ROYAL SOCIETY

OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

lonic liquids with anions based on fluorosulfonyl
derivatives: from asymmetrical substitutions to a
consistent force field modely

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2017,19, 29617

ab
cd

Andreia S. L. Gouveia,”® Carlos E. S. Bernardes, (2@ Liliana C. Tomé,
Elena I. Lozinskaya, (2 Yakov S. Vygodskii,“ Alexander S. Shaplov,
José N. Canongia Lopes*® and Isabel M. Marrucho (2 *2°

Herein, seven anions including four imide-based, namely bis|(trifluoromethyl)sulfonyllimide (TFSI),
bis(fluorosulfonyl)imide (FSI), bis[(pentafluoroethyl)sulfonyllimide (BETI), 2,2,2-trifluoromethylsulfonyl-N-
cyanoamide (TFSAM) and 2,2,2-trifluoro-N-(trifluoromethylsulfonyl) acetamide (TSAC), and two sulfonate
anions, trifluoromethanesulfonate (triflate, TF) and nonafluorobutanesulfonate (NF), are considered and
compared. The volumetric mass density and dynamic viscosity of five ionic liquids containing these
anions combined with the commonly used 1-ethyl-3-methylimidazolium cation (C,Ciim), [C,C4im][FSI],
[CoChim][BETI], [CoCiim][TFSAM], [CoCqim][TSAC] and [C,Ciim][NF] are measured in the temperature
range of 293.15 < T/K < 353.15 and at atmospheric pressure. The results show that [Comim][FSI] and
[Comim][TFSAM] exhibit the lowest densities and viscosities among all the studied ionic liquids. The
experimental volumetric data is used to validate a more consistent re-parameterization of the CL&P force
field for use in MD simulations of ionic liquids containing the ubiquitous bis|(trifluoromethyl)sulfonyllimide
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and trifluoromethanesulfonate anions and to extend the application of the model to other molten salts
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Introduction

Until the mid-90s, the use of ionic liquids (ILs) was not wide-
spread since they exhibited either quite high melting points or
were composed of hydrolytically unstable anions. This dramati-
cally changed in 1996 when Bonhote et al' introduced low-
coordinating anions such as bis[(trifluoromethyl)sulfonyl] imide
and trifluoromethanesulfonate. These highly delocalized charge
anions, systematically known as bistriflimide (TFSI) and triflate
(TF), are nowadays widely used in ILs>” since they provide their
corresponding salts with lower toxicity and higher chemical,
electrochemical and thermal stability than the majority of the
traditional counterions, such as chloride or tetrafluoroborate.
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With the aim to improve the desired properties of ILs,
namely to decrease their viscosity and melting points as well
as to improve their ionic conductivity and miscibility with
certain gases (CO,), efforts were employed on the modification
of these anions. The first strategy focused on either elongation or
shortening of the perfluoroalkyl chains in the anion. Thus, from
2000 onwards, the family of TFSI anions was replenished with
new members: the bis(fluorosulfonyl)imide (FSI) anion,* which
can be considered as a short version of TFSI, and bis[(penta-
fluoroethyl)sulfonyl]imide (BETI)® and bis[(nonafluorobutyl)-
sulfonyl]imide (C4C,) anions® which are long versions of TFSIL.
Similarly, the nonafluorobutanesulfonate (NF)' anion was proposed
as a modification of TF (Fig. 1a). Generally, it was concluded
that an increase in the perfluoroalkyl chains in symmetrical
anions leads to an increase in the viscosity, density and melting
points of the respective ILs.

The second research focus was dedicated to the introduction
of asymmetry in imide anions via two routes: enlargement of
one of the perfluoroalkyl chains or substitution of one trifluoro-
methylsulfonyl group by another moiety. Regarding the first
route, anions such as (fluorosulfonyl)-N-(trifluoromethylsulfonyl)
imide (FTA),” (fluorosulfonyl)-N-(pentafluoroethylsulfonyl) imide
(FPESI),? (trifluoromethylsulfonyl)-N-(pentafluoroethylsulfonyl) imide
(C1C,),”? and (trifluoromethylsulfonyl)-N-(nonafluorobutylsulfonyl)
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Fig. 1 Development of the TFSI and TF anion families.

imide (C,C,)"° were proposed (Fig. 1b). The second route resulted
in the preparation of 2,2,2-trifluoro-N-(trifluoromethylsulfonyl)
acetamide (TSAC)"' anion and very recently, the 2,2,2-(trifluoro-
methyl)sulfonyl-N-cyanoamide (TFSAM)'**® anion (Fig. 1c). The
introduction of asymmetry in the anion plays a remarkable
role in decreasing the melting point and the viscosity, and
consequently enhancing the conductivity of the resultant ILs,
which are particularly attractive features for the creation of new
electrolyte materials.

The development of trusted methods for modeling and
understanding and predicting the thermophysical properties
of ILs have been among the primary objectives of the IL
research community since the beginning of 2000. The first
molecular simulation study of a pure IL was carried out by
Hanke et al.* in 2001.

Currently, one of the most precise methods in the field of IL
modeling is the Canongia Lopes & Padua (CL&P) force field."
Back in 2006, TFSI was one of the first IL anions to be
incorporated in the CL&P force-field. Presently, special attention
is given to the parameterization of the torsion motions of new
ions, and TFSI is a perfect example of a flexible molecular
ion exhibiting complex behavior (two coupled and symmetrical
C-S-N-S dihedral angles). Nevertheless, it could be modeled
using traditional cosine series and methods to determine the
right partition between bonded and non-bonded interactions.
Validation of the resulting force field relies heavily on a few
crystalline structures deposited at the Cambridge Structural
Database and suffers from the scarcity of liquid density data
for TFSI-based ILs. Over the last years, new symmetrical anions
belonging to the TFSI family have been incorporated in the CL&P
force field. In most cases, it was found that parameters were
transferable within ions of the same class (a sign of the resilience
of the force-field) without incurring large deviations from the
available experimental data used for validation. Deviations of up
to 5% in density between experimental and simulation results
are common and considered acceptable.'>"®

With the incorporation of asymmetrical composite anions
(Fig. 1c), our preliminary simulations started to show large
deviations in terms of the predicted densities. The bridging
between different families of anions (imides, sulfonates,
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cyanamides, fluorocarboxylates) probably means that some of
the parameter transfer rules applicable within a given family
are no longer valid or need to be refined. Thus, the objective of
this study is to precisely measure the volumetric mass density
(p) and dynamic viscosity (1), and to calculate derived proper-
ties such as molar volume (Vy,), for five different 1-methyl-3-
ethyl imidazolium-based ILs with both symmetrical (FSI, BETI)
and asymmetrical (TSAC, TFSAM, NF) anions, to re-access the
parameterization of such salts and propose a new refined set of
parameters that will continue to emphasize the consistency,
transferability and compatibility of the CL&P force field.

Experimental details
Materials

Herein, 1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide,
[Comim][FSI] (99.5 wt%) and 1-ethyl-3-methylimidazolium
bis[(trifluoromethyl)sulfonyl]imide, [C,mim]TFSI] (99+ wt%) were
obtained from Solvionic, while 1-ethyl-3-methylimidazolium tri-
fluoromethanesulfonate, [C,mim][TF] (99+ wt%) was obtained
from Merck KGaA. Ionic liquids 1-ethyl-3-methylimidazolium
bis[(pentafluoro-ethyl)sulfonyl]imide, [C,mim][BETI] (98.5 wt%
pure), 1-ethyl-3-methylimidazolium nonafluorobutanesulfonate,
[C,mim][NF] (98.5 wt% pure), 1-ethyl-3-methylimidazolium 2,2,2-
trifluoro-N-(trifluoromethylsulfonyl)acetamide, [C,mim][TSAC]
(98.0 wt% pure) and 1-ethyl-3-methylimidazolium 2,2,2-(trifluoro-
methyl)sulfonyl-N-cyanoamide, [C,mim][TFSAM] (98.5-99.0 wt%
pure) were synthesized as described in previous studies.”">'* All
IL samples were dried/degassed for at least 4 days at approxi-
mately 1 Pa and 318 K. The final water content of all samples was
determined by Karl Fischer titration using an 831 KF Coulometer
(Metrohm) (Table 1). The chemical structures and adopted
nomenclature of the ILs used in this study are presented in Fig. 2.

Density and viscosity measurements

Volumetric mass density and dynamic viscosity measurements
were performed at atmospheric pressure in the temperature
range of 293.15 < T/K < 353.15 using an SVM 3000 Anton Paar
rotational Stabinger viscometer-densimeter. The density and
viscosity values of [C,mim][NF] were measured in the more
limited temperature range of 303.15 < 7/K < 353.15 due to its
relatively high melting point (ca. T = 293.11 K)."® The standard

Table 1 Water content, wt% H,O, molar mass, M,, volumetric mass
density, p, dynamic viscosity, #, and molar volume, V,,,, of the ionic liquid
samples used in this study. The values of the three selected thermophysical
properties (p, 1, and V,,) are at 303.15 K and atmospheric pressure

IL sample (Wt%) (gmol ™) (gem™®) (mPas) (cm®mol ")
[C,mim][TFSAM] 0.02  284.26  1.343 174 2116
[Comim][FSI] 0.09 29130  1.438 168  202.5
[C,mim][TSAC]  0.08 35526  1.449 213 2452
[C,mim][TFSI]  0.02 39131  1.514°  27.2° 258.5°
[Comim][NF] 0.08 41026 1542  109.7  266.1
[C,mim][BETI]  0.02 491.33  1.588 552 309.4

“ values taken from Tomé et al.'”
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Fig. 2 Anions studied in this work with the corresponding adopted
acronyms and atom labelling nomenclature.

uncertainty for the temperature is 0.02 K. The repeatability of
the density and dynamic viscosity data is 0.0005 g cm > and
0.35%, respectively. The reported results are the average values
of triplicate determinations for each sample. The highest relative
standard uncertainty registered for the density and dynamic
viscosity measurements was 1 x 10~* and 0.03, respectively.

Force field parameterization

The force field used in this study is based on the systematic
CL&P parameterization for ionic liquids,'>'°~> which has the
same functional form of the OPLS-AA molecular force field:**

angles

RS kr,i/‘ 2 ke.i//c 2
U= 5 (ri = roq) + ) (O — Oo.i)
ij ijk
dihedrals 4 1% -
+ Z Z—"; [1+(71)”cos<n<pi/-,\.,>} (1)
ijk n=1

12 6
> %i ;i qi4)
deg () -2 A
: i f>f{ 8/[(”0) (rﬁ> }_%4nﬁﬂy}

The parameters used for the modelling of the imidazolium
cations (ethylmethylimidazolium (C,C;im) and also dimethyl-
imidazolium (C;C,im) in the case of crystalline-phase simulations)
were retrieved directly from the CL&P parameterization.”® For
the anions, to the best of our knowledge, no force field has been
reported for TSAC and TFSAM. Thus, a new set of parameters for
these anions and also re-parameterized values for bistriflimide,
triflate and their derivatives were developed in the present study
(Result and discussion section).

MD simulation details

Ionic liquid simulations were performed using GROMACS
5.1.4.>* All simulation boxes contained 500 ion pairs randomly
distributed inside a simulation box using Packmol.>®> A cutoff
distance of 1.6 nm was used for the van der Waals and Coulomb
interactions, and for the latter case, the particle-mesh Ewald
technique was used to correct the electrostatic interactions at
long distances. A V-rescale thermostat (relaxation time constant

This journal is © the Owner Societies 2017
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of 1 ps), and a Parrinello-Rahman barostat (relaxation time
of 5 ps; compressibility of 4.5 x 10~°) were used to control the
temperature and pressure at 300 K and 0.1 MPa, respectively.
Equilibration of the simulation boxes was achieved by making
several 5 ns simulation runs until a constant density was achieved.
A production run of 40 ns was then performed, collecting the
trajectory each 100 ps and using a time step of 2 fs.

Simulation of the crystalline ionic liquids was performed
using DL_POLY 4.08.>° A cutoff distance of 1.5 nm was used, and
to account for the electrostatic interactions at long distances, the
Ewald summation corrections were applied. All simulations in
crystalline phases were performed considering an anisotropic
isothermal-isobaric ensemble (N-o-T) at the temperatures
used in the experimental determinations and at a pressure of
0.1 MPa. For this purpose, a Nosé-Hoover thermostat and
barostat (relaxation time constants of 1 ps and 4 ps, respectively)
were employed. Production stages of 4.0 ns were made for all
simulations after an initial equilibration stage of 1 ns. A time
step of 2 fs was used in all MD runs. The initial simulation boxes
were prepared by staking several crystal unit cells so that an
approximately cubic box with at least 4 nm side was obtained.

All input files for the GROMACS and DL-POLY simulations
were prepared using DLPGEN 2.0.2.%”

Results and discussion
Density and viscosity results

The experimental volumetric mass density and dynamic viscosity
values at atmospheric pressure, p and 7, as a function of tem-
perature for the five ILs under discussion are listed in Tables S1
and S2 of the ESIt and depicted in Fig. 3. The density and viscosity
data of [C,mim][TFSI] (previously reported by our group)'” at
303.15 K and atmospheric pressure are also included in Table 1
for comparison purposes.

Fig. 3a shows that the density trends with temperature
are almost linear in the considered temperature range. At
any given temperature the order of the densities among the
ILs under discussion is [C,C;im][TFSAM] < [C,C,im][FSI] <
[C2C4im][TSAC] < [C,C4im][TFSI] < [C,C;im]NF| < [C,Cyim][BETI].
Since all the ILs have a common cation, the order of densities
just reflects the prevalence of denser atoms in the molecular
anions (higher proportions of oxygen and/or fluorine atoms lead
to ILs with higher densities).

The density data were fitted to the functions given by eqn (2)
and the fitting parameters are listed in Table 2.

In(p/(g cm™®)=a — b-T (2)

The major advantage of fitting In(p) data instead of the p
values is that the slope of the fitting line directly gives the value
of the thermal expansion coefficient, o,. In the case of ionic
liquids, the values of «;, are fairly constant over relatively large
temperature ranges, where the excellent linear fit of the present
experimental data can be attested by the extremely low uncer-
tainties assigned to the fitting parameters (Table 2).
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Fig. 3 Volumetric mass density (a) and dynamic viscosity (b) at atmo-
spheric pressure of the ionic liquids: [C,C4im][BETI] (0), [CoC1im]INF] (O),
[CoCAmIITFSIY (@), [C,CimITSACT (A),  [CChimlIFSII (@), and
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Table 2 Parameters of the density fitting functions (egn (2)) and the
thermal expansion coefficient, oy,

a(—)

0.4857 £ 0.0005

IL sample b, o, (KK

C,mim|[TFSAM] 0.6289 + 0.0015

[ [
[C,mim][FSI] 0.5555 + 0.0002 0.6335 + 0.0006
[C,mim][TSAC] 0.5842 + 0.0001 0.7041 4 0.0004
[C,mim][TFSI] 0.6125 + 0.0011 0.6524 + 0.0033
[C,mim][NF] 0.6387 + 0.0001 0.6793 + 0.0003
[ Il

C,mim]|[BETI] 0.6734 + 0.0002 0.6959 =+ 0.0005

Force field re-parameterization and validation

As previously mentioned, TSAC and TFSAM were modeled
using a new set of force-field parameters. The other anions
(TFSI, TF and their derivatives, namely FSI, BETI and NF) were
also re-parameterized in the present study. The force field data
used in this study are given in Tables 3 and 4 (intermolecular
and intramolecular parameters, respectively).

The atomic point charges (APC), ¢, for TSAC and TFSAM
were determined considering the ChelpG charges®® computed
from quantum mechanical calculations at the MP2/aug-cc-
pVDZ level of theory*** using the Gaussian 09 software,**
consistently combined with values from the CL&P'>'°* and
OPLS-AA*® force fields. In both cases the (trifluoromethyl)-
sulfonyl groups retained their CL&P APC values,'® whereas the
central nitrogen atoms changed their APC values from —0.66 e to
—0.71 e. In the case of TFSAM, the cyanimide group was assigned
APC values similar to those found in the dicyanamide anion. For
all the other studied anions, the CL&P'>*°"?2 and OPLS-AA>® APC
values were used.
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Table 3 Intermolecular parameterization used in this study, according to
the force-field functional given by eqn (1). Data in bold italics correspond
to the new parameterization proposed this study and data in roman
correspond to the CL&P parametrization.*>*°~22 Atomic acronyms corre-
spond to those in Fig. 2

Atoms g/e ¢k mol™' o/A  Atoms gle &/k] mol ™ o/A
Ngr —0.660 0.71100 3.250 Cgr 0.350 0.27614 3.500
Ncs —0.710 0.71100 3.250 Crp 0.360 0.27614 3.500
N, —0.760 0.71100 3.200 Cyn 0.700 0.43960 3.750
ST 1.020 1.04600 3.550 Cpgy 0.400 0.27614 3.500
Str 1.020 1.04600 3.550 Cgy 0.190 0.27614 3.500
So 1.180 1.04600 3.550 Cgs 0.260 0.27614 3.500
Fpr —0.160 0.25540 3.118 Cgs 0.240 0.27614 3.500
Frg —0.160 0.25540 3.118 Cy, 0.640 0.27600 3.300
Fqr —0.130 0.25540 3.118 O,y —0.620 0.87923 2.960
F —0.120 0.22200 2.950 Ogt —0.530 0.83736 3.150
Foi  —0.200 0.22200  2.950 Opp  —0.630 0.83736  3.150
Os3 —0.680 0.83736 3.150

The 12-6 Lennard-Jones (LJ) non-bonded parameters pre-
sented in Table 3 were also revised in order to attenuate a
systematic deviation of ca. 4.4% between the computed and
experimental density values for the ILs under investigation
(Results and discussion section). Such reassignment considered
that: (i) all oxygen atoms attached to the sulfur atoms in TFSI,
TF, FSI, TSAC, TFSAM and BETI have L] parameters similar to
those of the oxygen atoms in sulfonate ions (e.g. NF),*” (ii) the L]
parameters of the fluorine atoms in the fluorinated chains
located in an alpha position relative to sulfur are similar to that
of the fluorine atoms in PFs~ anions;"° (iii) the carbonyl group of
TSAC is modeled using L] parameters of ketones given in the
OPLS-AA force field;*® and (iv) the cyanamide group of TFSAM
is modeled using the same LJ values (and charges) previously
proposed for dicyanamide.*" All remaining L] parameters keep
the assignments of the original force fields.

The new intramolecular potential functions of TSAC and
TFSAM anions are given in Table 4. Their bond and angle
parameters, equilibrium distances and angles (r, and 0, respec-
tively), and the corresponding harmonic force constants (k. and &,
respectively) were retrieved from the CL&P and OPLS-AA force
fields."?>**** The missing dihedral angle parameters were com-
puted in this study in order to reproduce ab initio calculations
performed at the MP2/aug-cc-pVDZ level of theory*** following a
previously proven procedure.'® These include the parameterization
of the torsion profiles of the Cgr—Spr—Ncs—Cony Ser-Nes—Con—Cr1
and Ngs—Con—Cri—Fci dihedral angles of TSAC and the
Cpr-Ser—Ncs—Cz dihedral angle of TFSAM (Fig. 4). The analysis
of the figure indicates that the newly proposed dihedral poten-
tials are able to accurately capture the internal rotation of the
newly parameterized molecular moieties.

Validation of the proposed force field was achieved by
comparing the theoretical and experimental liquid density
values determined for ionic liquids containing the cation
C,mim" and the anions in Fig. 2. In addition, the ability of
the parametrization to reproduce the crystal structures of ionic
liquids at low temperature was also tested.

As highlighted in the introduction of this study, one of the
problems of the original CL&P parameterization for anions of
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Table 4 Intramolecular parameterization used in this study according to
the force-field functional given by egn (1). Data in bold and italics
corresponds to the new parameterization proposed this study and data
in roman correspond to the CL&P parametrization.*>*°~22 Atomic acro-
nyms and atomic symbols without subscripts refer to any atom of that type
(wildcard) present for the ions in Fig. 2

Bonds k. o’ Angles ky® 0,°
Nes—Con 4103 1.335 N-S-C 764  103.5
Nes-Cz 4206 1310 N-S-O 789  113.6
Con-Oon 4773 1229  Ng-Spr-Fgr 902  103.0
C,-N, 7746 1150  Ogr—Spr—Fer 1077  104.2
Con—Ci1 2654 1.523 C-C-C 488  112.7
C-F 3071 1332 C-C-F 418 109.5
S-N 3137 1570 F-C-F 644  109.1
S-0 5331  1.455  Fprae—Crrre—Femre 781  107.1
c-C 2243 1529 S-C-F 694 111.7
S-C 1970  1.792  So~Cps—Crs 583  113.3
Coryr-Ferre 3697 1.323  Spr—Cpr—Crp 418 115.9
Serme—Ogmre 5331 1.437  Og3-So-Osz 969  114.0
Sprre—Crrre 1970 1.818  Opp—Spr-Ogr 969  118.5
Spr—Fs1 1879  1.575  Opp-Spp-Onrp 969  115.3
Og3-So-Crs3 870  104.4
Ogr/rrSr/rrCa1/TF 870 102.6
Spr—NgSgr 671 125.6
SerNos—Con 419  115.3
Nes—Caon—Oon 670 133.4
Nes—Con—-Cra 586  108.7
Cp1~Caon-Oan 670  120.4
Con—Cr1-Fe1 418 109.5
C,~Ngs—Sgr 419  115.3
Ngs-Cz-Ny 425 1752
Dihedral 1% 15 1755 Ve
Opr-Spr—Ncs—Con 0.0 0.0 0.0 0.0
Crr—Ser-Nes-Con 20.7777 —3.3713 0.2652 0.0
Ser-Nes—Con—Oon 0.0 0.0 0.0 0.0
Spr-Nes—Con—Cry 32.6240 48.3492 5.5957 —7.0216
Nes-Con—Cri—Fo1 0.0 0.0 —~1.1400 0.0
0,5-Con-Cr1-Fy 0.0 0.0 0.0 0.0
Cpr—Spr-Nes—Cy 27.8108 —20.5560  2.4856 0.0
OprSpr—Ncs—Cy, 0.0 0.0 0.0 0.0
Spr-Ngs-Cz-Ny, 0.0 0.0 0.0 0.0
Fs-Spr ~Np1—Spr 11.4450 —~15.1860  —3.2120 0.0
Fer—CrgrSerNcs 0.0 0.0 1.3220 0.0
Spr—Cp—C—-C 50.0900 0.0 —4.6260  —4.0080
C-C-Sgr-Opr 0.0 0.0 —0.7400 0.0
Sg1~Cgr—C-F 0.0 0.0 1.4530 0.0
F-C-S-O 0.0 0.0 1.4510 0.0
C-Cpr—Spr—Ngr —3.0940 0.0 0.0 0.0
Cer—Sgr-NprSgr 32.7730 —10.4200  —3.1950 0.0
Opr-SprNpr—Spr 0.0 0.0 —0.0150 0.0
c-C-C-C 27.7064 3.9664 —5.8074  —8.8617
F-C-C-C 1.2552 0.0 1.6736 0.0
F-C-C-F —10.4600 0.0 1.0460 0.0
S-C-C-C —16.1000  —2.0046 0.7674 0.0
S-C-C-F 0.0 0.0 1.3797 0.0
C-C-S-0 0.0 0.0 1.3938 0.0
Nos-Con—Cr1=Oon® 0.0 87.9228 0.0 0.0

ke in k] mol * A™%; r, in A; & in k] mol ' rad>; 0, in deg; and V; in
KkJ mol ™. ® Improper dihedral with C,y in the central position.

the TFSI and TF families was the lack of liquid density data
available for comparison with the simulation predictions. Thus,
in this study, reference data for six TFSI-based ILs and for NF
were collected to evaluate the accuracy of the re-parameterized
force field. These values were experimentally determined or
retrieved from the existing literature.

This journal is © the Owner Societies 2017
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The experimental liquid densities established in this study
are shown in Table 5. For [C,mim][TF] and [C,mim][TFSI], due
to the large number of experimental data in the literature, the
values listed in 5 are the average of the results previously
reported at 303.15 K (9 values for [C,mim][TF]**** and 19 values
for [C,mim][TFSI]*""**"®"). Moreover, Table 5 presents the density
values obtained from the MD simulation results and the corres-
ponding deviation from the experimental data. From these
results, it is possible to conclude that the new parametrization
reproduces the densities of these liquids with an absolute
average deviation of 1.3% and a maximum shift of 2.3%. As
can be observed in Fig. 5, this represents a significant improve-
ment compared with the results obtained using the previously
established force field, where an average deviation of 4.6% and
maximum difference of 5.8% were observed.

The second validation test was the evaluation of the accuracy
of the re-parameterized force field in reproducing unit cell para-
meters for [C,mim][TFSI],** [C,mim][TF]** and [C,mim][FSI]**
crystals at low temperature. The results are summarized in
Table 6.

It should be mentioned that the initial parameterization
reasonably captured the crystal cell dimensions of the ionic
liquids in the solid state. Thus, it was pertinent to evaluate if
the modification made in the Lennard-Jones parameters of the
Ogr, OtF, Fpr and Fg; atoms did not change this capability of the
original force field. The results obtained using the new and old
parametrizations are compared in Table 6 with the corres-
ponding experimental data. Also included in the table are details
regarding the simulations (supercell dimensions, number of ion
pairs in the box and temperature). The analysis of the data in
Table 6 indicates that the modifications introduced in this
study have no significant influence on the obtained crystal cell
dimensions. These results are in accordance with recent obser-
vations suggesting that APC distributions have larger impacts in
the arrangement of molecules in the solid state than the LJ
parameterization of the atoms.?”%

It must be stressed that one of the main objectives of the
present study is the re-evaluation of the non-polarizable CL&P
force-field as far as the parameterization of anions related to
[TFSI] is concerned. This objective was successfully achieved
due to the measurement of a new and more comprehensive
set of volumetric properties of different ionic liquids
based on [TFSI]-related anions. Although the viscosity of
these systems was also measured in the present study and
comparisons with MD results are now also possible, such
comparisons should be performed with polarizable force-
fields or other schemes that try to account for polarization
or charge transfer effects among ions, and hence lie out of
the scope of the present study.

One of the main characteristics of the CL&P force field is its
systematic character and the ability to yield acceptable equili-
brium and structural properties. Dynamics under the CL&P
force field are too slow compared with experimental data,
although not so slow that the behaviour of the systems ceases
to be fluid-like and becomes glass-like. However, the solution to
this problem through the correct incorporation of polarization
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Fig. 4 Comparison between the potential energy scan computed for selected dihedral angles of TSAC (Cgr—Sgr—Ncs—Con (@), Ser—Ncs—Con—Cr1 (b)
and Ncs—Con—Cri—Fcy (€)) and TFSAM (Cgr—Ser—Ncs—Cz (d)) obtained from ab initio calculations at the MP2/aug-cc-pVDZ level of theory (blue dots) and
using the corresponding force-field parameterization data from Tables 3 and 4 (red curve).

Table 5 Density values determined experimentally in this study or
retrieved from the literature (peyp) and computationally obtained from
molecular dynamic simulation results (pmp) using the refined CL&P force
field. Also given in the table is the deviation in percentage (3p) between the
simulation and experimental data. All values refer to 303.15 K (see text for
details)

Tonic liquid Pexplg cm > pmp/g cm? 3p/%
[C,mim][TF] 1.3788° 1.3875 0.6
[Comim][FSI] 1.4383° 1.4552 1.2
[C,mim][TFSI] 1.5135° 1.5175 0.3
[C,mim][TSAC] 1.4489° 1.4812 2.2
[C,mim][TFSAM] 1.3431° 1.3592 1.2
[C,mim][BETI] 1.5879° 1.5685 —1.2
[Cmim][NF] 1.5415° 1.5769 2.3

“ Average value from the literature. ? This study.

effects using one of the above mentioned methods, can always
start (and generally does) with the definition of a consistent
and general fixed-charge force-field, such as CL&P.

Conclusions

In this study, the volumetric mass densities, molar volumes
and dynamic viscosities of five ionic liquids combining 1-ethyl-
3-methylimidazolium (C,C,;im) as the commonly used cation
and several derivatives of bis[(trifluoromethyl)sulfonyl]imide

29622 | Phys. Chem. Chem. Phys., 2017, 19, 29617-29624

1.7

1.6 A

1.5 A1

Pexp / 8:cm

15 16 17
pca\c / g.cm-3

Fig. 5 Comparison between the experimental liquid density values obtained in
this study (pexp) and simulation data (pcad) Using the previously recommended
CL&P parameterization (open symbols)>*°~%2 and the new re-parameterized
values (close symbols). The dotted line represents a perfect match between
the experimental and simulation results.

(TFSI) and trifluoromethanesulfonate (TF) anion families, such
as bis(fluorosulfonyl)imide (FSI), bis[(pentafluoroethyl)sulfonyl]-
imide (BETI), 2,2,2-(trifluoromethyl)sulfonyl-N-cyanoamide (TFSAM),
2,2 2-trifluoro-N-(trifluoromethylsulfonyl) acetamide (TSAC) and
nonafluorobutanesulfonate (NF) were measured in the tempera-
ture range of 293.15 < T/K < 353.15 at atmospheric pressure.
The results showed that [C,mim][FSI] and [C,mim][TFSAM] ILs

This journal is © the Owner Societies 2017
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Table 6 Molecular dynamic simulations details and comparison between
the computed results and experimental data in the literature (given in bold)
retrieved from the Cambridge Structural Database (CSD)®®

[C,mim][TFSI] [C,mim][TF] [Cimim][FSI]
CSD ref. 49 RENSEJ01*® RENSIN*® ZOLVAZ*
T/K 100 150 173
z'1z° 2/8 1/8 0.5/4
Supercell? 2x6x3 4x3x2 8x3x3
N¢ 144 192 288
alA 27.713 10.183 5.000
27.977 10.168 4.997
dal% 0.95 —-0.15 —0.06
b/A 7.034 12.384 14.973
7.099 12.212 15.353
3b/% 0.92 —-1.39 2.54
c/A 15.796 18.294 14.415
16.075 19.319 14.407
3c/% 1.77 5.60 —0.06
a, B, y/deg 90.0 90.0 90.0
90.0 90.0 90.0
plg em ™ 1.688 1.499 1.707
1.628 1.441 1.666
8p/% —3.55 ~3.87 —2.40

“ Jon pairs in the asymmetric unit and unit cells. ? Crystal unit cells
staked along the x, y and z axis. ¢ Ion pairs in the simulation box.

exhibit the lowest densities and viscosities among all the
studied ILs.

For the first time, the force field has been reported for ILs
with asymmetric TSAC and TFSAM anions. Moreover, the
parameterization of TFSI and TF-based ILs was re-accessed
and a new set of precise parameters was proposed. It was found
that the re-parametrization of the CL&P force field produces
a significant improvement in the reproducibility of the IL
densities compared to that obtained using the previously
established force field.
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