-HC in [tmgH][L]

C-CT1-OH-HO in [tmgH][L]

02-C-CT-F in [tmgH][T]

*Ordinate is probability, abscissa is statistical range (they are given in parentheses, and —180 to 180 for dihedral, length in A and angle in degree). If not specif-
ically stated, in one column the top is for [tmgH][L], the middle is for [tmgH][T], and the bottom is for [tmgH][F]. Dot line is in gas phase and solid line is in
liquid phase.

510 DOI 10.1002/aic Published on behalf of the AIChE February 2011 Vol. 57, No. 2 AIChE Journal



Table 3. Vaporization Enthalpy (in kJ mol_l) of
ILs, at 298 K and 1 atm*

Vaporization Enthalpy

ILs Simulation Experiment
[C,mim][PF] 172.0,;2123.3,22** 154.8,'% 191.5'67
161
[Cemim][PF] 139.8"°
[Csmim][PF] 1443
[C,omim][PFg] 135.9%°
[C1omim][PFq] 112.0"”

[Comim][BE,] 161.319,255.8%2*
[C,mim][BE,] 161.819,252.9%%# 128.212,203.5‘“
[Csmim][BE,] 122.0"
[Comim][BF,] 130.7"
[Comim][NT5,] 159", 146%° 135.3‘;‘7,136.1‘5,
136
[C5mim][NT£] 172" 147"
[C4mim][NTf,] 1747, 151°¢ 134'°136.2'1
34.61175, 193.5'°7,
155
[Csmim][NT£,] 179" 162"
[Cemim][NT£,] 18417, 157°¢ 139.81;‘7,141.6‘5,
173
[Cmim][NT£] 186" 180"
[Csmim][NT£,] 2017, 1622° 149.0', 1927
[C1omim][NTf] 155.5"
[C4mim][NT£] 169.0'477
[Comim][AICly] 225.2, 1B
246472
[C4mim][AICL4] 239,772
[C,mmim][NT£] 181.57
[C,mim][NO;] 130.22%
[C,mim][SbFq] 225.5161
[Cgmim][Cl] 122.7"
[C,mim][CF;S0;] 141.5'7
[Ph(CH,)mim][NT£] 177.0'40!
[Ph(CH,),mim][NTf,] 188.0'40!
[Ph(CH,)smim][NTf] 19931461
[Ph(CH,);mim][PFg] 12501401

*The superscript of the value is reference.

**The values are from NVT ensemble where V is defined in accordance with
the experimental density.

"The values are obtained from the internal energies of vaporization in the lit-
erature, according to Eq. 1.

TTAt 308.15 K.

1.257

As shown in Figure 2, one proton on —NH, of [tmgH]"
transferred to —COO of [L]™ by a TS where the hydrogen
atom almost lies midway between N and O atoms. Finally,
[tmgH][L] ion pair is transformed into tmg-HL molecular
dimer, while ionic-type hydrogen bond is transformed into
molecular-type hydrogen bond; where tmg is 1,1,3,3-tetrame-
thylguanidine and HL is lactic acid. It can also be indicated
that B3LYP/6-314++G** and MP2/6-31++G** give very
similar structures.

The PES of proton transfer for [tmgH][L] is presented in
Figure 3. Figure 3 shows that the energy barrier is very low
for the proton transfer, and it is 1.5 kJ -mol ! both at MP2/6-
311++G(2df,p)//B3LYP/6-31++G** level and at MP2/6-
3114+4+G(2df,p)//MP2/6-31++G** level. The energy level
of molecular collision is at ~20 kJ mol™!, so the proton
transfer energy barrier is almost negligible. When ZPE cor-
rections are included, a much lower energy barrier is
obtained (—8.0 kJ mol ™" at MP2/6-311+-+G(2df,p)//B3LYP/
6-31++G** level and —112 kJ mol™' at MP2/6-
3114++G(2df,p)//MP2/6-31++G** level). Such a negative
energy barrier has been indicated for proton transfer reac-
tion,®*%* which is consistent with the nature of low energy
barrier in proton transfer. The interesting finding is that the
energy of tmg-HL molecular dimer is lower than that of
[tmgH][L] ion pair. It is —2.3 kJ mol ! (without ZPE cor-
rection) and —3.9 kJ mol~! (with ZPE correction) lower at
MP2/6-311++G(2df,p)//B3LYP/6-31+4+G** level; it is
—2.0 kJ mol™" (without ZPE correction) and —5.8 kJ mol™"
(with ZPE correction) at MP2/6-311++G(2df,p)//MP2/6-
31++G** level. Thus, whether in terms of kinetics or ther-
modynamics, tmg-HL molecular dimer is a more favorable
species than [tmgH][L] ion pair. This finding is also obtained
for [tmgH][T] (Supporting Information Figure S1), where the
transfer energy barrier is 2.0 kJ mol™"' (without ZPE correc-
tion) and —6.9 kJ mol ! (with ZPE correction) at B3LYP/6-
314++4G** level, and the energy of tmg-HT molecule dimer
is 0.9 kJ mol~! lower than that of [tmgH][T] ion pair when
ZPE correction is included.

(1.230)

o{:r";n;"

/( 174. 0)

1233
(1.245)
1.094 1.508
(1.059) (1629 /
Sl
167.5 v
159.1) f
[tmgH][L]
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s H

? ac

\ PN
e

F @O0

1548 (1 042)

'/?1 558) ?
‘8 ﬁ
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Figure 2. Reaction path for the proton transfer in [tmgH][L] ion pair (length in A and angle in degree; the values in
parentheses are at MP2/6-31++G** level and the others are at B3LYP/6-31++G** level; some hydrogen

atoms on [tmgH]™ are screened for clarity).

The color coding of atoms is used in all the figures. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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Figure 3. Reaction PES for the proton transfer
[tmgH][L] ion pair with ZPE corrections (dash
lines) and without ZPE corrections (dot lines).

(b)

in

In addition, these calculation results show that the
obtained structure and energy characteristic are similar at
B3LYP/6-31++G** level and the higher levels. There-
fore, for minimizing computational cost, the following
calculations are performed only at B3LYP/6-314+4G**
level.

Trimer. Multi-ion cluster was found in the gas phase for
some imidazolium-based ILs both from ab initio calcula-
tion>”>® and mass spectrometric analysis.37410 Here,
[tmgH]", [L]~, tmg, and HL (including both ionic and mo-
lecular fragments), are added to tmg-HL dimer, respectively,
to investigate the trimer. Similarly, [tmgH]", [T]~, tmg, and
HT, are added to tmg-HT dimer, respectively; [tmgH]",
[F]7, tmg, and HF are added to tmg-HF dimer, respectively.
The most stable trimers that are finally obtained are pre-
sented in Figures 4a—d for [tmgH][L], in Supporting Infor-
mation Figures S3a—d for [tmgH][T], and in Supporting In-
formation Figures S4a—d for [tmgH][F]. As shown in Figures
4, Supporting Information S3, and S4, all the molecular
dimers (tmg-HL, tmg-HT, tmg-HF) are retransformed into
the ion pairs ([tmgH][L], [tmgH][T], [tmgH][F], respec-
tively) with the addition of a third molecule or ion. Similar
structure and energy characteristic are found for these three
ILs. Therefore, only [tmgH][L] is selected to discuss the

trimer in detail.
3

e

1.539% K
' 2,082
174, s

1. 033

e

162.5

. T — 152.2 irmzs @
w\g @1914&

(€)

(d)

Figure 4. Trimer species in gas phase for [tmgH][L], obtained at B3LYP/6-31++G** level (length in A and angle in
degree; some hydrogen atoms on [tmgH]* or tmg fragment are screened for clarity).

(a) the addition of [tmgH]" to tmg-HL dimer; (b) the addition of [L]~ to tmg-HL dimer; (c) the addition of tmg to tmg-HL dimer; (d): the
addition of HL to tmg-HL dimer. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Tetramer species in gas phase for [tmgH][L], obtained at B3LYP/6-31++G** level (length in A and angle
in degree; some hydrogen atoms on [tmgH]* or tmg fragment are screened for clarity; the relative
energy values are also labeled in top-left corner). (a) the addition of [L]- to the trimer in Figure 4a; (b) the
addition of [tmgH]™ to the trimer in Figure 4b; (c) the addition of HL to the trimer in Figure 4c; (d) the

addition of tmg to the trimer in Figure 4d.

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

From Figure 4, it is easily understood that the return of
proton from HL to tmg can be ascribed to the strengthened
proton-acceptability of N atom on —NH, and the weakened
proton-acceptability of O atom on —COO, with the assis-
tance of a third ionic or molecular fragment. Specifically, in
Figure 4a, the hydrogen bond interaction between O atom on
—COO and H atom on —NH, of added [tmgH]" weakens
the proton-acceptability of O atom for the original proton.
Finally, the hydrogen bond interaction is shared by two
[tmgH]". Similarly, in Figure 4b, the hydrogen bond interac-
tion between H atom on —NH, and O atom on —COO of
added [L]™ strengthens the proton-acceptability of N atom
on —NH,. In Figure 4c, the hydrogen bond interaction
between H atom on —NH, and N atom on —NH, of added

AIChE Journal February 2011 Vol. 57, No. 2

Published on behalf of the AIChE

tmg strengthens the proton-acceptability of N atom on
—NH,, while the hydrogen bond interaction between O atom
on —COO and H atom on —NH, of added tmg weakens the
proton-acceptability of O atom. In Figure 4d, the hydrogen
bond interaction between H atom on —NH, and O atom on
—COO of added HL strengthens the proton-acceptability of
N atom on —NH,, while the hydrogen bond interaction
between O atom on —COO and H atom on —OH of added
HL weakens the proton-acceptability of O atom. In other
words, addition of [tmgH]*, [L]-, tmg, or HL will lead to
reduction of tmg-HL dimer to[tmgH][L] ion pair.

Tetramer. The initial structures of the tetramers for
[tmgH][L] are constructed by adding [L], [tmgH]", HL,
and tmg, to the trimers, as shown in Figures 4a—d
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Figure 6. Schematic representation of volatilization of

[tmgH][L], [tmgH][T], and [tmgH][F].

The above is gas phase and the below is liquid phase.
[CH]", [A]-, C, and HA, represent cation 1,1,3,3-tetrame-
thylguanidinium, anion (lactate, trifluoroacetate, or formate),
1,1,3,3-tetramethylguanidine, and acid molecule (lactic acid,
trifluoroacetic acid, or formic acid, respectively). [Color fig-
ure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

respectively, and the constructed tetramers are neutral with
zero net charge. Similarly, the initial tetramers for [tmgH][T]
are constructed by adding [T]™, [tmgH]*, HT, and tmg, to
the trimers, as shown in Supporting Information Figures
S3a—d, respectively. The initial tetramers for [tmgH][F] are
constructed by adding [F], [tmgH]+, HF, and tmg, to the
trimers, as shown in Supporting Information Figures S4a—d
respectively. The obtained stable tetramers are presented in
Figures 5a—d for [tmgH][L], in Supporting Information Fig-
ures S5a—d for [tmgH][T], and in Supporting Information
Figures S6a—d for [tmgH][F]. Similar structure and energy
characteristic are obtained for these three ILs. Therefore,
only [tmgH][L] is used to discuss the tetramer in detail.

It is interestingly found that all the tetramers exist in ion-
pattern, except the tetramer in Figure 5d. Moreover, the
energy of the tetramer in Figure 5d is 38.3 kJ mol™" higher
than the tetramer in Figure 5a, 42.9 kJ mol ' higher than
the tetramer in Figure 5b, and 38.3 kJ mol ™! higher than the
tetramer in Figure 5c. Thus, it can be expected that ionic
cluster will be the most favorable pattern for tetramer in
[tmgH][L] gas phase, which is also found in [tmgH][T] tet-
ramer (Supporting Information Figure S5) and in [tmgH][F]
tetramer (Supporting Information Figure S6).

Volatilization mechanism

The above ab initio results indicate that isolated ion pairs
might not stably exist in the gas phase for [tmgH][L],
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[tmgH][T], and [tmgH][F]; however, a third molecule or ion
can stabilize the ion pairs. Furthermore, ionic tetramers can
also stably exist in the gas phase. All of them explain why
[tmgH][L], [tmgH][T], and [tmgH][F] exist as ions in the
liquid phase. Therefore, as shown in Figure 6, a volatiliza-
tion picture can be visualized. Taking [tmgH][L] for exam-
ple, in the liquid phase, [tmgH][L] exists in the pattern of
[tmH]" and [L]~. When an ion pair is volatilized into gas
phase, tmg-HL molecular dimer is easily formed at liquid-
gas interface or gas phase (where the interactions between
other ions and the ion pair disappear) because of interionic
proton transfer. When tmg-HL molecular dimer is in the gas
phase, it can be dissociated into tmg and HL molecules, or
form more complex trimer, tetramer or other aggregated spe-
cies at some temperature and pressure.

The work of Maginn and his coworkers showed that ion pair
is the most possible volatile species; while the ab initio calcu-
lations in this work indicate that proton transfer occurs in ion
pair for such 1,1,3,3-tetramethylguanidinium-based ILs in the
gas phase. Therefore, the enthalpy of vaporization obtained
from our simulations with the assumption of ion pair may not
correspond to what could be measured experimentally.

Conclusions

To promote the study on the volatility of ILs, [tmgH][L],
[tmgH][T], and [tmgH][F] are selected to investigate the vol-
atility of 1,1,3,3-tetramethylguanidinium-based ILs. Their va-
porization enthalpies are calculated by using molecular
dynamic simulations, and the gas phase species are deter-
mined by using ab initio calculations. Interionic coulombic
electrostatic and Van der Waals interactions offer the great-
est contribution to the vaporization enthalpy; while intraionic
bond, angle, and dihedral interactions also give remarkable
contribution. The statistical results for bond, angle, and dihe-
dral distributions show that ion conformations in liquid
phase are different from that in gas phase, which explains
the intraionic contributions. Different from some imidazo-
lium-based ILs, the ion pairs of such guanidinium-based ILs
cannot stably exist and are easily transformed into molecular
dimers in the gas phase. Furthermore, the dimers may be
dissociated into isolated molecular patterns, or be formed
into trimers or tetramers with the addition of a third or
fourth molecular fragment. Finally, following the simulation
results, a volatilization mechanism is discussed.
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