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Abstract

In this work, the influence of hydrogen bonds on structure and thermodynamic properties of
binary mixtures of two protic ionic liquids (PILs), sharing the same cation, are investigated.

The two PILs studied are triethylammonium triflate ([TEA][OT{]) and triethylammonium
methylsulfonate ([TEA][OMs]). For binary mixtures of these two PILs non-ideal mixing be-
havior is observed, for example for the self-diffusion coefficients and energies of mixing.
Results from infrared (IR) spectroscopy suggest that the reason for this observed non-
ideality is due to the difference in the hydrogen bonding strength in [TEA|[OT{] compared
to [TEA][OMs]. For insight on a molecular level, molecular dynamics (MD) simulations of
the PIL mixture as well as [TEA][OMs]/water mixtures are employed.

For the PIL mixture the assumption from IR spectroscopy is supported. The difference
in the hydrogen bonding strength leads to the formation of complex hydrogen-bonded clus-
ters. These clusters are responsible for the observed non-ideal behavior. These findings are
supported and better understood with a newly developed simple lattice model. The model
also shows that the mixing process is enthalpy-driven and not entropy-driven, as one would
expect.

On the example of [TEA]|[OMs|/water mixtures, the formation of ion pairs is presented. It
is shown that it takes four water molecules per ion pair to break the hydrogen bond between
the anion and cation. Moreover, the simple lattice model is extended to also describe these
PIL/water mixtures.

The last part of this work takes a closer look at force fields used in MD simulations and
proofs that a thorough evaluation of force fields, even well established ones, is necessary.
Furthermore, a tool is presented that supports researchers with the conversion of force fields

between different MD programs.
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1 Introduction

1.1 Motivation

It is well known that mixing two liquids, which are able to form hydrogen bonds, can lead to
interesting and, at first glance, astonishing observations. The most famous one is probably
the volume contraction, which is observed when alcohols and water are mixed [3]. So, it
comes with no surprise that mixtures of ionic liquids (ILs), a substance class that can show
strong Coulomb interactions as well as hydrogen bonding [4, 5], sparked the interest of many
researchers [6-8]. This work focuses on mixtures of ILs and the interactions of Coulomb forces
with hydrogen bonding. It will go into detail why these mixtures are intriguing and how
they can help us to better understand hydrogen bonding in general.

The substance class of ILs is not well-defined, but in general the scientific community has
agreed on the following: ILs are substances that consist only of ions and have a melting point
“around or below 100°C” [9]. There is some debate about the arbitrary cutoff of 100 °C and
who established it [10]. To better understand what ILs are, it is helpful to compare them
to another substance class that is solely built up of ions: salts, like sodium chloride (NaCl).
Most salts consist of small inorganic ions, leading to strong Coulomb interactions. These
strong Coulomb interactions result in a high lattice energy, which leads to a high melting
point. The melting point of NaCl is T,(NaCl) = 800.7°C [11]. In ILs the ions, or at least
one ion, is a larger organic ion, for example 1-ethyl-3-methylimidazolium chloride [EMIm][C]]
(figure 1.1). Due to the size of the [EMIm]-cation, the charge centers of an- and cation are
further apart. Furthermore, the positive charge is distributed over the whole cation. Both
effects lead to a lower melting point in comparison to NaCl (T}, ([EMIm]|[C]]) = 85°C [12]).

Figure 1.1: Structural formula of 1-ethyl-3-methylimidazolium chloride [EMIm][C]].
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The field of ILs is relatively new but fast-growing. Providing an overview over the whole
research of the last 30 years is beyond the scope of this work. Nevertheless, some important
review articles to the general field of ILs are given here. Foremost, mentioning the seminal
introductory paper “Ionic Liquids — A Brief History” by Welton from 2018 [10]. Welton
gives an overview over the development of the field of ILs and points out essential works.
Hayes et al. discuss the structure of ILs in more detail [13], whereas Watanabe et al. review
the application of ILs for energy storage [14]. The already mentioned review articles by
Marsh et al., Niedermeyer et al., and Chatel et al. are dealing with mixtures of ILs [6-8].

For researchers it is important to take a closer look at the mixing behaviors of these
liquids, because of their potential uses. From the beginning, ILs were considered to replace
organic solvents in industrial processes, due to the possibility to tune their properties by
choosing the right anion and cation [15-20]. Rodgers and Seddon estimated, that there are
“at least one million” ILs by combining one anion with one cation, by mixing those ILs they
estimated 10'® possible ILs mixtures [9]. If an ideal mixing behavior is observed, it would
be possible to further optimize a given property to better fit those industrial processes. It
gets even more exciting if a non-ideal mixing is observed. In that case, the properties of the
mixture cannot be described by the characteristics of the pure liquids and a new substance
has been formed [8].

The three review articles mentioned before mostly report ideal mixing behavior. The
same could be observed by Stoppa et al. and Lepre et al. [21, 22]. The aim of this work
is to show that non-ideal mixing behavior in ILs can be accomplished by choosing the right
anion-cation combination.

Before going into more detail about the ILs investigated and methods used, a word about
the motivation and scope of this work, which can be best expressed in the words of Welton
[10]:

“While many came to work with ionic liquids due to their exciting applications,
others sought a deeper understanding of their behaviours, structures and how

these arise.”

The following work definitely belongs to the second category, showing how molecular dy-
namics (MD) simulations help to get a better understanding of hydrogen bonding in ILs,

and how the hydrogen bonding is responsible for some observed non-ideal mixing behaviors.

1.2 Protic lonic Liquids

In this work, the non-ideal mixing behavior is accomplished by using the two ILs tri-

ethylammonium triflate, [TEA][OT{], (figure 1.2) and triethylammonium methylsulfonate,
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Figure 1.2: Structural formula of [TEA][OTf]. The [TEA]-cation is shown on the left side,
the [OTf]-anion on the right side.

H
/\N—'/\ S2+O

Figure 1.3: Structural formula of [TEA][OMs]. The [TEA]-cation is shown on the left side,
the [OMs|-anion on the right side.

[TEA][OMs]|, (figure 1.3). Both liquids belong to a subclass of ILs called protic ionic liquids
(PILs). PILs are formed by a proton transfer from the acid to the base. Consequently,
they can build strong hydrogen bonds between the an- and cation [23-25]. In comparison to
aprotic ionic liquids (APILs), PILs have been investigated to a lesser extent. Greaves et al.
provide in their two review articles from 2008 and 2015 insights into the field of PILs, their
applications as well as open research topics [24, 26].

The two studied PILs were chosen with great care. They are structurally very similar, but
experimental infrared (IR) spectroscopy studies indicate that the hydrogen bond strength in
[TEA][OT{] and [TEA][OMs] is different [27, 28]. It is shown that the hydrogen bond between
the [TEA]-cation and the [OMs|-anion is stronger than the hydrogen bond between the
[TEA]-cation and the [OTf]-anion. These observations are supported by density functional
theory (DFT) calculations by Fedorova et al. [29]. This is due to the electron-withdrawing
inductive effect of the fluorine atoms in the [OTf]-anion. The electron withdrawing decreases
the electron density on the oxygen atoms, thus leading to a diminished hydrogen bond
acceptor ability and weakening the hydrogen bond in comparison to the [TEA][OMs]. A
mixture of these two PILs is a promising candidate to learn more about hydrogen bonding

and its effects on the mixing behavior.
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In Publication I, a combined effort of several methods was used to investigate the non-
ideal mixing behavior of the PILs mentioned. Publication IT is a MD study on the observed
properties. Furthermore, a simple lattice model to describe the observed hydrogen-bonded
clusters is established. A step further is taken in Publication III where the enthalpy of
mixing is calculated and experimentally measured. Additionally, the simple lattice model
presented in Publication 11 is used to get more information about the influence of hydrogen
bonding on the enthalpy of mixing. In Publication IV the simple lattice model is used to
describe the entropy of mixing and investigate the reason these two PILs are mixing.

To gain further information about the hydrogen-bonded clusters, in Publication V
[TEA][OMs]| is mixed with water. The influence of water on the hydrogen bonded struc-

tures is investigated and a closer look at ion pairing is taken.

1.3 Molecular Dynamics Simulations

In MD simulations, each molecule is described by a set of parameters. These parameters
include atom charges, atom masses, information about bond, bond angle and dihedral angle
potentials as well as non-bonding information like Lennard-Jones (LJ) parameters. A set
of these parameters is called force field. With the help of these force fields it is possible to

calculate the forces which affect a particle ¢
Fy = -V;V, (1.1)

where V' is the potential. This potential can be divided into an intermolecular and an
intramolecular part
V= Vvinter + ‘/intra' (12)

The intermolecular potential is the sum of the LJ potential and the Coulomb potential,
Vinter = VLJ + VCoulornb (13)

with
1 n—1 n

Sy B (1.4)

i=1 j=i+1 T'ij

VCoulomb = Are
0

where €y is the vacuum permittivity, g;/; is the charge of the particle i/j and 7;; is the
distance between the particles ¢ and j. The LJ potential is given by [30]
n—1 n 12 6
0ij Oij
V — .. — —_ _— .
=3 > awl(2) - (2], i
i=1 j=i+1 ) )
with € being the depth of the potential minima, and o being the distance where the potential

is zero. The parameters € and o are called LJ parameters. In the force field the LJ parameters
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are only given for interactions of identical atom types (0;; and €;;), the LJ parameters for

interactions of different atom types are calculated using the Lorentz-Berthelot mixing rules:
€ij = /G5 (1.6)
and
oij = (0 + 0j;5)/2. (1.7)

The intramolecular potential Viu,, describes the molecule, containing the already men-
tioned Coulomb and LJ potentials, as well as additional potentials for bonds, bond angles,

and dihedral angles

Vvintra :VLJ + VCoulomb + Vbond + Vbond angle

+ Vdinedral angle,harm + Vdihedral angle (1.8)
with

Vbond = Xb: %k,}}(r” — 7“%)2 (1.9)
Vbond angle =y %k?jk(ﬁbijk — o0)’ (1.10)

y
Vdihedral angle,harm = Z% ki (Vigre — Vi) (1.11)

dh
Vdihedral angle = k(1 + cos(mathije — Vi), (1.12)

d

b a
where &}, kijk,

0
ijk

k%}}w kfjkl are the force constants of the bonds, bond angles and dihedral
angles, r?j, ¢;.,. and w%kl are the equilibrium distances respectively the equilibrium angles
and 75, ¢ as well as 15, are the distances and angles between the atoms 4, j, k£ and .
The development of a good force field is a topic of its own. Especially in IL research it
is a non-trivial task. The most important works in the field of ILs were done by Padua et
al. Since 2004, they publish transferable force field parameters for ILs and are constantly
improving them [31-40]. In 2007 Kéddermann et al. optimized the force field from Padua
et al. for [C,,MIm|[NTfy] ILs, known as the KPL force field [1]. They focused on rescaling

the LJ parameters to better describe experimental observations. It is stated that [1]:

“At this stage the change of LJ-parameters seems to be somewhat arbitrary.

The procedure is justified by the obtained results.”

That the authors were right, can be seen by the fact that the force field is still in use today
[41, 42]. In 2009 Borodin wrote an article about force fields for ionic liquids, and he endorsed
the work, by stating [43]:
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Figure 1.4: Structural formula of the bis(trifluoromethanesulfonyl)azanid anion.

“There are only a few instances when a developed IL force field has been
shown to accurately describe IL density, heat of vaporization, ion transport,
and viscosity. Loddermann [sic|, Paschek, and Ludwig’s force field for

[alkylimidazolium]-[NTfs] ILs is a clear example of such a success.”

As part of this thesis, the force field by Koddermann et al. was further optimized since it was
observed that there is a misrepresentation of the dihedral angles leading to conformations
which are not in agreement with the experiment. This work is described in Publication
VI. In 2020 Gehrke and Kirchner used this optimized force field (called NGOLP) and found
[44]:

“The use of the NGOLP force field renders charge scaling in the

[NTf;]-containing systems redundant.”

Due to the great success of the KPL force field and the structural similarities between the
[NTf;]-anion and the [OTf]-/[OMs]-anion (figures 1.2-1.4), the KPL force field parameters
are used as basis for the force fields of the anions. The [TEA]-cation is based on the works
from Krienke et al. [45] and Martin et al. [46]. The complete force field is described in
Publication II as well as the supporting information of Publication I. For the simulation
of mixtures with water, described in Publication V, the TIP4P /2005 water model by
Abascal and Vega is used [47].

The described potentials in equations 1.1-1.12 are only valid for MD simulations done
with GROMACS [48]. If a different MD simulation code is used, e.g. CHARMM [49],
the potentials are differently written and a conversion of the force field is necessary. In
Publication VII a conversion tool is described which was developed in cooperation with
researchers from Germany, Austria, France, and Portugal under the aegis of Prof. Christian

Schroder from the University of Vienna.



2 Research Overview

2.1 Remarks

During the process of releasing Publications I-IV the convention of naming the PILs and
ions has changed. In the interest of a better readability, a consistent naming syntax is used
in this work. Figures taken from publications are changed in the way, that the naming of
the PILs fits the text. Furthermore, when properties of binary mixtures are discussed as a
function of the mole fraction x, the notation of the mole fraction is written as xowms, for the
mole fraction of [TEA][OMs], and xors for the mole fraction of [TEA][OT], respectively. If
not differently stated, no additional modifications are done to the figures. This should avoid

confusions between figures in publications and figures in this research overview.

2.2 Mixtures of Protic lonic Liquids

Based on the works of Fumino et al. mentioned in section 1.2 [27, 50] mixtures of the
two PILs [TEA][OTf] and [TEA][OMs] are studied. These mixtures are interesting objects
of investigation, due to the structural similarities of the [OTf]- and [OMs]-anion, but the
difference in the hydrogen bond strength to the [TEA]-cation. It allows the research of the
influence of hydrogen bonding on structure and thermodynamic properties, in the hope of
observing non-ideal mixing behavior. Up to this point, researchers were more focused on
mixtures of APILs and found mostly ideal or nearly ideal mixing behavior [6-8].

In Publication I mixtures of these two PILs are first investigated with IR spectroscopy.
It is possible to assign one vibrational band to the N-H- - -O=S interaction in [TEA][OTI],
respectively [TEA][OMs]. For the pure PILs as well as three mixtures, the intensity of these
vibrational bands is measured. It can be observed, that the intensity of these bands shows
a non-ideal behavior as function of the mixture composition (figure 2.1).

The intensity of the vibrational band for the [TEA][OT{] is smaller, whereas the intensity of
the [TEA][OMs]| interaction is larger, in comparison to an ideal mixing behavior. To further
support these findings, the density as well as the viscosity of the mixtures are measured.
For the density of the mixtures, a near-ideal mixing behavior can be observed, whereas the
viscosity shows clear non-ideality. This is in agreement with observations by Chatel et al.,

who proposed that the classification of the mixing behavior (ideal or non-ideal) depends on
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Figure 2.1: Intensities of the N-H-: . -O=S vibrational bands for [TEA][OMs] (left) and
[TEA][OTI{] (right) as function of the mole fraction. The dashed lines indicate

an ideal mixing behavior. Original figure: Publication I figure 3.
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Figure 2.2: Self-diffusion coefficients calculated from MD simulations with equation 2.1 for
the [TEA]-cation, as well as the [OTf]- and [OMs]-anion as function of the mole
fraction of [TEA|[OTf] at 7' = 400 K. Original figure: Publication I figure 6b.
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the investigated properties [8]. The results from Publication I-IV are supporting their
idea of “double salt ionic liquids” (DSILs). DSILs are mixtures of ILs that show unique
properties which can not be understood simply by the attributes of the pure ILs alone.

Insights on a molecular level are given through MD simulations of mixtures of the two
PILs. The pure PILs as well as 14 different mixture compositions are simulated and analyzed,
at six temperatures in the range of T' = 300K to 7' = 400 K. Information about the force
field parameters used are documented in section 1.3.

First, the self-diffusion coefficient is calculated using the Einstein-Kubo-Helfand relation
[51, 52]

. 1o, . 9

D; = lim 7—7_<|ri(t) — 5t + 7)), (2.1)
where the displacement of the center-of-mass coordinates 7; of an ion species 7 is averaged over
times t. A clearly non-ideal mixing behavior is observed (figure 2.2). Over the whole mixing
range, the self-diffusion coefficient of the [OMs]-anion is below the self-diffusion coefficient
in the pure PIL [TEA][OMs]. For mixtures with xors > 0.5, a significant drop in the self-
diffusion coefficient for the [TEA]-cation as well as the [OTf]-anion, in comparison to the
pure PIL [TEA][OTI], is observed.

Since the difference in the hydrogen bond strength is assumed to be the reason for the ob-
served non-ideal mixing behavior in IR spectroscopy, viscosity and self-diffusion coefficients,
an extensive study of the hydrogen-bonded clusters is performed. Therefore, a definition
of a hydrogen bond between a cation and an anion is needed. Defining a hydrogen bond
can be quite challenging. The IUPAC technical reports by Arunan from 2011 give detailed
inside into this topic [53, 54]. Worth reading is also the report to the occasion of 100 years
of hydrogen bonding [55]. In MD simulations, it is common to define a hydrogen bond by
the bond length and the bond angle.

As shown in Publication IT and supported by DFT calculations [29, 56], the investigated
PILs form strong linear hydrogen bonds. Therefore, a simple distance criterion (rey; <
0.24nm) without further usage of an additional bond angle criterion is sufficient.

This simple, but well-defined criterion for a hydrogen bond, allows to calculate the portion
of cations involved in a hydrogen bond to one of the two anion types. For an ideal mixture,
the portion of cations involved in a hydrogen bond to a [OTf]-anion linearly decreases with an
increase of the mole fraction of [TEA]|[OMs], the opposite is true for the [OMs]-anion (figure
2.3, dotted lines). In contrast to the ideal behavior, the percentage of [TEA]-cations involved
in a hydrogen bond to an [OTf]-anion decreases much faster (figure 2.3). As indicated from
IR spectroscopy, the interaction between the [TEA]-cation and the [OMs]-anion seems to be
favored over the interaction to the [OTf]-anion. It is important to note, that over the whole

mixing range, the [TEA]-cation always forms a hydrogen bond to one of the anions.
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Figure 2.3: Percentage of [TEA]-cations involved in a hydrogen bond to a [OTf]-anion
(squares) or a [OMs]-anion (circles) as function of the mole fraction of
[TEA][OMs| at T = 300K (open symbols) and 7' = 400K (closed symbols).
Original figure: Publication IT figure 11.
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Figure 2.4: Probability of [OMs]-anions hydrogen-bonded n [TEA]-cations as a function of
the mole fraction of [TEA][OMs] at T'= 300K (open symbols) and 7" = 400K
(closed symbols). The dashed lines on the left are guides for the eyes and the
solid lines on the right are calculated from the simple lattice model. Original
figures: Publication II left: figure 13 top; right: figure 17 left !.

For the anions, the hydrogen bond situation is more complex, due to the three oxygen
atoms. Each anion has the possibility to accept up to three hydrogen bonds at the time.
It is worth mentioning here, that the possibility for branched hydrogen bonds is well below
0.1 %. Branched hydrogen bonds are hydrogen bonds, where one oxygen atom accepts two
hydrogens.

With the increase of the mole fraction xonms the probability of an [OMs]-anion involved
in three hydrogen bonds (n = 3) decreases, whereas the probability for no hydrogend bonds
(n = 0) and one hydrogen bond (n = 1) increases (figure 2.4). The probability of clusters
with two hydrogen bonds (n = 2) first increases until a mole fraction of xons = 0.4 and then
decreases. This distribution of hydrogen-bonded clusters as function of the mixture helps
to better understand the observed strong decrease in the self-diffusion coefficient shown
before (figure 2.2). Due to the formation of larger hydrogen-bonded clusters, n = 3, the
self-diffusion coefficient significantly decreases and the viscosity increases. Increasing the
amount of [OMs|-anions in the mixture leads to a decrease in the probability of clusters with

the size n = 3, and thus leads to an increase in the self-diffusion coefficient again.

In Publication II, open symbols were used for figure 17, for an easier readability it is changed here to

closed symbols.
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Figure 2.5: Ion-ion center of mass pair distribution functions g(r) for the 50:50 mixture of
[TEA][OT{]:[TEA][OMs] at T' = 300 K. Original figure: Publication II figure 3.

For the pure PILs a very characteristic distribution of hydrogen-bonded clusters is ob-
served. In both PILs, 50 % of the anions are involved in one hydrogen bond, 25 % in two and
23 % are not involved in a hydrogen bond to a cation. The other 2% correspond to anions
which build three hydrogen bonds to three different cations (figure 2.4 left for [TEA][OMs]).
This is in good agreement with simulations by Cardozo et al. [57]. There 50 % of the
[OTf]-anions form one hydrogen bond with the [TEA]-cation, 30 % two, 18 % none and 2 %
three hydrogen bonds to the cation. Furthermore, they also find no significant temperature
dependence (for a temperature range of 7' = 300K to 7' = 400K). The differences in the
probability for no and two hydrogen bonds can arise from the different force fields used.
However, it should be noted that Cardozo et al. build their simulation box with 125 ion
pairs, while in Publication II 256 ion pairs were used. Since they used production runs
of t = 100 ns the smaller box size should not have a significant impact on the results. Ac-
cording to Schroder et al., 50 ion pairs seem to be enough to describe the structure of an
ionic liquid [58], but they also recommend to use 500 ion pairs, especially when dynamics are
investigated. To test and further improve the results, in Publication III and Publication
IV simulation boxes with 500 ion pairs are used. The findings from Publication I-II are
confirmed, thus it appears that the simulation size has no further influence on the results,

obviously the statistics improve significantly.
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2.2 Mixtures of Protic Ionic Liquids

HN(Et),

Figure 2.6: Schema of the simple lattice model for ¢ = 6. The anion, here the [OTf]-anion,
is surrounded by c cations, with the possibility to accept up to three hydrogen
bonds from three different [TEA]-cations. Original figure: Publication II figure
14.

Even though a non-ideal mixing behavior as well as hydrogen-bonded cluster formation
are observed, a well-defined structure is preserved. By analyzing the center of mass pair
distribution functions (figure 2.5), it becomes clear that in the first solvation shell each ion
is surrounded only by counter ions. This observation sparked the idea that the hydrogen
bond distribution could possibly be described by a simple lattice model. The model assumes
that each anion is placed on a lattice and is surrounded by ¢ cations (figure 2.6, example for
¢ = 6). In addition, information on the probability of a hydrogen bond between one [TEA]-
cation and the two anions (yorf and yoms, figure 2.4), as well as the hydrogen-bonded cluster
distribution for the pure PILs is taken from MD simulations. With these information, the
model can describe the distribution quite accurately (figure 2.4 right, solid lines). An in-
depth description of the model can be found in Publication II. In Publication III-V
the simple lattice model is refined, and it is shown that this model can help to get a better
understanding of the mixing process.

Until now, only qualitative information was given for the difference in the hydrogen bond
strength. In Publication III, the difference was quantified for the first time. Using a
van’t-Hoff plot, the difference in the hydrogen bond strength can be calculated from the

equilibrium constant K between the two hydrogen-bonded states, it is given by:

K = JOMs, (2.2)
Yors
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2 Research Overview

where yonms and yors are the fractions of the cations with a hydrogen bond to the
[OMs]- or [OTf]-anion. From the slopes of the van’t-Hoff plots, a standard enthalpy
AH® = —10.5kJmol ™! is calculated. Since the anions have a comparable size, the dif-
ference in the volume of the two bonded states can be neglected and thus the standard

enthalpy and the standard energy are approximately identical:
AU® =~ AH® = —10.5kJmol . (2.3)

The difference in the hydrogen bond strength is also accessible by another method. Since
the mixtures of the two PILs have a well-defined structure, as shown before, it is possible
to calculate the difference in the hydrogen bond strength from the energies of mixing. By
employing the already briefly discussed simple lattice model, the energies of mixing are

dircetly calculated from MD simulations using:

AUnix(roms) = U(roms) — Toms - Uireajjoms) — (1 — Zoms) - Uireajors,  (24)

where xops is the mole fraction of [TEA][OMs], U(zowms) is the energy of the mixture at
a given mole fraction of [TEA][OMs]|, Uirgajjoms and Uirgajjory are the energies of the
pure PILs [TEA][OMs] and [TEA][OT{]. The energy of mixing shows a strong negative
deviation from an ideal mixing behavior (figure 2.7, left). The deviation from an ideal
mixing behavior of the energy of mixing implies a "breaking and making" of interactions [8],
and therefore a change in the liquid structure [59]. Lower absolute values are found with
increasing temperature, and a temperature independent shift of the minima to xonms = 0.4

is observed. With the developed lattice model, the energy of mixing can be described by:

AUnix(zoms) = Ntea (YoMms — ToMs) - A€nB, (2.5)

where Npga is the number of cations, yons the fraction of hydrogen bonds from the [TEA]-
cation to the [OMsl-anion, zonms is the mole fraction of [TEA][OMs] and Aeyp is the differ-
ence in the hydrogen bond strength, which is defined as:

AeHB = €HB:TEA—-OMs — €HB:TEA-OTf- (26)

For more details on the lattice model see Publication III.

Equation 2.5 is used to fit the data from MD simulations (figure 2.7, left). The model
perfectly reproduces the results from the MD simulation, even though it only describes the
first solvation shell of an ion. The so calculated Aepp is averaged over all temperatures and
a Aegp = (—10.6 +0.5) kJ mol ™! is calculated. Which is, again, in excellent agreement with
results from MD simulations.

Furthermore, it is possible to determine Aeyp with a combination of titration calorimetry

and NMR experiments. The calculation is analogously done to the way described before, with
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Figure 2.7: Left: Mixing energies as function of the mole fraction of [TEA][OMs] at T' =
300K and T = 400K. The big open symbols show the results directly taken
from MD simulations, the lines with small symbols show the calculated values
from the described model. Right: Experimental mixing enthalpies at T'= 298 K
determined from calorimetric titration data (cyan squares) and "H-NMR, chemi-
cal shifts (yellow circles). Original figures: Publication III left: figure 6; right:
figure 8 left.
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the knowledge of the enthalpy of mixing and the fraction of hydrogen bonds to the different
anions (equation 2.5). The enthalpy of mixing is calculated from the titration calorimetry
experiments using the Redlich-Kister approach [60]. The probability of a hydrogen bond to
a [OMs]-anion yous, is computed from 'H-NMR chemical shifts, following:

_ §(*H,zoms) — 6(*H, [TEA][OTT])
YOMs = 'S(TH, [TEA][OMSs]) — 6(*H, [TEA][OTH])"

(2.7)

It is important to note that under these conditions A Hpix and AUy are approximately
identical. The enthalpy of mixing determined from titration calorimetry shows smaller ab-
solut values, and no shifting of the location of the minima is observed (figure 2.7, right).
A difference in the hydrogen bond strength of Aegg = —13kJmol™! is calculated, being in
good agreement with the results from MD simulations as well as the simple lattice model.

With the simple lattice model, different parameters can be tweaked. In this way it is
possible to investigate where the difference between the experimental data and the MD
simulations originates. As it is shown in Publication III the difference in the location
of the minima in the energy of mixing as well as the higher absolute values can solely be
attributed to the equilibrium of yoms/yors- The MD simulations seem to overestimate
the interaction between the [TEA]-cation and the [OMs]-anion, while the data from the
experimental measurements suggest a more even distribution between the hydrogen bonds.

In Publication IV the driving force behind the mixing process is investigated. It is
shown that, with a slightly modified lattice model, it is possible to determine the Helmholtz
free energy AApnix as well as the entropy of mixing ASpx (figure 2.8). Especially peculiar
is the calculated negative entropy of mixing in the range of 0.1 < zonms > 0.6. This effect
is caused by a large negative excess entropy ASE, overcompensating the ideal contribution
ASnix—id to the entropy of mixing (figure 2.9). The reason for the negative excess enthalpy
is that in the mixture the orientational configuration space of the [TEA]-cation is limited
in comparison to the pure PILs. In the pure PIL the interaction energy to all anions is
the same, however, in the mixture the interaction to the [OMs]-anion is preferred due to a
stronger interaction. This reduces the orientational configuration space of the cation. All
investigations in Publication IV lead to the surprising conclusion that the mixing process
of the PILs [TEA][OT{] and [TEA][OMs] is not entropy, but enthalpy driven.
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Figure 2.8: Thermodynamic properties as predicted from the model described in detail in
Publication IV at T' = 400K (solid lines). T'’ASpix is the entropy of mixing,
A Apix the Helmholtz energy of mixing and AUy is the energy of mixing. The

open squares are results from MD simulations. Original figure: Publication IV
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Figure 2.9: Contributions to the entropy of mixing ASyix as predicted from the model de-
scribed in detail in Publication IV at T'= 400 K. Original figure: Publication

IV figure 6.
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2.3 Protic lonic Liquids in Water

To further study the hydrogen-bonded clusters in PILs, mixtures of [TEA][OMs] with water
are investigated in Publication V. A combination of IR spectroscopy, DFT calculations
as well as MD simulations are employed. From earlier investigations by Ludwig et al. it
is known that the hydrogen-bonded clusters can be disturbed by introducing solvents into
the liquids [27, 50, 61]. Particularly interesting is the equilibrium between contact ion pairs
(CIPs) and solvent-shared (SSIPs) respectively solvent-separated ion pairs (SIPs). A CIP
is an ion pair where a direct hydrogen bond between anion and cation is present, for SSIPs
and SIPs at least one solvent molecule, in this case water, must be between the two ions
(figure 2.10).

One method to investigate the formation of ion pairs is the far-infrared (FIR) spectroscopy.
In FIR spectroscopy the vibrational band around # = 150cm™' can be assigned to the
N—H- - -O=S interaction, thus the formation of ion pairs can directly be observed. The
results show that for a mixture with more than 80mol% water, this vibrational band is
replaced by a new one at 7 = 180 cm™'. This new band is assigned to interactions between
water and the [TEA]-cation. Therefore, the hydrogen bond between the [OMs]-anion and
the [TEA]-cation is broken. This leads to the conclusion that with a water content of above
80mol%, the transformation from CIPs to SSIPs/SIPs is observed.

More insight on the transition from CIPs to SSIPs/SIPs is gained by employing DFT
calculations for different ion pair/water aggregates with up to nine water molecules. It is
observed that aggregates with less than four water molecules are only stable if a direct

hydrogen bond between the cation and the anion is present (formation of CIPs is favored).

F ok
) 9@
-

Figure 2.10: Visualization of three different types of ion pairs: (a) contact ion pair (CIP),

wx

(b) solvent-shared ion pair (SSIP), and (c) solvent-separated ion pair (SIP).
Color code: red - O, yellow - S, grey - CH,, blue - N, white - H. Taken from

Publication V scheme 1.
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Figure 2.11: Difference MIR  spectra and the deconvoluted contributions of
[TEA]|[OMs]/water mixtures at T = 298K, left: 50mol% water, right:
80 mol% water. The solid black line is the experimental spectra, the colored
solid lines are results of the deconvolution of the spectra with three contribu-
tions. The dashed line is the fit resulting from the deconvoluted contributions.

Original figure: Publication V figure 10.

For aggregates with four and more water molecules, CIPs as well as SIPs are stable, but the
formation of SIPs is enthalpically favored. Of course in SIPs there is an entropic penalty, due
to the trapped water molecule between the [OMs]-anion and the [TEA]-cation, which suggests
that the equilibrium between CIP/SIP is temperature dependent. Four water molecules per
ion pair correspond to a mixture composition of 80 mol% water. Thus the DFT calculations

support the results from FIR spectroscopy.

To obtain quantitative information about the ion pair formation, mid-infrared (MIR)
spectroscopy is used. In MIR spectroscopy, the frequency range of # = 1020cm™! to ¥ =
1250 cm ™! can be assigned to the S—O stretching motion of the anion. The oxygen atoms
of the anion are the hydrogen bond acceptors, therefore measuring this motion is a direct
sensor for the hydrogen bond between the anion and the cation. By deconvolution of the
difference spectra, three contributions can be differentiated (figure 2.11). The negative
intensity at 1035cm ™! belongs to vibrational modes of the [OMs]-anion in the pure CIP
configuration. The positive intensity at higher frequencies can be split into two contributions.

The contribution at lower frequencies is assigned to interactions of CIPs with water, and the
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Figure 2.12: Standard Gibbs free energy differences for the interconversion of CIP and SIP
for [TEA][OMs]/water mixtures as a function of the water content: from MD
simulations at 7' = 300K (red circles), from experiment at 7" = 298 K (blue
triangles) as well as for [TEA][OT{]/water mixtures from MD simulations at
T = 300K (black squares). Predictions from the simplified lattice model are

shown as solid lines. Original figure: Publication V figure 12.

one at higher frequencies to interactions of SIPs with water. For a mixture with 50 mol%
water, the contribution of CIPs is dominating (figure 2.11, left), where in mixtures with
80 mol% water content, the contribution of the SIPs gets more and more important (figure
2.11, right).

Assuming that the absorption of the CIP/water and SIP/water interactions is approxi-
matley the same, it is possible to calculate the equilibrium constant K for the transition
between the two bonding states. The equilibrium constant is defined as:

K= lor (2.8)

Isip
where Igrp/sip is the intensity of the respective bands. For mixtures with 80 to 90 mol%
water, a significant amount of SSIP/SIP can be observed. From the equilibrium constant K

the standard Gibbs free energy can be calculated, following:
AG° = —RT In(K). (2.9)

If AG®° is negative, CIPs are dominating in the mixtures. If AG° is positive the SIPs are
more significant (figure 2.12). The MIR investigations support the results from FIR as well
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2.3 Protic Ionic Liquids in Water

as DF'T calculations and help to quantify the equilibrium between CIPs and SIPs for the

first time.

To conclude the investigations, MD simulations of [TEA][OMs]/water mixtures as well as
[TEA][OT{]/water mixtures are employed. Since the two PILs are structural similar but dif-
fer in the strength of the hydrogen bond between the anion and the cation (section 2.2), MD
simulations of [TEA|[OTf]/water mixtures are a perfect completion of the [TEA][OMs]|/water

studies.

In the MD simulations, a linear hydrogen bond between the [TEA]-cation and a water
molecule is observed. So, when analyzing the hydrogen bonds a distance cutoff is sufficient.
Analogous to the PILs, no angle criterion is needed to define a hydrogen bond. The standard
Gibbs free energy can be calculated using equation 2.9, analogous to the MIR experiment.

Here the equilibrium constant K is given by

K = yani0n7 (210)

Ywater

where Yanion is the fraction of cations involved in a hydrogen bond to an anion and ywater iS

the fraction of cations involved in a hydrogen bond to a water molecule.

The MD simulations can reproduce the qualitative observations from the MIR experi-
ments, with increasing water content, the standard Gibbs free energy is increasing (figure
2.12). However, the data from MD simulations are significantly shifted to lower values. The
simulations of [TEA][OTI{] are in better agreement with the experimental data. It seems,
that the TIP4P /2005 water model in combination with the [TEA][OT] force field matches
better than with the [TEA][OMs] force field. The hydrogen bond acceptor site in the water
model cannot compete with the acceptor site in the [OMs]-anion, and therefore it is not able

to break the hydrogen bond between the anion and the cation.

To test the lattice model from Publication II, a modified version is used to describe the
mixtures with water. It is shown that the relatively simple description of the first solvation
shell is enough to predict the concentration dependence of the standard Gibbs free energy
(figure 2.12, solid lines).

With this multi-method approach, it is possible to get a better understanding of the
hydrogen bonding, the ion pair formation and the conversion from CIPs to SSIP/SIP. All
three methods (IR spectroscopy, DFT calculations and MD simulations), yield qualitatively
the same result and even quantitatively findings are in good agreement. For mixtures with
a water content of above 80 mol%, SSIPs/SIPs are the favored configurations. The simple

lattice mixing model proofs again to predict thermodynamic properties.
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2.4 Force Field Development and Conversion

In Publication I-V it is shown that experimental methods like IR spectroscopy or titration
calorimetry, and MD simulations can complement each other. However, this is only possible if
the used force field, is valid for the described substance. A brief introduction into force fields
was already given in section 1.3. In the next two sections, two important topics concerning
force fields are discussed. Firstly, a well-established force field is optimized, which shows
that the development of a force field is never really finished, and it needs to be reevaluated
regularly. Secondly, the problem of different MD codes using different force field syntax
is tackled by presenting a tool which helps researchers with the conversion of force field

parameters.

2.4.1 Optimizing a Force Field

In Publication VI the [NTfy]-anion parameters from the well-established KPL force field
by Kéddermann et al.[1] are refined. Even though the force field describes diffusion coeffi-
cients, densities and other properties in good agreement with experimental measurements,
a mismatch between the conformation using the KPL force field (figure 2.13) and structures
described by quantum mechanics (QM) calculations as well as Raman experiments (figure
2.14) is found [62, 63]. This difference can lead to errors, when investigating the formation of
hydrogen bonds in ILs. The accessibility of the oxygen atoms is critical for the formation of
hydrogen bonds, because they are the primary hydrogen bond acceptor sites, and the access

to these sites depends on the conformation of the anion.

P

(a) (b)

Figure 2.13: Snapshot of the global minimum (a) and local minimum (b) energy conformation
of the [NTfy]-anion from MD simulations with the KPL force field, as indicated
by the plus-sign and asterisk in figure 2.16. Color code: red - O, blue - N, yellow
- S, grey - C, rose - F. Taken from Publication VI figure 1.
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(a) (b)

Figure 2.14: Ab initio calculated global minimum (a) and locoal minimum (b) energy con-
formation of the [NTfy]-anion. These conformations are supported by earlier
QM calculations from Lopes et al. [63] as well as Raman experiments by Fujii
et al. [62]. Color code: red - O, blue - N, yellow - S, grey - C, rose - F. Taken
from Publication VI figure 2.
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Figure 2.15: Self-diffusion coefficients calculated from MD simulations with equation 2.1 em-
ploying the KPL force field (red squares) and the NGOLP force field (blue dots)
as function of the temperature in [CoMIm|[NTf;] in comparison to experimental
values by Tokuda et al. (green dashed line) [64]. Original figure: Publication
VI figure 12.

A closer look at the conformational energy langscape of the [NTfs]-anion offers more
inside into the problem. For the KPL force field, one global minimum structure and two
local minimum structures are observed (figure 2.16, top). However, due to the symmetry of
the anion, two global minimum conformations as well as four local minimum structures are
expected. In Publication VI, it is shown that the misrepresentation of the conformational
space is caused by ill-fitted dihedral angles along the main bonding axis. With a new fitting
scheme, it is possible to fit the dihedral angles S-N-S-C as well as F-C-S-N to QM calculations,
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which are in agreement with experimental observations. To differentiate the new parameters
from the KPL force field, they are collected in a new [NTfy]-anion force field called NGOLP.
The conformational energy landscape of the [NTfs]-anion for the NGOLP force field shows

the expected two global and four local minima conformations (figure 2.16, bottom).

The NGOLP force field model not only describes the structural features of the IL better
than the KPL force field, but it also describes other properties, as good as the KPL model or
even better. As an example, the diffusion coefficient of the [NTfs]-anion in [CoMIm]|[NTfy]
is calculated as function of the temperature (figure 2.15): The results of the KPL model are
already in good agreement with the experiment, however, using the new dihedral optimized

model, the agreement between experiment and MD simulations is even better.
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Figure 2.16: Comparison of the potential energy surfaces for the [NTfy]-anion calculated with
the KPL force field (top panel) and the NGOLP force field (bottom panel).
Only the NGOLP force field shows the expected symmetry. Global minima are
marked with a plus-sign, local minima with an asterisk. Taken from Publica-
tion VI figure 4.
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2.4 Force Field Development and Conversion

2.4.2 A Force Field Conversion Tool Based on XML - ForConX

The development and optimization of a force field, which is able to represent the experi-
mentally observed properties, is essential. But it is also important to take a look at how
accessible the new model is and how other researchers can use it. Since everything described
to this point was done with the MD simulations program GROMACS, only researchers who
are working with GROMACS can directly use the presented force fields. If a different MD
code is used, a careful conversion of the given force field is needed. This is challenging, since
there are numerous pitfalls to keep in mind when converting force fields between different
MD codes. In Publication VI, in order to make this process easier and help scientists
to reliably convert force fields, Prof. Christian Schréder (University of Vienna) assembled
researchers from Germany, Austria, France and Portugal, who use different MD codes in
their research. In collaboration, a Python tool called ForConX (A Forcefield conversion tool
based on XML) was developed. During the development of the tool five different MD codes
were used, AMBER][65, 66|, CHARMM [49], GROMACS [48], LAMMPS [67] and DL Poly
[68].

Since the conversion is done in a two-step process it is easy to add more MD codes (figure
2.17). The first step is a conversion of the force field into a standardized XML format. In
a second step the force field in the XML format can be converted into force fields for other
MD codes. This allows each researcher to work on their part of the code, conversion into
XML and conversion from XML can be done without knowledge of the other MD codes. It
is only necessary to know the XML norm, which is explained in the publication.

In the following section some examples for difficulties in the conversion of force field
parameters between GROMACS and CHARMM are given. First of all, GROMACS and
CHARMM work with different units. Where GROMACS is using kJ and nm, CHARMM
is using kcal and A. Furthermore, both codes use different ways to calculate the bonding

between two atoms. In GROMACS, as shown in equation 1.9, the bond is calculated with:

1
Vbond, GROMACS = 3 §k%,GROMAcs(nj — )%, (2.11)
b

whereas in CHARMM the same potential is described with:
Viond CHARMM = »_ k) crmaramm (Tij — 74)° (2.12)
b

For a conversion of a force field between the two codes, one must keep the factor of 1/2 in

mind,
1
b b
kij.crarMM = 5K GROMACS: (2.13)
This is true for the bond and angle potentials, but not for the dihedral potentials, since
GROMACS does not use the factor of 1/2 for the constant of the dihedral angle (equation
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Drude oscillators

Figure 2.17: Overview of MD codes include in ForConX at the moment, as well as conver-
sion possibilities and used methods for including polarizability. Taken from
Publication VII figure 1.

1.12). Another example is the described LJ potential (equation 1.5): GROMACS directly
uses the LJ paramters o and ¢, where CHARMM is using ry;, and —e. The LJ parameter

o and i, are connected via
Pmin = Y/ 20. (2.14)

These are just some pitfalls which need to be navigated when successfully converting a
force field between the various MD codes. Units and factors of 1/2 are easily overlooked. But
ForConX was not only developed for the conversion of classical MD simulation parameters,
it also deals with parameters from polarizable force fields.

The field of polarizable simulations is broad and beyond the scope of this thesis, but in
general, in polarizable simulations it is possible to explicitly consider the polarizability of
atoms. There are different methods how the polarizability can be included. GROMACS,
LAMMPS, DL-Poly and CHARMM use Drude oscillators, whereas AMBER employs induced
point-dipoles. Especially for ILs these kinds of simulation are very promissing, a very good
overview over polarizable simulation in the field of ILs and electrolytes is given by Bderov
et al. [69].

To prove that the conversion of the force fields is working as intended, different MD
simulations were done. To compare the results from the simulations, energy differences

between the MD-codes are calculated. The energy differences between the different MD
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Figure 2.18: Three examples of energy discrepancies after conversion of a force field using
ForConX: (a) the conversion of a CHARMM force field for acetonitrile, (b)
the conversion of a GROMACS force field for N,N-dimethylformamide and (c)
the conversion of a DL-Poly force field for 1-ethyl-3-methylimidazolium triflate.
Taken from Publication VII figure 8.

codes are quite small (figure 2.18), suggesting that the conversion of the force fields is
successful. A small difference in these energies is expected, since different MD codes can use
different algorithms to solve the equations shown in section 1.3. Scientists should keep in
mind that no conversion of a force field will be perfect. Nevertheless, ForConX is a useful

tool to avoid human errors in the conversion.
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3 Perspective

From Publications I-V the hydrogen bonding in PILs can be better understood. These
studies can be expanded to other PILs. It would be very interesting to investigate mixtures of
PILs where the cation offers two hydrogen bond donors, leading to a 3D-structured hydrogen
bond network. Furthermore, it could be exciting to add a third anion to the mixture by
adding for example [TEA][NTf;] to the mixture.

The simple lattice model, which has proven to be very useful, should be expanded to other
ILs and be further investigated. It is an intriguing model and the limits should be thoroughly
tested.

From the MD simulations point, there are a few very interesting possibilities for the future.
Firstly, the interaction of the [OMs]-anion with the [TEA]-cation seems to be overestimated
in the present force field, it could be worthwhile redefining these parameters. But even more
interesting are probably the uses of polarizable force fields. As briefly mentioned in section
2.4, polarizable simulations will be important in the future. The reason why polarizable MD
simulations are so critical is simple: it is well known that classical MD simulations of ILs
tend to underestimate the dynamic properties of the ions [70-74], which could also be shown
for [TEA][OT] and [TEA][OMs] [75-77].

There are different methods to deal with this problem, charge scaling [72, 78-80] or the
more sophisticated polarizable simulations [81-84]. Charge scaling is simple and cheap but
has its problems, where polarizable simulations are more complicated and expensive [85,
86]. First simulations with charge scaling were already done, and they look promising, this
should be further investigated. It was also tried to run polarizable simulations with the force
fields described in this work, unfortunately this is quite difficult, as described in section 1.3.
The force fields of the anions are based on the [NTfs]-anion parameters of the KPL force
field. In this force field, the LJ parameters are highly optimized, and significantly changed
in comparison to the original force field. Therefore, the polarization is in a way already
considered. Adding polarizability leads to instable MD simulations. For future research
with polarizable simulation, the force field should be changed, a starting point could be the
new parameters by Padua et al. [40].

As for ForConX, it was developed in the working group of Prof. Christian Schréder because

it was needed. At that time, Prof. Christian Schréder who is an expert on polarizable
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3 Perspective

simulations, worked with the MD code CHARMM. He had many visiting students, who
wanted to learn about polarizable simulation and use them with their substances. Most of
the time the students did not use CHARMM, but a different MD code, so a conversion was
necessary. This leads to the general question: How are force fields published? Is it necessary
to have a standardized way of publishing force fields? It would be thinkable, that a force
field can be published as before but in addition, it must be published in a standardized
format, a XML format as used by ForConX. Maybe ForConX could even become a central
part of the future of publishing force fields. These thoughts belong to the ambition of
the NFDI4Chem [87, 88] which strives to establish FAIR data [89], good research data
management and standards. Starting the conversation by explaining ForConX to the Tusk

Area 4 — Standards of the NFDI4Chem is a promissing next step.
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Non-ldeal Mixing Behaviour of Hydrogen Bonding in
Mixtures of Protic lonic Liquids

Koichi Fumino,” Anne-Marie Bonsa,”” Benjamin Golub,” Dietmar Paschek,”®® and

Ralf Ludwig*™ ®!

lonic liquids (ILs) attract interest in science and technology as
a result of their unique properties. Binary and ternary mixtures
of ILs significantly increase the number of possible cation/
anion combinations, resulting in targeted physical and chemi-
cal properties. In this work, we study the mixing behaviour of
two protic ILs: triethyl ammonium methylsulfonate [Et;NH]
[CH;SO;] and triethylammonium triflate [Et;NH][CF;SO5]. We
find a characteristic deviation from ideal mixing by means of
low-frequency infrared spectroscopy. By using molecular dy-
namics simulations, we explain this behaviour as being the
result of different strengths of anion/cation hydrogen bonding.
This non-ideality of non-random H-bond mixing is also reflect-
ed in macroscopic properties such as the viscosity. Mixing suit-
able ILs may, thus, result in new ILs with targeted physical
properties.

Since the beginning of this century, ionic liquids (ILs) have
been receiving increasing interest from science and technolo-
gy."™ To expand the ability of designing ILs by selection of
cations and anions, binary and ternary mixtures of these cou-
lombic fluids came into the focus of research.*® The subtle
balance between Coulomb forces, hydrogen bonds and disper-
sion forces determines the interaction between the constitu-
ents of an IL and may result in targeted physical and chemical
properties. The mixing behaviour of ILs has been reported for
a number of thermodynamic and transport properties of
mainly aprotic ILs.*™" Physical properties such as the density
and viscosity have been found to show near-ideal mixing be-
haviour and, therefore, vary almost linearly with the composi-
tion. Also, molar enthalpies and entropies of mixing indicated
only a small deviation from ideality.®® Subtle deviations from
ideal mixing behaviour for ILs were recently reported from
spectroscopy studies. Quitevis and co-workers analysed optical
Kerr effect (OKE) spectra for mixtures of ILs and found different
behaviour for diverse mixtures."! The OKE spectra result from
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intermolecular vibrational modes and resemble Raman spectra.
For the 1:1 mixture of [C;C;mim][PF]/[CsC;mim][CF;CO,], non-
additivity was reported. The authors assumed new interactions
between the mixed species, which are not present in the pure
components. However, the phenomena of mixing could not be
explained precisely in any of the given studies on the basis of
interactions between the charged constituents. Thus, a molecu-
lar understanding of the structural and dynamical features of
IL mixtures is still lacking. Recently, IL-IL mixtures received ad-
ditional interest. Welton and co-workers reviewed the ideality
and non-ideality of IL-IL mixtures with a focus on property
changes and new opportunities for applications.*” Despite in-
stances of non-ideal behaviour, these are still regarded as
simple mixtures of two compounds. In contrast, Rogers et al.
argued that IL compositions do not retain their individual
nature and supported the concept of double-salt ILs (DSILs)."!
DSILs are defined as ILs containing more than one cation or
anion and presenting different physicochemical properties
than that of the single ILs.

It is the purpose of this communication to understand the
mixing behaviour of ILs at a molecular level. For a well-chosen
binary mixture of protic ILs (PILs), we show that non-ideality
can be explained by changing interaction strength between
particular ions. In PILs, this interaction is considerably gov-
erned by hydrogen bonding. This goal could be achieved by
using a combination of experimental and theoretical methods
that provide detailed information for hydrogen-bonding char-
acteristics upon mixing. Far-infrared (FIR) spectroscopy and
molecular dynamics (MD) simulations allow molecular insight
for the interaction characteristics in binary mixtures of PILs. At
the end, we show that the non-ideal H-bond mixing behaviour
in PIL-PIL mixtures is reflected in physical properties such as
viscosity. Moreover, it can be used to accelerate or slow down
anions for supporting or suppressing solvation and reaction.

Recently, we could show for pure PILs of [Et;NH][anion] type
that the "N—H"A~ interaction results in a distinct low vibra-
tional band observed in FIR or THz spectra. This spectral fea-
ture could be related to hydrogen bonding and was observed
in the frequency range from 100 to 180 cm™', depending on
the interaction strength of the anion. For [Et;NH][CH,SO;]
(TEAMS) and [Et;NH][CF,SO;] (TEATF) PILs, these characteristic
vibrational bands were observed at 149 and 129 cm™', respec-
tively.">"* Owing to the inductive effect of the fluorine atoms
within the anion, the cation-anion interaction is significantly
lowered indicated by a 20 cm™' shift to lower wavenumbers
for TEATF'™ The location and absorbance of this vibrational
band is sensitive for the interaction strength between the PIL

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



{®*ChemPubSoc
Dot Europe

constituents. But, what happens if these two PILs are mixed?
Do both PILs retain their H-bond characteristics from the pure
states? Is the H-bond mixing ideal? If not, can the non-ideal
behaviour be detected experimentally? Can we draw some
conclusion for the number and strength of H-bonding in these
PIL mixtures? Is there a way to control the H-bond characteris-
tics for assorted mixtures? And finally, is there any influence on
macroscopic properties such as viscosity? All these issues are
addressed in the present study.

Firstly, we would like to discuss the FIR spectra of pure
TEAMS as well as its mixtures with a hydrophobic organic sol-

a)
1.5
pure TEAMS
| 75mol%TEAMS
50mol%TEAMS
e 25mol%TEAMS
I
0.5
0 1 1 a1

100 200 300

Figure 1. FIR spectra of TEAMS in mixtures with chloroform (CDCl,). a) The
intensity of the targeting vibrational band at 149 cm™' decreases with in-
creasing concentration of the solvent. b) The intensities of the deconvoluted
vibrational bands decrease linearly and go through zero, indicating that the
H-bond characteristics remain upon dilution in the hydrophobic environ-
ment.

vent: deuterated chloroform, CDCl,. In Figures 1a and 1b, it is
shown that the absorbance of the distinct vibrational band at
149 cm™" decreases continuously with increasing solvent con-
centration. If we plot the intensities of the vibrational bands
versus the composition, a straight line is obtained, starting
with the pure PIL absorbance and ending at zero for zero PIL
concentration. This is what we would expect from an ideal
mixture of TEAMS with the organic solvent. A similar behaviour
is also observed for TEATF in mixtures with chloroform (see
SI1-2 in the Supporting Information). Apparently, the H-bond
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characteristics of the pure PILs are preserved when diluting
them with CDCl;. This finding is in agreement with earlier re-
sults on ion speciation.'*'® For both PILs, the apolar solvent
molecule was not able to penetrate between the cation and
anion, leaving the PIL bonding characteristics untouched. Obvi-
ously, the intensities of selected vibrational bands can be used
as a probe for measuring molecular interactions in particular
hydrogen bonding in solution.

Secondly, we prepared molar mixtures of TEAMS and TEATF
with x=0.75, 0.50 and 0.25 mole fraction. Following the no-
menclature suggested by Niedermeyer et al.,” we mixed two
pure PILs, each describing one component including two con-
stituents, resulting in two component mixtures [Et;NH]
[CH;S0;],[CF3S05];, ) comprising three constituents. Then, we
measured the FIR spectra between 10 and 300 cm™'. We ob-
tained the mixture spectra for TEAMS and TEATF by subtract-
ing the corresponding mole fraction of TEATF in the first and
TEAMS in the latter case of the related spectra of the pure ma-

a) TEAMS b) TEATF

P
ia

0 1 1 1 1 n O 1 1 1 1 n
100 200 300 100 200 300

~ -1
v/cm

~ -1
v/cm

Figure 2. a) FIR spectra of the pure TEAMS and the difference spectra of the
TEAMS/TEATF mixtures measured versus TEATF. b) FIR spectra of the pure
TEATF and the difference spectra of the TEATF/TEAMS mixtures measured
versus TEAMS. The vibrational bands at 149 and 129 cm™' indicate the "N—
HA"~ cation-anion interaction. The intensities of these vibrational bands are
used to study the mixing behaviour.

terials (see Figures 2a and 2b). As the background spectra, as
well as the sample spectra, are referred to the absorption of
the pure PILs in the filled IR cell, the mole-fraction-weighted
results had to be corrected for the different molar volumes of
TEAMS and TEATF, respectively. The deconvoluted spectra are
shown in SI3-5 in the Supporting Information.

If we now plot the corrected absorbance of the distinct vi-
brational band "N-H"A~ against the mole fraction, we find
characteristic deviations from linear, and thus ideal, mixing be-
haviour, as shown in Figures 3a and 3b. For TEATF, including
the weaker interacting triflate anion, we observe lower intensi-
ties than expected for ideal random mixing (Figure 3b). Appa-
rently, the triflate anion forms fewer H-bonds with the triethy-
lammonium cation in the mixtures compared to the situation
in the pure PIL. It is plausible that the cations prefer to interact
with the stronger H-bond acceptor anion in TEAMS and tend
to replace the triflate for the methyl sulfonate anion. If this in-
terpretation is correct, we should perhaps also observe an in-
creased absorbance for TEAMS. Indeed, applying the same pro-
cedure results in higher intensities with increasing TEATF con-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Non-ideal mixing behaviour in the PIL mixtures of TEAMS and
TEATF. For TEAMS, we observe enhanced intensity at 149 cm™', whereas for
TEATF the intensity at 129 cm ™' is weakened compared to the expected
ideal behaviour, as indicated by the dotted line.

centration (Figure 3a). However, we would like to point out
that the observation of positive deviations for the methyl sul-
fonate ions is perhaps not as obvious as the negative ones for
the triflate ion. For TEATF, a decreasing number or strength of
H-bonds should result in negative absorbance. For the positive
deviation of TEAMS, however, it is necessary to consider that
the methylsulfonate anion can form one, two or even three H-
bonds with surrounding ethylammonium cations at the same
time through the three oxygen atoms of the SO; group. This
could explain the enhanced intensity, indicating increasing H-
bond capacity. To support our experimental findings and for
a more detailed interpretation, we performed MD simulations
for the pure PILs and their mixtures (see SI7 in the Supporting
Information).

From corresponding pair correlation functions, we could
derive the distribution of the number of hydrogen bonds
formed between the triflate and/or methylsulfonate anions
and the ethyl ammonium cation in the mixtures. We would
like to add that the probability of finding a N—H hydrogen-
bond donor that is not involved in a hydrogen bond is very
low, and well below 1%. In Figures4a and 4b, it is shown
whether the anions form zero, one, two or even three hydro-
gen bonds to the N—H bond of the cation. The hydrogen-
bonding situation of the anion is similar in both pure ILs, that
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Figure 4. Probability of finding a certain number n of TEA cations attached
to one type of anion through a hydrogen bond as a function of the mixture
composition according to the MD simulations for a) methylsulfonate and

b) triflate.

is, just over 50% of the anions form one hydrogen bond,
about 25% form two hydrogen bonds and 25% are not H-
bonded at all.

In the mixture, the anions compete with each other; hence,
the H-bond distribution changes systematically as a function
of mixture composition. For the triflate anion, with increasing
TEAMS concentration the doubly bound species (n=2) disap-
pear almost completely above a 1:1 mixture. Also, the fraction
of single H-bonded species (n=1) decreases significantly. Both
are replaced by non-hydrogen-bonded triflate anions (n=0),
as shown in Figure 4b. The reverse situation is observed for
TEAMS. Here, the number of non-H-bonded and single H-
bonded methylsulfonate anions drastically decreases in favour
of double and triple H-bonded species. As shown in Figure 4a,
at a composition of xear=0.9 (the highest TEATF concentra-
tion studied), the methylsulfonate anions bind mostly two and
three triethylammonium cations, whereas methylsulfonate
anions with n=0 fully disappear and those with n=1 contrib-
ute only 5% of the overall number of species at this concentra-
tion.

The H-bond characteristics of both PILs in the mixtures can
be summarized by an increased H bonding for TEAMS and de-
creased H bonding for TEATF in the TEATF/TEAMS mixtures
compared to an ideal random distribution. The positive and
negative deviations for the fraction of hydrogen bonds of the
TEA cation to each of the anion species in the TETF/TEAMS
mixtures are shown in Figure 5. For TEAMS, this fraction in-
creases and for TEATF it decreases, indicating enhanced and
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Figure 5. Fraction of hydrogen bonds of the TEA cation to one particular anion species according to MD data.
The TEA cation prefers to interact with the methylsulfonate anion, as illustrated by the snapshots from the MD
simulations: Two cations H-bonded to CH,SO;~ (left) and zero cations H-bonded to CF;SO;™.

weakened H bonding, respectively. This behaviour explains our
experimental findings of increased and decreased infrared in-
tensities compared to those expected for ideal mixing.

In addition, the effect of unequal hydrogen-bond strength is
also reflected in the transport properties, such as the MD-simu-
lated self-diffusion coefficients of the TEA cation, the triflate
anion and the methylsulfonate anion in the PIL mixtures. As
shown in Figure 63, the average number of multiple H-bonded
methylsulfonate anions increases with increasing TEATF con-
centration. On average, this number ranges from one H bond

N, per anion

0O 02 04 06 08 1
X

TEATF

-11 2 -1
Dg/ 10 m’s

Figure 6. a) Average total number of hydrogen bonds for each of the anions
to the neighbouring TEA cations as a function of composition in the TEA-tri-
flate/TEA-methylsulfonate mixture at 400 K. b) Self-diffusion coefficients of
the TEA cation, the triflate anion and the methylsulfonate anion in the TEA-
triflate/TEA-methylsulfonate mixture at 400 K obtained from MD simula-
tions.
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in the pure TEAMS to an average
of 2.5 H bonds at xgarr =0.9. The
formation of those hydrogen-
bonded methylsulfonate-TEA ag-
gregates involving multiple TEA-
cations results in a significantly
reduced mobility, as illustrated in
Figure 6b. Adding a small
amount of TEAMS to TEATF
leads to a significant drop in the
diffusivity of both TEA and tri-
flate ions. By further increasing
the composition of TEAMS, the
diffusivity goes through a shallow
minimum, because at higher
TEAMS concentrations the meth-
ylsufonate anions compete with
each other for TEA, which is reducing the average size of the
hydrogen-bonded aggregates, and is leading to a concerted
increase of the self-diffusion coefficient of all ion species.

Now, is non-ideal H-bond mixing in the TEAMS/TEATF mix-
tures also reflected in physical properties, which are presently
experimentally available to us? In Figure 7, the measured den-
sities and viscosities of the pure PILs and their mixtures are
shown as a function of temperature (see also SI6 in the Sup-

1.3

1.1

100

n/mPas

| - _l 1
0 0.2

—l— L1
04 06
XTEATF

Figure 7. Measured densities (a) and viscosities (b) of the TEAMS/TEATF mix-
tures at three different temperatures. Whereas the densities show almost
ideal mixing behaviour, the viscosities exhibit positive deviations from ideali-
ty, owing to enhanced H bonding of the MS anion.
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porting Information). The densities show mainly linear behav-
iour with mixing. There is an almost straight line connecting
the densities of the pure PILs. Obviously, the H-bond character-
istic does not have any influence on the density of the mix-
tures in the Coulombic system. A completely different behav-
iour is found for the viscosities. For all PIL mixtures, the viscosi-
ty is larger than expected for ideal behaviour. However, this
behaviour is in accord with our FIR spectra and can be under-
stood from the H-bond statistics derived from our MD simula-
tions. Starting with the pure TEAMS, we find an increase in vis-
cosity, owing to enhanced hydrogen bonding. Here, the weak
anion-cation interaction in TEATF is increasingly replaced by
stronger multiple anion-cation interactions in TEAMS, leading
to the formation of larger hydrogen-bonded aggregates with
higher viscosity. This statement is not in contradiction to our
earlier work with aprotic imidazolium-based ILs, where we
claimed that hydrogen bonding can fluidise rather than tough-
en these Coulomb systems. In aprotic ILs with unique interac-
tion sites, hydrogen bonds lead to the preformation of ion
pairs, resulting in lower viscosities and enthalpies of vaporiza-
tion.'"®2" Instead, in PILs and their mixtures, as discussed here,
the formation of multiple H bonds lead to larger H-bonded
complexes, which enhance the stiffness of the coulombic fluid.

Another important aspect of this non-ideal H-bond mixing
behaviour is the nearly complete H-bond stripping of the tri-
flate anion, which can be then regarded as a ‘quasi-free anion’.
Such species will be available for supporting chemical reac-
tions or improving conductivity. In this sense, our results sup-
port the DSIL concept by Rogers and co-workers.”! The ions
apparently change their identity in the mixture, resulting in
a new liquid. We now have one pure liquid rather than two
separate ILs. Our study also provides some hints for expanding
the ability to design ILs by smart selection of cations and
anions in binary or even ternary mixtures of ILs.

Experimental Section

The water content of the two PILs, TEAMS and TEATF was below
100 ppm, as detected by using the Karl-Fischer titration method.
The PIL mixtures were prepared under an argon atmosphere and
put in an ultrasonic bath until they reached homogeneity.

The FTIR measurements were performed with a Bruker Vertex 70
FTIR spectrometer equipped with an extension for measurements
in the FIR region that consists a multilayer mylar beam splitter and
a room-temperature DLATGS detector with preamplifier. Polyethy-
lene (PE) windows with an internal optical path of 0.1 mm were
used. Further improvement could be achieved by using a high-
pressure mercury lamp and a silica beam splitter. The accessible
spectral region for this configuration now lies between 10 and
680 cm™' (0.3 and 20.3 THz). The spectra were deconvoluted simul-
taneously as well as separately into a number of Voigt profiles
(convolution of Lorentzian and Gaussian functions) following the
Levenberg—Marquardt procedure. The Voigt profile has four param-
eters: the intensity, the frequency, the half-width of the Lorentzian
and the half-width of the Gaussian. The deconvolution procedure
is described in detail in SI2-5 in the Supporting Information.

Temperature-dependent measurements of the density of the differ-
ent mixtures were performed by using the oscillating tube densi-
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tometer DSA 5000m (Anton Paar/Austria) with internal viscosity
correction. The density was determined in the range of 10-70°C
with intervals of 5 K (see SI6).

Temperature-dependent dynamic viscosities were measured with
the Lovis 2000 ME (Anton Paar/Austria) microviscometer based on
the rolling-ball principle. The viscosity was determined in the
range of 10-70°C with intervals of 5 K (see SI6).

We performed constant-pressure (NPT) MD simulations for 16 dif-
ferent mixtures of TEATF and TEAMS at a pressure of 1 bar and
temperatures of 300 and 400 K. All simulated systems were com-
posed of 256 ion pairs. A detailed description of the employed
force-field parameters is provided in the Supporting Information.
All simulations reported herein were performed with the GRO-
MACS 4.5 simulation program.” Simulation runs of 100 ns length
with time steps of 2 fs were analysed for T=300 K (24 ns for T=
400 K). Based on computed radial pair distribution functions, hy-
drogen-bonded ion pairs were identified by a S=0~H—-N cut-off
distance of 0.24 nm. For MD simulations details see SI7 in the Sup-
porting Information.
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SI1 Deconvoluted far infrared (FIR) of TEAMS and TEAMS/CDCI;

mixtures measured versus CDCls.

Deconvoluted spectrum at 323 K Deconvoluted spectrum at 323 K
100mol%TEAMS (vs empty cell) 75mol%TEAMS + 25mol%CDCI, vs CDCI, (+25mol% CDCl,)
— exp — exp
15F - - fit r — - fit
L 1L
2 1F _ 4
[ o ’
~ ~
0.5F
0.5F
¥ BN A
0 _ i 0 L { _ >
100 200 300 100 200 300
§/cm” J/em”
Deconvoluted spectrum at 323 K Deconvoluted spectrum at 323 K
50mol%TEAMS + 50mol%CDCl, vs CDCI, (+50mol% CDCl,) 25mol%TEAMS + 75mol%CDCl, vs CDCI, (+75mol% CDCl,)
— exp — exp
0.8 - - fit — - fit
0.4
° =
~ ~
0.4 0.2k
i S N / -
0 — T 0 ) _ e T~
100 200 300 100 200 300
/cm” /cm”
FIG1-SI Deconvoluted far infrared (FIR) difference spectra of pure

triethylammonium methylsulfonate [EtsNH][CH3SO3] and triethylammonium
methylsulfonate [EtsNH][CH3SOs] in mixtures with chloroform (CDClI3)
subtracting the corresponding fraction of CDCI; in the frequency range
between 10 and 300 cm™.



SI2 Deconvoluted far infrared (FIR) of TEATF and TEATF/CDCIl;

mixtures measured versus CDCls.
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FIG2-SI Deconvoluted far infrared (FIR) difference spectra of pure

triethylammonium triflate [EtsNH][CF3SO3] and triethylammonium triflate
[EtsNH][CF3SO3] in mixtures with chloroform (CDCIs) subtracting the
corresp?nding fraction of CDCl; in the frequency range between 10 and
300 cm™.



SI3 Deconvoluted FIR spectra for the TEAMS/TEATF mixtures versus
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FIG3-SI Deconvoluted far infrared (FIR) difference spectra of pure

triethylammonium methylsulfonate [EtsNH][CH3SOs3] and triethylammonium
methylsulfonate [EtsNH][CH3SO3] in mixtures with triethylammonium
triflate  [EtsNH][CF3SO3] subtracting the corresponding fraction of
[EtsNH][CF3SO3] in the frequency range between 10 and 300 cm™..



SI4 Deconvoluted FIR spectra for the TEATF/DMSO mixtures versus
TEAMS

Deconvoluted spectrum at 323 K Deconvoluted spectrum at 323 K
pure TEATF 25mol%TEAMS + 75mol%TEATF vs TEAMS (+75mol% TEAMS)
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FIG4-SI Deconvoluted far infrared (FIR) difference spectra of pure

triethylammonium triflate [EtsNH][CF3SO3] and triethylammonium triflate
[EtsNH][CF3SO3] in mixtures with triethylammonium methylsulfonate
[EtsNH][CH3SO3]  subtracting the  corresponding  fraction of
[EtsNH][CH3S O3] in the frequency range between 10 and 300 cm™.



All spectra were deconvoluted simultaneously as well as separately into a number of Voigt
profiles (convolution of Lorentzian and Gassian functions) following the Levenberg-Marquardt
procedure. The Voigt profile has four parameters: the intensity, the frequency, the half-width of
the Lorentzian, and the half-width of the Gaussian. The frequency and the half-widths of each
Voigt function for all vibrational modes were kept fixed in the simultaneous fitting procedure.
These parameters were known from the spectra of the pure PIL and the highly diluted PIL, where

SIPs are the dominant ion pairs.



SI5 Corrected intensities for the vibrational modes N-H

anion in the

TEAMS/TEATF mixtures for the different molar volumes of TEATF

and TEAMS, respectively.

PIL mixtures I leorr
TEAMS 21.50
TEAMS/TEATF x=0.75 17.89 20.12
TEAMS/TEATF x=0.50 11.25 12.67
TEAMS/TEATF x=0.25 3.5 3.94
TEATF 15.47
TEAMS/TEATF x=0.75 9.25 7.79
TEAMS/TEATF x=0.50 6.65 5.94
TEAMS/TEATF x=0.25 3.95 3.53




SI6 Densities and viscosities of TEAMS and TEATF and their mixtures
(Here: MS=OMs and TF=0TY)

[HN(C;Hs)3][OMs]

Dichte Dichte Tempe Lovis Dyn. Vis Lovis Temperatur

g/em? °C mPa-s °C
1,121053 19,993 140,9 20,00
1,117665 24,998 105,2 25,00
1,114294 30,003 80,63 30,00
1,110946 35,007 63,21 35,00
1,107614 40,009 50,54 40,00
1,104299 45,005 40,85 45,00
1,101010 50,005 33,59 50,00
1,097734 55,005 28,06 55,00
1,094474 60,005 23,65 60,00
1,091230 65,006 20,15 65,00
1,087999 70,006 17,41 70,00

[HN(C,Hs),][OTf]

Dichte Dichte Tempe Lovis Dyn. Vis Lovis Temperatur

g/em? °C mPa-s °C
1,267029 19,994 70,60 20,00
1,262980 24,997 57,43 25,00
1,258945 30,003 47,20 30,00
1,254929 35,007 39,23 35,00
1,250929 40,009 32,93 40,00
1,246942 45,005 27,92 45,00
1,242970 50,005 23,94 50,00
1,239010 55,005 20,69 55,00
1,235059 60,005 18,05 60,00
1,231124 65,006 15,81 65,00

1,227203 70,005 14,02 70,00



75 mol% [HN(C,Hs)5][OMs] 25 mol% [HN(C,Hs)5][OTf]

Dichte Dichte Tempe Lovis Dyn. Vis Lovis Temperatur

g/cm?® °C mPa-s °C
1,160272 19,993 147.,6 20,00
1,156731 24,998 110,5 25,00
1,153201 30,003 85,10 30,00
1,149697 35,007 66,81 35,01
1,146210 40,005 53,51 40,00
1,142742 45,005 43,40 45,00
1,139286 50,005 35,76 50,00
1,135846 55,005 29,83 55,00
1,132420 60,007 25,18 60,00
1,129007 65,006 21,49 65,00
1,125608 70,005 18,48 70,00

50 mol% [HN(C,Hs)3][OMs] 50 mol% [HN(C,Hs)s][OTf]

Dichte Dichte Tempe Lovis Dyn. Vis Lovis Temperatur

g/em?® °C mPa-s °C
1,197455 19,994 131,6 20,00
1,193735 24,999 100,9 25,00
1,190035 30,005 78,18 30,00
1,186359 35,007 62,25 35,00
1,182715 40,006 50,36 40,00
1,179091 45,005 41,40 45,00
1,175488 50,005 34,34 50,00
1,171888 55,005 28,83 55,00
1,168294 60,005 24,51 60,00
1,164712 65,006 21,04 65,00
1

, 161139 70,006 18,20 70,01



25 mol% [HN(C,Hs)3][OMs] 75 mol% [HN(C,Hs);][OTf]

Dichte Dichte Tempe Lovis Dyn. Vis Lovis Temperat

g/cm?® °C mPa-s °C
1,232700 19,999 101.,3 20,00
1,228814 24 992 79,50 25,00
1,224947 29,995 63,86 30,00
1,221098 34,998 52,07 35,00
1,217265 40,002 4272 40,00
1,213451 45,005 35,64 45,00
1,209657 50,006 30,06 50,00
1,205877 55,008 25,53 55,00
1,202106 60,009 21,92 60,00
1,198353 65,007 19,00 65,00

1,194612 70,008 16,56 70,00



SI7 Molecular Dynamics (MD) Simulations

This part of the supporting information summarizes all aspects of the performed molecular dynamics
simulation, such as the forcefield model, details about the MD simulations, as well as the characteriza-
tion of hydrogen bonded states.

The Forcefield-Model

For the description of the potential model, a classical forcefield approach has been used, similar to
the OPLS approach of Jorgensen et al.[1]. All employed partial charges are atom-centered and were
determined from ab-initio calculations of the individual ions by applying many body perturbation the-
ory (MP2) and using the 6-311++G** basis set. All reported ab initio calculations were performed
with the Gaussian 09 program [2]. The charges were fitted to the electrostatic potential surrounded
by the atoms using the ESP [3] and RESP [4] methods. Due to the rather small size of the ions no
significant changes were found between the ESP and RESP charges. CH3- and CHa-groups treated as
united atoms and represented by a single interaction site. Nonbonded Lennard-Jones Parameters for the
Triflate-ions were taken from the [NTF3] forcefield model of Kéddermann et al. [5], while the starting
point for the nonbonded parameters for the Triethylammonium were the parameters used by Krienke
et al. [6] for the ammonium group using essentially the TraPPE-parameters of Martin and Siepmann
[7] for the united CH3- and CHg-atoms. The o-parameter for the nitrogen atom needed to be resized
to 3.25 A in order to match the H...O distance of the hydrogen bonded ion pair in the gas-phase with
the distance obtained for the energy minimized structure using ab initio calculations. Constant pressure
simulations of the resulting model describes the density of Triethylammonium-Triflate quite satisfac-
torily. For the Methylsulfonate-ion the Lennard-Jones parameters of Koddermann were also used for
the SO3-group. The starting point for the Lennard-Jones parameters for the methyl-group was again
the forcefield of Martin and Siepmann [7]. Here the Lennard-Jones o of the methyl-group needed to
be resized to match the density of the liquid phase of neat Triethylammonium-Methylsulfonate. Due
to stronger bond-polarization of the S-O bond within the Methylsulfonate-ion compared to the same
bond in the Triflate-ion, larger absolute charges on the oxygens are observed for the Methylsulfonate,
leading to stronger hydrogen bonding with the Triethylammonium ion. In order to represent molecular
configurations of the ions properly, the equilibrium bond distances and angles were adjusted to yield
a minimum energy configuration close to the structure obtained from the ab initio calculations. All
nonbonded Lennard-Jones parameters and partial charges are summarized in Table 1. The Bond-length
and bond-bending parameters can be found in Tables 2 and 3. Dihedral potentials for intramolecular
torsions around the N-C2-bond in the Triethylammonium ion and the S-C-bond in the triflate ions were
fitted to ab initio calculation to represent the molecular configurations accurately. The values are sum-
marized in Table 4. The full torsion potential also include nonbonded 1-4-interactions. Here both, the
nonbonded Lennard Jones and Coulomb 1-4-interactions are scaled by a factor of 0.5.

Molecular Dynamics Simulations

We employ molecular dynamics (MD) simulations in the isobaric isothermal (N PT) ensemble using
the Nosé-Hoover thermostat [8, 9] and the Rahman-Parrinello barostat [10, 11] with coupling times
77 = 0.5ps and 7, = 2ps (assuming the isothermal compressibility to be x7 = 5 1075 bar™1), re-
spectively. The electrostatic interactions are treated in the “full potential” approach by the smooth
particle mesh Ewald summation [12] with a real space cutoff of 1.0 nm and a mesh spacing of approx-
imately 0.12nm and 4th order interpolation. The Ewald convergence factor o was set to 3.38 nm™—!



(corresponding to a relative accuracy of the Ewald sum of 107°). A 2.0fs timestep was used for all
simulations and the constraints were solved using the SETTLE procedure [13]. During the simulations
all bond-length were kept fixed. All simulations reported here were carried out using the GROMACS
4.6 program [14, 15]. Statistical errors in the analysis were computed using the method of Flyvb-
jerg and Petersen [16]. For all reported systems and different statepoints initial equilibration runs of
1ns length were performed using the Berendsen weak coupling scheme for pressure and tempera-
ture control 77 = 7, = 0.5 ps [17]. A total of 16 different compositions were investigated with com-
positions of zcm,s0, = {0.0,0.125,0.25,0.3125,0.40625, 0.5, 0.5625, 0.625, 0.6875, 0.75, 0.8125,
0.84375,0.875,0.90625,0.9375, 1.0} In each case the simulated system consisted of 256 ion pairs. As
shown in Figure 1, the density of the model-system follows rather well the experimental density both
as a function of temperature and composition. Production runs of 100ns simulation-length were finally
analyzed.

Hydrogen Bonding

Numerous geometrical procedures for the determination of hydrogen bonds have been proposed [18].
Mostly, they depend on distance criteria as well as some angular constraints [19]. In the case of protic
ionic liquids discussed here, the use of angular constraints doesn’t even seem to be necessary, since
the distance distribution between the ammonium-hydrogen and the sulfonate-oxygen alone does very
well discriminate between hydrogen bonded and non-hydrogen bonded states. As shown in in Figure 2,
the pair correlation function beween an ammonium-hydrogen and the sulfonate-oxygen exhibits a very
sharp narrow first peak which almost goes down to zero for both ionic liquids. The number of nearest
oxygen-neighbors around an hydrogen atom as a function of distance has a very well defined step-like
form with a plateau at 1, which indicates that an NH-group in both ionic liquid is always involved in
a hydrogen bond. Here we use a distance criterion of 7z o < 0.24nm to define a hydrogen bond
for both the Triflate and the Methylsulfonate. This fact remains true also for all of the invesitageted
mixtures and does also depend only very weakly on the temperature. Hydrogen bonding also affects
the center-of mass pair correlation function and is largely responsible for the pronounced splitted first
peak structure of the anion-cation pair correlation function shown in Figure 3. In the mixture, the
hydrogen-bond donated by the cation is not equally shared by the both anions. In fact, the hydrogen
bond to the Methylsulfonate-ion is significantly stronger, shifting the equilibrium strongly towards
the formation of hydrogen bonds with the Methylsulfonate-ion. In Figure 4, the average number of
hydrogen bonds accepted by one of the anions in the mixture is depicted as a function of composition.
In the pure liquids, each anion accepts on average one hydrogen bond. Since each sulfonate group
can accept a total about three hydrogen-bonds, the Methylsulfonate accepts about up to 2.7 hydrogen
bonds in the diluted solution. By increasing the Methylsulfonate-concentration this number drops
steadily, since the Methylsulfonate-ions start to compete with each other. The Triflate-ion in the dilute
Triflate-solution only receives about 0.1 Hydrogen bonds on average, and is hence almost completely
stripped of hydrogen bonds.

Self-Diffusion of the lons in the Mixture

Self diffusion coefficients were used as a means to characterize the individual mobilities of the ions
due to their changing hydorgen bond enviroment as a function of the mixture composition. The self
diffusion coefficients of the ions were determined as the slope of mean square displacement of the



center of mass coordinates () for the individual ions according to the well-known Einstein-relation

Dur = =3 (It~ 7ult + 7)) 1)
Here the brackets (...) indicate averaging over times ¢, as well as over ions of the same type. Slopes
of the mean square displacement shown here were recorded for a temperature of 400 K for a time-
interval between 1ns and 12 ns based on simulation lengths of 24 ns for each composition. The self
obtained self diffusion coefficients as a function of mixture-composition are shown in Figure 5 and are
given in Table 5. At low concentration the Methylsulfonate ions attract multiple hydrogen bonds to
tthe TEA cations, which leads to accordingly to a slowing down of the Methylsulfonate. An increasing
Methylsulfonate concentration quickly also affects the rest of the mixture, leading to a rapid decrease
in mobility of the TEA and Triflate ions, also leading to a shallow minimum of their mobility at about
x(CH3SO3 ~ 0.45. Further increase in Methylsulfonate composition leads to an increase in diffusivity

since, the Methylsulfonate-ions increasingly compete with each other for hydrogen bonds to the cations.



Atom i O'Z‘Z‘/A €ii kgl/K qi/\e|

Triflate:
S 4.08 37.3 -0.73
0] 3.46 31.7 1.40
C 3.15 10.0 0.48
F 2.66 8.0 -0.23
Methylsulfonate:
S 4.08 37.3 -0.825
0] 3.46 31.7 1.620
C3 2.90 98.0 -0.145
Triethylammonium:
H 0.0 0.0 0.37
N 3.25 75.0 -0.39
C2 3.95 46.0 0.28
C3 3.75 98.0 0.06
Table 1: Non-bonding Lennard-Jones interaction parameters with Vi =
e {(aij /rij)12 — (o4j/ rij)ﬂ and partial charges used in the MD Simulations of the PIL-

mixtures. Lorentz-Berthelot mixing-rules with o;; = (04 + ;) /2 and €;; = (e - ejj)l/ 2

were applied for determining the cross-parameters.

Bond i — j 1A k; 1 kJ mol~tA~2
Triflate:
C-F 1.347 3700.0
C-S 1.860 1850.0
O-S 1.469 5850.0
Methylsulfonate:
C3-S 1.8040 1850.0
O-S 1.4816 5850.0
Triethylammonium:
H-N 1.020 2500.0
C2-N 1.500 2500.0
C2-C3 1.540 2500.0

Table 2: Harmonic bond-stretching parameters employed in the forcefield model using Vllj’ = (kfj /2) -

(rij — 15;)>.



Anglei —j — k 07, / degrees k& / k) mol~'rad 2

Triflate:
F-C-F 108.4 650.0
F-C-S 110.5 420.0
C-S-O0 102.6 620.0
0O-S-0 119.5 850.0
Methylsulfonate:
C3-S-0 104.26 620.0
0O-S-O0 114.14 850.0
Triethylammonium:

H-N-C2 108.4 460.0
C2-N-C2 108.4 460.0
C3-C2-N 108.4 460.0

Table 3: Harmonic bond-bending parameters employed in the forcefield model using z?k = (szj w/2) -
(0ijr — egjk)Q'

m(i—j—k—1) N, kL /kImol ™!
Triflate F-C-S-O:
1 3.0 0.8619
Triethylammonium H-N-C2-C3:
1 1.0 8.734
2 2.0 3.224
3 3.0 5.514
4 4.0 -0.465
5 5.0 -0.481
6 6.0 0.756

Table 4: Dihedral-Potential for the rotation around the N-C2 bond in the Triethylammonium-ion and
for the C-S bond in the Triflate-ion according to Vi = 3, k&, [1 + cos (n, - ¢)].
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Figure 1: Densities of selected TEATF/TEAMS mixtures as a function of their composition as obtained
from the molecular dynamics simulations at 300 K and 350 K, respectively. The red symbols
refer to experimental densities obtained at 298 K and 343 K.
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Figure 2: Intermolecular pair distribution functions between the ammonium hydrogen (NH) and the
sulfonate-oxygen in the two pure ionic liquids as obtained by MD simulation. a) TEATF b)
TEAMS. Also shown is the and integrated number of neigbors. All the data shown were
obtained at 7'=300 K.
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Figure 3: Cation-anion center of mass pair distribution functions and integrated number of neigbors
obtained for the two pure ionic liquids at 7'= 300 K.
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Figure 4: Average total number of hydrogen bonds for each of the anions to the neighboring TEA-
cations as a function of composition in the TEA-Triflate/TEA-Methylsulfonate mixture at
T=400K.
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Figure 5: Self Diffusion Coefficients as a function of composition in the TEA-Triflate/TEA-
Methylsulfonate mixture at 7'=400 K.

Dgerp /1071 m?s™1
x(CH3S03) Dqeit(TEA) Dye1r (CF3S03) Dqe1¢(CH3503)

0 8.43 7.70 -

0.125 6.05 5.80 3.56
0.25 4.80 4.79 3.34
0.3125 4.49 4.30 3.40
0.40625 4.62 4.38 3.46
0.5 4.25 4.42 3.66
0.5625 4.65 4.47 4.02
0.625 4.88 4.42 3.97
0.6875 4.56 3.88 3.91
0.75 4.90 4.88 4.44
0.8125 4.75 4.73 4.13
0.84375 5.14 4.80 4.80
0.875 4.85 4.17 4.43
0.90625 4.78 4.87 4.66
0.9375 5.19 5.50 4.55
1 5.21 - 5.01

Table 5: Self Diffusion Coefficients as a function of composition in the TEA-Triflate/TEA-
Methylsulfonate mixture at 7'=400 K.
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Hydrogen bonding in a mixture of protic ionic
liquids: a molecular dynamics simulation study

Dietmar Paschek,*® Benjamin Golub® and Ralf Ludwig*°®

We report results of molecular dynamics (MD) simulations characterising the hydrogen bonding in mixtures
of two different protic ionic liquids sharing the same cation: triethylammonium-methylsulfonate (TEAMS)
and triethylammonium-triflate (TEATF). The triethylammonium-cation acts as a hydrogen-bond donor, being
able to donate a single hydrogen-bond. Both, the methylsulfonate- and the triflate-anions can act as
hydrogen-bond acceptors, which can accept multiple hydrogen bonds via their respective SOs-groups.
In addition, replacing a methyl-group in the methylsulfonate by a trifluoromethyl-group in the triflate
significantly weakens the strength of a hydrogen bond from an adjacent triethylammonium cation to
the oxygen-site in the SOz-group of the anion. Our MD simulations show that these subtle differences
in hydrogen bond strength significantly affect the formation of differently-sized hydrogen-bonded aggregates
in these mixtures as a function of the mixture-composition. Moreover, the reported hydrogen-bonded cluster
sizes can be predicted and explained by a simple combinatorial lattice model, based on the approximate
coordination number of the ions, and using statistical weights that mostly account for the fact that each

www.rsc.org/pccp

1 Introduction

During the past 15 years ionic liquids (ILs) have received great
attention from the scientific community.'™ More recently, also
the ability to design targeted liquid properties by forming
binary and ternary mixtures has become a focus of interest.>®
In particular, it has been recognized that the balance between
different competing interactions, such as Coulomb inter-
actions, van der Waals interactions, and hydrogen bonds is of
great importance. In a situation, where strong (Coulombic)
forces compete with each other and partly cancel each other
out, also weaker interactions, such as hydrogen-bonds, might
be able to significantly affect the properties of the fluid.”® This
is particularly important for mixtures of ionic liquids, where
different constituents (ions) might compete with each other for
specific interactions. The mixing behavior of several ionic
liquids has been discussed recently with a focus on their
thermodynamic and transport properties.>®°™® However,
mostly the behavior of aprotic ionic liquids has been considered
so far. We would like to point out that physical properties
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anion can only accept three hydrogen bonds.

reported in these studies, such as the density and the viscosity,
were mostly exhibiting ideal-like mixing behavior in the sense that
the properties vary almost linearly with the mixture composition. In
addition, also the molar mixing-enthalpies and -entropies indicated
only a small deviation from the ideal mixture-behavior.'®'*
Recently, Welton and co-workers have commented on the
tendency for ideal-mixture behavior in mixtures of ionic liquids
and reviewed IL mixtures with a focus on property design an
opportunities for applications.>’

The situation seems to be different for protic ionic liquids, where
strongly directional hydrogen-bonds (can) exist.'*'® We could
show very recently, that for a mixture of triethylammonium-
methylsulfonate (TEAMS) and triethylammonium-triflate (TEATF),
which are both sharing the same cation, the two different
anions compete with each other for a hydrogen bond to the
triethylammonium-cation (TEA).'® Using far-infrared spectro-
scopy, we could assign signatures distinguishing between
hydrogen-bonded aggregates of TEA to each of the two anions
within the mixture.’® A population analysis as a function of
mixture-composition is suggesting a favorable interaction of
TEA with the methylsulfonate-ion. In addition, also the experi-
mentally determined viscosity is showing a strongly non-linear
mixture dependence, pointing at the changing size of aggre-
gates in the liquid as a function of the mixture-composition.'®
With the present study we would like to complement our earlier
endeavour with an in-depth analysis of a detailed molecular
model of the same binary TEATMS-TEATF mixture, focusing
on the local solvation-structure of the ions, and, in particular,

Phys. Chem. Chem. Phys., 2015, 17, 8431-8440 | 8431



Open Access Article. Published on 21 January 2015. Downloaded on 7/21/2022 2:57:03 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Paper

on the hydrogen-bonding. In addition, we will show that the
size of the hydrogen-bonded aggregates can be predicted and
explained by a simple combinatorial lattice model, which is
based on an approximate coordination number of the ions, and
is using statistical weights that mostly account for the fact that
each anion can only accept up to three hydrogen bonds.

Finally, we would like to point out that Rogers and
co-workers have argued recently that ions in a mixture of ILs
do not seem to retain their individual nature and proposed to
consider them as double salt ionic liquids.® Double salts are
salts containing more than one cation or anion, obtained by
combination of two different salts which were crystallized in
the same regular ionic lattice. Although this definition is not
strictly applicable to the case of an amorphous state such as a
liquid, we can provide evidence for double-salt-like behavior of
the TEAMS-TEATF mixture.

2 Methods

2.1 Molecular dynamics simulations

We employ molecular dynamics (MD) simulations in the isobaric
isothermal (NPT) ensemble using the Nosé-Hoover thermostat'”'®
and the Rahman-Parrinello barostat'®?® with coupling-times
7p = 0.5 ps and 1, = 2 ps (assuming the isothermal compressi-
bility to be yr = 5 x 107° bar '), respectively. The electrostatic
interactions are treated in the “full potential” approach by the
smooth particle mesh Ewald summation®" with a real space
cutoff of 1.0 nm and a mesh spacing of approximately 0.12 nm
and 4th order interpolation. The Ewald convergence factor o
was set to 3.38 nm ™' (corresponding to a relative accuracy of
the Ewald sum of 107°). A 2.0 fs timestep was used for all
simulations and the constraints were solved using the SETTLE
procedure.’? During the simulations all bond-length were kept
fixed. All simulations reported here were carried out using the
GROMACS 4.6 program.>*** Statistical errors in the analysis
were computed using the method of Flyvbjerg and Petersen.>®
For all reported mixtures and temperatures initial equilibration
runs of 1 ns length were performed using the Berendsen weak
coupling scheme for pressure and temperature control tp = 7, =
0.5 ps.”® A total of 16 different compositions were investigated
with compositions of x = xcu s0, = {0.0, 0.125, 0.25, 0.3125,
0.40625, 0.5, 0.5625, 0.625, 0.6875, 0.75, 0.8125, 0.84375, 0.875,
0.90625, 0.9375, 1.0} at 7= 300 K, 300 K, and 400 K. In each case
the simulated system consisted of 256 ion pairs in a cubic box
with periodic boundary conditions. As shown in Fig. 1, the density
of the model-system follows rather well the experimental density,
both as a function of temperature and composition. Production
runs of 120 ns (300 K), 48 ns (350 K), and 24 ns (400 K) simulation-
length were finally recorded and analyzed.

2.2 The molecular model

For the description of the potential model, a classical force-
field approach has been used, similar to the OPLS-model of
Jorgensen et al.”” All employed partial charges are atom-centered
and were determined from ab initio calculations of the individual
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Fig. 1 Densities of selected TEATF-TEAMS mixtures as a function of their
composition as obtained from the molecular dynamics simulations at
300 K and 350 K, respectively. The closed symbols refer to experimental
densities obtained at 298 K and 343 K.1®

ions by applying many body perturbation theory (MP2) and
using the 6-311++G** basis set. All reported ab initio calculations
were performed with the Gaussian 09 program.>® The charges
were fitted to the electrostatic potential surrounded by the atoms
using the ESP*® and RESP*° methods. Due to the rather small
size of the ions no significant changes were found between the
ESP and RESP charges. CH;- and CH,-groups treated as united
atoms and represented by a single interaction site. Nonbonded
Lennard-Jones parameters for the triflate-ions were taken from
the [NTF,] forcefield-model of Kéddermann et al,** while the
starting point for the nonbonded parameters for the triethyl-
ammonium were parameters reported by Krienke et al.>* for the
ammonium group, in addition to the TraPPE-parameters of Martin
and Siepmann®® for the united-atom CHj;- and CH,-groups.
The o-parameter for the nitrogen atom needed to be resized to
3.25 A in order to match the H-:--O distance of the hydrogen
bonded ion pair in the gas-phase with the distance obtained
for the energy minimized structure using ab initio calcula-
tions. Constant pressure simulations of the model describes
the density of triethylammonium-triflate quite satisfactorily.
For the methylsulfonate-ion, the Lennard-Jones parameters of
Koddermann were also used for the SO;-group. The starting
point for the Lennard-Jones parameters for the methyl-group
was again the forcefield of Martin and Siepmann.* In this case,
the Lennard-Jones ¢ of the methyl-group needed to be resized to
match the density of the liquid phase of neat triethylammonium-
methylsulfonate. Due to a significantly stronger bond-
polarization of the S-O bond within the methylsulfonate-ion,
compared to the triflate-ion, larger partial charges on the
oxygens were obtained for the methylsulfonate, leading to
stronger hydrogen-bonding with the triethylammonium ion.
In order to represent molecular configurations of the ions
properly, the equilibrium bond distances and angles were
adjusted in such a way that they lead to minimum energy
configurations close to the structures obtained from the ab initio
calculations. All nonbonded Lennard-Jones parameters and
partial charges are summarized in Table 1. The bond-length
and bond-bending parameters can be found in Tables 2 and 3.
Dihedral potentials for intramolecular torsions around the
N-C2-bond in the triethylammonium ion and the S-C-bond in
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Table 1 Non-bonding Lennard-Jones interaction parameters with V;; =
4el(ary)? — (0/r)°] and partial charges used in the MD Simulations of the
PIL-mixtures. Lorentz—Berthelot mixing-rules with o;; = (5;; + ;)/2 and ¢; =

(ei-¢j)"'% were applied for determining the cross-parameters

Atom i oilA ek /K gille|
Triflate

S 4.08 37.3 1.40
(6] 3.46 31.7 —-0.73
C 3.15 10.0 0.48
F 2.66 8.0 —0.23
Methylsulfonate

S 4.08 37.3 1.620
(6] 3.46 31.7 —0.825
C3 2.90 98.0 —0.145
Triethylammonium

H 0.0 0.0 0.37
N 3.25 75.0 —-0.39
C2 3.95 46.0 0.28
C3 3.75 98.0 0.06

Table 2 Harmonic bond-stretching parameters employed in the force-
field model using V{ = (kP/2)-(r; — r})?

Bond i ro/A kp/kj mol ™t A2
Triflate

C-F 1.347 3700.0
C-S 1.860 1850.0
O-S 1.469 5850.0
Methylsulfonate

C3-S 1.8040 1850.0
O0-S 1.4816 5850.0
Triethylammonium

H-N 1.020 2500.0
C2-N 1.500 2500.0
C2-C3 1.540 2500.0

Table 3 Harmonic bond-bending parameters employed in the forcefield
model using Vi = (k/2)- (O — 09

Angle i-j-k 0fx/degrees Kj/kJ mol ' rad 2
Triflate

F-C-F 108.4 650.0
F-C-S 110.5 420.0
C-S-0 102.6 620.0
0-5-0 119.5 850.0
Methylsulfonate

C3-5-0 104.26 620.0
0-S-0 114.14 850.0
Triethylammonium

H-N-C2 108.4 460.0
C2-N-C2 108.4 460.0
C3-C2-N 108.4 460.0

the triflate ions were fitted to ab initio calculations to represent the
molecular conformations accurately. The values are summarized
in Table 4. The full torsion potential also include nonbonded
1-4-interactions. Here both, the nonbonded Lennard-Jones and
Coulomb 1-4-interactions are scaled by a factor of 0.5.
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Table 4 Dihedral-potential for the rotation around the N-C2 bond in the

triethylammonium-ion and for the C-S bond in the triflate-ion according
to Vi = S k3 [1 + cos(my - §)]
m

m{i-j-k-1) Hm K&/kJ mol ™
Triflate F-C-S-O

1 3.0 0.8619
Triethylammonium H-N-C2-C3

1 1.0 8.734

2 2.0 3.224

3 3.0 5.514

4 4.0 —0.465

5 5.0 —0.481

6 6.0 0.756

3 Discussion
3.1 Structure of the ionic liquid mixture

To provide an impression of the structure of the discussed ionic
liquid mixture, a snapshot of the 50:50 mixture of TEATF-
TEMS at T'= 300 K is given in Fig. 2. Indicated are the positions
of the centers of mass of the ions, which can be identified via
their respective colors. From visual inspection it is evident that
the charge of the ions impose a long-range ion-alternating
order, which is leading to a significant structural homogeneity
of the ionic liquid. This behavior is typical for ionic liquids and
has been pointed out earlier by Maroncelli and co-workers.**
The ion-alternating order is a consequence of the fact that the
ions are predominantly surrounded by a solvation shell of ions
with opposite charge. This defining structural feature is well
represented by the location of the first peak of the center-of-
mass pair distribution functions of the ions: in Fig. 3a and b
the center-of-mass pair distribution functions for all ion-pair
combinations are shown for a 50 : 50 mixture obtained at 300 K.
From Fig. 3a we can conclude that the first peak of the anion-
cation pair correlation function is shifted to significantly lower
values, with the dominant first peak of the TEA-MS-pair found
at 0.41 nm, and the peak of the TEA-TF-pair at 0.54 nm. The first
TEA-TEA-peak is found at a much larger distance of 0.70 nm. The
anion-anion pair correlation functions are shown in Fig. 3b: here,

Fig. 2 Snapshot of a 50:50 mixture of TEATF-TEAMS at T = 300 K. The
spheres represent the centers of gravity of the ions. The TEA-positions are
indicated by blue spheres. The triflate- and methylsulfonate-positons are
color-coded in white and yellow, respectively.
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Fig. 3 Complete set of ion—ion center of mass pair distribution functions
g(r) obtained for the 50 : 50 mixture of TEATF-TEMS at T = 300 K.

we would like to point out that, besides the dominant main first
peak around 0.8 nm, there also exists pre-peak at a distance of
about 0.55 nm, which is most strongly pronounced for the
correlation between the two methylsulfonate ions, and is only
weakly pronounced in the pair-correlation of the triflate-ions. In
addition, Fig. 3b also shows that this structural feature of the first
peak is completely absent for the TEA-TEA correlations. The pre-
peak in the anion-anion pair correlation function is indicating the
existence of direct anion-anion contacts, whereas direct cation—
cation contacts are apparently avoided. Moreover, also the snap-
shot in Fig. 2 reveals the presence of anion-anion-pairs in close
proximity on many occasions.

The coordination number of the ion-solvation is deduced
from the anion-cation pair correlation functions, shown in
Fig. 4a and b for both pure ionic liquids. First, we would like to
point at the characteristic three-sub-peak nature of peak of the
first solvation-shell, which is present in both ionic liquids,
although significantly more ““structured” in the case of TEAMS.
The integral over the pair correlation function reveals the number
of neighbors as function of their distance

Here p represents the number density of the selected ion-species.
The data for N(r) are also given in Fig. 4. Integrating over the
entire first peak leads to a consistent number of nearest neigh-
bors of about 6.8 to 6.9 counter-ions for both ionic liquids.
Here, the first sub-peak corresponds in both cases to about
one neighbor, strongly suggesting that this is indicative of a
hydrogen-bonded ion-pair configuration. The second and third

. N e w0 e R dr—T T 12
|- TEA-CH_SO, |- TEA-CF,SO.
35 9P (a)_ 10 35 8PV 10
3 3
[ [ 8
_ 25 I N § _ 25 §
= 2f c = 2+ 6 <
=) [ > O L i
[} [}
1.5 N z 1.5 C 4 2
1+ 1+
05 5[ 2
L. P I o~ P N P
92 04 06 08 1 12 32 04 06 08 1 12

r/nm r/nm

Fig. 4 Anion-cation center of mass pair distribution functions g(r)
obtained for (a) pure TEAMS and (b) pure TEATF at T = 300 K. The position
of the first minimum is used as a cut-off distance for the nearest neighbor
computation (TEA-MS: 0.78 nm, TEA-TF: 0.81 nm).
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sub-peaks are contributing about three additional neighbors
each. Both are apparently related to configurations with different
orientational order. As shown in Fig. 5, the average first-shell
counter-ion coordination number of about 6.8 to 6.9 remains
constant over the entire mixture range.

At this point we would like to discuss apparent deviations
from an ideal mixture-behavior in these ionic liquids: a signifi-
cant structural difference between the pure liquids and the
mixture is observed for first sub-peak of the anion-cation pair
distribution functions for the 50:50 TEATF-TEAMS mixture,
shown in Fig. 3a, compared to the pure liquids shown in
Fig. 4. From Fig. 4 it is evident that the first sub-peak has about
the same height for both pure ionic liquids. In the 50 : 50 mixture
(Fig. 3a), however, the first peak is very strongly pronounced
for the TEA-MS pair, and is almost completely absent for the
TEA-TF pair, which is suggesting a preference for the formation
of TEA-MS hydrogen bonded conformations. This preference
is also evident from Fig. 2, where many of the supposedly
hydrogen-bonded TEA-MS-pairs can be identified as dumbbell-
like configurations, formed by a pair of blue and yellow spheres.
This imbalance of the hydrogen-bond strengths has also a
surprising consequence for the structure of solvation-shells of
the ions in the mixture. In Fig. 5 the average coordination-
number of the anions surrounding a central cation is depicted as
a function of the mixture-composition. While the total number
of anions varies only slightly between 6.8 and 6.9 as a function of
mixture composition, the build-up of the individual solvation
shells changes more strongly: as shown in Fig. 5, in a 50:50
mixture the average number of TF-anions (Nyg = 3.82) in the first
solvation shell of a TEA-cation is significantly larger than the
number of MS-anions (Nys = 3.08). This imbalance is also
represented in the solvation shell of the anions: Fig. 6 shows
the distribution of the number of the TEA-cations in the first
solvation shell around each anion. For the pure ionic liquids
(given in Fig. 6a), the distribution functions are almost identical
with a maximum at 7 neighbors. In the 50-50 mixture, however,
the distribution for methylsulfonate is shifted to lower values,
with a maximum at 6, whereas the distribution for triflate is
shifted to larger values. Apparently, the triflate-ion is able to

13 - oo chaso3 L
C o—a CH,SO, ]
8- A—A Sum ]
7‘_, —_
6 =
z 5[ N
4t =
3r 7
2 7
Uil 0]
0 ) | I | I | ! | Lo
0 02 04 06 08 1
XcH,s0,

Fig. 5 Average number of both anion species N, as well as their sum,
found in the first solvation shell of a TEA-cation as a function of mixture
composition at T = 300 K.
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Fig. 6 Distribution of the number N of TEA-cations in the first solvation
shell of the triflate- and methylsulfonate-anions at T = 300 K. (a) Pure ionic
liquids (b) 50 : 50 mixture of TEATF—TEAMS.

Fig. 7 Distribution of the number N of TEA-cations in the first solvation
shell of the triflate- and methylsulfonate-anions in a 50:50 mixture of
TEATF-TEAMS obtained for T = 300 K and T = 400 K. (a) Methylsulfonate—
TEA (b) triflate-TEA.

“steal away” cations from the methylsulfonate in the mixture.
This effect might be just due to the larger size of triflate-ion
compared to the methylsulfonate. However, the reduced number
of TEA-cations in the solvation shell of methylsulfonate leaves
the methylsulfonate-ion prone to direct anion-anion contacts in
the mixture as observed in Fig. 3. The number of TEA-cations
attracted by the triflate- and methylsulfonate-ions is related
with an average free energy of association, which has, of course,
both entropic and an enthalpic contributions. The temperature
dependence of the distribution functions shown in Fig. 7
indicates that the “binding” of TEA to the triflate-ion is signifi-
cantly more temperature-sensitive than that of TEA to the
methylsulfonate-ion and, hence, can be considered more weakly.

3.2 Hydrogen bonding

Numerous geometrical procedures for the determination of
hydrogen bonds have been proposed® in the past. Mostly,
they rely on distance criteria in addition to some angular
constraints.*>?® We will see that for the case of protic ionic
liquids discussed here, the use of angular constraints can even be
omitted, since the distance distribution between the ammonium-
hydrogen and the sulfonate-oxygen itself does very well dis-
criminate between hydrogen bonded and non-hydrogen
bonded states. As shown in Fig. 8, the pair correlation function
between an ammonium-hydrogen and the sulfonate-oxygen
exhibits a very sharp narrow first peak which goes almost down
to zero for both, the pure ionic liquids, as well as for the
mixtures. The number of nearest oxygen-neighbors around a
hydrogen atom as a function of distance has a very well defined
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Fig. 8 H-O intermolecular site-site radial pair distribution functions g(r)
obtained for pure TEATF and TEAMS ionic liquids and their 50 : 50 mixture
at 300 K. Also shown are the number of nearest neighbors as a function of
distance N(r). (a) pure TEATF (b) pure TEAMS (c) H-O correlation between
TEA and TF in the xus = 0.25 mixture (d) H-O correlation between TEA and
MS in the xus = 0.25 mixture.

step-like form with a plateau at 1 for the pure liquids, which
indicates that an N-H-group in both ionic liquids stays practi-
cally always involved in a hydrogen-bond. Here we use a distance
criterion of 156 < 0.24 nm to define a hydrogen bond for both,
the triflate- and the methylsulfonate-ions. When applying this
cutoff-distance of 0.24 nm, the sum of the computed number
of oxygen-neighbors N for both anion-species add up to one
with N < |£0.01| for all investigated mixtures and tempera-
tures. To further substantiate that the intermolecular H-O
distance is a proper criterion for a hydrogen-bonded configu-
ration, we have computed a probability density map of the
distance ryo and the cosine of the angle on_ps-0 between
the N-H bond on the TEA and the respective S-O-bond on the
methylsulfonate anion, depicted in Fig. 9. The density-plot in
Fig. 9 shows that distances 130 < 0.24 nm correspond to an
anti-parallel alignment, essentially confined to angles between
120 and 180 degrees. A second basin located at larger distances
is well separated from the hydrogen-bonded basin by a free
energy barrier at about ry_o &~ 0.24 nm. The minimum of the
second basin is located at a 60 degree angle, which is certainly
incompatible with hydrogen bonded configurations. In fact,
these configurations correspond to correlations with oxygen-
sites adjacent to the oxygen involved in a hydrogen bond. An
alternative representation is given in Fig. 10a, showing those
angle-distributions for selected ry_o-distance intervals. Dis-
tances with ry_o > 0.44 nm show almost no orientational bias
with respect to the N-H and S-O bonds involved. For compar-
ison, Fig. 10b shows the distribution of the cosine of the angle
between the intermolecular N-O-vector and the N-H-bond
on-a/N-0, Which has been used previously to identify linearly
hydrogen-bonded configurations.*® An angular cutoff of 30 degrees

is suitable for hydrogen-bonds in liquid water.*>*® In the ionic
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Fig. 9 Logarithmic representation of the probability-density of finding an
intermolecular H-O distance ry_o and the cosine angle between the
respective N-H and S-O vectors cos(on-n/s—o) obtained for the TEA-
methylsulfonate pairs in a 50:50 TEAMS-TEATF-mixture at 300 K. The
pairs were preselected with respect to their intermolecular N-O distance
using ry-o < 0.8 nm.
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Fig. 10 Distribution of the cosine angles between two vectors for selected
ry-o-distance ranges. (a) Cosine angle between the N—H-vector in TEA and
S-0O vector in methylsulfonate cos(an_s-o) (b) cosine angle between
N-H-vector in TEA and intermolecular N-O vectors cos(an-_p/n-0). Data is
shown for TEA—methylsulfonate pairs in a 50 : 50 TEAMS—-TEATF-mixture
at 300 K. The pairs were preselected with respect to their intermolecular
N-O distance using ry-o < 0.8 nm.

liquid systems discussed here, the computed on_pn-o fall well
below this threshold. In fact, the computed op_p/n-0 cOmplies with
a much narrower threshold-value of about 18 degrees, suggesting
an even better defined linear hydrogen-bond configuration as in
liquid water. We conclude that the O-H distance is a suitable
measure to identify hydrogen bonds for the discussed systems.
This has to be attributed to the peculiarities of the investigated IL,
where we only have a single hydrogen-bond donor located on the
cation, which is partially shielded by the ethyl-groups, in combi-
nation with an abundance of rather strong hydrogen-bond
acceptor sites on the anions.

In the previous section we have seen that hydrogen bonding
also affects the center-of-mass pair correlation functions and
is assumed to be responsible for the splitted first peak of
the anion-cation pair correlation function (shown in Fig. 4).
As shown in Fig. 8c and d, the hydrogen-bond donated by the
cation in the mixture is not shared by both anions according
to their abundance in the mixture (xps = 0.25). In fact, the
hydrogen bond to the methylsulfonate-ion appears to be formed
in the majority of cases, shifting the equilibrium towards the
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Fig. 11 Percentage of TEA-cations connected via a hydrogen bond to
either a triflate- or a methylsulfonate-ion as a function of the mixture-
composition at 300 K and 400 K, respectively.

formation of hydrogen bonds with the methylsulfonate-ion. This
effect is not unexpected, given the larger negative partial charges
on the methylsulfonate-oxygen sites. To quantify the shift, we
have computed the percentage of TEA-cations involved in a
hydrogen bond with respect to either anion (see Fig. 11). The
data shown in Fig. 11 demonstrates the shift in equilibrium, and
also indicates only a weak temperature dependence. Moreover,
from the equimolar mixture we can directly estimate the differ-
ence in strength of the hydrogen-bond of a TEA-ion to either
anion as a free-energy difference at 300 K according to AG}p =
—RT In Kyp ~ 5 kJ mol~! with Kup = Yupre/yusms ~ 0.13.

The fact that both anions can accept up to three hydrogen
bonds and that these hydrogen bonds are differently strong
leads to a formation of hydrogen-bonded aggregates of varying
size as a function of the composition of the mixture. First, we
discuss the total number of hydrogen bonds accepted by each
of the anions as a function of the mixture-composition shown
in Fig. 12. In the pure liquids, each anion accepts on average
one single hydrogen bond. Since each sulfonate group can
accept up to three hydrogen-bonds, the strong TEA-MS hydro-
gen bonds causes the methylsulfonate-ion to accepting about
up to 2.8 hydrogen bonds in the diluted solution (xyg — 0).
By increasing the methylsulfonate-concentration, this number

ST
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i Q‘ o TF(300K) -
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s L 8. ]
.
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Fig. 12 Average number of hydrogen bonds accepted by the triflate- and
methylsulfonate-ions at 300 K and 400 K, respectively.
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drops monotonously, since the methylsulfonate-ions start to
compete with each other for TEA hydrogen-bonds. The triflate-
ion in the dilute triflate-solution (xys — 1) only receives about
~0.1 hydrogen-bonds on average, and is hence almost com-
pletely stripped of hydrogen bonds.

The distribution of the hydrogen-bonded aggregates are
finally shown in Fig. 13. Indicated are the percentages of
each of the anions connected to either no, one, two or three
TEA-cations via hydrogen-bonding. Note that for both pure
ionic liquids, the distribution of aggregate sizes is almost
identical: single hydrogen-bonded (n = 1) aggregates contribute
about x50%, whereas the configurations with no (n = 0) and
two hydrogen bonds (n = 1) are both near at about ~24%.
Configurations with three hydrogen bonds (n = 3) are rare and
contribute only to x~2-3%. With increasing methylsulfonate-
concentration, the population of triflate-ions with no hydrogen-
bonds (“free” triflate-ions) is increasing strongly to a plateau
value of about 85% to 90% for xy;s — 1. At the same time the
percentage of configurations with one hydrogen bond drops
down to 10% to 15%. Configurations with more than one
hydrogen bond are practically non-existent. With increasing
triflate-concentration, on the other hand, the methylsulfate-ions
attract more and more hydrogen-bonds, leading to an increasing
percentage of MS-ions attached to two (n = 2) and three (n = 3)
TEA-cations. Here the configurations with two hydrogen-bonds
first increase, but are getting increasingly replaced by config-
urations with three hydrogen-bonds. For xys — 0, finally,
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Fig. 13 Percentage of triflate- and methylsulfonate-ions hydrogen-
bonded to zero, one, two, and three TEA-cations as a function of the
mixture-composition. Open symbols: 300 K. Closed symbols: 400 K (a)
methylsulfonate (b) triflate.
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the n = 3-fraction represents the majority of configurations
with ~75%, and n = 2 representing the rest with ~25%.
Configurations with no or one hydrogen-bond have practically
vanished.

We summarize that the exact size and distribution of the
hydrogen-bonded aggregates is apparently determined by the
strengths of the hydrogen-bonds, the number of hydrogen-
bonded donors and acceptors on the ions, as well as their
respective coordination-numbers. In the following section, we
will introduce a “cartoon-like” representation of the ionic liquid,
which is based on a minimal set of assumptions extracted from
our MD-simulation, and can be used compute the observed
cluster-sizes as a function of the mixture-composition in a semi-
quantitative fashion.

3.3 A “cartoon-like” model of hydrogen bonding in the IL
mixture

For a better understanding of the hydrogen-bonded cluster-
sizes in the IL mixtures, we would like to introduce a simplified
description of the hydrogen bond equilibrium. For this purpose
we construct a simplified model of the ionic liquid as outlined
in Fig. 14. Here, the liquid is represented by a cubic lattice,
where the anions and cation occupy sites in an alternating
fashion, leading to a octahedral coordination of each ion with a
coordination number of ¢ = 6. In addition, we assume that each
TEA-cation stays always involved in a hydrogen-bond, and is
pointing with its N-H-bond towards one of the ¢ surrounding
anions. In a pure ionic liquid, the cation-anion hydrogen-bond
is, of course, supposed to connect the TEA-cation randomly
with one of its ¢ anion neighbors. If each anion would be able to
accept ¢ hydrogen-bonds from the surrounding TEA-cations
equally well, the probability of finding an anion accepting n
hydrogen-bonds simultaneously P., would exactly follow a
binomial distribution

c! .
Pc,n:m'P"’(l -p), 2

T(Eﬂa

H

! L ~NED;
HN(E), | /O/

=0
/\Cﬂ H—N(Et),
HN(Et);
HN(Et),

Fig. 14 “Cartoon-like" representation of the ionic liquid: the liquid is repre-
sented by a cubic lattice, where the anions and cations occupy sites in an
alternating fashion. Each ion is octahedrally coordinated and surrounded by
¢ = 6 counter-ions. Each anion (either triflate or methylsulfonate) can accept
up to three hydrogen bonds. The N—H groups of each of the TEA-molecules
are involved in a hydrogen-bond to one of their ¢ surrounding neighbors.
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where p represents the probability of a TEA-cation pointing
with its N-H bond towards the central anion. Assuming a
purely random orientation of the TEA-N-H-bond on the lattice,
p corresponds to the inverse coordination number of the TEA-
ion (p = 1/c). However, to account for the fact that the triflate
and methylsulfonate-anions can each accept only up to three
hydrogen-bonds, we have to modify the distribution function
by introducing configuration-specific weights-factors w, , with
W, =0 forn > 3.

c!

Pen= 1 Q_I Wep Pl (I-p). 3)

nl(c —n)!

To ensure proper normalisation, the modified weights are
counter-balanced by a constant Q, which has to be computed
numerically according to

c '
0= ey e PP @)

n=0

In a first step, we will discuss a situation, where the non-zero
statistical weights are all equal (w,, = 1 for n < 3). In addition,
we will assume that the chosen weights do not change as
function of the mixture-composition. In the mixture, however,
the hydrogen-bond of TEA to each of the two anion-species
varies in strength. This will, hence, also modify the hydrogen-
bond acceptance probability for each of the anions. In all cases,
the TEA cation points to one of the ¢ surrounding neighbors
with a site-specific probability p;. Of course, those probabilities
do add all up to unity:

Since each of the sites i is assumed to be statistically occupied
by one of the two anion-species according to their mixture
composition x = xys, the average probability p; of accepting a
hydrogen-bond is hence a composition-weighted sum of the
individual probabilities of the anions according to

Di=xpus+ (1 — X)pre (6)

From eqn (5) and (6), the universal anion-specific hydrogen-
bond-acceptance probabilities follow as

1
ex 4ol =x)f

1
exf~l+¢(1—=x)

PMs =
)

PTF =

with f = pre/pms. From eqn (7) we can directly determine the
fraction of times, a N-H bond of a TEA-cation points to either a
methylsulfonate- or triflate-ion as

VHBMS = €X - PDMS
1 (8)
1+/(1—x)x!
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and

yustF = c(1 —X) - prr
1 )
SRR

The ratio f can be determined from MD simulation data by
taking the values for the fraction of hydrogen-bonds of one
TEA-molecule to each of the two anion-species from the equi-
molar mixture. Using the data shown in Fig. 11, we determine
f = Yus,re/YusMms & 0.13. Assuming that f does not change
significantly as a function of the composition x, we can now
compute the hydrogen-bonded cluster sizes P, for both, the
methylsulfonate and the triflate anions, as well as the average
number of hydrogen bonds accepted by each anion according to

¢
NHB = Zn . P(;n (10)
n=0

Fig. 15 shows the prediction of the sizes of the hydrogen-
bonded aggregates according the model using equal weights
with wg ,, = 1 for n < 3 and we, = 0 for n > 3. Essential features
of the distributions obtained from the MD-simulation, such as
the existence of a maximum of MS-TEA aggregates with two
hydrogen bonds, are well recovered by just using an approx-
imate coordination number, and taking into account that both
anions can accept no more than three hydrogen bonds. Also,
the percentage of hydrogen-bonds of TEA to either anion-
species, as well as the total number of accepted hydrogen
bonds (Fig. 16) are nicely captured. However, the distribution
of aggregate-sizes in the pure TEAMS and TEATF liquids are not
correctly represented. In particular, the model underestimates
the single-bonded configurations and overestimates the con-
figurations with no hydrogen-bond. To better represent the
distribution within the pure liquids and to improve the model,
we adjust the non-zero weight-factors w,, for n < 3 to match
the MD simulation results (as shown in Fig. 13) for the
respective pure ionic liquids with Pg o = 0.24, Ps; = 0.51, Pg, =
0.22, and Ps 3 = 0.03. For simplicity, we use the same values for
both, TEATF and TAMS. Those probabilities are recovered by
using statistical weights of weo = 0.75, W = 1.3, we, = 1.12,

PN T I S N N I Y

02 04 06 08
XcH,s0,

Fig. 15 Percentage of methylsulfonate- (a) and triflate-ions (b) hydrogen-

bonded to zero, one, two, and three TEA-cations, as a function of the

mixture-composition at 400 K. Symbols: MD-simulation. Solid lines:

model using equal statistical weights with wg,, = 1 forn < 3 and wg, = 0

forn > 3.
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Fig. 16 (a) Percentage of TEA-cations connected via a hydrogen bond to

either a triflate-ion or a methylsulfonate-ion as a function of the mixture-
composition. (b) Average number of hydrogen bonds accepted by the
triflate- and methylsulfonate-ions. Open symbols: MD-data obtained at
400 K. Solid lines: model using equal statistical weights with wg,, = 1 for
n < 3and we, =0 forn > 3.
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Fig. 17 Percentage of methylsulfonate- (a) and triflate-ions (b) hydrogen-
bonded to zero, one, two, and three TEA-cations, as a function of the
mixture-composition at 400 K. Symbols: MD-simulation. Solid lines:
model using statistical weights adjusted to the distribution in the pure
liquids with weo = 0.75, we1 = 1.3, wer = 112, wgs = 0.5, and weg, = O
forn > 3.

and we 3 = 0.5 for both anions. The weight-factors indicate that
the anions in the pure IL feel most comfortable with just
one hydrogen bond pointing towards them. Situations with
three hydrogen bonds have a significantly lower statistical
weight, most likely due to orientational restraints, introduced
by a configuration involving three hydrogen bonds to adjacent
ions. Particularly, the situation without any hydrogen-bonds
exhibits a significantly reduced statistical weight compared
to the random distribution of hydrogen-bonds. The distribu-
tion of clusters shown in Fig. 17 demonstrate a significant
improvement, leading to a semi-quantitative description of
the MD-data. Moreover, the good overall description of the
simulation-data by our model is suggesting that the two
anion-species are statistically distributed in the liquid. How-
ever, also certain weaknesses of the model are evident, parti-
cularly for the percentage of hydrogen-bonds of TEA to either
anion-species in the range xys < 0.3. By introducing a
composition-dependent factor f(xys) a better representation
of the data shown in Fig. 16a and 18a could be achieved
(not shown). Interestingly, this does, in fact, worsen the
description of the distribution of cluster-sizes, indicating the
need to also account for the changing coordination-numbers,
and thus pointing at the limits of the model.
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Fig. 18 (a) Percentage of TEA-cations connected via a hydrogen bond to
either a triflate-ion or a methylsulfonate-ion as a function of the mixture-
composition. (b) Average number of hydrogen bonds accepted by the
triflate- and methylsulfonate-ions. Open symbols: MD-data obtained at
400 K. Solid lines: model using statistical weights adjusted to the distribu-
tion in the pure liquids with wg o = 0.75, we1 = 1.3, we» = 1.12, wez = 0.5,
and wg,, = 0 forn > 3.

4 Conclusions

We have reported results of molecular dynamics simulations
characterising the hydrogen bonding in mixtures of two protic
ionic liquids sharing the same cation: triethylammonium-
methylsulfonate and triethylammonium-triflate. The triethyl-
ammonium-cation acts as a hydrogen-bond donor, being able
to donate a single hydrogen bond. Both, the methylsulfonate-
and the triflate-anions can act as hydrogen-bond acceptors,
which can accept multiple hydrogen bonds via their SO;-
groups. Replacing a methyl-group in the methylsulfonate
by a trifluoromethyl-group in the triflate significantly
weakens the strength of a hydrogen bond from an adjacent
triethylammonium-cation to the oxygen-site in the SOz-group of
the respective anion. Our MD simulations show that these
rather subtle differences in hydrogen bond strength signifi-
cantly affect the formation of differently-sized hydrogen-
bonded aggregates in the mixtures as a function of the
mixture-composition. A defining structural feature of ionic
liquids in general and of the studied protic ionic liquid in
particular is the charge-alternating order of the ions, leading to
counter-ion coordination numbers between six and eight. This
fact is represented in a simple “cartoon-like” lattice model of
the liquid, placing ions on a cubic lattice in an alternating
fashion with an approximate counter-ion coordination number
of six. By introducing statistical weights that mostly account for
the fact that each anion can only accept up to three hydrogen
bonds, and by adjusting the balance between of the hydrogen
bond of TEA to either of the two anions, the simple model is
able to qualitatively predict the distribution of differently-sized
hydrogen-bonded aggregates as well as the total number of
hydrogen bonds accepted by the anions as a function of the
mixture-composition. By adjusting the statistical weights for
each cluster in such a way that the cluster sizes match the
distribution observed in the pure liquids, an even semiquanti-
tative description of the data obtained from MD simulation
emerges. Finally, we would like to comment of the issue of
the “doublesaltiness” of the studied ionic liquid mixture as
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pointed out by Rogers et al.® Their line of reasoning is that in a
mixture of ILs, the constituents (ions) do not seem to retain
their individual nature. Hence, they proposed to consider them
as double-salt ionic liquids. We think that our model-system is
a particularly nice demonstration of the concept: although the
pure ionic liquids and their mixtures exhibit great similarity
with respect to the overall ion-alternating structure, each of the
statistically distributed anions experiences a completely different
local environment.
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We report a joint experimental and theoretical study characterising the hydrogen bond (HB) redistribution in
mixtures of two different protic ionic liquids (PILs) sharing the same cation: triethylammonium—methanesulfo-
nate ([TEAJI[OMs]) and triethylammonium-—trifluoromethanesulfonate ([TEAJ[OTf]). The mixing behaviour deviates
strongly from ideality, exhibiting large negative energies of mixing. In the PIL, the [TEA] cation acts as a HB
donor, being able to donate a single HB. Both, the [OMs] and the [OTf] anions can act as HB acceptors, which
can accept multiple HBs via their respective SOs-groups. We use a combination of molecular dynamics (MD)
simulations, calorimetry, and *H-NMR chemical shift measurements to determine the difference in HB strength
between the two species to be about 13 kJ mol™?, favouring the [TEAI-[OMs] interaction. Based on our MD

Received 13th March 2022, simulations we are able to formulate a lattice model, discriminating between HB and nonspecific intermolecular

Accepted 11th May 2022 interactions. We demonstrate that, due to the ordered structure of the PILs, mostly the HB interactions contri-
bute to the mixing energy. This allows to us to connect the equilibrium of HBs to each of the two anion spe-

cies with the mixing energies by a simple relation, which is obeyed by both, MD-simulation as well as
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1 Introduction

Protic ionic liquids (PILs)'™ have attracted considerable interest
since they exhibit qualities other solvents often lack: a gentle
solvation behaviour,” low toxicity,® electrochemical stability,” and
biocompatibility.® Mixtures of ionic liquids (ILs), also called “Double
Salt TLs” (DSILs),’ have gained increasing attention in recent
years.'”*" The concept of DSILs has been introduced since pure
ILs already consist of two components with possibly antagonistic
properties. Hence mixtures of two ILs experience a degree of
variability, typically not accessible to mixtures of molecular liquids.
Tons may even “switch their identity” in the mixture.” IL mixtures
are often characterised according to their deviation from Raoult’s
law, which is indicating ideal mixing.** The interactions between the
ions, of course, dictate whether nonideal behavior is observed.
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experimental calorimetry and *H-NMR chemical shift data.

Hydrogen bonding,”*** but also strong dispersion interactions®
can introduce a significant nonideality. By measuring the enthalpy of
mixing,”*®" those changing interactions can be investigated
directly. If the enthalpy of mixing is close to zero, the interactions
scale exactly proportional to the mixture composition, which is the
very definition of ideal mixing. Positive or negative enthalpies of
mixing, however, imply the “making or breaking”® of interactions
and are therefore often related with changes of the liquid-
structure.®

Mixtures of ILs have been studied extensively. Navia et al.
have investigated mixtures of imidazolium-based ILs with
[BF,]™, [PFs], and [OMs]  as counter ions.*® For mixtures
sharing the same anion but with different cations (with varying
chain length) positive enthalpies of mixing were oberved,
whereas the opposite was found for mixture with the same
cation but different anions.

Molecular dynamics (MD) simulations by Castejon and
Lashock analysed volume-related effects on mixtures.'” Their
simulations revealed that mixtures of ions with comparable
molar volumes exhibit a negative enthalpy of mixing and follow
the cross-square rules of mixing. Mixtures with different molar
volumes, however, exhibited a positive enthalpy of mixing.

Since 2013 Costa Gomes and coworkers have thoroughly
investigated mixtures of imidazolium-based ILs. First they
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focused on mixtures of ILs sharing the same anion with varying
cations. Initially, they could confirm the findings by Navia
et al.™ A mixture with two different anions ([Csmim][NTf,]
and [C,mim][PFs]), however, exhitibted a strongly positive
enthalpy of mixing, which is contradicting the findings of Navia
et al. Strong negative enthalpies of mixing could be observed for
mixtures of [C;mim][OAc] and [C,mim][C(CN);], which were
attributed to changes in the hydrogen bonded network.”® In a
subsequent study”® they concluded that mixtures with the same
cation but different anions typically show a negative enthalpy of
mixing. A recent study,” however, is less conclusive: the
mixture of [Cymim][OAc] and [P,444][OAc] is showing a strong
negative enthalpy of mixing, whereas mixtures of
[C,mim][N(CN) ,] and [Nu41][N(CN) ,] showed a positive
enthalpy of mixing with a maximum slightly moved to larger
mole fractions of [C,mim][N(CN] ,].

Hydrogen bonding has been shown to have a strong influ-
ence on the mixing behaviour. Herrera et al. investigated
imidazolium-based IL mixtures with amino acid anions and
found both, negative as well as positive enthalpies of mixing.
These observations were attributed to different hydrogen
bonded structures.** Docampo-Alarez et al. have mixed protic
and aprotic ILs and could show that all of these mixtures
exhibit negative enthalpies of mixing, depending on the alkyl
chain length, size of polar regions and hydrogen bonding.>

Extensive reviews of IL mixtures, including discussions of
the enthalpies of mixing are given in publications from 2012,**
2014, and 2016.*®

In this study we investigate a mixture of the two PILs:
triethylammonium methanesulfonate ([TEA][OMs]) and triethyl-
ammonium trifluoromethanesulfonate ([TEA][OTf]). This parti-
cular mixture offers the possibility to separate contributions
due to hydrogen bonding from other nonspecific intermolecu-
lar interactions to the energy of mixing. In the mixtures the
N-H group of the [TEA] cation can act as a HB donor, whereas
the SO;z-groups of both anions can accept up to three HBs. It
has been shown by both, experiment and theory that HBs
between [TEA] and [OMs] are stronger than those between
[TEA] and [OTf].>*%>* As a consequence, MD simulations were
able to detect a significant redistribution of HBs between a
cation and the two anions in the mixture.”>>*® Since the
solvation shell of each anion is almost entirely composed of
[TEA] cations, the local environment of each anion the mixture
and in the pure PILs are very similar, such that HB redistribu-
tion is most likely a dominant contribution to the nonideal
mixing behaviour. In a recent statistical mechanical analysis we
were able to show that HB redistribution could even lead to an
overall negative entropy of mixing, and create a situation that
the entire mixing process is driven by enthalpy, and not
entropy.”®

In this contribution, we will use MD simulations to demon-
strate that HB redistribution is leading to large negative ener-
gies of mixing by formulating a lattice model relating the
energy of mixing with the amount of HB redistribution and
the difference in strength of HB interactions. Subsequently,
this model is applied to experimental enthalpies of mixing and
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experimental HB redistribution data obtained from 'H-NMR
chemical shift measurements, and will enable us to experimen-
tally obtain the difference in HB interaction strength between a
[TEA] cation and the two anion species.

2 Methods

2.1 Molecular dynamics simulations

To study pure PILs and their mixtures, we performed isobaric
isothermal (NPT) MD simulations using GROMACS 5.0.6.>” We
investigated eleven compositions between xops = 0.0 and xXopms =
1.0 for six temperatures between T = 300 K and 7' = 400 K at a
pressure of 1 bar. All studied systems were composed of 500 ion
pairs. Simulation boxes were constructed using PACKMOL>®
and equilibrated for 3 ns using the Berendsen-thermostat with
a coupling constant of 7p = 0.5 ps as well as the Berendsen-
barostat with a coupling constant of 1, = 0.5 ps.*® For all
mixtures, production runs of 50 ns were carried out employing
the Nosé-Hoover-thermostat®”°* (t; = 0.5 ps) and the Rahman-
Parrinello-barostat®®®® (t, = 2.0 ps and yr = 33 x 10 ° bar ')
using a time-step of 2.0 fs. Bond lengths were kept fixed by
employing the LINCS algorithm.®® Long range electrostatic
interactions were treated by using smooth particle mesh Ewald
summation® (real space cutoff 0.9 nm, mash spacing of 0.12 nm,
4th order interpolation and convergence factor 3.38 nm™'). For
analysing the simulations we used GROMACS® and MOSCITO®
tools. In addition, the computation of the properties from MD data
were determined using home-built software based on the
MDAnalysis,*”*® NumPy,*® and SciPy”® frameworks. All force fields
used are described in detail in ref. 22 An extensive summary of the
performed simulations and of the computed properties can be
found in Section S1.1 of the ESL{ Simulation-related files are
permanently publicly available from the RosDok repository of the
University of Rostock.”*

2.2 Preparation of PILs and mixtures

The pure PILs were synthesised, properly dried, and charac-
terised as described in earlier studies.” The water content of
the pure PILs was below 100 ppm, as detected by using the Karl
Fischer titration method. The PIL mixtures were prepared
under an argon atmosphere and properly stirred until they
reached homogeneity as described in ref. 23. We estimate that
indicated mixture compositions are within
<0.5 Mol%.

accurate

2.3 'H-NMR chemial shift measurements

All NMR measurements were performed using a BRUKER
Avance 500 spectrometer. Details about the spectrometer setup
can be found in ref. 72. We measured the '"H-NMR chemical
shifts of the N-H proton located on the [TEA] cation in the pure
PILs and in mixtures with compositions Xops = 0.25, Xoms = 0.5,
and Xops = 0.75. The measured spectra are provided in Section S3
of the ESL{ Using tetramethylsilane (TMS) as an external
references, we obtained downfield chemical shifts for the N-H
proton of 3('H,[TEA][OMs]) = 7.22 ppm for [TEA][OMs] and

Phys. Chem. Chem. Phys., 2022, 24,14740-14750 | 14741



Published on 11 May 2022. Downloaded on 7/21/2022 2:41:19 PM.

PCCP

3("H,[TEA]J[OT{]) = 8.88 ppm for [TEAJ[OTf] at 298 K, respec-
tively. This reflects the expected order for the increasing
interaction strength of the anions in the sequence [OMs] >
[OTf], as obtained from FIR measurements®>** and quantum
chemical calculations.*® The '"H-NMR chemical shifts of the N-
H proton in the mixtures were obtained as follows: 5("H, xoms =
0.25) = 7.87 ppm, §("H, xoms = 0.5) = 8.32 ppm, and 5(*H, xops =
0.75) = 8.68 ppm.

2.4 Calorimetric measurements

The partial molar excess enthalpies of the mixtures were
measured at 7 = 298.15 K using the TAM titration calorimeter
(Thermometric, Sweden). The systems were measured in a 4 mL
stainless steel reaction cell. The cell was filled with pure PILs
[TEA][OMs], or [TEA]J[OTf] or the mixture of PILs and titrated by
pure [TEA][OMs] or [TEA][OT] from 250 pL syringe using the
Lund pump. 20 injections of 10 uL of pure PIL were injected
into cell. The content of the cell was stirred at 85 and 100 rpm
using the gold propeller stirrer. The reference cell contained
0.9456 g of [TEA][OMs]. More details on experimental settings
and data analysis are given in Section S3 of the ESL7

3 Results and discussion
3.1 Hydrogen bonds and hydrogen bond redistribution

Charge-induced order plays an important role in ionic
liquids.”>”7° This applies also to pure [TEA][OMs], [TEAJ[OTT],
and their mixtures, as illustrated in Fig. 1a. In an IL each ion is
typically surrounded by a solvation shell predominantly con-
sisting of counter ions, leading to long-ranged structural
correlations.”””® Since the [OTf] and [OMs] anions are of
similar size, the average coordination number was found to
vary only marginally between 6.8 and 6.9 as a function of the
mixture composition.””> Here the coordination number was
defined by a center of mass distance of 0.8 nm between ions
of opposite charge, representing the location of the first
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minimum of anion-cation pair correlation functions. The nar-
row distribution of coordination numbers (see Fig. 6 of ref. 22)
with a maximum at seven neighbours and a half width of about
2.5 neighbours, also suggests a rather well preserved structural
uniformity. As illustration, a representative snapshot of a [TEA]
cation solvated by anions in a [TEA][OMs]/[TEA][OT{] mixture is
provided in Fig. 1b.

The studied [TEA]'/[OMs] /[OTf]  systems are defined by
doubly ionic hydrogen bonding. A comprehensive characterisa-
tion of the HBs would perhaps need to consider their electronic
structure.””””® Since quantum mechanical calculations on this
scale are not yet feasible, the use of geometrical criteria is the
second best alternative. Here bonded states are identified as a
basin of the free energy as a function of appropriate geome-
trical parameters, separated by barriers from non-bonded
states.*>®! Previously, we have shown that no angular con-
straints are required for identifying HBs donated by the N-H
group of the [TEA] cations and accepted by the SO; groups of
[OMs] and [OTf] anions®* (see Fig. 1c). Instead, the distance
distribution between the ammonium-hydrogen and the
sulfonate-oxygen alone does sufficiently discriminate between
hydrogen bonded and non-hydrogen bonded states. Based on
the analysis discussed in ref. 22, we use a distance criterion of
'g...o < 0.24 nm to define a HB for both, the [OMs] and the
[OTf] anions. The identified HBs are linear in nature and even
more perfectly aligned than in liquid water.>* Fig. 2 depicts the
fraction of HBs donated by the cation yoms and yore to the
[OMs] and [OTf] anions, respectively. From Fig. 2 it is also
evident that the N-H group of the cation always stays involved
in a HB to either of the two anions, significantly favouring the
interaction with the [OMs] anion. Increasing the temperature,
shifts the equilibrium slightly towards a more uniform distri-
bution. The favouring of the [TEA]-[OMs] HBs is apparently the
consequence of a stronger [TEA]-[OMs] interaction. To
illustrate this behaviour, we have calculated the potential
energies of pairs of cations and anions found within a distance

(c)

[OMs]-

4,

i k [OTH]

Fig. 1 (a) Snapshot of the MD simulation box of an equimolar [TEAI[OMs]/[TEAI[OTf] mixture at 300 K. The [TEA] cations are depicted in orange while the
N-H hydrogen is depicted as a dark blue sphere. The [OMs] and [OTf] anions anions are shown in blue and green, respectively. (b) Snapshot of the
solvation of a central [TEA] cation, shown in orange, in a [TEA][OMs]/[TEA][OTf] mixture engaged in a HB to an adjacent [OMs] anion. The color coding is
the same as in (a). (c) Illustrated equilibrium of the HBs donated by a [TEA] cation and accepted by the SOs groups of the [OMs] and [OTf] anions.
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Fig. 2 Fraction of [TEA] cations involved in a HB y, with o = OTf, or o =
OMs as function of the mole fraction xoms for T = 300 K (black symbols)
and T = 400 K (orange symbols). The lines are guides for the eye. The
dashed lines indicate the sum of the respective fractions.

shown in Fig. 3 and 4. Fig. 3 correlates the computed pair
energies with the smallest respective ry...o distance. Note that
for both anions, the hydrogen bonded states with ry...o <
0.24 nm are well separated from the non-hydrogen bonded
states. In addition, comparing the behaviour of two anions
shown in Fig. 3a and b is indicating that the “island” defining
hydrogen bonded states is extending to significantly lower pair
energies for the case of the [OMs] anion. This behaviour is also
well pronounced in Fig. 4, where the maximum of the peak
indicating hydrogen bonded states with a [OMs] anion is
shifted by about 25-30 k] mol™" to lower values compared to
the respective peak associated with the [OTf] anion. We would
like to point out that this difference in pair energies between
hydrogen bonded [TEA][OMs] and [TEA][OT{] neighbours com-
pares well with the (mass corrected) shift in frequency of
—14.8 cm™ ' found in far infrared spectra for associated pairs
of the two species by Fumino et al.>® In their study, based on a
comparison between five different PILs, they conclude that a
shift of 1 cm™" to larger wavenumbers is associated with a gain
of 1.69 k] mol™! in interaction. For the comparison between
[TEA][OMs] and [TEAJ[OTf] PILs this would amount to
—25 kJ mol™". In addition, the composition-independent shift in
the peaks associated with the cation-anion interaction found in the
FIR spectra of [TEA]JOT{], [TEA]OMs], and their mixtures (shown in
Fig. 2 of ref. 23) suggest that interaction between cation and anion
in the mixtures is very similar to the pure liquids.

Of course, this shift in pair energies is not solely qualified to
determine the different HB acceptor strengths of the two
anions. Hence the molar standard enthalpy associated with
switching a HB between the two anion species is determined
from fitting the logarithm of the equilibrium constant

of 7eat-an. < 0.8 nm (with respect to their centers of mass)

K= JYOMs (1)
yorr

as function of the inverse temperature, and is shown in Fig. 5
as van’'t Hoff plot. Depicted are data for compositions of
Xoms € {0.5,0.6}, indicating a value of about AH° = —R-0In(K)/
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Fig. 3 Logarithmic representation of the probability density of finding a
cation—anion pair interaction energy in combination with the smallest
respective intermolecular H---O distance found between the two ions.
Here only neighbouring pairs of ions are considered, lying within a center
of mass cutoff radius of 0.8 nm. Note: distances ry...0 < 0.24 nm indicate
the presence of a HB, marked by the dashed line. The data shown was
computed from MD-data of an equimolar mixture at 400 K.

9(1/T) = —10.5 k] mol . Considering that the contribution due
to differences in volume of the two corresponding HB states is
negligible at pressure conditions of 1 bar, one can state that
energy associated with breaking a [TEA]-[OTf] and forming a
[TEA]-[OMSs] HB is about AUy ~ —10.5 k] mol .

3.2 Energies of mixing: the effect of hydrogen bond
redistribution

From the MD simulations we can directly determine the
energies of mixing according to

AUnix = U(Xoms) — Xoms Ulteajoms] — (- xOMs)'U[TEA][OTf]y

(2)
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Fig. 4 Distribution of pair energies between [TEA] cations and neighbour-
ing [OMs] and [OTf] anions defined by a nearest neighbour center of mass
cutoff radius of 0.8 nm obtained for a equimolar mixture at a temperature
of 400 K. Hydrogen bonded states appear as low-energy states in the
energy-distribution.
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Fig. 5 Van 't Hoff plot of the logarithm of the equilibrium constant
K = yowms/Yots Vs. the inverse temperature for compositions with xoms =

0.5, and xoms = 0.6. The slope of the orange solid lines correspond to
AH° = —R-8In(K)/d(1/T) = —10.5 kJ mol ™%,

where U(xoms) represents the total energy of the mixture
[TEA][OTf])/[TEA][OMS] of composition Xoms, While Uirgajjors)
and Ujreajoms] are the energies of the pure PILs. As shown in
Fig. 6, a strong nonideal mixing behaviour is observed over the
whole investigated temperature range. Negative mixing ener-
gies, varying between (—4.50 £ 0.21) k] mol™" and (—4.02 +
0.18) k] mol ™" are observed for equimolar mixtures. As shown
in Table S12 in the ESI,} an increase in temperature leads to
lower absolute mixing energies. The minima are located at
about xouMs = 0.4, which is mostly independent of temperature.
We would like to emphasise again that for mixing under
constant pressure conditions at atmospheric pressure, the
enthalpy and energy of mixing are practically identical.

As discussed above, we could demonstrate that the inter-
molecular structure of the PILs and their mixture is charac-
terised by a well defined order.”> For a mixture of two PILs

14744 | Phys. Chem. Chem. Phys., 2022, 24,14740-14750
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Fig. 6 Mixing energies as function of the mole fraction xoms for T = 300 K
and T = 400 K. Large open symbols: Data obtained directly from the MD
simulations. Small open symbols: data according to the HB redistribution
model employing yoms — data taken from the MD simulations at the
respective temperatures. The lines are a guide to the eye.

sharing the same cation, it follows that the immediate solvation
shell of each of the anions in the mixture is very similar that of their
respective pure PIL counterparts. An idealised representation of
such a structure is illustrated in Fig. 7a. Here the cations act as
“buffer” between the different anion species. Such mixtures should
be nearly ideal, since direct cross-interactions are prevented by the
separating cations. However, as the MD simulations have shown, a
[TEA] cation stays always involved in a HB to the SO; groups of
either of the two anion species (see Fig. 2 and ref. 22) Hence we
attribute the bulk of the nonideal mixing behaviour to the redis-
tribution of HBs donated by the [TEA] cation as indicated by the
little arrows in Fig. 7b.

The regular charge-induced structure of the PILs has moti-
vated us to describe the mixture in terms of a simple lattice
model based solely on local nearest neighbour interactions. In
the model we distringuish between HBs and nonspecific inter-
actions (i.e. van der Waals and non-localised polar interac-
tions). Here each of the ions in the PILs is placed on a regular
lattice with a coordination number c. As illustrated in Fig. 7 the
anions and cations are arranged in an alternating fashion on
the lattice. Hence there exist Nyga-c nonspecific nearest neigh-
bour interactions and Nygs HBs. The interaction energy of the
pure PILs follows as

Urreajioms] = Nrea'C-érea-oms T NTEA EHB:TEA-OMS (3)

and

Urreajorf] = NtEa C-é1EA-OTf T NTEA €HBTEA-OTE (4)

where Nyg, is the number of [TEA] cations, c is the coordination
number, and érga-oms) éTEA-OTH EHBTEA-OMs) ANd EnpTEA-OTF ATE
the parameters characterising the respective nonspecific and
HB interactions of the cation with either of the anions. The
energy of the mixture with a composition xgy is given by

UlXoms) = N1ea“C-Xoms érea-oms + NreaVoms érprea-oms T Nrpa-c:
(1 — Xoms)-erea-ort + Nrea:(1 — Yoms)-éup:tea-ors

(5)
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Fig. 7 Idealised 2D lattice representation (with coordination number ¢ = 4) of an equimolar mixture of [TEA][OMs] and [TEAJ[OTf]. The color coding is:
orange = [TEA]*, blue = [OMs]~, and green = [OTf]". (a) Lattice sites are occupied by cations and anions in an alternate fashion, leading to a number of
nonspecific cation—anion contacts of Ntga-c. The anions are randomly distributed on the lattice-sites of the anion-sublattice according to their mixture
composition. (b) The arrows indicate HBs between the cations and one of the adjacent anions, therefore representing one additional HB interaction per
cation. Note that the majority of HBs is found between [TEA] cations and [OMs] anions.

where yowms represents the fraction of cations forming a HB to
the neighbouring [OMs] anions. Here we are assuming that in a
mixture the anion-sites are statistically occupied by either one
of the two anion species in accordance with the mixture
composition. Since the condition yoms + YorsR1 with the
deviation from one <1% is well fulfilled, it follows from
eqn (2)-(5) directly that

AUpix = Ntea-(Joms — Xoms)-Aens (6)
with
Aépp = £uB.TEA-OMs — SHBITEA-OTE (7)

Note that eqn (7) predicts negative mixing energies for Aeyg <
0 if the condition yoms > Xowms is fulfilled. Moreover, eqn (6)
suggests that the difference of the hydrogen bonding strengths
of HBs to each of the two anion species can be calculated from
the knowledge of AUpix, Yoms and Xoms. This can be achieved by
either employing MD simulation data, or experimental mixing
enthalpies and corresponding "H-NMR chemical shift data
obtained for the N-H proton.

Fig. 6 represent fits of eqn (6) to the MD simulation data,
denoted by the small symbols connected by solid lines. Fitting
the mixing energies is leading to values for NjAeyp between
(=10.1 4+ 0.5) k] mol™" and (-11.0 + 0.3) k] mol™" for
temperatures ranging from 300 K to 400 K, as indicated in
Table 1. The average over all temperatures of
NaAeyp = (—10.6 & 0.5) kJ mol~!, where N, represents Avoga-
dro’s constant, is in good agreement with the data fitting to the
van’t Hoff equation as shown in Fig. 5. This consistency can be
seen as strong evidence that the enthalpic effect caused by HB
redistributions is the dominant contribution to the energy of
mixing.

In Fig. 8a and b the same procedure is applied to the
titration calorimetry and NMR experimental data. The enthalpy
of mixing data shown in Fig. 8a was determined from partial
molar enthalpies obtained using calorimetric titration data

This journal is © the Owner Societies 2022

Table1 HB strength differences Agyg for all temperatures calculated from
MD simulations using eqn (6)

T/K NaAéyp/k] mol !

300 —10.1 £ 0.5

320 —10.4 £ 0.5

340 —10.5 £ 0.4

360 —10.8 £ 0.4

380 —10.8 £ 0.3

400 —11.0 £ 0.3
—10.6 & 0.5

analysed via the Redlich-Kister approach discussed in Section S3.3
of the ESL.f The fraction of HBs to [OMs] anions is determined
from the "H-NMR chemical shifts according to

 5('H, xowms) — 8('H, [TEAJ[OT))
YoMs = 5T, TEAJ[OMS]) — ( H, TEAJOTT)’  ©)

assuming that the [TEA] cation stays always involved in a HB.
Eqn (6) quantitatively relates the experimental mixing energy
data with the obtained fraction of HBs to the [OMs] anion using
NpAeyp = —13 kJ mol ™', suggesting that the difference in HB
binding energy in both, MD simulation and experiment are
found in a similar range. Since the experimental mixing
enthalpy of —2.24 kJ mol ™" for the equimolar mixture is only
about half the value of what was observed from MD simulation,
this smaller mixing enthalpy is apparently solely attributed to a
less pronounced shift of the equilibrium of K = yoms/Vore
towards [OMs] anions.

3.3 An idealised model for relating HB redistribution effects
with mixing energies

Previously we have introduced an idealised model for the HB
redistribution in mixtures of PILs* to predict the formation of
hydrogen bonded clusters as a function of the mixture compo-
sition. A similar approach was recently shown to be successful
in describing “water in salt” mixtures of protic ionic liquids.>”
Here we will demonstrate that such a model is also helpful for

Phys. Chem. Chem. Phys., 2022, 24,14740-14750 | 14745
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Fig. 8 Experimental mixing enthalpies and HB redistribution data as function of the mole fraction of [TEA][OMs] at T = 298 K. (a) Filled cyan squares
indicate the experimental enthalpy of mixing data as function of the mole fraction xoms at T = 298 K according to the Redlich—Kister approach outlined in
Section S4.3 of the ESLf The filled orange circles correspond to mixing energies employing the yoms obtained from 'H-NMR chemical shift
measurements in combination with NaAeps = —13 kJ mol™2. (b) The fraction Yowms Of [TEA] cations involved in a HB with [OMs] as function of xoums at
T = 298 K according to experimental data. The filled orange circles indicate data for yoms obtained from *H-NMR chemical shift measurements. The
filled cyan squares represent data for yoms according to from the enthalpy of mixing data employing the relation yoms = AHmix/(NaAénp) + Xoms USing

NaAgyg = —13 kJ mol™.

describing the HB redistribution effects resulting in strong
negative mixing energies.

Again, the PIL is represented by a lattice with a coordination
number ¢, where the anions and cations occupy sites in an
alternating fashion. We also assume that each [TEA]-cation
stays always involved in a HB via its N-H-bond with one of its
¢ surrounding anions. In a pure PIL, the cation-anion HB is, of
course, supposed to connect the [TEA]-cation randomly with
one of its ¢ anion neighbours. Hence the probability of accept-
ing a HB by one of the surrounding anions is p; = 1/c. Since the
[TEA] N-H group has to point to one of the surrounding anions,
those site-specific probabilities have to add all up to unity:

=Y. )
i=1

In the mixture, the [OMs] and [OT{] anions are supposed to have
different HB accepting capabilities. If the sites i are assumed to be
statistically occupied by one of the two anion species according to
their mixture composition x = xoums, the average probability p; of
donating a HB to site i is a composition-weighted sum of the HB
acceptance probabilities of the two anion species according to

Di = xPpoms + (1 — X)-pors (10)

From eqn (9) and (10) we can determine the HB acceptance
probabilities pors and poms as follows:

1

ex+c(l —x)f (11)

Poms =
1

exf~1+¢(l —x) (12)

potf =

with f = pore/Poms describing the ratio of the individual HB
acceptance capabilities of the two anion species. The fraction of
HBs of to each of the two anions is then given by:

Yowms = CX-Poms (13)

14746 | Phys. Chem. Chem. Phys., 2022, 24,14740-14750

Yorr = ¢(1 — X)porr- (14)
With the help of eqn (11) and (12), we can express these as:

1

YoMs = 1T T Ot T

(15)

1

T (=) (e)

Yot =
By combining eqn (6) and (16), we can derive an expression for
the mixing energy:

(1-x)(1-f)

AUnix = Na m

. ASHB. (17)
Ideally, the ratio of HB acceptance probabilities f should be
independent of the composition of the mixture. However, we
find a much better agreement with both, MD simulation, and
experimental data, if we assume a mixture dependence, which
is slightly favouring HBs towards [OMs] anions with increasing
[OMs] content x. We account for this behaviour by introducing
a linear x dependence via

f=a+bx. (18)

Here a is an adjustable parameter, largely responsible for
shifting the overall [OTf])/[OMs] equilibrium, whereas the para-
meter b expresses the shift in equilibrium due to the mixture
composition. We find that all studied systems, including MD
simulations at different temperatures as well as the experi-
mental data, are very well reproduce by a common parameter
b = —0.24. Fig. 9 explores the parameter space of a with a fixed
value of b = —0.24, demonstrating that a lowering of the g-value
leads to an increasing deviation from an ideal mixing beha-
viour. Of course, a fully ideal behaviour would have be asso-
ciated with f=1 = const. Note that a decreasing value of a leads
to an increasingly negative mixing energy. Moreover, also the

This journal is © the Owner Societies 2022
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location of the minimum of the mixing energy shifts towards
pure [TEAJ[OTf] with a decreasing value of a.

Fig. 10 shows the model decribed by eqn (17) and (18) fitted
to the mixing energies obtained from MD simulations. The
corresponding fitted parameters Aeyy and a are summarised in
Table 2. The model is nearly quantitatively able to describe the
effect of a changing yoms/Yors equilibrium on the mixing energy
as a function of temperature. However, exactly the same model
is also able to describe the experimental data sets shown in
Fig. 11, albeit with a significantly increased parameter a = 0.6,
suggesting a shift towards a more uniform distribution of HBs
between the two anion species. Note that the different position
of the minimum mixing energy observed in our MD simulation
and experimental data sets is well accounted for by the idea-
lised model. A slight deviation of the fitted line for x < 0.3 from
the simulated data shown in Fig. 10 has to be attributed to the
assumed linear dependence of f.

5

£

2

£

<
ST
0 02 04 06 08 1

XOMs

Table 2 HB strength differences Aeng and parameter a obtained from
fitting egn (17) and (18) to the mixing energies and eqn (16) to the fraction
of HBs to [OMs] anions obtained from our MD simulations using a
common parameter b = —0.24

T/K NaAgpp/k] mol ™t a

300 —10.4 0.236
320 -10.8 0.240
340 -10.9 0.253
360 —11.1 0.266
380 —11.1 0.281
400 —11.2 0.298

Finally, we would also like to point out that the model
described by eqn (17) and (18) can be used to directly analyse
the measured partial molar enthalpies of ILs in the mixture.
The corresponding equations for the composition dependent
partial molar excess enthalpies and their counterparts for

L I I
0 02 04 06 08 1

XOMs

l | -

0

Fig. 10 Mixing energies and HB redistribution as function of the mole fraction of [TEA][OMs] at T = 300 K and T = 400 K. (a) Open symbols: MD
simulation data. Heavy lines are model data according to eqn (17) with the parameters a and A given in Table 2. (b) Fraction of [TEA] cations involved in
a HB yoms With an adjacent [OMs] anion. Open Symbols indicate data obtained from MD simulations, while the heavy solid lines represents data from the
model using the same parameters as used in panel (a). In both panels the dotted lines indicate ideal behaviour.
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Fig. 11 Experimental mixing enthalpies and HB redistribution data as function of the mole fraction of [TEA]I[OMs] at T = 298 K. (a) Cyan filled squares

indicate the experimental enthalpies of mixing calculated by the Redlich—

Kister approach (see Section S3.3 in ESIf) from measured partial molar

enthalpies. The heavy solid line represents a fit to AHmi by eqn (17) and (18) with NaAeys = —12.7 kJ mol™% a = 0.6 and b = —0.24. (b) Shown are the
fraction yoms Of [TEA] cations involved in a HB with [OMs]. Filled orange circles represent experimental data obtained from *H-NMR chemical shift
measurements. The heavy solid line represents data according to parameter a = 0.6 with b = —0.24. In both panels the dashed lines indicate the

behaviour for an ideal system.

infinite dilution are derived in Section S3.4 of the ESIL.f The fits
reported in Section S3.4 of the ESI,{ provide a representation of
comparable quality as the Redlich-Kister approach with para-
meters @ = 0.655 and b = —0.242 and NjAgyp = —14.9 k] mol ?,
however, slightly larger than the values obtained using the
Redlich-Kister approach.

4 Conclusions

We have studied a mixture of two PILs sharing the same cation.
This allows us to largely disentangle the contribution from
hydrogen bonding and other nonspecific forms of intermole-
cular interactions. We could demonstrate that a mixture of
those PILs experiences a redistribution of HBs between the
cation and the anions in the mixture due to the different HB
accepting capabilities of the two anion species. This HB redis-
tribution is identified as the dominant enthalpic effect in the
PILs mixtures, leading to large negative mixing energies. The
existence of negative mixing enthalpies could be confirmed by
calorimetric measurements, albeit the effect was found to be
less strongly pronounced than in the MD simulations. A lattice
model has been introduced to quantitatively relate the amount
of HBs redistributed between the two anion species with the
changing mixing energies. The difference in interactions ener-
gies associated with switching a HB donated by a [TEA] cation
from a [OTf] anion to a [OMs] anion of about —10.5 k] mol ", as
determined from the lattice model, is found to be in good
agreement with a van’t Hoff analysis of the temperature depen-
dent HB equilibrium. From '"H-NMR chemical shift measure-
ments of the N-H proton in the mixtures, the fraction of HB
species to either of the two species could be determined
experimentally, assuming that the N-H group stays always
involved in a HB. The NMR-data also indicate favourable
[TEA]-[OMs] HB interactions, in agreement with the MD simu-
lations. By combining experimental mixing enthalpies with the
HB redistribution data obtained from the "H-NMR chemical

14748 | Phys. Chem. Chem. Phys., 2022, 24,14740-14750

shift measurements, the energy difference of HBs between the
two anion species could be determined as —13 kJ mol .
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S1 MD Simulations

S1.1 Outline/Results of the MD Simulations

To study the pure PILs and mixtures we performed isobaric isothermal (/N PT) MD simulations using
GROMACS 5.0.6. We investigated eleven compositions between xons = 0.0 and zons = 1.0 for six
temperatures between 7' = 300K and 7" = 400K at a pressure of 1bar. Tables S1 to S11 contain a
summary of selected propertees for each performed MD simulation: the average mass density p, the
average potential energy F,, the fraction of hydrogen bonds of the [TEA] cations to [OMs] anions
yoMs, and the fraction of hydrogen bonds of the [TEA] cations to [OTf] anions yor.

Table S1: xons = 0.0

T/K plkgm™3 E, /kJmol ™! YOMs YOS
300 1245.2 -996 - 0.997
320 1229.1 1186 - 0.995
340 1213.4 3287 - 0.993
360 1198.0 5394 - 0.991
380 1183.3 7461 - 0.988
400 1168.2 9525 - 0.984

Table S2: xoms = 0.1

T/K plkgm™3 E,/k] mol ! YOMs YOTS
300 1232.5 -21008 0.283 0.718
320 1216.8 -18844 0.272 0.725
340 1201.2 -16772 0.274 0.721
360 1186.1 -14677 0.269 0.724
380 1171.6 -12603 0.261 0.729
400 1156.9 -10544 0.255 0.732

Table S3: xons = 0.2

T/K plkg m—3 E,/k] mol~! YOMs YOTE
300 1220.1 -40840 0.538 0.460
320 1204.2 -38845 0.540 0.457
340 1189.4 -36729 0.525 0.471
360 1175.0 -34631 0.510 0.484
380 1160.3 -32537 0.497 0.496
400 1145.6 -30450 0.482 0.508
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Table S4-: TOMs = 0.3

T/K plkg m—3 E,/k] mol 1 YOMs YOTE
300 1208.1 -40840 0.734 0.265
320 1192.5 -38845 0.730 0.268
340 1177.3 -36729 0.717 0.280
360 1163.1 -34631 0.707 0.289
380 1148.5 -32537 0.683 0.312
400 1134.1 -30450 0.661 0.331

Table S5: xonms = 0.4

T/K plkgm™3 E, / kI mol™! YOMs YOTE
300 1194.3 -79688 0.863 0.136
320 1179.7 -77765 0.869 0.130
340 1165.1 -75594 0.839 0.158
360 1150.6 -73518 0.825 0.172
380 1136.9 -71487 0.806 0.188
400 1122.9 -69461 0.789 0.204

Table S6: xons = 0.5

T/K plkgm™3 E, / kI mol ! YOMs YOTE
300 1181.6 -98623 0.927 0.072
320 1166.7 -96721 0.929 0.069
340 1153.2 -94669 0.918 0.080
360 11394 -02582 0.894 0.103
380 1124.9 -90565 0.884 0.112
400 1111.1 -88554 0.869 0.125

Table S7: xoms = 0.6

T/K plkgm™3 E, / kI mol ™! YOMs YOS
300 1167.9 -117448 0.966 0.032
320 1154.3 -115502 0.964 0.034
340 1139.7 -113423 0.950 0.047
360 1126.2 -111437 0.939 0.058
380 1112.8 -109500 0.933 0.063
400 1099.3 -107510 0.918 0.076
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Table S8: TOMs = 0.7

T/K plkg m—3 E,/k] mol 1 YOMs YOTE
300 1154.2 -136208 0.984 0.015
320 1140.4 -134120 0.972 0.026
340 1126.2 -132153 0.970 0.028
360 1112.8 -130204 0.966 0.031
380 1099.8 -128272 0.956 0.039
400 1086.7 -126348 0.950 0.044

Table S9: xonms = 0.8

T/K plkgm™3 E, / kI mol™! YOMs YOTE
300 1139.0 -154745 0.990 0.009
320 1126.2 -152787 0.986 0.012
340 1112.5 -160857 0.983 0.014
360 1099.5 -148934 0.978 0.018
380 1086.6 -147031 0.975 0.020
400 1074.0 -145144 0.970 0.024

Table S10: xonms = 0.9

T/K plkgm™3 E, / kI mol ! YOMs YOTE
300 1124.9 -173373 0.993 0.005
320 1111.6 -171490 0.994 0.004
340 1098.2 -169514 0.992 0.005
360 1085.3 -167605 0.988 0.008
380 1073.0 -165740 0.987 0.008
400 1060.4 -163886 0.984 0.010

Table S11: zopms = 1.0

T/K plkgm™3 E, / kI mol ™! YOMs YOS
300 1109.5 -191997 0.998 -
320 1096.0 -190126 0.998 -
340 1083.4 -188176 0.997 -
360 1070.7 -186284 0.996 -
380 1058.7 -184451 0.995 -
400 1046.5 -182612 0.993 -
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S$1.2 Energies of Mixing Obtained from MD Simulation

From the MD simulations we can directly determine the energies of mixing according to

AUnmix = U(zoms) — Toms - Uireajjoms) (1)
—(1 = zoms) - Urreajjory)
= Ep(roms) — Toms * By [rEAj[OMS]
—(1 = zowms) - Ep [TEAjOTH
where U (xonms) represents the total energy of the mixture [TEA][OT{]/[TEA][OMs] with a given com-
position zowms, While Uitgajjots] and Uteajjoms) are the energies of the pure PILs. The Ep-values

represent the corresponding potential energies. All competed excess energies of mixing are summarised
in Table S12.

Table S12: Excess energies of mixing calculated from molecular dynamics simulation data given in
Tables S1 to S11.

AUppix / kI mol™1

300K 320K 340K 360K 380K 400K
TOMs
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.1 -1.8+0.3 -1.804+0.23 -1.8340.18 -1.814+0.17 -1.75+0.17 -1.71+0.16

0.2 -3.3+0.3 -3.54+£0.24  -3.45+£0.24  -3.38+0.24  -3.23+0.15  -3.09+0.16
0.3 -4.6+£0.4 -4.46+0.23  -437+£0.25  -4.45+0.19  -4.14£0.20 -3.93+0.20
0.4 -4.57+£0.23  -4.85+£0.23  -4.594+0.24  -448+0.23  -437+0.19  -4.26%0.19
0.5 -4.23+0.28  -4.50+0.21  -4.45+0.16 -4.27+£0.20 -4.14+0.16  -4.02+0.18
0.6 -3.68+0.21  -3.80+£0.24  -3.66+0.18  -3.65+£0.18  -3.63+£0.20  -3.50+0.14
0.7 -3.00+0.19  -2.78+0.22  -2.83+0.22  -2.85+0.18  -2.794+0.18  -2.75+0.14
0.8 -1.86+0.24 -1.94+0.3 -1.95+£0.23  -1.97+£0.18  -1.92+0.16  -1.92+0.12
0.9 -0.92+0.22  -0.99+0.25  -0.974+0.22  -0.98+0.21  -0.96+0.15 -0.97£0.13
1.0 0.0 0.0 0.0 0.0 0.0 0.0
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S2 'H-NMR-Spectra
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Figure S1: Experimental I'H-NMR spectra obtained at 298 K for [TEA][OMS]/[TEA][OTf] mixtures
with mol fractions xonms = 1.0, zoms = 0.25, xoms = 0.5, zoms = 0.75, and zons = 0.0 (from top
to bottom). The arrow indicates the shift of the N-H proton peak as a function of mixture composition.
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S3 Experimental Determination of the Excess Enthalpies

S3.1 Apparatus

The partial molar excess enthalpies Fij in IL(1) + [TEA][OTf](2) mixtures were measured at

T = 298.15K using the TAM isothermal titration calorimeter (Thermometric, Sweden). The ﬁij
in [TEA][OMs](1) + [TEA][OTf](2) system were measured in 4 mL stainless steel reaction cell.
Four experiments were conducted: the cell filled with pure [TEA][OMs](1) was titrated with pure
[TEA][OTf](2) and vice versa; the cell filled with mixture of [TEA][OMs](1) + [TEA][OTf](2)
(zoms = 0.4602) was titrated with [TEA][OMs](1) or [TEA][OTf](2). 20 injections of 10 pL of
pure IL were injected into cell from 250 pL syringe using the Lund pump. The content of the cell
was stirred at 85 and 100 rpm using the gold propeller stirrer. The reference cell contained 0.9456 g
of [TEA][OMs](1). All four experiments were conducted at 3000 W range of the calorimeter. The
reaction cell and propeller were washed with acetone and dried in oven after experiment termination.
Dynamic calibration was performed before start of own titration procedure.

Table S13: Experimental settings of TAM-ITC for measurement of FE in mixture of [TEA][OMs](1)
+ [TEA][OTf](2) at T' = 298.15 K.

mgell /g 0.9446 1.4399 1.2815 1.2522
zgilh 1 0 04602 0.4602
IL syringe 2 1 1 2
Main section /min 90 90 60 60
Baseline section /min 15 15 15 15

S3.2 Data analysis

The partial molar excess enthalpy of injected IL at ¢-th injection is directly related to the measured heat
Hippji= ~ ()

where Ag; is the measured peak area after injection of An; molar amount of the j-th IL into cell. The

measured H 7 L at i-th injection is tangent to H E at (xr1s +21r,i—1)/2 between two injections. Here
xrr,; and zp ;1 denote the composition of the mixture in cell after i-th and (¢ — 1)th injection.
The molar amount of injected component was calculated from pure IL densities [2] and injected

volume. The numerical values of F}ELﬂ measured by TAM-ITC and used further for fitting are listed
in Tables S14 and S15.

S3.3 Fitting by Redlich-Kister Equation

The composition dependence of H by Redlich-Kister equation is given as

HE = 2129[A; 4 Ag(21 — 22) + As(z1 — 22)?). 3)
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Table S14: Measured FE of [TEA][OMs](1) ionic liquid in mixture of [TEA][OMs](1) +
[TEA][OTf](2) at T' = 298.15 K as function of mixture composition.

—F —F
voms Hjypp/(mol™Y)  xzoms  Hjypqy/(J-mol™h)

0.0049 -7935 0.4682 -2675
0.0146 -7764 0.4734 -2632
0.0241 -7679 0.4785 -2580
0.0334 -7582 0.4835 -2538
0.0426 -7572 0.4884 -2494
0.0516 -7399 0.4932 -2469
0.0604 -7305 0.4979 -2394
0.0690 -7174 0.5025 -2360
0.0775 -7134 0.5071 -2307
0.0859 -7071 0.5115 -2264
0.0941 -6949 0.5159 -2205
0.1021 -6827 0.5202 -2187
0.1100 -6783 0.5245 -2138
0.1178 -6639 0.5286 -2111
0.1254 -6588 0.5327 -2076
0.1329 -6492 0.5367 -2015
0.1403 -6384 0.5407 -1987
0.1475 -6330 0.5446 -1930
0.1546 -6261 0.5484 -1938
0.1617 -6210 0.5521 -1884
0.1685 -6116
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Table S15: Measured FE of [TEA][OTf](2) ionic liquid in mixture of [TEA]J[OMs](1) +
[TEA][OTf](2) at T' = 298.15 K as function of mixture composition.

—F —F
voms Hjpo/(Imol™Y)  xzoms  Hjpo/(Jmol™h)

0.9845 -8381 0.4581 -1795
0.9745 -8119 0.4540 -1753
0.9646 -8038 0.4500 -1718
0.9549 -7891 0.4460 -1692
0.9455 -7840 0.4421 -1661
0.9362 -7690 0.4383 -1632
0.9271 -7533 0.4345 -1594
0.9181 -7448 0.4308 -1563
0.9094 -7346 0.4272 -1532
0.9008 -7223 0.4236 -1511
0.8923 -7110 0.4201 -1484
0.8841 -7003 0.4167 -1452
0.8759 -6868 0.4133 -1424
0.8679 -6774 0.4099 -1390
0.8601 -6716 0.4066 -1377
0.8524 -6556 0.4034 -1354
0.8449 -6442 0.4002 -1314
0.8374 -6350 0.3971 -1301
0.8301 -6283 0.394 -1277
0.8230 -6206 0.3909 -1255
0.8159 -6070
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The partial molar enthalpies 7" in binary system are calculated from H” by

—F OHF

H =HY —(1-ux)) B (4)
—E OHFE
JLIQ:H’E—:EI&U1 (5)

Applying Egs. 4 and 5 on Eq. 3 for the measured partial molar excess enthalpies FIELM and Ffm’i
follows .
HILI = .Z‘%[Al + A2(4.Z‘1 — 1) + Ag(frl — xg)(Gl‘l — 1)], (6)

Hipy = a2[A1 + Ap(1 — daa) + A1 — 22)(1 — 622)]. (7)

The partial molar excess enthalpies at infinite dilution then follows
—F, 0

and
Hy™ = Ay + Ay + Ag ©)
To evaluate the parameters A,, of Redlich-Kister equation given above, the experiments were treated
by simultaneous linear non-weighted fit using 76 discrete H}EM points. Table S16 lists the values for
one to three parameter fit of experimental F}EM and Ffm by Egs (6) and (7), respectively, together
with the calculated values of partial molar excess enthalpies at infinite dilution HJIEL?O and ﬁﬁ;o The
" composition dependence of the excess enthalpies is best represented by three parameter Redlich-

Kister equation. Figure S2 illustrates the dependence of the HZ, F?Ll and F}ELQ as function of mixture
composition. The minimum in H? is at z; = 0.5083 with the value H¥ = —2.24kJ - mol L.

Table S16: Values of adjustable parameters A,, of Redlich-Kister equations (6) and (7), standard devia-

tion of fit s and calculated partial molar excess enthalpies at infinite dilution Ff’m and FZE’OO by Eqgs.
(8) and (9) for [TEA][OMs](1) + [TEA][OTf](2) mixture at 7' = 298.15 K.

A Ay A3 s/(J-mol™Y) HY™/(kJ-mol™l) HY/(kJ-mol!)
-8662.17 210 -8.66 -8.66
867345 -385.90 136 -8.29 -9.06
-8974.27 -324.99 804.735 40 -7.85 -8.50
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Figure S2: Excess molar enthalpies HE and HZ in the [TEA][OMs](1) + [TEA][OTf](2) mixture
at T = 298.15K. Points are experimental H: (square) H, of [TEAJ[OMs](1); (circle) Hy of
[TEA][OTf](2). Dashed lines are fits to experimental Hf and Ff data by Redlich-Kister Eqgs. (6)

and (7), with parameters A,, listed in Table S16. Solid line is the calculated H E by Eq. (3).

S3.4 Fitting by Lattice Model

From the lattice model for AU« at constant pressure for H E follows

AUmix = HE = AEHBibl
Z1

where x is the mole fraction of [TEA][OMs](1) and f = a + bx;

a(ar? — 3az? + 3axy —a— 71 + 1)
(az? — 2ax1 + a + x1)?
2ax1 —2a+1
(ax? — 2ax1 + a + 11)?

—FE
Hl = AEHB(l — :L’l)

—FE
Hy, = AGHBx%

For the partial molar excess enthalpies at infinite dilution then follows

and

HY™ = Aeyp(l — a)/a

ﬁQE’OO = AGHB(l —a— b)

S11
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The following parameters of Egs. (10) were fitted Aegyg = —14.9kJ - mol™!, a = 0.6559, b =
—0.2416 to experimental ﬁf and F2E data. Figure S3 illustrates the composition dependence of ex-
perimental and calculated FE and HZ. The calculated Ff’oo and FQE’OO by Egs. (13) and (14) are
Ff’w = —7.83kJ - mol ! and ﬁf’oo = —8.74kJ - mol ™!, respectively. The minimum in H? is at
z1 = 0.5082 with the value H¥ = —2.26 kJ - mol ™.

0 — 1 - r T T T T T T

2r O Hf
T y N O Hf
g r S —— HEcalc
X 4r - N — — HE calc]]
< . S |-~ HEcalc|
w o \
I 5L . > i
—
o
L
'

-8

Lattice model, f=a+bx;
_10 L | L | | | | | L | L | L |

00 01 02 03 04 05 06 07 08 09 1.0

Xoms

Figure S3: Excess molar enthalpies FE and H” in the [TEA][OMs](1) + [TEA][OTf](2) mixture
at T = 298.15K. Points are experimental H " : (square) H, of [TEA][OMs](1); (circle) Hy of

[TEA][OTf](2). Dashed lines are fits to experimental ﬁf and EQE data by Lattice model, with pa-
rameters Aegp = —14.9kJ - mol™!, a = 0.6558, b = —0.2416. Solid line is the calculated HZ by

Eq. (10).
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ABSTRACT: We study hydrogen bond (HB) redistribution in mixtures of two protic ionic
liquids (PILs) sharing the same cation: triethylammonium methanesulfonate ([TEA][OMs])
and triethylammonium trifluoromethanesulfonate ([TEA][OT]). The mixtures exhibit large
negative energies of mixing. Based on results obtained from atomic detail molecular
dynamics (MD) simulations, we derive a lattice model, discriminating between HB and
nonspecific intermolecular interactions. We demonstrate that due to the ordered structure of
the PILs, mostly the HB interactions contribute to the mixing energy. This allows to us to
connect the equilibrium of HBs to each of the two anion species with the corresponding
excess energies and entropies. The entropy associated with HB redistribution is shown to be
negative, and even overcompensating the positive entropy associated with a statistical
distribution of the ions in the mixture. This is strongly suggesting that the mixing process is

driven by enthalpy, not entropy.

Protic ionic liquids (PILs)' have attracted considerable
interest since they possess qualities such as biocompati-
bility* and low toxicity.” Mixtures of ionic liquids (ILs) have
gained increasing attention in recent years.*”'” Mixtures of ILs
are often characterized by their general mixing behavior,
analyzing to what degree the;r are deviating from Raoult’s law
i.e., ideal mixing behavior). 9 As a rule of thumb, ILs often
mix well”® However, whether we find a nonideal mixing
behavior is, of course, depending on the interaction forces
between the ions. Combinations of strong dispersion forces,”"
but also hydrogen bonding,zz’23 can lead to a significant
nonideal mixing. A direct way to investigate the formation or
change of interactions due to mixing is to determine the
enthalpy or energy of mixing.zo*zg If the enthalpy of mixing is
close to zero, the mixing is, of course, nearly ideal. Positive or
negative enthalpies of mixing, however, imply the “making or
breaking”* of interactions and are therefore often related to
changes of the structure of the liquid.>' Extensive reviews of
mixtures of ionic liquids are available in refs 20, 26, and 30. In
this study, we would like to focus on a specific mixture of PILs,
which has the potential to disentangle the contribution from
hydrogen bonding and other nonspecific forms of intermo-
lecular interactions: the mixture of two rather common protic
ionic liquids sharing the same cation. The two PILs are
triethylammonium methanesulfonate ([TEA][OMs]) and
triethylammonium trifluoromethanesulfonate ([TEA][OTf]).
In the PIL, a [TEA] cation acts as a hydrogen bond (HB)
donor, being able to donate a single HB. Both, the [OMs] and
the [OTf] anions can act as HB acceptors, which can accept
multiple HBs via their respective SO;-groups. In previous
publications,'”'*** we could demonstrate that a mixture of
those PILs experiences a redistribution of HBs between the

© 2022 American Chemical Society
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cation and the anions in the mixture apparently due to stronger
HBs between [TEA] and [OM:s] ions.'***** This is leading to
nonideal mixing behavior, almost completely stripping the
[OTf] anion of HB partners in the [OMs]-rich region.[1 Note
that the local environment of each of the anions is formed by a
solvation shell composed predominantly of cations. Hence the
environment of each anion is very similar in the mixture
compared to the respective pure PILs, such that the nonideal
mixing behavior is most likely only due to HB redistribution
effects.

To study the pure PILs and mixtures, we performed isobaric
isothermal (NPT) molecular dynamics (MD) simulations
investigating 11 compositions with mole fractions xgp, =
Noms/ (Noms + Norr) between xgps = 0.0 and xgp, = 1.0 for
five temperatures between T = 320 K and T = 400 K at a
pressure of 1 bar. All studied systems were composed of 500
ion pairs. More details about the performed MD simulations
and the employed force field are provided in sections S1—S3 of
the Supporting Information.

In a previous contribution we have shown that MD
simulations of pure [TEA][OMs] and [TEA][OTf] as well
as their mixtures exhibit a well-defined charge-induced
intermolecular order.'' Here each ion was found to be
surrounded by a solvation shell predominantly consisting of
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Figure 1. (a) Snapshot of the solvation of a central [TEA] cation, shown in red, in a [TEA][OMs]/[TEA][OT{] mixture engaged in a HB to an
adjacent [OMs] anion. The [OMs] anions are shown in blue and the [OTf] anions are depicted in green. (b) Illustrated equilibrium of the HBs
donated by a [TEA] cation and accepted by the SO groups of the [OMs] and [OTf] anions. (c) Snapshot of an entire MD simulation box of an
equimolar mixture containing 500 ion pairs using the same color coding as in part a.

counterions. The average coordination number ¢, defined by a
center of mass distance of 0.8 nm between ions of opposite
charge (corresponding to the location of the first minimum of
anion—cation pair correlation functions) was found to vary
only slightly between 6.8 and 6.9 as a function of the mixture
composition. The corresponding distribution functions are
shown in section S6 of the Supporting Information and are
characterized by a maximum at seven neighbors with a half-
width of about 2.5 neighbors. A representative snapshot of the
solvation of a [TEA] cation in [TEA][OMs]/[TEA][OT(]
mixture is shown in Figure la.

HBs are characterized here by means of geometric criteria.
Based on the analysis discussed in ref 11, we use a distance
criterion of ry..o < 0.24 nm to define a HB for both, the
[OMs] and the [OTf] ions. We obtain the standard enthalpy
associated with switching a HB between the two anion species
AH'® from a van 't Hoff plot of the logarithm of the
equilibrium constant

_ yOMs

K/
(1)

versus the inverse temperature shown in Figure 2. The
motivation for this definition of K’ and its relation to the
“chemical” equilibrium constant K, is outlined in section
§5.3.1 of the Supporting Information. Here yoy, and yore

X OTf

4 i T I T I T I T i
35 < Xows=06 —
| O Xoms=0-5 A
3} ]
. I o ]
T 250 H
o [} t |
15 .
— 1 I 1 I 1 I 1 =

24 26 28 3 32

7' /10% K"

Figure 2. Van't Hoff plot of the logarithm of the equilibrium constant
K’ according to eq 1 vs the inverse temperature for compositions with
Xoms = 0.5, and xqyg = 0.6. The slope of the solid lines correspond to
a standard molar enthalpy difference of AH'® of —10.5 kJ mol™".
From the axis intercept we obtain the corresponding standard molar
entropy differences with AS'® = —10.7 J K™! mol™ for xqy, = 0.5, and
AS® = =55 ] K™ mol™ for xgy, = 0.6.

3557

represent the fraction of HBs donated by the [TEA] cation to
either of the two anion species. Depicted are data for
compositions of xgy, = {0.5, 0.6}, indicating a value of
about AH'® = —10.5 kJ mol™" for the enthalpy associated with
breaking a [TEA][OTf] HB and forming a new [TEA][OM:s]
HB.

From the energies recorded during the MD simulations we
can directly determine the energies of mixing according to

AU, = Ulxopm,) — *oms Uteajioms]
()

where U(xgy,) represents the average total energy of the
mixture [TEA][OTf]/[TEA][OMs] with a given composition
xomy While Uprgajiors) and Uprgajjoms] are the average total
energies of the pure PILs. The MD simulations indicate a
strong nonideal mixing behavior. The computed negative
mixing energies of the equimolar mixture are found to be
(—4.02 + 0.18) kJ mol™ at 400 K and (—4.50 + 0.21) kJ
mol™" at 320 K as shown in Table S16 in the Supporting
Information. In addition, we observe that the energy minima
are shifted to a xq) value of about xgy = 0.4, which is almost
temperature independent.

The regular local structure of the PILs is characterized by a
well-defined anion—cation order as discussed in ref 11. This
has inspired us to describe the mixture in terms of a lattice
model based solely on local nearest neighbor interactions. In
the model, we discriminate between HBs and nonspecific
interactions (i.e, van der Waals and nonlocalized polar
interactions). Here each of the ions in the PILs is placed on
a regular lattice with a coordination number c. As illustrated in
Figure 4 the anions and cations are arranged in an alternating
fashion on the lattice. Hence there exist (Nyg, -+ ¢) nonspecific
nearest neighbor interactions and (Npg,) HBs. The total
energy of the pure PILs follows as

- (1= xOMs)'U[TEA][OTle

Uteajioms) = Nrea ¢ €tpa—oms T Nrea€up.tea-oms  (3)
and
Urreajiorss = Nrea¢€tea—ote + Nrea€up. tea—0TH 4)

where Nrpgps is the number of [TEA] cations, ¢ is the
coordination number, and €1psome ETEA-OTH €HB.TEA-OMs and
€up.rea-orf are the parameters characterizing the respective
nonspecific and HB interactions of the cation with either of the
two anions. Assuming that in a mixture the sites of the anion
sublattice are statistically occupied by one of the two anion

https://doi.org/10.1021/acs.jpclett.2c00634
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species in accordance with the mixture composition, the
energy of the mixture with a composition xgy is given by

U(%on) = Nppac-Xoms €rpa—oms + NreaYous”
€np.tEa—oMs T Nrpae (1 = Xons) €rpa—orr

+ Npgao(1 = YOMS)'GHB;TEA—OTD

()

where yoy represents the fraction of cations forming a HB to
the neighboring [OM:s] anions. Note that in the present case
the condition yon, + yore & 1 is well fulfilled with yon + Yore
deviating from one <1% for all compositions. From egqs 2, 3, 4,
and $ follows directly that

AU = NppaOppee — Xoms) A€y (6)
with
A€y = €yp.TEA-OMs — €HB:TEA-OTF: (7)

Note that Aeyy < 0 for the case of €yp.rea-oMms < €HB.TEA-OTF IS
leading to negative mixing energies if the condition ygp, >
Xonms 18 fulfilled. It is evident from eq 6 that the difference of
the hydrogen bonding strengths of HBs donated by the [TEA]
cation to each of the two anion species can thus be obtained
from the knowledge of A, U, yome and xop. The data shown
in Figure 3 demonstrate that eq 6 almost perfectly predicts the

Off-—— Eq. 6 Nyde,g=-105 ki mol |
o b\ e Nagg=T10k mol”
° EH MD Simulation
g i
2 2 N
= L i
x
E-3 —
)
3 L i
4 —
-5 PR N I I B
0 02 04 06 08 1
Xoms

Figure 3. Mixing energies as a function of the mole fraction xqy, for
T = 400 K. Large filled squares: Mixing energies obtained directly
from MD simulations according to Table S16 of the Supporting
Information. Small open circles: Data computed from eq 6 using yos
data (see Tables S5—S15 of the Supporting Information) computed
directly from the MD simulations with NyAeyy = —10.5 kJ mol™".
Small open triangles: eq 6 with NyAeyy = —11.0 kJ mol ™. The heavy
lines linearly connect the data points and are just guides to the eye.

energies of mixing when using values for yoy obtained directly
from MD simulations in combination with NyAeyp = —10.5 kJ
mol™', where N, is Avogadro’s number. This is strongly
suggesting that HB redistribution is indeed the dominant
contribution to the energy of mixing. To quantify the amount,
we fit Aeyy to the mixing energies via eq 6, which is resulting
in a perfect fit, and is providing us with a value of NyAey =
—11.0 kJ mol™. Hence we conclude that HB redistribution is
responsible for about 95% of the total energy of mixing.
Considering the dominance of HB redistribution to the
energy of mixing, the lattice model outlined in Figure 4 also
allows us to derive the entropic contributions. First, let us
assume that the anions in the mixture occupy the anion
positions on the anion sublattice randomly according to their
mixture composition. Since none of the nonbonded
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interactions change during the mixing process, the correspond-
ing energy of mixing is AU, = 0, and
AS . q = —Nkg[x In(x) + (1 — x) In(1 — «x)]

mix

(8)

is the associated ideal mixing entropy contribution due to the
statistical distribution of the anions on the anion sublattice,
with & = xop, and kg being the Boltzmann constant and N
representing the total number of anions in the mixture. Hence

AA siq. = NkpTlx In(x) + (1 — &) In(1 — x)] (9)

mix—i

is the related ideal Helmholtz free energy of mixing.

Assuming that the nonideal behavior is solely based on HB
redistribution, we derive the associated thermodynamic excess
properties of mixing from a partition function of the HB states
for the cations, which are grouped into two distinct energy
states with eyp op, = Aépp and eyp o = 0, populating the ¢
surrounding HB acceptence-sites according to the mixture
composition with

qu = [ex%e Phem 4 (1 = x9N, (10)
where f=(kyT)™", N = Nyga, and x = xgp,. Here cx%e A%
describes the HBs to the [OMs] anions and ¢ (1 — x%) the
corresponding HBs to the [OTf] anions. The parameter « is
introduced to account for the different phase-space volumes
associated with the two hydrogen-bonded states, therefore
taking their different entropy contributions effectively into
account. We would like to point the reader to section SS of the
Supporting Information for a thorough derivation of the
employed model and its associated thermodynamic quantities.
In addition to the model used here (“Model B”), we also
introduce a “Model A” with fixed phase-space contributions.
This model shows qualitatively the same behavior as “Model
B, but is exhibiting slightly worse agreement with the MD
simulation data. Moreover, in section S5.3.1 of the Supporting
Information we demonstrate that the following relation
between the standard molar enthalpy AH'® obtained from
the van 't Hoff analysis shown in Figure 2 and Aeyy is fulfilled:
AH'°/R = Aeyg/kg.

From the definition of the partition functions follows that
the fraction of HB to the [OMs] anions is given by

xae_ﬂAel—lB

xleTPRam 4

- (11)
with y = yome and (1 — y) = yorp A statistical mechanical
treatment of the partition function given by eq 10 using basic
textbook definitions™ (details are given in section S5 of the

Supporting Information) is leading directly to

xae_ﬂAeHB
UE = NAGHB' xae*ﬁAEHB + 1 —x% - NerHB (12)
Ug = NAeyy:(y — x). (13)

Note that eq 13 is identical with eq 6. The excess Helmholtz
energy is accordingly

Ap = —xNAey, — NkgT In[x% 2% 41 — %7, (14)

Since the term PAV, is about 5 orders of magnitude
smaller than Ag, the excess Helmholtz energy Ag and excess
Gibbs energy Gg are practically identical. Values for AV, for
all temperatures and compositions are given in Table S17 in
the Supporting Information. In addition, the composition

https://doi.org/10.1021/acs.jpclett.2c00634
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Figure 4. 2D lattice representation (with coordination number ¢ = 4) of an equimolar mixture of [TEA][OM:s] and [TEA][OT(]. The color coding
is red = [TEA]*, blue = [OMs]~, and green = [OTf]~, similar to parts a and c of Figure 1. (a) Lattice sites are occupied by cations and anions in an
alternate fashion, leading to a number of nonspecific cation—anion contacts of Nygs-c. The anions are randomly distributed on the lattice-sites of the
anion-sublattice according to their mixture composition. (b) Arrows indicate HBs between the cations and one of the adjacent anions, therefore
representing one additional HB interaction per cation. Note that the majority of HBs are found between [TEA] and [OMs] ions.
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Figure 5. Theoretical predictions of the thermodynamic mixing properties for mixtures at T = 400 K using NyAeyp = —10.5 kJ mol ™' and a = 2.05.
(a) Open squares indicate the energies of mixing as a function of gy, obtained from MD simulations. The heavy solid lines represent the AA,;,
AU,y and TAS,;, according to eqs 14, 13, and 15, respectively. (b) Shown are the fraction yop, and yor¢ of [TEA] cations involved in a HB with
[OMs] and [OTf] anions. Open circles represent data obtained from MD simulations. The heavy solid line represents data according to eq 11.

dependence of PAV,; for T = 400 K is shown in Figure SS of
the Supporting Information. From eq 14 and eq 13 follows the
excess entropy as

Sg = Nkg ln[xae_ﬁAem‘ +1—x"]+ Nkﬁyﬂ.
kgT (15)
Figure S shows a comparison of the thermodynamic mixing
properties obtained from MD simulations at T = 400 K with
theoretical predictions employing NyAeyg = —10.5 kJ mol™
and a = 2.05. We would like to point out that the behavior
obtained at the highest temperature of 400 K is representative
for the entire investigated temperature range, but is offering
the best statistics. Obviously, the model is describing the
simulation data very well using the energy difference Aeyy
obtained independently from the van 't Hoff analysis discussed
in Figure 2. In addition, as shown in Figure S5b, the
corresponding fractions of HBs to both anion species are
described similarly well. This is underlining again that HB
redistribution is indeed the dominating contribution to the
energy of mixing.
Earlier we have argued, that the parameter a accounts for
the entropy differences of the two hydrogen-bonded states. In
section S5.3.2 in the Supporting Information, we have derived
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the relation between the standard molar entropy difference
AS’® obtained from the van 't Hoff analysis in Figure 2, the
composition x, and the parameter a as follows:

a
X

AS”° =RIn

1— " (16)

For a = 2.0S, we obtain AS® = —9.5 J K™ mol™ for x = 0.5
and AS’® = =5.1 J K™ mol™ for x = 0.6, which is reasonably
close to the values of AS’® = —10.7 J K™' mol™! and AS’® =
—5.5 J K™ mol™, according to the van 't Hoff analysis. We
conclude that our model is also reasonably well taking into
account the entropy difference of the two hydrogen-bonded
states.

Finally, we would also make use of the fact that our
statistical mechanical model of hydrogen bond redistribution is
also capable of predicting the entropic contribution to the free
energy of mixing. In particular, we would like to point out the
curious negative mixing entropies TAS; observed in the
range 0.1 < xop < 0.65 in Figure Sa. As illustrated in Figure 6,
this feature is observed because the excess entropy caused by
HB redistribution effects according to eq 15 is throughout
negative and overcompensating the positive ideal contribution
AS, iiq to the entropy of mixing. The fact that S; < 0 can be
understood as follows: the interaction A€y is steering the HBs

https://doi.org/10.1021/acs.jpclett.2c00634
J. Phys. Chem. Lett. 2022, 13, 3556—3561
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Figure 6. Different contributions to the entropy of mixing AS_;, of
the PIL mixture at T = 400 K. The excess entropy Sg due to HB
redistribution according to eq 15 is negative, even overcompensating
for the positive ideal contribution AS, 4 due to the statistical
distribution of the anions in the mixture in the range 0.1 < xgp, <
0.65.

donated by the [TEA] cations toward [TEA]—[OMs]
accepting sites and is therefore effectively reducing the
orientational configuration space accessible to the cations in
the mixture. This is contrasted by the situation in the pure
liquid, where the HB-interactions with surrounding HB-
acceptors all have the same energy. Here the cation can freely
explore the HB-accepting sites of all the surrounding anions.
By construction, the negative excess energy due to HB
redistribution is connected with an excess entropy of the same
sign, also called enthalpy—entropy compensation effect.’® Such
a behavior is often observed in phenomena, where hydrogen
bonding is involved in equilibria affecting molecular (re)-
organziation, such as hydrophobic hydration,”” or the
thermodynamics of protein folding.* A prominent example
involving hydrogen bonding, where negative excess enthalpies
and excess entropies correlate with one another, are of course,
aqueous alcohol mixtures.®® In those systems, however, the
excess entropies do not dominate the ideal mixing entropy. A
solvent with the capability to donate and accept HBs and
which is possessing the discussed thermodynamic features,
however, could be of interest for a variety of applications in the
emerging field of “solvation science”.* Finally, we would like
to stress that the resulting Helmholtz energies of mixing of the
PIL-systems are negative, and are leading to the formation of
thermodynamically stable mixtures. In addition to the purely
theoretical considerations outlined above, we will demonstrate
in a forthcoming paper that both experimental and simulated
mixtures behave qualitatively similar with respect to the
enthalpic and structural effects associated with HB redis-
tribution.”! In conclusion, this particular mixture of PILs seems
to be one prominent example with a negative mixing entropy,
where the mixing process is driven by enthalpy, not entropy.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c00634.

Outline of the MD simulations and the employed force
field, the mixing energies and volumes, and a detailed
description of a statistical mechanical model for
hydrogen bond redistribution (PDF)

3560

B AUTHOR INFORMATION

Corresponding Author
Dietmar Paschek — Physikalische und Theoretische Chemie,
Institut fur Chemie, Universitit Rostock, D-18059 Rostock,
Germany; © orcid.org/0000-0002-0342-324X;
Email: dietmar.paschek@uni-rostock.de

Authors

Benjamin Golub — Physikalische und Theoretische Chemie,
Institut fur Chemie, Universitit Rostock, D-18059 Rostock,
Germany

Daniel Ondo — Department of Physical Chemistry, University
of Chemistry and Technology, 166 28 Prague 6, Czech
Republic

Ralf Ludwig — Physikalische und Theoretische Chemie, Institut
fir Chemie, Universitit Rostock, D-18059 Rostock,
Germany; Leibniz-Institut fiur Katalyse, D-18059 Rostock,
Germany; © orcid.org/0000-0002-8549-071X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpclett.2c00634

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank the Leibniz Association, the State of Mecklenburg-
Vorpommern, and the University of Rostock for financial
support within the ComBioCat programme. This work has
been supported by a DFG Research Grant (No. 401427621).
D.O. acknowledges the support from Grant No.
Al_FCHI 2021_002 of Specific University Research by the
Ministry of Education, Youth, and Sports (Czech Republic).
The proof in section S5.4 of the Supporting Information has
been contributed by A. Appelhagen.

B REFERENCES

(1) Belieres, J.; Angell, C. A. Protic Ionic Liquids: Preparation,
Characterization, and Proton Free Energy Level Representation. J.
Phys. Chem. B 2007, 111, 4926—4937.

(2) Caparica, R; Julio, A; Baby, A. R; Aratjo, E. U. A. M;
Fernandes, A. S.; Costa, J. G.; Santos de Almeida, T. Choline-Amino
Acid Ionic Liquids as Green Functional Excipients to Enhance Drug
Solubility. Pharmaceutics 2018, 10, 288.

(3) Peric, B; Sierra, S.; Marti, E.; Cruanas, R.; Garau, M. A.; Arning,
J.; Bottin-Weber, U.; Stolte, S. (Eco)toxicity and biodegradability of
selected protic and aprotic ionic liquids. J. Hazard Mater. 2013, 261,
99—-105.

(4) Every, H.; Bishop, A. G.; Forsyth, M.; MacFarlane, D. R. Ion
Diffusion in Molten Salt Mixtures. Electrochim. Acta 2000, 45, 1279—
1284.

(5) Fletcher, K. A; Baker, S. N.; Baker, G. A,; Pandey, S. Probing
Solute and Solvent Interactions within Binary Ionic Liquid Mixtures.
New J. Chem. 2003, 27, 1706—1712.

(6) Canongia Lopes, J. N.; Cordeiro, T. C.; Esperanca, J. M. S. S;
Guedes, H. J. R;; Hug, S.; Rebelo, L. P. N.; Seddon, K. R. Deviations
from Ideality in Mixtures of Two Ionic Liquids Containing a
Common Ion. J. Phys. Chem. B 2005, 109, 3519—3525.

(7) Navia, P.; Troncoso, J.; Romani, L. Viscosities fir Ionic Liquid
Binary Mixtures with a Common Ion. J. Solution Chem. 2008, 37,
677—688.

(8) Annat, G.; Forsyth, M.; MacFarlane, D. R. Ionic Liquid Mixtures
- Variations in Physical Properties and Their Origins in Molecular
Structure. J. Phys. Chem. B 2012, 116, 8251—8258.

(9) Oliveira, M. B.; Dominguez-Pérez, M.; Cabeza, O.; Lopes da
Silva, J. A.; Freire, M. G.; Coutinho, J. A. P. Surface Tensions of

https://doi.org/10.1021/acs.jpclett.2c00634
J. Phys. Chem. Lett. 2022, 13, 3556—3561



The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

Binary Mixtures of Ionic Liquids with Bis(trifluoromethylsulfonyl)-
imide as the Common Anion. J. Chem. Thermodynamics 2013, 64,
22-27.

(10) Payal, R. S.; Balasubramanian, S. Homogenous Mixing of Ionix
Liquids: Molecular Dynamics Simulations. Phys. Chem. Chem. Phys.
2013, 15, 21077—21083.

(11) Paschek, D.; Golub, B,; Ludwig, R. Hydrogen Bonding in a
Mixture of Protic Ionic Liquids: A Molecular Dynamics Simulation
Study. Phys. Chem. Chem. Phys. 2015, 17, 8431—8440.

(12) Fumino, K.; Bonsa, A.-M.; Golub, B.; Paschek, D.; Ludwig, R.
Non-Ideal Mixing Behaviour of Hydrogen Bonding in Mixtures of
Protic Ionic Liquids. ChemPhysChem 2018, 16, 299—304.

(13) Matthews, R. P.; Villar-Garcia, L J.; Weber, C. C.; Griffith, J;
Cameron, F.; Hallett, J. P,; Hunt, P. A,; Welton, T. A Structural
Investigation of Ionic Liquid Mixtures. Phys. Chem. Chem. Phys. 2016,
18, 8608—8624.

(14) Bruce, D. W.; Cabry, C. P.; Canongia Lopes, J. N.; Costen, M.
L.; D’Andrea, L.; Grillo, I; Marshall, B. C.; McKendrick, K. G;
Minton, T. K.; Purcell, S. M.; et al. Nanosegregation and Strcturing in
the Bulk and at the Surface of Ionic-Liquid Mixtures. J. Phys. Chem. B
2017, 121, 6002—6020.

(15) Vogl, T.; Passerini, S.; Balducci, A. The Impact of Mixtures of
Protic Ionic Liquids on the Operative Temerature Range of Use of
Battery Systems. Electrochem. commun 2017, 78, 47—50.

(16) Cabry, C. P,; D’Andrea, L,; Shimizu, K; Grillo, L; Li, P;
Rogers, S.; Bruce, D. W.; Canongia Lopes, J. N; Slattery, J. M.
Exploring the Bulk-Phase Structure of Ionic Liquid Mixtures using
Small-Angle Neutron Scattering. Faraday Discuss. 2018, 206, 265—
289.

(17) Thawarkar, S.; Khupse, N. D.; Kumar, A. Binary Mixtures of
Aprotic and Protic Ionic Liquids Demonstrate Synergistic Polarity
Effect: An Unusual Observation. J. Sol. Chem. 2020, 49, 210—221.

(18) Yambou, E. P.; Gorska, B.; Béguin, F. Binary Mixtures of Ionic
Liquids Based on EMIm Cation and Fluorinated Anions: Physico-
Chemical Characterization in View of Their Application as Low-
Temperature Electrolytes. J. Mol. Lig. 2020, 298, 111959.

(19) Chakraborty, M.; Barik, S.; Mahapatra, A.; Sarkar, M. Binary
mixtures of ionic liquids: Ideal, non-ideal, or quasi-ideal? J. Chem.
Phys. 2021, 154, 224507.

(20) Niedermeyer, H.; Hallett, J. P.; Villar-Garcia, L. J.; Hunt, P. A;;
Welton, T. Mixtures of Ionic Liquids. Chem. Soc. Rev. 2012, 41,
7780—7802.

(21) Podgorsek, A.; Pensado, A. S.; Santini, C. C.; Costa Gomes, M.
F.; Padua, A. A. H. Interaction Energies of Ionic Liquids with Metallic
Nanoparticles: Solvation and Stabilization Effects. J. Phys. Chem. C
2013, 117, 3537—3547.

(22) Lepre, L. F.; Szala-Bilnik, J.; Padua, A. A. H.; Traikia, M.; Ando,
R. A,; Costa Gomes, M. F. Tailoring the Properties of Acetate-Based
Ionic Liquids Using The Tricyanomethanide Anion. Phys. Chem.
Chem. Phys. 2016, 18, 23285—23295.

(23) Herrera, C.; Atilhan, M.; Aparicio, S. A Theoretical Study on
Mixtures of Amino Acid-Based Ionic Liquids. Phys. Chem. Chem. Phys.
2018, 20, 10213—10223.

(24) Navia, P.; Troncoso, J.; Romani, L. Excess Magnitudes for Ionic
Liquid Binary Mixtures with a Common Ion. J. Chem. Eng. Data 2007,
52, 1369—1374.

(25) Castejon, H. J.; Lashock, R. J. Mixtures of Ionic Liquids with
Similar Molar Volumes Form Regular Solutions and Obey the Cross-
Square Rules for Electrolyte Mixtures. J. Mol. Lig. 2012, 167, 1—4.

(26) Podgorsek, A.; Jacquemin, J.; P4dua, A. A. H,; Costa Gomes,
M. F. Mixing Enthalpy for Binary Mixtures Containing Ionic Liquids.
Chem. Rev. 2016, 116, 6075—6106.

(27) Otero, L; Lepre, L. F.; Dequidt, A.; Husson, P.; Costa Gomes,
M. F. How Does the Addition of a Third Ion Affect the Molecular
Interations and the Thermodynamic Properties to Acetate-Based
Tonic Liquids? J. Phys. Chem. B 2017, 121, 9725-9736.

(28) Docampo-Alvarez, B.; Gémez-Gonzalez, V.; Méndez-Morales,
T.; Rodriguez, J. R.; Cabeza, O.; Turmine, M.; Gallego, L. J.; Varela,
L. M. The Effect of Alkyl Chain Length on the Structure and

3561

Thermodynamics of Protic-Aprotic Ionic Liquid Mixtures: A
Molecular Dynamics Study. Phys. Chem. Chem. Phys. 2018, 20,
9938—-9949.

(29) Lepre, L. F.; Costa Gomes, M. F.; Pidua, A. A. H,; Ando, R. A;
Ribeiro, M. C. C. On the Regular Behavior of a Binary Mixture of
Ionic Liquids. J. Phys. Chem. B 2019, 123, 6579—6587.

(30) Chatel, G.; Pereira, F. F. B.; Debbeti, V.; Wang, H.; Rogers, R.
D. Mixing Ionic Liquids - Simple Mixture or Double Salts? Green
Chem. 2014, 16, 2051—2083.

(31) Caminiti, R, Gontrani, L., Eds. The Structure of Ionic Liquids;
Springer: 2014.

(32) Golub, B.; Fumino, K.; Stange, P.; Fossog, V.; Hempelmann,
R; Ondo, D.; Paschek, D.; Ludwig, R. Balance Between Contact and
Solvent Separated Ion Pairs in Mixtures of the Protic Ionic Liquid
[Et;NH][MeSO;] with Water Controlled by Water Content and
Temperature. J. Phys. Chem. B 2021, 125, 4476—4488.

(33) Fumino, K; Fossog, V.; Wittler, K; Hempelmann, R.; Ludwig,
R. Dissecting Anion-Cation Interation Energies in Protic Ionic
Liquids. Angew. Chem., Int. Ed. 2013, 52, 2368—2372.

(34) Bodo, E.; Bonomo, M.; Mariani, A. Assessing the Structure of
Protic Ionic Liquids Based on Triethylammonium and Organic Acid
Anions. ]. Phys. Chem. B 2021, 125, 2781-2792.

(35) Hill, T. L. An Introduction to Statistical Thermodynamics; Dover:
1960.

(36) Qian, H,; Hopfield, J. J. Entropy-enthalpy compensation:
Perturbation and relaxation in thermodynamic systems. J. Chem. Phys.
1996, 105, 9292—9298.

(37) Koga, K; Bhimalapuram, B.; Widom, B. The hydrophobic
effect. Phys. Chem. Chem. Phys. 2003, 5, 3085—3093.

(38) Dill, K. A,; MacCallum, J. A. The Protein-Folding Problem, 50
Years On. Science 2012, 338, 1042—1046.

(39) Lama, R. F; Lu, B. Excess Thermodynamics Properties of
Aqueous Alcohol Solutions. J. Chem. Eng. Data 1965, 10, 216—219.

(40) Havenith, M. Solvation Science: A New Interdisciplinary Field.
Angew. Chem., Int. Ed. 2016, 55, 1218—1219.

(41) Golub, B,; Ondo, D.; Overbeck, V.; Ludwig, R.; Paschek, D.
Hydrogen Bond Redistribution Effects in Mixtures of Protic Ionic
Liquids Sharing the Same Cation: Nonideal Mixing with Large
Negative Mixing Enthalpies. ChemRxiv; DOI: 10.26434/chemrxiv-
2022-w2x2w.

https://doi.org/10.1021/acs.jpclett.2c00634
J. Phys. Chem. Lett. 2022, 13, 3556—3561



Supporting Information:

Why Do Liquids Mix? The Mixing of Protic Ionic Liquids Sharing the

Same Cation is Apparently Driven by Enthalpy, not Entropy

Benjamin Golub!, Daniel Ondo?, Ralf Ludwig®, Dietmar Paschek'*

t Physikalische und Theoretische Chemie, Institut fiir Chemie, Universitdit Rostock, Albert-Einstein-Strafie 27,

D-18059 Rostock, Germany
1 Department of Physical Chemistry, University of Chemistry and Technology, Technickd 5.,
166 28 Prague 6, Czech Republic
$ Leibniz-Institut fiir Katalyse, Albert-Einstein-Straf3e 29a, D-18059 Rostock, Germany

*E-mail: dietmar.paschek @uni-rostock.de

Contents

S1 Outline of the MD Simulations

S2 Forcefield

S3 Results of the MD Simulations

S4 Computed Energies and Volumes of Mixing

S5 Detailed Description of a Statistical Mechanical Model for Hydrogen Bond Re-

distribution

S5.1 Model A . . . . o o e

S5.2 Model B . . . . .o

S5.3 Van’tHoff Analysis . . . . . . . . . . e
S5.3.1 The Relationship Between Aeyp/kg, AH°/R,and AH°/R . . . ... ...
S5.3.2 The Relationship Between ng/ny and AS™ . . .. ... ... .. ...

S5.4 Limiting Behavior of the Functiona(x) . . . ... ... ... ... ... .......

S6 Coordination Numbers, Pair Correlations and Hydrogen Bond Fractions of the
lons in the PIL Mixtures

References

S2
S2
S5
S10

S13
S14
S17
S20
S20
S21
S22

S23
S25



S1 Outline of the MD Simulations

To study the pure PILs and mixtures, we performed isobaric isothermal (N PT) MD simulations us-
ing GROMACS 5.0.6.[1] We investigated eleven compositions between xons = 0.0 and zoys = 1.0
for five temperatures between 7' = 320K and 7' = 400K at a pressure of 1bar. All studied systems
were composed of 500 ion pairs. Simulation boxes were constructed using PACKMOL [2] and equi-
librated for 3 ns using the Berendsen-thermostat with a coupling constant of 71 = 0.5 ps as well as
the Berendsen-barostat with a coupling constant of 7, = 0.5 ps.[3] For all mixtures production runs of
50 ns were carried out employing the Nosé-Hoover-thermostat [4, 5] (77 = 0.5 ps) and the Rahman-
Parrinello-barostat [6, 7] (7, = 2.0ps and 1 = 33.0 - 10~%bar~!) using a time-step of 2.0fs. Bond
lengths were kept fixed by employing the LINCS algorithm.[8] by using smooth particle mesh Ewald
summation [9] (real space cutoff 0.9 nm, mash spacing of 0.12 nm, 4th order interpolation and conver-
gence factor 3.38 nm ™). For analysing the simulations we used GROMACS [1] and MOSCITO [10]
tools.

S2 Forcefield

The forcefield discussed here is taken from Ref. [11]. For the description of the potential model, a
classical forcefield approach has been used, similar to the OPLS-model of Jorgensen et al.[12]. All
employed partial charges are atom-centered and were determined from ab-initio calculations of the
individual ions by applying many body perturbation theory (MP2) and using the 6-311++G** basis set.
All reported ab initio calculations were performed with the Gaussian 09 program [13]. The charges
were fitted to the electrostatic potential surrounded by the atoms using the ESP [14] and RESP [15]
methods. Due to the rather small size of the ions no significant changes were found between the
ESP and RESP charges. CHgs- and CHa-groups treated as united atoms and represented by a single
interaction site. Nonbonded Lennard-Jones Parameters for the Triflate-ions were taken from the [NTFz)
forcefield-model of Koddermann et al. [16], while the starting point for the nonbonded parameters for
the Triethylammonium were parameters reported by Krienke et al. [17] for the ammonium group, in
addition to the TraPPE-parameters of Martin and Siepmann [18] for the united-atom CHgs- and CHs-
groups. The o-parameter for the nitrogen atom needed to be resized to 3.25 A in order to match the
H...O distance of the hydrogen bonded ion pair in the gas-phase with the distance obtained for the
energy minimized structure using ab initio calculations. Constant pressure simulations of the model
describes the density of Triethylammonium-Triflate quite satisfactorily. For the Methylsulfonate-ion,
the Lennard-Jones parameters of Koddermann were also used for the SO3-group. The starting point for
the Lennard-Jones parameters for the methyl-group was again the forcefield of Martin and Siepmann
[18]. In this case, the Lennard-Jones o of the methyl-group needed to be resized to match the density
of the liquid phase of neat Triethylammonium-Methylsulfonate. Due to a significantly stronger bond-
polarization of the S-O bond within the Methylsulfonate-ion, compared to the Triflate-ion, larger partial
charges on the oxygens were obtained for the Methylsulfonate, leading to stronger hydrogen-bonding
with the Triethylammonium ion. In order to represent molecular configurations of the ions properly, the
equilibrium bond distances and angles were adjusted in such a way that they lead to minimum energy
configurations close to the structures obtained from the ab initio calculations. All nonbonded Lennard-
Jones parameters and partial charges are summarized in Table S1. The Bond-length and bond-bending
parameters can be found in Tables S2 and S3. Dihedral potentials for intramolecular torsions around
the N-C2-bond in the Triethylammonium ion and the S-C-bond in the Triflate ions were fitted to ab
initio calculation to represent the molecular configurations accurately. The values are summarized in
Table S4. The full torsion potential also include nonbonded 1-4-interactions. Here both, the nonbonded
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Lennard-Jones and Coulomb 1-4-interactions are scaled by a factor of 0.5.

Table S1: Non-bonding Lennard-Jones interaction  parameters with  Vj; =
e |:(O'ij Jrij)'? — (o] rij)G} and partial charges used in the MD Simulations of the PIL-mixtures.

Lorentz-Berthelot mixing-rules with o;; = (o + 0j;) /2 and e;; = (e - €j;)"/? were applied for
determining the cross-parameters.

Atom 7 O'ii/A €is kgl/K qi/|€|
Triflate:
S 4.08 37.3 -0.73
o 3.46 31.7 1.40
C 3.15 10.0 0.48
F 2.66 8.0 -0.23
Methylsulfonate:
S 4.08 37.3 -0.825
o 3.46 31.7 1.620
C3 2.90 98.0 -0.145
Triethylammonium:

H 0.0 0.0 0.37
N 3.25 75.0 -0.39
C2 3.95 46.0 0.28
C3 3.75 98.0 0.06

Table S2: Harmonic bond-stretching parameters employed in the forcefield model using Vf]’ = (k:f] /2)-

(rij — 7’%)2~

Bond i — j 1A k?; /kJ mol~tA~2
Triflate:
C-F 1.347 3700.0
C-S 1.860 1850.0
O-S 1.469 5850.0
Methylsulfonate:
C3-S 1.8040 1850.0
O-S 1.4816 5850.0
Triethylammonium:
H-N 1.020 2500.0
C2-N 1.500 2500.0
C2-C3 1.540 2500.0
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Table S3: Harmonic bond-bending parameters employed in the forcefield model using Vljk = (kfj w/2):
(eijk - egjk)Q'

Anglei —j — k H?jk / degrees k¢

/ kJ mol~1rad—2

ijk
Triflate:
F-C-F 108.4 650.0
F-C-S 110.5 420.0
C-S-0 102.6 620.0
0-S-0 119.5 850.0
Methylsulfonate:
C3-S-0 104.26 620.0
0-S-0 114.14 850.0
Triethylammonium:

H-N-C2 108.4 460.0
C2-N-C2 108.4 460.0
C3-C2-N 108.4 460.0

Table S4: Dihedral-Potential for the rotation around the N-C2 bond in the Triethylammonium-ion and
for the C-S bond in the Triflate-ion according to Viji = >, k%, [1 4 cos (ny, - ¢)].

m(i—j—k—1) N, kL /kImol ™!
Triflate F-C-S-O:
1 3.0 0.8619
Triethylammonium H-N-C2-C3:
1 1.0 8.734
2 2.0 3.224
3 3.0 5514
4 4.0 -0.465
5 5.0 -0.481
6 6.0 0.756
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S3 Results of the MD Simulations

Report of the performed MD simulations of systems composed of 500 ion pairs at the indicated tem-
peratures with composition zom;s. £ indicates the average potential energy of the systems computed
from the MD trajectories over 50 ns. Vipox, Yoms, and yorr denote the average volume of the MD box,
and fractions of hydrogen bonds of the [TEA] cations to the [OMs] and [OTf] anions, respectively.

Table S5: xoms = 0.0

T/K plkgm™3 Viox / NM3 E,/ kI mol~! YOMs YOTE
320 1229.1 169.7 1186 - 0.995
340 1213.4 171.9 3287 - 0.993
360 1198.0 174.1 5394 - 0.991
380 1183.3 176.3 7461 - 0.988
400 1168.2 178.6 9525 - 0.984

Table S6: xons = 0.1

T/K plkgm™3 Viox / nm? E, /kImol™! YOMs YOTE
320 1216.8 167.8 -18844 0.272 0.725
340 1201.2 169.9 -16772 0.274 0.721
360 1186.1 172.1 -14677 0.269 0.724
380 1171.6 174.2 -12603 0.261 0.729
400 1156.9 176.5 -10544 0.255 0.732

Table S7: xoms = 0.2

T/K plkgm™3 Viox / NM3 E,/k] mol~! YOMs YOTE
320 1204.2 165.8 -38845 0.540 0.457
340 1189.4 167.9 -36729 0.525 0.471
360 1175.0 169.9 -34631 0.510 0.484
380 1160.3 172.1 -32537 0.497 0.496
400 1145.6 174.3 -30450 0.482 0.508
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Table S8: zoms = 0.3

T/K plkgm™3 Viox / N> E, / kJmol 1 YOMs YOTE
320 1192.5 163.7 -38845 0.730 0.268
340 1177.3 165.8 -36729 0.717 0.280
360 1163.1 167.8 -34631 0.707 0.289
380 1148.5 169.9 -32537 0.683 0.312
400 1134.1 172.1 -30450 0.661 0.331

Table S9: xons = 0.4

T/K plkgm™3 Viox / NM3 E,/k] mol~! YOMs YOTE
320 1179.7 161.6 -77765 0.869 0.130
340 1165.1 163.7 -75594 0.839 0.158
360 1150.6 165.7 -73518 0.825 0.172
380 1136.9 167.7 -71487 0.806 0.188
400 1122.9 169.8 -69461 0.789 0.204

Table S10: xons = 0.5

T/K plkgm™3 Viox / nm? E, / kI mol™! YOMs YOTE
320 1166.7 159.6 -96721 0.929 0.069
340 1153.2 161.5 -94669 0.918 0.080
360 11394 163.4 -02582 0.894 0.103
380 1124.9 165.5 -90565 0.884 0.112
400 1111.1 167.6 -88554 0.869 0.125

Table S11: xons = 0.6

T/K plkgm™3 Viox / N3 E,/k] mol~! YOMs YOTE
320 1154.3 157.4 -115502 0.964 0.034
340 1139.7 159.5 -113423 0.950 0.047
360 1126.2 161.4 -111437 0.939 0.058
380 1112.8 163.3 -109500 0.933 0.063
400 1099.3 165.3 -107510 0.918 0.076
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Table S12: zoms = 0.7

T/K plkgm™3 Viox / nm?> E,/k] mol~! YOMs YOTE
320 1140.4 1554 -134120 0.972 0.026
340 1126.2 1574 -132153 0.970 0.028
360 1112.8 159.3 -130204 0.966 0.031
380 1099.8 161.2 -128272 0.956 0.039
400 1086.7 163.1 -126348 0.950 0.044

Table S13: xonms = 0.8

T/K plkgm™3 Viox / nm* E, / kI mol™! YOMs YOTE
320 1126.2 1534 -152787 0.986 0.012
340 1112.5 155.3 -160857 0.983 0.014
360 1099.5 157.1 -148934 0.978 0.018
380 1086.6 159.0 -147031 0.975 0.020
400 1074.0 160.9 -145144 0.970 0.024

Table S14: xons = 0.9

T/K plkgm™3 Vhox / nm? E,/k] mol ! YOMs YOTE
320 1111.6 1514 -171490 0.994 0.004
340 1098.2 153.2 -169514 0.992 0.005
360 1085.3 155.1 -167605 0.988 0.008
380 1073.0 156.8 -165740 0.987 0.008
400 1060.4 158.7 -163886 0.984 0.010

Table S15: TOMs = 1.0

T/K plkgm™3 Voox / nm? By, /kJmol™! YoMs Yot
320 1096.0 149.5 -190126 0.998 -
340 1083.4 151.2 -188176 0.997 -
360 1070.7 153.0 -186284 0.996 -
380 1058.7 154.7 -184451 0.995 -
400 1046.5 156.5 -182612 0.993 -
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Figure S1: Mean square displacement of the center of mass of the ions in an equimolar mixture of
[TEA][OMs] and [TEA][OTf] at T'=400 K.
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Figure S2: Computed reorientational correlation function Cy(t) = (Ps [iiNu(0) - tnm(¢)]) of the N-H
vector of the [TEA] cations in an equimolar mixture of [TEA][OMs] and [TEA][OTf] at T"= 400 K.
Here Py(...) denotes the 2nd Legendre polynome and @ny(¢) the time evolution of a unit vector de-

o0
scribing the orientation of the N-H bond. The integrated correlation time 75 = | C3(t)dt is determined
0

tobe 79 = 171 ps.
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Figure S3: Densities of selected [TEA][OMs]/[TEA][OTf] mixtures as a function of their composition
as obtained from the molecular dynamics simulations at 340 K. The filled circles refer to experimental
densities obtained at 343 K [19].
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S4 Computed Energies and Volumes of Mixing
From the MD simulations we can directly determine the energies of mixing AU,y according to

AUnix = U(woms) — ToMs - UitEajjoMs] (D
—(1 = 2oms) - Upreajjors)
= Ep(roms) — Toms * Ep [TEA]OMS)]
—(1 = zoms) - Ep,[rEAjjOTH

and

AVmix = V(roms) — Toms * ViTEAj[OMS] (2)
—(1 = zowms) - ViTEA)OTH

where U(zons) and V(zowms) represents the total energy and volume of the mixture
[TEA][OTt)/[TEA][OMs] with a given composition xows, While Uirgajjors) and Ureajjoms) are the
energies and VitgajjoTs] and ViTeajjoms) are the volumes of the pure PILs. The Ep-values represent
the corresponding potential energies. All computed energies of mixing are summarised in Table S16.
The volumes of mixing are given in Table S17.

Table S16: Energies of mixing AUpixcalculated from molecular dynamics simulation data given in
Tables S5 to S15.

AUppix / kI mol™1

TOMs 320K 340K 360K 380K 400K

0.0 0.0 0.0 0.0 0.0 0.0

0.1 -1.804£0.23  -1.83£0.18  -1.81£0.17  -1.75+£0.17  -1.71+0.16
0.2 3544024  -345+£024 3384024  -3.23+0.15  -3.0940.16
0.3 4464023  -437+025  -445+0.19  -4.14£020  -3.93+0.20
0.4 4854023  -459+024 4484023  -437+0.19  -4.2640.19
0.5 450+£021  -4.45+0.16 4274020  -4.14+0.16  -4.0240.18
0.6 3804024  -3.66+0.18  -3.65+0.18  -3.63+£020  -3.50+0.14
0.7 2784022  -2.83+£0.22  -2.85+0.18  -2.79+0.18  -2.7540.14
0.8 -1.940.3 1954023  -1.97+£0.18  -1.92+0.16  -1.92+0.12
0.9 0.9940.25  -0.97£022  -0.98+£021  -0.96+0.15  -0.97+0.13
1.0 0.0 0.0 0.0 0.0 0.0
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Table S17: Volumes of mixing AVpy calculated from molecular dynamics simulation data given in
Tables S5 to S15.

AVpix / cm® mol !

TOMs 320K 340K 360K 380K 400K
0.0 0.000 0.000 0.000 0.000 0.000
0.1 0.063 0.103 0.105 0.101 0.086
0.2 0.145 0.097 0.023 0.099 0.127
0.3 0.021 0.096 0.016 0.124 0.144
0.4 0.029 0.039 0.065 0.077 0.064
0.5 0.002 -0.100 -0.155 0.026 0.039
0.6 -0.166 -0.040 -0.095 -0.053 -0.048
0.7 -0.140 -0.031 -0.074 -0.049 -0.044
0.8 -0.127 -0.061 -0.101 -0.053 -0.083
0.9 -0.111 -0.046 -0.066 -0.046 -0.040
1.0 0.000 0.000 0.000 0.000 0.000
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S5 Detailed Description of a Statistical Mechanical Model for Hydrogen Bond
Redistribution

The statistical mechanical model for describing hydrogen bond redistribution is in its essence a two
state model, which is introduced and discussed in detail in the remainder of this section.

We start with the definition of a statistical mechanical two-state model. Consider a canonical en-
semble of V indistinguishable particles, where each particle can adopt two different energy states €g
and €;. In addition, each of two energy states is n,-fold degenerated (with v € {0,1}). The canonical
partition function of such a system can be expressed as

1
Z = 17" 3)

where ¢ is the two-state “molecular” partition function according to
q=mng-e P4 ng e 4)

with 8= 1/(kgT'), where T is the temperature and kg denotes the Boltzmann-constant. By introducing
Ae = €y — €1 and defining ¢; = 0, Equation 4 can be expressed as

g=ng-e PP 4n,. 5)

From the molecular partition function outlined in Equation 5 follows immediately that the population
Yy~ of each state is given by
yo =mo-e 2/q (©)
and
y1=mn1/q. (7
In the following paragraph we will derive the thermodynamic properties discussed in this paper starting

from the partition function using standard textbook definitions, as e.g. found in the classic textbook of
Hill [20]. Having defined the partition function, the free Helmholtz free energy A follows as

A = —kgThhZ (8)
= —NkgTlng+ NkgT [In(N) — 1] )

employing Stirling’s approximation with In(N!) &~ N In — N. The internal ener is defined as
ploying Stirling’s approximati ith In(N!) = NIn(N) — N. The i 1 gy U is defined

olnZz dlng
v = (%) - (%) 1o
= NAe-ng-eP2q (11)
= NAc-yp. (12)
Finally, the entropy is given as

S = U/T-A/T (13)
— Nk <A€> 4o + NkgIng — Nkg [In(N) — 1] . (14)

kT
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S5.1 Model A

First, we have to realize that the quantities ng and n; essentially define the amount of phase-space
allocated to each of the states. Consequently, ng and n; do not necessarily have to be integer numbers.
Let us assume that the states ‘0” and “1” are composed out of mg and m; “substates”. We are now
acknowledging that the amount of phase-space allocated to each of the substates mg and m; can differ,
such that

no = my (15)

and
ny=a-mj. (16)

Here a > 1 increases the phase-space of each substate of “1” with respect to “0”, whereas a < 1
decreases its phase-space. By changing a we have now control over the entropy contribution of each of
the states.

Xoms=1.0 Xoms=0-5 Xoms=0.0

oo o%  o%
c0e¢ 00 gco
\ ./ p 4 \ 4
° . 0, ® Q.‘

Figure S6: Illustration of the statistical mechanical “Model A”: The orange arrow is representing a
HB donor located on a [TEA] cation, shown in red, which is able to connect with ¢ surrounding HB
acceptor sites, representing [OMs] (blue) and [OTf] (green) anions, respectively. The different area of
the circles indicate the different size of the phase-space associated with each HB interaction. Hence
the area is also indicative of the entropy of the two different HB interactions. In fact, the ratio of the
area of the green and blue circles defines the parameter a, introduced in Equation 16. The sites in the
solvation shell of the central [TEA] cation are statistically occupied by the two anion species according
to their mixture composition xopss.

Let us assume that the total number (sub)states is a constant ¢ = mg + m and that we can control
the number of each of the states mg and m; by some continuous parameter x € [0, 1] such that

ng=c-x )

and
n=a-c(1—x). (18)

Imagine now that our model describes a hydrogen bond (HB) donor as outlined in Figure S6. Here
the HB donor can access ¢ HB acceptor sites in its local environment. Keep in mind that we have two
different HB interaction strengths (i.e interaction energies). It is obvious that the parameter x in our
model can be identified with describing the mixture composition of the two hydrogen bond acceptor
sites. If we identify state “0” with HBs to OMs ions and state “1” with HBs to OTf ions, the parameter
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is essentially the mixture composition (mole fraction) with x = xgp assuming a statistical occupation
of the neighboring HB acceptor sites by the different anion species. According to Equation 6, the
fraction of HBs to OMs ions can be expressed by

T - e*,BAe

r-ePhepg(l—x)’

Yo(w) = (19)

Let us now compute the excess thermodynamic properties of the model starting with the Helmholtz
free energy

A = Alz) —x A — (1 —2) - Ay (20)
= —NkgTlng(x)+ 2 - NkgT'Ingeg + (1 — ) - NkgT In ¢y . 1)

Note that the contributions due to the In(N!) terms cancel out each other exactly. Since

gz)=c-z-e PP ta-c-(1-2x) (22)

with
Q=0 = Q- C (23)

and
G = c- e PR (24)

the excess Helmholtz free energy is given by:
Ag = —NkgTl [xe*Me ta(l- m)} — 2NAe+ (1 - 2)NksTlna. (25)

Note that the contributions from the In ¢ terms cancel out each other as well. Next, let us derive the
excess energy:

Ug = U@)—z-Um — (1 —2) - Upy (26)
x - e PAe

= NAe:ne*BAG—l—a(l—x)ix'NAe 27

= NAcyo(x) —x-NAe (28)

= NAe-[yo(z) — 2] , (29)

taking into account that yo .— = 1 and y - = 0. Finally, the excess entropy is available via

Sg = S(x)—2-Sp — (1 —2) So (30)
= Ug/T — Ag/T €1y
= Nkg-yo(z)- kA—; + Nkgln |ze P2 4 a(1 — m)} —(1—-2)Nkglna. (32)

B

The thermodynamic mixing properties are defined as

AUvmix = UE P (33)
AAmix = Ag + AAnixid. , 34)

and
ASnix = SE + ASmix;id. (35)

S15



6 O MDSm. |
[~ a=t 7]
-8 P I T I '
0 02 04 06 0.8 1
XoMs

0.

2

0.

4 0
Xoms

0 .6

8

1

Figure S7: Theoretical predictions of the thermodynamic mixing properties for mixtures at 7' =400 K
using Aegg = —10.5kJmol~! for varying a. a) Open squares indicate the energies of mixing as
function of gy obtained from MD simulations. The solid lines represent the data for AU according
to Equation 29 for the indicated values of a. b) Shown is the fraction yopms of [TEA] cations involved
in a HB with [OMs] anions. Open circles represent data obtained from MD simulations. The solid line
represents data according to Equation 19 for the indicated values of a.
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Figure S8: Theoretical predictions of the thermodynamic mixing properties for mixtures at 7' =400 K
using Aegg = —10.5kJ mol~! and a = 4.2. a) Open squares indicate the energies of mixing as func-
tion of xopms obtained from MD simulations. The heavy solid lines represent the A Anix, AUnix and
T ASnix, respectively. b) Shown is the fraction yoms of [TEA] cations involved in a HB with [OMs]
anions. Open circles represent data obtained from MD simulations. The heavy solid line represents

data according to Equation 19.
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with
AAnixia, = NkgT [z In(z) + (1 — 2) In(1 — z)] (36)

and
AShixid. = —Nkp [z1n(z) + (1 —z) In(1 — 2)] . 37

Here the ideal mixing contribution arise from the statistical distribution of both anion species in the
mixture.

Figure S7 shows the behavior of the mixing energy AUyix and fraction yoms of [TEA] cations
involved in a HB with [OMs] anions as a function of the parameter a and the mixture composition
ToMms In comparison with data obtained from MD simulation. Note that for a ~ 4 both datasets are
described semiquantitatively by the model. Figure S8 shows the computed composition dependence of
AAnix, AUnix, TASnix, and youms for a value of a = 4.2. Most prominently, “Model A” predicts a
negative mixing entropy for x < 0.56.

S5.2 Model B

In the paper we have used the following definition of the partition function, which we will call “Model
B”. Here we use definitions for ng and n; according to

ng=c-z% (38)

and
n=c-(1—xz%. (39)

In essence, this approach also results in different phase-space contributions associated with the two-
states, not unlike in “Model A”. However, unlike in “Model A”, the sizes of the phase-space volumes
of the two species are not fixed, but vary as a function of the mixture composition. To illustrate the
relationship between the parameter a used in “Model A” and the parameter o of “Model B”, we consider
the ratio nq /ng. For Model A, we have

m_ -0 (40)
no x

For Model B the ratio is given by
o M ) (41)

no x
By equating Equations 40 and 41, we can compute the size of a hypothetical parameter a for Model B
as a function of the mixture composition x according to
(1—2z%) x

a(z) = P R (42)

The z-dependence of a(x) for & = 2 is shown in Figure S9. For lim,_,j a(z) = «, the function
approaches a constant value of « and for lim,_,ga(z) = 1= (for further information see section
S5.4).

An argument can actually be made why the particular shape of the function a(z), shown in Figure
S9, suits our MD simulation data so well. Let us consider a mixture of [TEA][OMs] and [TEA][OTf]
with a low [OMs] content. Let us now zoom in on a solvation shell, where a [TEA] cation is engaged in
a HB with one of the relatively few available [OMs] anions. Ideally, neighboring [TEA] cations in one
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Figure S9: Illustration of the composition depencdence of a () of “Model B” according to Equation 42
for a = 2.

or two of the adjacent solvation shells should be able to connect to that particular [OMs] anion equally
well. However, since the HB acceptor sites are located in the SO3 group of the [OMs] anion, they are
concentrated one side of the ion. Therefore the [TEA] cations in the immediate neighborhood of the
central cation will find it a little harder to engage in a HB. In essence, the HB of the central [TEA] to a
[OMs] anion yields in a scarcity of available HB accepting sites in its immediate surrounding, and, is
therefore steering the equilibrium of those adjacent [TEA] ions towards the [OTf] anions. On average,
this leads to an overall reduced availablity of [OMs] acceptor sites, which corresponds to an increasing
parameter a(x) for z — 0.
According to Equation 6, the fraction of HBs to OMs ions can be expressed by

xa.e—ﬁAe

- x® - e PR 4 (1 — zo)

Yyo() (43)

Let us now compute the excess thermodynamic properties of the model starting with the Helmholtz
free energy

A = Alz)—x-Apn — (1 —2) - Ao (44)
= —NkgTlng(x)+x - NkgT'Ingm + (1 —x) - NkgT'In qu . (45)

Note that the contributions due to the In(/N'!) terms cancel out each other exactly. Since

q(x):c-xo‘-e_[me—i-c-(l—xo‘) (46)

with
qz=0 = C 47)

and
Qo = - e B¢ (48)

the excess Helmholtz free energy is given by:

Ap = —NkgTh [x%*ﬁﬂﬁ r(1- xa)} — zNAe€. (49)
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function of gy obtained from MD simulations. The solid lines represent the data for AU according
to Equation 53 for the indicated values of . b) Shown is the fraction yoms of [TEA] cations involved
in a HB with [OMs] anions. Open circles represent data obtained from MD simulations. The solid line
represents data according to Equation 43 for the indicated values of a.
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Figure S11: Theoretical predictions of the thermodynamic mixing properties for mixtures at 7'=400 K
using Aegg = —10.5kImol~! and a = 2.05. a) Open squares indicate the energies of mixing as
function of xgps obtained from MD simulations. The heavy solid lines represent the A Apix, AUmix
and T'ASpix, respectively. b) Shown is the fraction yowms of [TEA] cations involved in a HB with [OMs]
anions. Open circles represent data obtained from MD simulations. The heavy solid line represents data
according to Equation 43.

S19



Note that the contributions from the In ¢ terms cancel out each other again. Next, let us derive the
excess energy:

Ug = U(x)—2-Um — (1 —2) - Ugyg (50)
NA L NA 5

= exa.e—BA6+(1_xa)_x' € (51)

= NAeyo(x) —x- NAe (52)

NAe-[yo(z) — ] , (53)

taking into account that yo .— = 1 and yo - = 0. Finally, the excess entropy is available via

Sg = S(x)—2-Spq — (1 —2) - S0 (54)
— Us/T — Ag)T (55)

A
—  Nkg - yo(z) - kB—ET + Nkgln [mae*Me r(1- :ca)} . (56)

Figure S10 shows the behavior of the mixing energy AUyx and fraction yoms of [TEA] cations
involved in a HB with [OMs] anions as a function of the parameter o and the mixture composition x in
comparison with data obtained from MD simulation. Note that for o ~ 2 both datasets are described
almost quantitatively. Figure S11 shows the computed composition dependence of AAnix, AUnix,
TASnmix, and yoms for a value of & = 2.05. In addition to “Model A”, also “Model B” predicts a
negative mixing entropy, albeit for 0.1 < x < 0.65.

We would like to point out the qualitative similarity of the behavior of “Model A” shown in Figure
S8 and “Model B” shown in Figure S11 with respect to the composition dependence of the entropy and
the free energy of mixing.

$5.3 Van 't Hoff Analysis

S5.3.1 The Relationship Between Acyg/kp, AH°/R,and AH°/R

We start with the van ’t Hoff equation, relating the temperature dependence of the equilibrium constant
with the standard molar enthalpy difference.
AH®  O0ln(Ke)
R 0(1)T)

(57

The equilibrium constant Keq for a “chemical” HB exchange reaction describing the breaking of a
[TEA]-[OTf] HB and formation of a [TEA]-[OMs] HB according to

[TEA]-[OTf] 4+ [OMs] = [TEA]-[OMs] + [OT{] (58)

is given as
_ Yowms - (3zott — Yyorr)
yorr - (3Toms — YoMs)

eq (59)
Note that each anion has 3 HB accepting sites. Here we identify © = xoms, (1 — ) = Zors, ¥ = YoMss
and (1 — y) = yor, since the condition yorr + yoms = 1 is well fulfilled. Hence we can express the

equilibrium constant as
y B —z)—(1-y)
Keg = . (60)
4 (I-y) Bz —y)
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Accordingly, we can write

vy 30-n-(-y)

61
—y 5y (61)

In Keqg = 1n 1

Now, we associate the argument of the first logarithmic term in Equation 61 with another equilibrium

constant

K = Yy _ Yowms ’ (62)
1-y Yyorf

which is associated with a slightly different standard molar enthalpy difference accoording to

CAH®  9In(K')

= ) 63
R~ 00T (63)
Substituting the inverse temperature by 3 = (kg7')~! leads to
0 0
=kl = . 64
o(i/T) ~ "™ 3 ©9
Using the definitions of y and (1 — y) from Equations 6 and 7, we obtain
4, 0 Y 0 mg-ePhe
1 1
—1 = —In—— 65
Bop Ty ™ ap m ©
= kg'(—Ae). (66)

Hence, we can conclude that if we use the equilibrium constant K’ defined by Equation 62, the cor-
responding van 't Hoff equation essentially delivers us the difference in HB interactions used in our
statistical mechanical models:

AHIO Ae AGHB
= — = . 67
R kg kg 67
S5.3.2 The Relationship Between n/n; and AS”

Associated with the equilibrium constant K’ defined in Equation 62 is the following standard molar
Gibbs free energy difference with

Y

AG”° = —-RTInK' = —RTIn . (68)
(1-y)
Using the definitions of y and (1 — y) from Equations 6 and 7, we obtain
—BAe
AGP® = —RTIn™"¢ (69)
ni
— —RTIn <"0> + Nale (70)
ni

with N denoting the Avogadro constant. Recognizing from Equation 67 that AH'® = NaAe, it
follows from Equation 70 and the thermodynamic definition of the Gibbs free energy with

AG" = AH" — TAS"” 71)
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that the related standard molar entropy difference is given by

AS%:Rm<m>. (72)

ni

From Equation 72 follows for “Model A”:

A¢—3m<y m), (73)
a

1—=x

and for “Model B”

AS’O:Rln<1x ) (74)

_xa

S5.4 Limiting Behavior of the Function a(x)
The function a(x) introduced in Equation 42 can be expressed as

-1 =z % —1 1
— L2 . . 75
o(z) r—1 v x—1 ol (75

From Equation 75 follows directly that

lima(z) =1- =gl (76)

z—0 gl

To show that lim,_,1 a(z) = « as discussed in section S5.2, we introduce the variable z = z — 1 such
that

(1+2)—1 1
= . . 77
a(2) z (14 z)at 77)
We perform a Taylor-expansion of the function (1 4 z)® around z = 0 via
1 /d .
a I «a i
(1+2)* = g A (dzi(l—i—z))_oxz (78)
1=0 2=
= 1+az+§a(a—1)z —1—6@(04—1)((1—2)2 +... (79)
For z <« 1, we arrive at (1 4+ 2)® ~ 1 + «az. Hence
lima(z) = lima(z) (80)
z—1 z—0
1 -1 1
T ) @1)
z—0 z (1 + Z)O‘_l
1 ‘-1
N U 2l (82)
z—0 z
1 -1
~ lim %272 (83)
z2—0 z
= «o (84)
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S6 Coordination Numbers, Pair Correlations and Hydrogen Bond Fractions of the
lons in the PIL Mixtures

0.8
= O=0 Yous (400 K)
>C3 O 6 | ] yOTf (400 K)
S Yoms*Yorr (400 K) |
O
>~ 0.4

Figure S12: Fraction of [TEA] cations involved in a HB y,, with a =OTf, or &« =OMs as function of
the mole fraction xgys for 7'=400 K. The lines are guides for the eye. The orange heavy dashed line
indicates the sum of the respective fractions, while the black dashed line indicates 1.
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Figure S13: Anion-cation center of mass pair distribution functions g(r) obtained for a) pure
[TEA][OMs] and b) pure [TEA][OTf] at 7' = 300K. The position of minimum is used as a cut-
off radius for the nearest neighbor computation (TEA-OMs: 0.78 nm, TEA-OTf: 0.81 nm). The data
are taken from Ref. [11].
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Figure S14: Distribution of the number N of TEA-cations in the first solvation shell of the OTf- and
OMs-anions at 7' = 300 K determined from pure ionic liquids . The data is taken from Ref. [11].
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ABSTRACT: The formation of aggregates of ionic species is a crucial process in liquids and
solutions. Ion speciation is particularly interesting for the case of ionic liquids (ILs) since these
Coulombic fluids consist solely of ions. Most of their unique properties, such as enthalpies of
vaporization and conductivities, are strongly related to ion pair formation. Here, we show that the
balance of hydrogen-bonded contact ion pairs (CIP) and solvent-separated (SIP) ion pairs in
protic ionic liquids (PILs) and in their mixtures with water can be well understood by a

)"
o

CIP = (SIP = SSIP)

combination of far-infrared (FIR) and mid-infrared (MIR) spectroscopy, density functional theory

(DFT) calculations of PIL/water aggregates, and molecular dynamics (MD) simulations of PIL/water mixtures. This combined
approach is applied to mixtures of triethylammonium methanesulfonate [Et;NH][MeSO;] with water. It is shown that ion
speciation in this mixture depends on three parameters: the relative hydrogen bond acceptor strength of the counter ion and the
molecular solvent, the solvent concentration, and the temperature. For selected PIL/water mixtures, the equilibrium constants for
CIPs and SIPs were determined as a function of the solvent content and temperature. Finally, for the studied PIL/water mixtures,
the transition from CIPs to SIPs could be understood on enthalpic and entropic grounds. A detailed picture of this interconversion
process could be described at the molecular level by means of MD simulations. In addition, the concentration dependence of ion pair
formation can be well understood with help of a simplified “cartoon-like” statistical model describing hydrogen bond redistribution.

B INTRODUCTION

Ion pairing plays a crucial role for reaction mechanisms in
organic chemistry, macromolecular catalysis, biochemical
hydrolysis, and protein stability." Phase-transfer catalysis and
gel stability are strongly controlled by ion pair formation.” Ton
pair chromatography is even based on the formation of
aggregates between an analyte and a pairing ion that is retained
at the stationary phase.”* Different ionic species may react
with their own characteristic rate constants and result in
specific dynamic equilibria.”~'> It has been shown for aqueous
salt solutions that these properties depend on the structure of
the reacting ion, the type of the counter ion, the solvent
polarity, and the temperature. These phenomena are of
particular importance for ionic liquids (ILs), which are formed
solely by ions. ILs and their mixtures are receiving an
increasing amount of interest based on the prospect of their
potential applications.'*"” The function of electrolyte devices,
photochemical cells, separation, and catalysis strongly depend
on the subtle balance of different kinds of interaction forces
between cations and anions in these Coulombic systems.”"” Tt
has been shown that a balanced mix of Coulombic interactions,
hydrogen bonds, and dispersion forces is responsible for the
unique properties of ionic liquids (ILs).'*™*' Ton pair
formation, in particular, strongly affects the behavior of ILs:
ion pair formation in the gas phase results in surprisingly low
enthalpies of vaporization.”> ** In the liquid phase, the

© 2021 American Chemical Society

7 ACS Publications
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formation of ion pairs or neutral aggregates thereof can lead
to a strongly reduced electrical conductivity.””* The role of
ion pairing and ion dissociation in ILs and IL solutions has
been recently extensively reviewed by Nordness and
Brennecke.””

Often, the methods for determining ion pairing are indirect
in the sense that they depend on observing physical properties
of a solution that are affected by ion association. Here,
spectroscopic methods are the exception, as they allow for a
direct observation of ion pair formation. However, it has been
argued that they are prone to insufficient resolution and that
they are poor at detecting solvent-separated ion pairing.' In
this contribution we would like to show that infrared
spectroscopy in the far-infrared (FIR) and in the mid-infrared
(MIR) regions represent suitable methods to both detect and
quantify ion speciation. A general scheme for solvolysis
reactions has been proposed and is widely accepted.' In this
paper, we want to focus on the interconversion between
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contact ion pairs (CIP) and solvent-separated ion pairs (SIP),
making no further distinction between SIPs and solvent-shared
ion pairs (SSIP) (see Scheme 1)

or SIP = SSIP

CHIA = CTIA (1)

Scheme 1. Schematic Representation of Ion Pair Types: (a)
Contact Ion Pair (CIP), (b) Solvent-Shared Ion Pair
(SSIP), and (c) Solvent-Separated Ion Pair (SIP)

(a) (b) ()
X
R

¥ 3 e

Here, the total potential energy of the solutions consists of the
sum of solvent—solvent, solvent—ion, and ion—ion inter-
actions. It can be stated that if the anion—cation interaction is
sufficiently strong, CIPs are the dominant structures in
solution. However, if the ion—solvent interaction is able to
compete with the ion—ion interaction, solvent-shared ion pairs
(SIPs) may be formed. This subtle equilibrium is affected by
the jon—ion interaction strength, the polarity of the solvent,
and the temperature.

In this work, we aim to extend our previous study of the
formation of CIP and SIP configurations for the protic ionic
liquid (PILs) triethylammonium methanesulfonate [Et;NH]-
[MeSO;] (TEAMS). In PILs, the proton transfer from the
Bronsted acid to the Bronsted base is possible, leading to the
formation of proton acceptor and proton donor sites while
introducing significant hydrogen bonding.”*™*” Strong hydro-
gen bonding between the ions may even allow for the existence
of CIPs in the neat PIL.*® For aprotic and protic ionic liquids,
we could demonstrate that the cation—anion interaction can
indeed be studied by far-infrared (FIR) and terahertz (THz)
spectroscopy. Supported by density functional theory (DFT)
calculations of IL aggregates, we were able to relate the low
vibrational frequencies to cation—anion interaction energies
depending on the anion interaction strength or inductive
effects due to the variation of the alkyl chain length of the
cations.” ™ In particular, we used this combination of
experimental and theoretical methods to study the transition
from CIPs to SIPs of TEAMS dissolved in water. We could
show that four water molecules were needed to initiate the
transition from CIPs to SIPs. This was indicated by
characteristic changes in the FIR difference spectra for PIL/
water mixtures above 80 mol % water content, and supported
by DFT calculations, showing favorable enthalpies for the SIP
configurations due to the strong water affinity and cooperative
effects. Moreover, recently Kumari et al. reported from
molecular dynamics (MD) simulations that in the case of
TEAMS, the different numbers and distributions of ion—ion,
ion—water, and water—water hydrogen bonds drive the
formation of salt-in-water and water-in-salt nanodomains.*
We would also like to stress the fact that even in a PIL/water
mixture with 90 mol % water content, there are only between
four and five water molecules available for solvating each ion.
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In this concentration range, any spectroscopically detectable
change associated with hydration phenomena is basically
linked to the formation an SSIP or SIP configuration.

In this contribution, we now would like to provide more
quantitative information expressed by equilibrium constants
and free energy differences for the ion pair species. First, we
briefly recall our recent results for the FIR measurements of
the TEAMS/water mixtures. We then significantly extended
the study by investigating the equilibrium of CIPs and SIPs for
the variation of water content and temperature. In addition, we
will show that the spectra of TEAMS/water mixtures in the
mid-infrared region, in particular the SO vibrational modes,
provide useful quantitative information about ion speciation.
Moreover, we will demonstrate that for PIL/water mixtures,
the free energy difference between CIP and SIP configurations
is sufficiently small, such that changing the temperature affects
the interconversion, and can be measured, resulting in
estimates for the CIP/SIP equilibrium constants. To comple-
ment the IR spectroscopy experiments and DFT studies, we
have performed MD simulations of TEAMS/water and related
triethylammonium trifluoromethanesulfonate/water (TEATF/
water) mixtures. To be able to describe the CIP/SIP
equilibrium observed in both, experiment and MD simulation
analytically, we propose a simplified lattice model. This allows
us to provide a comprehensive description of these solvation
phenomena at the molecular level via hydrogen bond
redistribution of the cation.

B EXPERIMENT AND THEORY

IR Experiments. The pure ionic liquid was dried in vacaum
(p = 8 X 1073 mbar) for approx. 36 h. The water content was
then determined by Karl-Fischer titration and found to be
below 200 ppm. Further purification was not carried out.

The far-infrared (FIR) measurements were performed with a
Bruker Vertex 70 FTIR spectrometer equipped with an
extension for measurements in the FIR region that consists
of a multilayer Mylar beam splitter and a room temperature
DLaTGS detector with a preamplifier. Polyethylene (PE)
windows with an internal optical path of 0.1 mm were used.
Further improvement could be achieved using a high-pressure
mercury lamp and a silica beam splitter. The accessible spectral
region for this configuration now lies between 10 and 680
cm™! (0.3 and 20.3 THz).

Mid-infrared (MIR) measurements were performed with a
Bruker Vector 22 FTIR spectrometer. A L.O.T.-Oriel variable-
temperature cell equipped with CaF, windows having a path
length of 0.05 mm was used for the variable-temperature
experiments. Temperatures were maintained with an external
Haake C2S5P cryostat and were monitored with a thermo-
couple attached directly to the cell. For each spectrum, 128
scans were recorded at a spectral resolution of 1 cm™". Solvent
(ILs) subtraction was carried out using reference spectra
obtained at exactly the same temperatures as the sample
spectra. The sample chamber was purged with dry air during
data collection. The infrared spectra were deconvoluted
simultaneously as well as separately into a number of Voigt
profiles (convolution of Lorentzian and Gaussian functions)
following the Levenberg—Marquardt procedure. The Voigt
profile has four parameters: the absorption, the frequency, the
half-width of the Lorentzian, and the half-width of the
Gaussian. The deconvolution procedure is described in detail
elsewhere.”%?!

https://doi.org/10.1021/acs.jpcb.1c01850
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DFT Calculations. The geometries and frequencies of ion
pair aggregates TEAMS of various sizes and of one single ion
pair TEAMS “dissolved” in the environment of n water
molecules (n = 1—9) have been calculated at the DFT level
B3LYP//6-31+G*. Different conformers were calculated for all
structures but only the conformations with the lowest energy
have been considered. The structures and geometries of all
CIP and SIP clusters are given in the Supporting Information.

Also, the frequencies of the minimum energy configurations
have been calculated at the DFT level B3LYP//6-31+G* using
the Gaussian 09 program.”® The computed binding energies
have been corrected for the basis set superposition error
(BSSE)." Again, various different conformers were calculated
for all structures but only the best in energy have been
considered.

MD Simulations. The simulated mixtures of the protic
ionic liquids with water are represented by systems composed
of 216 ion pairs plus ny, additional water molecules (with 1y, =
0, 24, 54, 93, 144, 216, 324, 504, 648, 864, and 1296) to arrive
at the following 11 different compositions with water content
%y = 0.0, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.75, 0.80, and
0.86. To study the effect of varying the hydrogen bond
acceptor strength, we perform simulations using two different
anions: in addition to the methanesulfonate (MS) anion, we
also study the trifluoromethanesulfonate (TF) anion, which
has been shown to exhibit a slightly weaker cation—anion
hydrogen bond to the triethylammonium (TEA) cation®®**
The employed forcefield for both ionic liquids has been
described in ref 38. Water molecules are represented by the
rigid 4-site TIP4P/2005 water model.*’ The simulations are
carried out using a cubic simulation box employing periodic
boundary conditions. A snapshot from an MD simulation of a
TEAMS /water mixture with 75 mol % water content at 300 K
is shown in Figure 1. All MD simulations (production runs)
are performed in the isobaric isothermal (NPT) ensemble,
employing Nosé—Hoover thermostats’”>' and Rahman-
Parrinello barostats,’>>® using coupling times of 7y = 1 ps
and 7, = 2 ps, respectively. The electrostatic interactions are

Figure 1. Snapshot of the entire MD box from an MD simulation of a
TEAMS/water mixture with 75 mol % water content at 300 K. TEA
cations are shown in white, whereas the MS anions are depicted in
red. Water molecules are shown in cyan. The image was created using
VMD.**
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treated in the “full potential” approach by the smooth particle-
mesh Ewald summation®* with a real space cutoff of 0.9 nm
and a mesh spacing of approximately 0.12 nm and 4th order
interpolation. The Ewald convergence factor @ was set to 3.38
nm™" (corresponding to a relative accuracy of the Ewald sum
of 107%).

A 2.0 fs time step was used for all simulations and the
constraints were solved using the LINCS procedure56 for both,
anions and cations, while the SETTLE algorithm57 was
employed for the rigid TIP4P/200S water molecules. During
the simulations, just the bond lengths of the ions were kept
fixed, thus allowing for bond-bending and conformational
changes. All simulations reported here were carried out using
the GROMACS program.”™*” For all reported compositions
and temperatures, initial equilibration runs of 2 ns length were
performed using the Berendsen weak coupling scheme for
pressure and temperature control 7p = 7, = 0.5 ps.%°
Production runs of up to 50 ns simulation length for 300,
320, 340, 360, 380, 400, and 420 K were finally recorded and
analyzed for each composition. All simulations were carried out
at a pressure of 1 bar.

Simplified Solvation Model. Recently, we have proposed
a “cartoon-like” model capable of properly describing the effect
of hydrogen bond redistribution in mixtures of protic ionic
liquids.* To analytically describe the water content depend-
ence, we extend this model to water mixtures.

For simplicity, the liquid is thought to be represented by a
lattice, where the anions and cations occupy sites in an
alternating fashion. Each ion is coordinated and surrounded by
ca counterions. In addition, depending on the water content,
further ¢, sites need to be introduced to be able to
accommodate the additional water molecules, as can be seen
from the snapshot of a solvation shell of a TEA cation shown
in Figure 2. Since each TEA N—H bond is involved in a

Figure 2. Solvation of a TEA cation engaged in a CIP configuration
obtained as a snapshot from MD simulation of a TEAMS/water
mixture with 75 mol % water content at 300 K. The color coding is
the same as in Figure 1. The image was created using VMD.>

hydrogen bond to one of their ¢ = ¢, + ¢y surrounding
neighbors, it can either form a hydrogen bond to a neighboring
anion and form contact ion pair (CIP), or it can form a
hydrogen bond to a water molecule, which we assign to the
solvent-separated state (SIP), as outlined in Scheme 2.
Moreover, we assume that each N—H group stays always
involved in a hydrogen bond, pointing to one of the hydrogen
bond acceptor sites, either located on a water molecule or on

https://doi.org/10.1021/acs.jpcb.1c01850
J. Phys. Chem. B 2021, 125, 44764488
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Scheme 2. “Cartoon-Like Representation” of the Ionic
Liquid/Water Mixture: The Liquid is Represented as a
Lattice, Where the Anions and Cations Occupy Sites in an
Alternating Fashion with a Coordination Number c,“

“Additional ¢, sites are occupied by water molecules, with cy
changing according to the water content. Each TEA N—H bond is
involved in a hydrogen bond to an anion or a water molecule, both
being randomly distributed on the ¢ = ¢, + ¢ surrounding neighbor
sites.

an anion. Thus, the sum of hydrogen bond acceptance
probabilities p; to each of the surrounding c sites has to add up
to unity with

1=
2 o)

Assuming a random occupation of the sites surrounding each
cation by anions and water molecules according to the
molecular composition, the hydrogen bond acceptance
probability for each site can be expressed as a composition-
weighted sum of the individual acceptance probabilities for
water (py) and anions (p,) with

B =xwpy + (1= xy)p, 3)

Assuming equality between the sites, the hydrogen bond
acceptance probabilities are thus determined by

1
= , and
P cxy + (1 = ay)f 4)
_ 1
B = cxy [+ (1 = xyy) (3)

with f = pa/pw. We can directly determine the fraction of
times, a N—H bond of a TEA-cation points to either a
methanesulfonate anion or a water molecule

Xw
Yoy = € Xy Py, = ——————
W Wi Xy + f(1 = xy) (6)
and
1—x
=c(l —ay)p, = — W
% Wb xw f L+ (1 - xy) (7)

Now, the equilibrium between contact ion pairs and solvent-
separated ion pairs can be simply computed as the ratio of
fractions of hydrogen bond to either an anion or a water
molecule
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K= [CIP] =y_A_ 1_xwf
[SIP] 9,

w Xw

(8)

with the corresponding standard Gibbs free energy difference
being

AG°(xy)=—RT In K(xyy)

=RT

1nx—w— In f
1 — xy

)

Thus, a change in the water content independent ratio of
individual hydrogen bond acceptance probabilities just leads to
a different vertical offset of the AG°(xy) function. Note, that
for the case of the equimolar mixtures, the standard Gibbs free
energy difference is solely related to the ratio of hydrogen
bond acceptance probabilities

AG°(xyy = 0.5)=—RT Inf (10)

Considering the fact that each SO; group provides three
possible hydrogen bond accepting oxygen atoms, instead of
one for water, one would expect f & 3 for the case of equally
strong N—H hydrogen bonds to either of both species.

B RESULTS AND DISCUSSION

FIR Experiments. First, we briefly highlight and comple-
ment our recent investigations of TEAMS in mixtures with
water.”®?” Initially, we measured the far-infrared spectra for the

pure PIL and for pure water, as shown in Figure 3a. Here, we

1.5
N-H ‘l’ 0O=S 04k
(b)
0.2|- N-H --- O=S
. .} ¥
= >
< g 0
~ ~
< ~ F
0.2+
— vsH,0
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100 200 300 100 200
~ -1 ~ A
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Figure 3. (a) Far-infrared (FIR) spectra for triethylammonium
methanesulfonate (red line) and water (blue line). (b) Far-infrared
(FIR) difference spectra for a SO mol % mixture of TEAMS and water.
The spectra were obtained by subtracting the pure PIL (blue line) or
pure water (red line) contributions as backgrounds. The vibrational
band at about 150 cm™ in the difference spectra could be assigned to
remaining contributions from the anion—cation interaction along the
bond *N—H:-MeSOj3 indicating the CIP configurations.

covered the low-frequency range between 10 and 300 cm™". It
was well known from earlier studies that the vibrational band at
150 em™ in the FIR spectrum of the TEAMS can be assigned
to the cation—anion interaction along the *N—H---O~
bond.°'~® The main feature in the water spectrum is the
broad vibrational band around 200 cm™!, which is usually
referred to the intermolecular interaction within the extended
hydrogen bonding network of water.”*"*® The pure TEAMS
and water spectra are now used as background spectra for
measuring the difference spectra for PIL/water mixtures.

https://doi.org/10.1021/acs.jpcb.1c01850
J. Phys. Chem. B 2021, 125, 4476—4488
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In Figure 3b, the difference spectra of the 50 mol %
TEAMS/water mixture measured versus the pure water and
the pure TEAMS contributions are shown. If the water spectra
are subtracted from the mixture spectra, positive contributions
can stem only from vibrational modes of the remaining internal
cation—anion interaction in TEAMS or new TEAMS/water
interactions. Additionally, we know from other studies that the
TEAMS/water interaction mainly occurs via the methanesul-
fonate anion. Negative absorptions in the difference spectra
can be attributed to missing pure water contributions. More
generally speaking, we are able to subtract the solvent—solvent
interactions from the sum of solvent—solvent, solvent—ion, and
ion—ion interactions. If we subtract the pure TEAMS
spectrum, we obtain negative contributions for the TEAMS
spectral features in particular for the mode at 150 cm™}
indicating the presence or the absence of contact ion pairs. For
the 50 mol % mixture, we observe nearly the same positive and
negative band absorptions, supporting the hypothesis that
CIPs are the absolutely dominant ion pair species.

In Figure 4, we now show the obtained difference spectra of
the 50, 70, 80, and 90 mol % TEAMS/water mixtures

50 mol %
70 mol %
Ala.u.  80mol %
— vsH,0
90 mol % — Vs TEAMS
1 " 1
100 p 200
v/cm

Figure 4. Far-infrared (FIR) difference spectra of the mixtures of
triethylammonium methanesulfonate [Et;NH][MeSO,;] (TEAMS)
with water (taken with kind permission from ref 62). The spectra
were obtained by subtracting the pure water (red line) and the pure
TEAMS (blue line) contributions as background. The vibrational
band at about 150 cm™" in both difference spectra could be assigned
to remaining or missing contributions from *N—H:-MeSOj
intermolecular interaction. With increasing water content, this
vibrational mode disappears and a new maximum occurs at about
180 cm™" above 80 mol % water (indicated by the gray bar).

measured versus both, pure water and pure TEAMS,
respectively. It is clearly observed from the 80 mol % mixtures
that the vibrational mode at 150 cm™, indicating the CIPs, is
successively replaced by new contributions at about 190 cm™.
The calculated low vibrational frequencies of TEAMS/water
aggregates can be related to intermolecular interactions
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between the PIL cation and the water molecule. Obviously,
from 80 mol % water content on, the CIPs are increasingly
converted into SIPs.

DFT Calculations. The conversion between CIP and SIP
states can be understood on the basis of calculated energies
and free energies of TEAMS/water aggregates including one
TEAMS ion pair (CIP and SIP) and n = 1—9 water molecules.
Computed aggregates are shown in Figure 5 for CIPs and SIPs

o,

CIP+3W ./g SIP+5W

Figure S. Density functional calculated clusters of triethylammonium
methanesulfonate [Et;NH][MeSO,;] (TEAMS) ion pairs and differ-
ent numbers of water molecules representing 50, 66, 75, 80, and 83
mol % water content (taken with kind permission from ref 62).
Starting with the configurations including four water molecules (4W),
the solvent-separated ion pairs (SIP) are enthalpically favored over
the contact ion pairs (CIP). The intermolecular interaction between a
cation and an anion (*N—H---anion, the blue dotted line) is replaced
by the intermolecular interaction between the cation and water ("N—
H---water, the red dotted line). In these SIP configurations (e.g., SIP +
SW), one additional H bond can be formed due to the coordination
abilitiy of the water molecules.

with one to five water molecules. The first three water
molecules were successively attached to the oxygen atoms of
the methanesulfonate anion without disrupting the CIP
configuration. Prearranged SIP configurations with fewer or
equal than three water molecules would not stay in that
configuration during the DFT geometry optimization
procedure. However, from the fourth water molecule, “stable”
minimum energy configurations for both, CIPs and SIPs were
observed.

As shown in Figure 6, the SIP configurations represent
always both, a lower energy and free energy state, compared to
the CIPs. However, the difference in binding energy between
20 and 30 kJ mol ™" does not further increase with an increasing
number of added solvent molecules. Similar behavior is
observed for the calculated free energies. However, the SIP
configurations are still found to be favored over the CIPs, but
the free energy differences are smaller, decreasing down to

https://doi.org/10.1021/acs.jpcb.1c01850
J. Phys. Chem. B 2021, 125, 4476—4488
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Figure 6. (a) Binding energies and (b) binding free energies, obtained from DFT calculations for aggregates of triethylammonium
methanesulfonate ion pairs with added water molecules, roughly representing a water content between 50 and 90 mol %. It is shown that the
solvent-separated ion pairs (SIP) are energetically favored over the contact ion pair (CIP) configurations with four or more water molecules. The
binding energies SIPs are lower by about 20—30 kJ mol™ due to the formation of one additional H bond in the SIPs (see inlay). The binding free
energies also indicate the preference of SIPs over CIPs but to a smaller extent. Apparently, the SIPs are subject to an entropic penalty.

between 10 and 15 kJ mol™'. From these calculations, we
conclude that SIPs are strongly enthalpically favored from the
fourth water molecule. At the same time, there is an entropic
penalty associated with the SIP configurations, solely related to
the local atomic motions within the respective cluster
configurations. If water molecules are being trapped between
a cation and an anion, the motional degrees of freedom are
significantly altered, possibly becoming more harmonic. In
summary, this finding suggests an increasing conversion from
SIPs to CIPs with increasing temperature.

MIR Experiments. To obtain quantitative information
about the SIP and CIP equilibium, we switched from FIR to
MIR spectroscopy, focusing on the SO stretch frequency
region of the PIL anion, which ranges from 1020 to 1250 cm™.
The difference spectra of the PIL/water mixtures were
recorded versus the pure PIL as background. The asymmetric
and symmetric SO stretch vibrational modes are shown
separately in Figures 7 and 8, respectively. It has been shown
earlier that ion association occurs at the SO; end of the
anion,” thus the symmetric and asymmetric SO; stretching
modes are highly sensitive to changes in the coordination state
of the anion.”” Frech and co-workers could show in several
studies that the stretching modes in this frequency range can

e
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— 60mol % H,0
— 70mol % HZO
— 80mol % H,0
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~ -1
v/cm

Figure 7. Asymmetric SO; stretching band for triethylammonium
methanesulfonate in water as a function of water content.
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Figure 8. Symmetric SO; stretching band for triethylammonium
methanesulfonate in water as a function of water content.

be exclusively characterized as ,,(SO;) and v,(SO;) since they
consist almost completely of S—O stretching motions. The
measurement of the doubly degenerate SO; asymmetric
stretching mode 2,(SO;) provides important information
about the strength of the cation—anion interaction. The
degeneracy is strongly reduced when an ion pair is formed,
resulting in two bands. The width of the splitting can be
viewed as a measure of the perturbation of the local C;,
symmetry of the SO; groups. Thus, when the methanesulfo-
nate anion is coordinated by a single triethylammonium cation,
the band is split into two peaks, one at higher and one at lower
wavenumber than the “free” ion band.”® This is demonstrated
in the difference spectra of the TEAMS/water mixture, which
were measured against the pure PIL, consisting solely of
contact ion pairs. By subtracting the spectra of pure TEAMS,
we observe two negative peaks at 1160 and 1234 cm™),
respectively. As expected, the degeneracy is maximally reduced
if only one S=0O strongly interacts with the triethylammonium
cation. At the same time, positive peaks can be observed, which
change characteristically with increasing water content. In
Figure 9, the calculated and experimental frequency shifts due
to changing degeneracy with increasing water content are
demonstrated. The degeneracy and thus the splitting of the
pairs of peaks is largest for CIPs. In the 50 mol % mixtures, the
second S = O bond of the anion interacts with the water

https://doi.org/10.1021/acs.jpcb.1c01850
J. Phys. Chem. B 2021, 125, 4476—4488
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Figure 9. Asymmetric SOj; stretching modes for triethylammonium methanesulfonate in water as a function of water content: for the contact ion
pairs, we obtain a maximally reduced degeneracy, as indicated by the wide spacing between the negative bands (1) if the pure PIL is subtracted as
background. With increasing water content, the anion within the CIPs is additionally coordinated by water molecules (2 and 3), leading to a
reduction in spacing between both bands, increasingly restoring the degeneracy of the 1,,(SO;) vibrational modes. If the anion is fully hydrated (4),
the situation approaches that in the gas phase and C,, symmetry is nearly restored.

molecules as shown before. This leads to the first step toward
degeneracy again, indicated by smaller frequency differences
between both modes. This trend is further enhanced if a
second water molecule interacts with the third S=O bond.
The FIR spectra of the TEAMS/water mixtures indicated
significant changes in the spectral features from the 80 mol %
water content. If a fourth water molecule was added, the CIPs
were replaced by SIP configurations. This behavior can also be
observed for the asymmetric SO stretch frequencies in the
MIR region. If the SO; group is fully hydrated, as is the case in
a SIP configuration, all S=O bonds interact with water
molecules, leading to a near full reconstruction of the
degeneracy, similar to that in the gas phase. A characteristic
change can be observed from the fourth water molecule and
can be related to the transfer from CIPs to SIPs. However,
although we tried to decompose the complicated difference
spectra in the asymmetric SO stretch region shown in Figure 7,
we were not able to properly assign the resulting contributions
to CIP and SIP configurations.

Fortunately, the situation is more comfortable for the
symmetric SO stretch vibrational modes as v,(SO;). The
symmetric SO; stretching mode is found to consist of two or
more peaks. The different anion environments may be
attributed to ion association, considering the nondegenerate
A, symmetry of this mode. The symmetry of the anion is
lowered by coordination to the cation. Deconvolution of the
SO; region reveals the peak components, which arise from
various ion aggregates. In Figure 8, the difference spectra of the
TEAMS/water mixtures are shown. The negative absorptions
at 1035 cm™ stem from the vibrational modes of the anions in
the pure CIP configurations of the neat PIL, whereas the
positive absorption can be assigned to ion pairs interacting
with water molecules either in CIP or in SIP configurations.
The DFT calculations depicted in Figure 9 clearly show a
characteristic shift to higher wavenumbers for mixtures
including one ion pair and minimum four water molecules,
indicating the formation of SIPs. This is in agreement with the
observed MIR spectra showing a significant shift to higher
wavenumbers from 80 mol % water content on (see Figures 8,
10, and 11). Thus, the positive band can be deconvoluted into
two contributions representing CIPs and SIPs at the lower and
higher frequencies, respectively, as shown in Figure 10.
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Figure 10. Deconvoluted difference MIR spectra of the symmetric
SO, vibrational band for TEAMS/water mixtures with (a) SO mol %
and (b) 80 mol % water content measured versus pure TEAMS at 298
K.

Assuming that the absorptions of the symmetric SO stretch
vibrational modes for the CIP and SIP configurations are
roughly equal, we are able to refer to distinct contributions to
CIP or SIP species.

Based on the assumptions discussed above, we are now able
to derive the equilibrium between CIP and SIP configurations
from the absorptions of the CIP and SIP vibrational bands, as
given in Table 1. The calculated equilibrium constants

K= Acp/Agp (11)

https://doi.org/10.1021/acs.jpcb.1c01850
J. Phys. Chem. B 2021, 125, 4476—4488
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Figure 11. Difference MIR spectra for TEAMS/water mixtures with
(2) 80 mol % and (b) 90 mol % water content measured versus the
pure TEAMS as a function of temperature.

Table 1. Absorptions Acp and Agjp from Deconvoluted MIR
Spectra of the TEAMS/Water Mixtures as a Function of
Water Content for 298 K“

Xy/mol % Acip Agp K AG°/K] mol™
S0 1.360 0.342 3.97 —3.42
60 1.847 0.678 2.73 —2.48
70 1.825 1.250 1.46 —0.94
80 1.025 2217 0.46 191
90 0.650 2974 0.22 3.77

“From the equilibrium constants, we derived the standard free energy
differences AG® for the different ion pair species present in the
TEAMS /water mixtures.

are also given in Table 1. In Figure 12, the standard Gibbs free
energies (AG® = —RTInK) calculated from K defined above
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Figure 12. Standard Gibbs free energy differences AG® for the
interconversion of CIP and SIP configurations as a function of the
water content obtained from MD simulations for TEAMS/water and
TEATF/water mixtures at 300 K and experiments for TEAMS /water
mixtures at 298 K. Solid lines are predictions by eq 9 with yy, data
from Figure 15a.

are shown as a function of temperature and water content.
According to our MIR data, in the 50 mol % mixture, both ion
pair species seem to exist in same amount. For the water
content ranging from 20 to 90 mol %, the free energies change
by about 6 k] mol™'. For mixtures of TEATF/dimethyl
sulfoxide (DMSO), only half of this value (3 kJ mol™) has
been reported,é3 possibly reflecting the weaker interaction
between the TEA cation and the TF anion compared to that
between the TEA cation and the MS methanesulfonate anion
in the PIL investigated in this study.”> However, there is only a
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subtle difference in the free energies of CIPs and SIPs and it
requires the polarity of water to dissociate the CIPs and to
initiate the transfer to SIPs.

For the TEAMS/water mixtures with small water content
(not shown), we could not observe characteristic temperature
dependences of the spectra. For the temperature range
between 303 and 383 K, the band absorptions decrease but
their frequencies do not shift. Obviously, there is no
measurable shift between the two ion pair species with
increasing temperature for the mixtures with low water
content. Therefore, we focus on the mixtures exhibiting
significant amounts of SIP species already at room temper-
ature. This could be shown for the TEAMS/water mixtures
containing 80 and 90 mol % water, as shown in Figure 11.

Interestingly, the maxima of the vibrational bands shift to
lower wavenumbers indicates the transfer from SIPs to CIPs
with increasing temperature. Assuming that the absorption
ratio of 1:1 for the CIP and SIP vibrational bands is
temperature independent, we could evaluate the equilibrium
constants as a function of temperature for both mixtures. The
data are listed in Tables 2 and 3 for the 80 and 90 mol %

Table 2. Absorptions Acyp and Agpp from Deconvoluted MIR
Spectra of the TEAMS/Water Mixture with 80 and 90 mol
% Water for the Temperature Range between 298 and 353
Ka

T/K Acp Agp K AG°/K] mol™
xyw = 80 mol %
298 1.025 2217 0.462 191
303 1.143 2.189 0.522 1.64
313 1.154 1.826 0.632 1.19
323 1.265 1.649 0.768 0.71
333 1.368 1.501 0911 0.25
343 1.366 1.478 0.924 0.22
353 1.388 1.327 1.046 -0.13
xyw = 90 mol %
298 0.650 2.974 0.219 3.77
303 0.768 2.818 0.273 3.27
313 0.778 2.637 0.295 3.18
323 0.890 2.360 0.377 2.62
333 0.993 2.130 0.466 2.11
343 0.991 1.952 0.508 1.93
353 1.013 1.757 0.577 1.62

“Finally, the equilibrium constants and free energies could be derived
for the ionic species present in the TEAMS/water mixtures.

Table 3. Computed Standard Enthalpy and Entropy
Differences for the Equilibrium between CIPs and SIPs in
the 80 and 90 mol % Mixtures of TEAMS/Water

xw/mol % AH°/KJ mol ™! AS°/] mol ™! K!
80 13.0 37.6
90 14.4 36.5

mixtures, respectively. We can now plot the equilibrium
constant versus the inverse temperature as van’t Hoff plot
expressed by

In(K)=—AH°(RT)™" + AS°R™ (12)

As shown in Figure 13, the temperature-dependent conversion
from SIPs to CIPs can be well described by a constant enthalpy
difference. The enthalpies taken from the slopes of the curves
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are 13.0 and 14.4 k] mol™ for the 80 and 90 mol % mixtures,
respectively. A qualitatively similar temperature dependence
has been reported previously from MD simulations of aqueous
salt solutions..”"””> The shift toward a smaller CIP/SIP ratio
with increasing water content is also in accordance with
observations from MD simulations from aqueous NaCl
solutions.”® It is plausible that the enthalpy difference for the
90 mol % mixture is slightly larger than that for 80 mol %
mixture since with increasing water content, more energy is
required for the conversion of SIP to CIP configurations. In
addition, we also have access to the standard molar entropy
changes AS°, as given likewise in Table 3. The entropies AS®
are 37.6 ] mol™ K™ for the 80 mol % mixture and 36.5 J mol™*
K™ for the 90 mol % mixture, respectively. The positive values
of AS° shown in Table 3 suggest that solvent molecules are
possibly released to the bulk solvent from the SIPs during the
formation of CIPs. It is fair to assume that in the related SIP
configurations, the water molecules are more tightly bound
between the cation and the anion due to strong cooperative
effects.”” The significantly reduced orientational degrees of
freedom are likely to result in an entropic penalty, as indicated
by the calculated Gibbs free energies for both ion pair
configurations.

MD Simulations/Simplified Solvation Model. To
complement our spectroscopic investigations, we have
performed MD simulations of two different PIL/water
(TEAMS and TEATF) mixtures with varying water concen-
trations up to a water content of 86 mol % over a broad
temperature range. Considering mixtures with ILs composed
of anions with different hydrogen bond acceptor strengths* is
allowing us to explore the influence of the acceptor strength.
This is of relevance in the case the IL models and the water
models do not match perfectly. Figure 14 shows the H--O
radial pair distribution functions between the N—H group of
the TEA cation as a hydrogen bond donor and the oxygen
atoms located on the MS anion (OA) and water (OW),
respectively for a 75 mol % mixture of TEAMS and water at
300 K. Here, hydrogen-bonded configurations are well
separated from nonhydrogen-bonded configurations by a
distance threshold of roy = 0.24 nm. Moreover, the computed
number of nearest neighbors add up perfectly to one,
indicating that the N—H group of the TEA cation stays always
involved in a hydrogen bond. This observation holds true for
all studied mixtures for both studied ILs. Note that for the 75
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Figure 14. Hydrogen—oxygen radial pair distribution functions
describing the hydrogen bonds involving the TEA N—H group for
a 75 mol % TEAMS/water mixture at 300 K: (a) TEA-MS. (b) TEA—
water. The sum of OA and OW neighbors adds up to one, indicating
that the N—H group stays always involved in a hydrogen bond.

mol % mixture, a perfectly OA/OW balanced hydrogen bond
acceptor strength would lead to an equal number of nearest
neighbors with Ny, = Ngyw = 0.5, since each MS anion possess
three possible hydrogen bond acceptors. The fact that we
observe N, = 0.76 is indicating a significantly stronger N—
H---OA hydrogen bond compared to water. The fraction of
N-—H hydrogen bonds pointing toward either the anion or the
water with yv = Now and y, = Ng, determines the CIP/SIP
equilibrium constant according to

K = [CIP]/[SIP] = y, /3, = Noa/Now (13)

which is depicted as a van’t Hoff plot in Figure 13 and as a
function of water content in Figure 12 (in both cases, in
addition to the experimental data). Similar to the experimental
data, the MD simulations indicate a shift of the equilibrium
toward CIP species with increasing temperature, however, with
a significantly reduced slope, corresponding to a transition
enthalpy between about 4 and 5 kJ mol™". Whether this reflects
a deficiency of the forcefield model or is related to issues of the
deconvolution procedures struggling with resolving the
delicate shifts in configurational populations introduced by
temperature changes is not clear. When comparing the
simulations of TEAMS and TEATF with our experimental
data, the CIP/SIP equilibrium found in the TEATF/water
mixtures seems to better agree with the data obtained from the
analysis of our MIR data. Apparently, the oxygen-acceptor
strength of the TF anion seems to better match the strength of
the oxygen-acceptor site within the TIP4P/2005 water model.
This is also apparently clear from the water content variation
shown in Figure 12, where the experimental data follows rather
closely the TEATF MD data, whereas the TEAMS data is
significantly shifted to lower AG® values, and is also indicating
an increasing slope around xy, of 50 mol %.

The solid lines in Figure 12 represent the composition-
dependent prediction according to the cartoon-like solvation
model outlined earlier and are based on the equilibrium
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Figure 1S. (a) Fraction of N—H hydrogen bonds involved in TEA—water interactions yyy obtained from MD simulations for TEAMS/water and
TEATF/water mixtures at 300 K and experiments for TEAMS/water mixtures at 298 K. Solid lines represent predictions according to eq 6. (b)
Directly computed f-parameters, indicating the ratio of individual hydrogen bond acceptance probabilities with f = p,/pw (see eqs 4 and ) as a
function of water content. The lines represent second-order polynomial fits to the data.

according to eq 9 with yy vs xy; being depicted in Figure 15a.
The preference of the hydrogen bond toward the anion is
reflected by the parameter f = p,/pw, shown in Figure 15b,
where py and p, are representing the individual hydrogen
bond acceptance probabilities of water and anion, respectively.
The bulge of the curves shown in Figure 15a is according to a
preference of hydrogen bonding to the anion with f > 1. In fact,
a value of f = 1 would lead to yyy = xyy. The solid lines represent
second-order polynomial fits of the computed values for f as a
function of xy, as shown in Figure 15b. Note that the
experimental data and TEATF data for f show only a little
variation with respect to xy and are relatively close to f = 3,
indicating roughly equal hydrogen bond acceptor strengths for
the TF anion and water. This contrasted by the significantly
larger and xyy-dependent values for the simulated TEAMS/
water mixtures.

Finally, we would like to address the apparent differences
that were used to describe the CIP/SIP equilibrium in both
experiment and MD simulation. The definition used for the
analysis of our MD data is unambiguous: a hydrogen bond
between an anion and a cation is per definition the
requirement for a hydrogen-bonded ion pair. On the other
hand, a hydrogen bond to a solvent obviously leads to solvent-
shared and solvent-separated ion pairs. The analysis of the
MIR spectra, however, has been focusing on the solvation state
of the anion, which comprises a multitude of possible
configurations, some of which are outlined in Figure 9. To
illustrate, that the solvation state of the SO; group changes in
accordance with what has been used as the basis for the
interpretation of the MIR spectra is shown in Figure 16: here,
we depict the population of selected important solvation
configurations of the SO; group in TEAMS/water mixtures. In
the neat PIL, the hydrogen-bonded solvation by a single cation
is the dominant species. With increasing water content, more
and more hydrogen bonds are donated by adjacent water
molecules, finally fully replacing the TEA-cation, and leading to
a dominance of fully hydrated anion species. Given the size of
the anion, it is fair to assume the change between a direct
hydrogen bond from a TEA cation toward the SO; group
(TEA = 1) to a fully hydrated state (TEA = 0) is the single
most significant change of the solvation state, possibly also
leading to the most severe change in perturbation of the
vibrational state of the SO; group. We would like to point out
that the change from (TEA = 1) to (TEA = 0) is also exactly in
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Figure 16. Hydrogen-bonded solvation state of the SO; group of the
methanesulfonate anion in TEAMS/water mixtures of varying
composition at 300 K obtained from MD simulations: Population
of species of the indicated composition. The green line indicates
solely hydrated SO; groups with three to six water molecules attached.

accordance with a definition with the change from a CIP to a
SIP configuration. To further support this analogy, we also
have plotted the fraction of (TEA = 0) configurations versus
the fraction of SIP species (yy) in Figure 17 for both,
TEAMS/water and TEATF/water mixtures, respectively. In
both cases, the populations are very well linearly related, thus
allowing for quantitative analysis. This leads us to the
conclusion that the changing solvation state of the SOj;
group, as probed by the MIR experiments, is indeed very
likely quantitatively indicative of the CIP/SIP equilibrium.
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Figure 17. Fraction of MS or TF anions, where no hydrogen bond is
formed between a TEA cation and the SO;group yso, (TEA = 0) vs

the fraction of N—H hydrogen bonds involved in TEA—water
interactions yy, both obtained from MD simulations at 300 K.
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B CONCLUSIONS

Ion speciation is crucial for important chemical reactions. In
this work, we have studied the balance between contact and
solvent-separated ion pairs in the aqueous solutions of the
protic ionic liquid triethylammonium methanesulfonate by
means of infrared spectroscopy, DFT calculations, and MD
simulations in combination with a simple cartoon-like
solvation model. We could show that infrared spectroscopy
is sufficiently sensitive to detect ion pair species beyond CIPs.
Whereas in the far-infrared, the results are more qualitative in
nature due to the broad vibrational bands of the water,
quantitative information about ion speciation could be
obtained from the mid-infrared spectra. The symmetric
stretching mode in the SO; group within the methanesulfonate
anion is sensitive to both types of ion pairs indicated by
formation or loss of maximum degeneracy. Supported by DFT-
calculated frequencies and absorptions and supported by an
analysis of the hydrogen-bonded solvation state of the SO;
groups, we could calculate equilibrium constants for the CIP
and SIP populations and thus quantitatively describe the CIP/
SIP equilibrium. The equilibrium between the two ion pair
species could be studied as a function of water content and
temperature. It requires a minimum of S0 mol % water to
observe SIPs in the MIR experiments. However, 80 mol %
water and thus four water molecules are needed to favor SIPs
over CIPs in agreement with our earlier FIR studies. The
reformation of CIPs with increasing temperature could be
referred to entropic effects, qualitatively similar to what is
observed in our MD simulation. Solvent molecules are
squeezed out in favor of the reformation of CIPs via the
*N—H--O=S" bond. Our measurements provide important
thermodynamic information. Gibbs free energy, enthalpy, and
entropy changes nicely characterize the dissociation and back-
formation of CIPs in the aqueous solution of the protic ionic
liquid. We would like to point out that a reasonable
quantitative analysis is only possible if a minimum of 10% of
any ion pair species is present in the mixture. The
interconversion reaction from CIPs to SIPs involves a
concerted sequence of local solvent molecule reorganization
coupled to the interionic separation coordinate, which is
studied in detail by MD simulations and is quantitatively
captured by our cartoon-like solvation lattice model.
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S1 Far infrared (FIR) Spectra of Pure [EtsNH][Me3SO3] (TEAMS) and Pure Water
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Figure S1: Far infrared (FIR) spectra of pure triethylammonium methenasulfonate
[EtsNH]|[Me3SOs3] (left) and pure water HoO (right) in the frequency range between 10 and
300cm ™.
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S2 Optimized Geometries of DFT Calculated TEAMS /Water Aggregates

S2.1 Cluster: “CIP”

**%*x TEAM_CH3S03_1_b3lyp_6-31+Gp.g03, E(RB+HF-LYP) = -956.781493074, 05.02.2010
01
6 0 2.935207 -0.934249 -1.716046
6 0 1.598752 -0.979719 -0.983155
7 0 1.375312 0.131582 0.016553
8 0 -1.015230 -0.522023 0.980817
16 0 -2.078158 -0.093893 -0.032658
6 0 -3.371192 -1.345644 0.116023
6 0 1.264919 1.477115 -0.665897
6 0 2.338454 0.139308 1.169832
1 0 0.403878 -0.088150 0.429329
1 0 1.486135 -1.914923 -0.430738
1 0 0.749195 -0.912532 -1.667045
1 0 2.978085 -1.785936 -2.403620
1 0 3.053360 -0.026878 -2.316649
1 0 3.793104 -1.018080 -1.039514
1 0 2.013500 0.948872 1.825264
6 0 2.356602 -1.171930 1.951573
1 0 3.329938 0.396645 0.782686
6 0 0.704984 2.581678 0.227580
1 0 2.258832 1.735898 -1.044500
1 0 0.590030 1.312812 -1.508923
1 0 0.553603 3.470759 -0.394441
1 0 -0.268832 2.306451 0.643834
1 0 1.384413 2.864063 1.038420
1 0 2.946842 -1.027262 2.862889
1 0 1.343876 -1.466431 2.245895
1 0 2.814527 -1.992383 1.390368
8 0 -2.693542 1.207834 0.310004
8 0 -1.530422 -0.196015 -1.420010
1 0 -4.159937 -1.094753 -0.596593
1 0 -2.942972 -2.323532 -0.113166
1 0 -3.757041 -1.321151 1.137224

53



$2.2 Cluster: “CIP4+1W”

*%* TEAM_CH3S03_1_w_1_b31lyp_6-31+Gp.g09,

0
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-1033.22504754, 04.10.2012
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$2.3 Cluster: “CIP4+2W”

*%* TEAM_CH3S03_2_w_2_b3lyp_6-31+Gp.g09,

0
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$2.4 Cluster: “CIP4+3W”

*%* TEAM_CH3S03_1_w_3_b3lyp_6-31+Gp.g09,
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$2.5 Cluster: “CIP4+4W”

**x%x TEAM_CH3S03_1_w_4_b3lyp_6-31+Gp.g09, -1262.54391857, 02.10.2012

01
6 0 -3.275783 1.796586 1.124287
6 0 -1.961103 1.028297 1.073040
7 0 -1.827088 0.092169 -0.110834
6 0 -2.845967 -1.025992 -0.143266
6 0 -2.910300 -1.835731 1.147647
6 0 -1.775644 0.855564 -1.423077
6 0 -1.136442 0.058781 -2.555663
8 0 0.475681 -1.421861 0.364054
16 0 1.904224 -0.928879 0.516924
8 0 2.505857 -0.562531 -0.797315
8 0 2.018666 0.114239 1.573682
6 0 2.826838 -2.353822 1.122256
8 0 -0.778394 -3.306862 -1.289750
8 0 0.966073 2.662337 1.909410
1 0 -0.898224 -0.373636 0.016779
1 0 -1.821963 0.417228 1.966936
1 0 -1.113971 1.712575 1.012756
1 0 -3.256075 2.442306 2.008524
1 0 -3.409408 2.444263 0.252509
1 0 -4.148112 1.139998 1.214326
1 0 -2.544460 -1.679286 -0.963382
1 0 -3.811180 -0.571906 -0.386289
1 0 -2.8056111 1.138590 -1.662047
1 0 -1.184685 1.757801 -1.230185
1 0 -1.105636 0.703799 -3.440876
1 0 -0.106674 -0.217455 -2.308805
1 0 -1.687744 -0.849056 -2.817492
1 0 -3.539909 -2.713506 0.968586
1 0 -1.918459 -2.194721 1.438736
1 0 -3.346993 -1.275324 1.980484
1 0 3.864707 -2.043608 1.259501
1 0 2.389330 -2.667539 2.071928
1 0 2.760521 -3.152587 0.380830
1 0 1.381261 1.773882 1.808457
1 0 -0.171235 -2.740791 -0.764579
1 0 -0.245471 -3.665936 -2.013763
1 0 2.725519 1.120371 -1.463175
8 0 2.752738 2.027794 -1.843758
1 0 1.169177 2.880000 -1.293583
8 0 0.352148 3.159984 -0.827808
1 0 0.603850 3.162165 0.119112
1 0 3.035618 1.923602 -2.763360
1 0 1.635610 3.218756 2.333669
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$2.6 Cluster: “SIP4+4W”

**%* TEAM_CH3S03_1_w_4_b3lyp_6-31+Gp_neu.g09, E(RB3LYP) = -1262.54848324, 02.10.2012
01
6 0 -2.100123 -2.074907 -1.697144
6 0 -1.559477 -0.745224 -1.189862
7 0 -2.255237 -0.213035 0.049331
6 0 -2.091483 -1.136157 1.242480
6 0 -2.091819 -0.386794 2.572201
6 0 -3.702642 0.150129 -0.162159
6 0 -3.923683 1.231103 -1.215927
8 0 2.785793 1.078022 0.732508
16 0 2.749707 -0.124288 -0.161742
8 0 1.768774 0.028547 -1.293035
6 0 4.383077 -0.199834 -0.924850
8 0 2.580477 -1.414260 0.569930
8 0 0.401093 -3.118609 0.556442
8 0 0.780181 1.896652 2.381275
8 0 0.309758 2.237413 -1.918537
1 0 -1.759659 0.701823 0.268930
1 0 -1.637941 0.038417 -1.946569
1 0 -0.501972 -0.828322 -0.930169
1 0 -1.528143 -2.349909 -2.589540
1 0 -1.9556847 -2.875807 -0.966946
1 0 -3.156457 -2.024797 -1.985511
1 0 -4.066466 0.497681 0.807743
1 0 -4.238154 -0.770849 -0.409875
1 0 -2.907819 -1.864076 1.192331
1 0 -1.155743 -1.684153 1.107406
1 0 -2.011958 -1.123230 3.379505
1 0 -1.234515 0.288356 2.654401
1 0 -3.010332 0.187125 2.740453
1 0 -4.980161 1.521282 -1.198535
1 0 -3.322541 2.119622 -1.001298
1 0 -3.694745 0.884528 -2.227995
1 0 4.399514 -1.050082 -1.609759
1 0 4.558114 0.733532 -1.463882
1 0 5.121845 -0.329416 -0.131376
1 0 1.186690 -2.520969 0.516562
1 0 0.724094 -3.923696 0.986238
1 0 0.920023 1.478086 -1.723558
1 0 0.879790 2.981607 -2.160634
1 0 1.536206 1.542480 1.842179
1 0 1.151462 2.614711 2.914260
1 0 -0.593209 2.387614 -0.395713
8 0 -1.120164 2.239172 0.428756
1 0 -0.461123 2.242919 1.166764
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§2.7 Cluster: “CIP4+5W”

*%* TEAM_CH3S03_1_w_5_b31lyp_6-31+Gp.g09,
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.291649
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.756214
.377149
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.363854
.684322
.668014
.742153
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.066750
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.816969
.421395
.040387
.851488
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-1338.97994346, 02.10.2012

.323640
.946560
.017523
.345722
.064536
.633808
.206964
.691722
.148997
.553317
.501505
.180232
.662223
.557818
.1093561
.463600
.347570
.221027
.487119
.823186
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.823223
.464064
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.568453
.420653
.519008
.092138
.054734
.202322
.541895
. 792612
.841688
.619145
.428906
.225282
.922845
.311387
.688749
.301198
.571291
.977049
.435247
.326694



$2.8 Cluster: “SIP4+5W”

**%* TEAM_CH3S03_1_w_5_b3lyp_6-31+Gp_neu_1.g09, E(RB3LYP) = -1338.99439613, 02.10.2012
01
6 0 -1.463604 0.656135 2.661895
6 0 -1.106990 0.259230 1.235270
7 0 -2.282540 -0.175126 0.377995
6 0 -3.196359 0.988932 0.054641
6 0 -4.211966 0.673392 -1.041183
6 0 -3.031020 -1.367499 0.914385
6 0 -2.143363 -2.566579 1.237272
8 0 -1.237616 -0.958592 -2.050373
8 0 0.386669 -3.025157 -1.235862
8 0 1.806554 -1.500823 0.513967
16 0 2.688326 -0.308011 0.276554
6 0 4.364379 -0.841720 0.675803
1 0 4.630534 -1.668067 0.013577
8 0 2.384609 0.817743 1.210900
8 0 2.735518 0.101295 -1.166821
1 0 5.036856 0.004783 0.522912
1 0 4.378914 -1.162412 1.719324
8 0 0.680434 0.980716 -2.691182
8 0 1.204234 3.302665 0.932466
8 0 -0.765302 2.846477 -1.031096
1 0 -1.856359 -0.471761 -0.544788
1 0 -0.382609 -0.556429 1.216263
1 0 -0.665441 1.100756 0.699998
1 0 -0.536576 0.960003 3.158436
1 0 -2.148851 1.508931 2.702677
1 0 -1.893452 -0.169721 3.239780
1 0 -3.755214 -1.640722 0.144472
1 0 -3.586917 -1.030112 1.794999
1 0 -3.693493 1.280737 0.984494
1 0 -2.531533 1.797012 -0.266323
1 0 -4.703277 1.609173 -1.328888
1 0 -3.721764 0.265322 -1.931302
1 0 -4.994002 -0.021808 -0.718263
1 0 -2.791664 -3.412170 1.493797
1 0 -1.525988 -2.865021 0.384207
1 0 -1.484630 -2.384081 2.090942
1 0 1.669855 2.435434 1.005980
1 0 1.899395 3.968410 0.831033
1 0 0.993450 -2.511878 -0.641693
1 0 0.954996 -3.521665 -1.842248
1 0 1.451901 0.685513 -2.133610
1 0 1.034401 1.158020 -3.575210
1 0 -0.674236 -1.755807 -1.895430
1 0 -0.617453 -0.275015 -2.394292
1 0 -0.091455 3.155070 -0.386166
1 0 -0.258084 2.345634 -1.699995
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$2.9 Cluster: “CIP4+6W”

*%* TEAM_CH3S03_1_w_6_b31lyp_6-31+Gp.g09,
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.406533
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.632607
.988982
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.657754
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597876
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144886
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.389252
.496761
.460055
.538365

213204
925718

.321698

746800

.594062
.407984
.916618

351344

.583531

788956

.061300

975411

.225169
.004846
.531067
.333576
.968198
. 741775

414902

.655105
. 724559
.930030
.677506
.301690

037070
373418

.267854

248520
147782
178267

.464824

072263
372228
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.803781
. 748356
.346675
.072428
.888832
. 743991
.101495
.428155
.561851
.074187
.578580
.934911
.562263
.849314
.359728
.290311
.593642
.674413
.638685
.987427
.102089
.415818
.833893
.267090
.990284
.527310
.740326
.960652
.157301
.970790
.510088
.337713
.406605
.817291
.467907
.389822
.260447
.147930
.9837563
.379886
.460479
.156705
.519184
.419816
.564351
.956714
.493133
.732842
.763283



$2.10 Cluster: “SIP46W”

**%* TEAM_CH3S03_1_w_6_b3lyp_6-31+Gp_neu_1.g09, E(RB3LYP) = -1415.43363836, 02.10.2012
01
6 0 2.194702 0.936071 -2.445399
6 0 1.530273 0.321509 -1.221057
7 0 2.494845 -0.191806 -0.166697
6 0 3.236263 0.948497 0.504793
6 0 3.875912 0.549282 1.832111
6 0 3.429301 -1.271749 -0.649164
6 0 2.731991 -2.434660 -1.349426
8 0 1.027768 -1.497133 1.779221
8 0 -0.352471 -3.245724 0.146929
8 0 -1.683277 -1.216974 -1.149102
16 0 -2.712811 -0.423692 -0.403072
6 0 -4.275771 -0.681882 -1.262623
1 0 -4.510217 -1.747884 -1.234196
8 0 -2.460206 1.056959 -0.451590
8 0 -2.931298 -0.924459 0.993272
1 0 -5.046070 -0.103618 -0.748588
1 0 -4.158602 -0.341097 -2.293299
8 0 -1.193823 -0.237613 2.967466
8 0 -1.451798 2.442869 1.916961
8 0 -0.778938 2.720555 -1.940468
8 0 0.833442 3.179037 0.435386
1 0 1.889188 -0.632686 0.577846
1 0 0.877306 -0.510752 -1.488790
1 0 0.922205 1.065612 -0.707167
1 0 1.398293 1.318355 -3.090957
1 0 2.833081 1.786566 -2.186070
1 0 2.783556 0.212697 -3.020725
1 0 3.954700 -1.631279 0.238058
1 0 4.163168 -0.792911 -1.304927
1 0 3.989005 1.304771 -0.204850
1 0 2.498242 1.744854 0.646669
1 0 4.258324 1.456609 2.312083
1 0 3.145617 0.092692 2.507684
1 0 4.719027 -0.139911 1.714988
1 0 3.475499 -3.218026 -1.534994
1 0 1.932520 -2.867799 -0.740940
1 0 2.309677 -2.144991 -2.316062
1 0 -1.395968 2.084025 -1.510122
1 0 -1.338009 3.436574 -2.276298
1 0 -0.898401 -2.577017 -0.339761
1 0 -0.986717 -3.855816 0.551453
1 0 -1.881084 -0.520049 2.305917
1 0 -1.528337 -0.494517 3.839703
1 0 0.531525 -2.208770 1.305472
1 0 0.338830 -1.007857 2.284200
1 0 -1.281881 1.661948 2.479469
1 0 0.104919 3.021465 1.079565
1 0 -1.936708 2.069191 1.153411
1 0 0.367165 3.238791 -0.422752
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$2.11 Cluster: “CIP4+7W”

*%* TEAM_CH3S03_1_w_7_b3lyp_6-31+Gp.g09,
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.360275
.082383
.331077
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.348411
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.327437
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.848140
.907159
.998059
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.535067
.323551
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.475567
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.379982
.344896
.038867
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.029060
.772022
.342105
.434657
.268053
.970008
.293265
.671546
.015344
.3556435
.436925
.659277
.571466
.392185
.603234
.996073
.048765
.141966
.991381
.493959
.520231
.044332
.382594
.052267
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.037010
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.520326
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.423055
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.589221
.443780
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.940981
.730348
.252190
.206332
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$2.12 Cluster: “SIP4+7TW”

**%* TEAM_CH3S03_1_w_7_b3lyp_6-31+Gp_neu.g09, E(RB3LYP) = -1491.87816720, 02.10.2012
01
6 0 3.774738 -0.537125 1.718618
6 0 2.442810 0.023052 1.234257
7 0 2.489411 0.695212 -0.125912
6 0 3.412555 1.881886 -0.200010
6 0 3.141320 2.937973 0.867602
6 0 2.740667 -0.307689 -1.233640
6 0 2.501040 0.248159 -2.635251
8 0 -1.022817 0.625184 1.905523
8 0 -3.668680 0.999989 1.312016
8 0 -0.093357 -2.046206 1.394455
16 0 -0.586720 -2.754971 0.170109
8 0 -2.076737 -2.737596 0.029234
8 0 0.124718 -2.297077 -1.075017
6 0 -0.150593 -4.491133 0.386560
1 0 1.504105 1.068826 -0.267824
1 0 2.052043 0.768211 1.930229
1 0 1.685849 -0.761961 1.156152
1 0 3.608396 -0.993610 2.700042
1 0 4.165353 -1.319971 1.060694
1 0 4.544991 0.232410 1.841767
1 0 3.267146 2.315961 -1.190828
1 0 4.439185 1.506626 -0.145170
1 0 3.768979 -0.663282 -1.119482
1 0 2.051186 -1.135510 -1.046028
1 0 2.578327 -0.584615 -3.342348
1 0 1.494423 0.665158 -2.739981
1 0 3.237051 1.001148 -2.935147
1 0 3.747155 3.822648 0.643938
1 0 2.089429 3.240961 0.866489
1 0 3.406536 2.601167 1.873887
1 0 -0.489649 -5.040399 -0.493947
1 0 0.933342 -4.566460 0.494811
1 0 -0.653218 -4.854320 1.285199
8 0 -0.069463 1.644607 -0.347489
8 0 -1.079832 -0.016899 -2.220834
1 0 -0.847393 -0.339819 1.866967
1 0 -0.462986 1.280685 0.511565
1 0 -0.493170 1.094802 -1.070587
1 0 -0.672927 -0.872999 -1.950384
1 0 -0.790666 3.266388 -0.488311
8 0 -1.252753 4.142405 -0.528270
1 0 -0.826523 4.699439 0.139956
1 0 -2.937470 3.866446 -0.014449
8 0 -3.823669 3.653757 0.368410
1 0 -2.008890 0.737273 1.831498
1 0 -3.797026 1.931064 1.021648
1 0 -3.760694 0.453956 0.503959
1 0 -4.476770 3.898275 -0.303027
8 0 -3.550956 -0.711086 -0.997821
1 0 -3.070995 -1.482841 -0.593539
1 0 -4.356331 -1.074839 -1.395133
1 0 -2.034005 -0.135157 -2.023435
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$2.13 Cluster: “CIP4-9W”

**%* TEAM_CH3S03_1_w_9_b3lyp_6-31+Gp_neu.g09, E(RB3LYP) = -1644.74385369, 02.10.2012
01
6 0 -0.028111 4.315339 -1.250951
6 0 0.124015 3.025305 -0.453432
7 0 0.348593 1.785129 -1.297915
6 0 -0.776329 1.460657 -2.255661
6 0 -2.158984 1.448467 -1.614334
6 0 1.695026 1.822963 -1.992260
6 0 2.133238 0.470673 -2.543980
8 0 0.079563 -0.344280 0.492122
16 0 0.054922 -0.226955 2.003929
8 0 0.961864 0.837782 2.500304
8 0 -1.352095 -0.081650 2.515956
6 0 0.653326 -1.806510 2.622638
8 0 -0.306823 -2.042702 -1.663451
8 0 1.915948 -3.582819 -1.552379
8 0 3.373777 -2.797013 0.634393
8 0 4.807481 -0.408648 0.516236
8 0 -2.742123 2.250611 1.905589
8 0 3.082056 1.849945 0.849930
1 0 0.376615 1.002063 -0.603762
1 0 -0.761236 2.831047 0.155994
1 0 0.987000 3.072421 0.213929
1 0 -0.199580 5.132769 -0.542482
1 0 0.871233 4.564192 -1.822971
1 0 -0.883658 4.290956 -1.934388
1 0 -0.548865 0.468922 -2.650478
1 0 -0.715780 2.184854 -3.074244
1 0 1.622782 2.574498 -2.783797
1 0 2.399690 2.152180 -1.225097
1 0 3.150030 0.581842 -2.936900
1 0 2.163589 -0.286894 -1.756070
1 0 1.501544 0.101337 -3.356645
1 0 -2.876097 1.0830563 -2.357449
1 0 -2.197210 0.772038 -0.756852
1 0 -2.489436 2.438274 -1.287257
1 0 0.703632 -1.735270 3.711265
1 0 -0.054794 -2.581700 2.321542
1 0 1.638456 -1.997334 2.189534
1 0 2.453973 1.5223562 1.524577
1 0 3.749034 1.136422 0.763610
1 0 -2.126457 1.574063 2.273565
1 0 -2.975592 2.826656 2.648571
1 0 -0.297425 -1.569292 -0.803836
1 0 -1.186016 -2.487923 -1.736118
1 0 1.076866 -3.047530 -1.636457
1 0 1.643353 -4.509471 -1.621182
1 0 2.854174 -3.105120 -0.154491
1 0 4.297996 -1.253252 0.521487
1 0 3.915639 -3.549596 0.913265
1 0 5.442776 -0.481632 -0.210042
8 0 -2.788148 -3.257659 -1.926688
1 0 -3.508121 -2.744199 -1.475017
1 0 -3.062434 -3.328512 -2.852848
8 0 -4.759745 -1.789697 -0.728384
1 0 -5.492183 -2.302840 -0.356317
1 0 -4.441744 -1.211203 0.016250
8 0 -3.926350 -0.323437 1.389477
1 0 -3.922156 0.654181 1.407681
1 0 -3.044804 -0.541805 1.759015

S15



$2.14 Cluster: “SIP49W”

*%* TEAM_CH3S03_1_w_9_b3lyp_6-31+Gp.g09,
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We study ionic liquids composed of 1-alkyl-3-methylimidazolium cations and bis(trifluoromethyl-
sulfonyl)imide anions ([C,MIm][NTf,]) with varying chain-length n =2, 4, 6, 8 by using molecular
dynamics simulations. We show that a reparametrization of the dihedral potentials as well as charges
of the [NTf;] anion leads to an improvement of the force field model introduced by Kéddermann,
Paschek, and Ludwig [ChemPhysChem 8, 2464 (2007)] (KPL-force field). A crucial advantage of
the new parameter set is that the minimum energy conformations of the anion (trans and gauche), as
deduced from ab initio calculations and Raman experiments, are now both well represented by our
model. In addition, the results for [C,MIm][NTf,] show that this modification leads to an even better
agreement between experiment and molecular dynamics simulation as demonstrated for densities,
diffusion coefficients, vaporization enthalpies, reorientational correlation times, and viscosities. Even
though we focused on a better representation of the anion conformation, also the alkyl chain-length
dependence of the cation behaves closer to the experiment. We strongly encourage to use the new
NGOLP (Neumann, Golub, Odebrecht, Ludwig, Paschek) force field for the [NTf,] anion instead
of the earlier KPL parameter set for computer simulations aiming to describe the thermodynam-
ics, dynamics, and also structure of imidazolium-based ionic liquids. Published by AIP Publishing.
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Revisiting imidazolium based ionic liquids: Effect of the conformation bias
of the [NTf,] anion studied by molecular dynamics simulations

https://doi.org/10.1063/1.5013096

INTRODUCTION

Having a reliable force field available is one of the most
important prerequisites for setting up a molecular dynamics
(MD) simulation. Hence, a lot of effort has been put into the
development of new as well as the improvement of exist-
ing force field models. There are essentially two different
approaches on how to improve or optimize force fields:

One approach is trying to develop a “universal” force field
parameter set which can be applied to a broad range of differ-
ent molecules or ions, such as the force field parameters for
ionic liquids introduced by Padua et al.'"'% These force fields
are very popular in the ionic liquid molecular simulation com-
munity and yield in general good results in comparison with
experimental data.

An alternative, less universal approach is to focus on a
specific subset of molecules and ions and to enhance the qual-
ity of the model by fitting the parameters of a system to a
set of selected thermodynamical, dynamical, and structural
properties, which then can be accurately emulated by the force
field. The most well-known example for the application of such
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a strategy is perhaps the water molecule. In 2002, Bertrand
Guillot gave a comprehensive overview over (at the time) more
than 40 different water models,'! and the number has been
increasing since then.'?"'> Obviously, water is of great scien-
tific interest. As a consequence, there exist a variety of force
field models consisting mostly of three (SPC, TIP3P) to five
(TIP5P, ST2) interaction sites, including (POLS5) or without
(SPC/E) polarizability and even force fields optimized to best
represent the solid phases of water (TIP4P/ICE) and their phase
transitions.

The second strategy was employed by Kéddermann et al.
in 2007 to arrive at the KPL (K6ddermann, Paschek, Ludwig)
force field for a selected class of imidazolium-based ionic
liquids composed of 1-alkyl-3-methylimidazolium cations
and Dbis(trifluoromethyl-sulfonyl)imide anions ([C,MIm]
[NTf5]).'° The aim of this work was to further optimize the
force field of Padua et al. to better represent dynamical proper-
ties like self-diffusion coefficients, reorientational correlation
times, and viscosities. As shown in their original work from
2007 as well as in further studies published by different groups,
the KPL force field has been proven to yield reliable results
for dynamical properties, but also for thermodynamical prop-
erties, such as the free energies of solvation for light gases in
ionic liquids,'”!® and is still used frequently to date.!2!

Here we want to present our take on further improving the
KPL force field by revisiting the conformation-space explored
by the [NTf;] anion. Extensive studies of the conformation of

Published by AIP Publishing.
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the [NTf,] anion using the KPL force field in comparison to
experimental as well as quantum chemical calculations have
revealed a significant mismatch of the energetically favored
conformations. Therefore we feel the need for presenting a
modified version of the force field, removing this conforma-
tion bias. We will discuss the implications of this modification
for a wealth of thermodynamical, dynamical, and structural
quantities.

CONFORMATION-SPACE OF THE ANION

During MD simulations of ionic liquids of the type
[C,MIm][NTf,] with the force field of Kéddermann er al., it
became apparent that the favored [NTf,] anion conformations
observed in the simulation differ from what has been shown
carlier from quantum chemical (QC) calculations® as well as
from Raman experiments?> (see Figs. 1 and 2).

For locating the minimum energy conformations, we per-
formed extensive quantum chemical calculations with the
GaussIaN 09 program? following the approach of Lopes and
Padua.” We started by calculating the potential energy sur-
face as a function of the two dihedral angles S1-N-S2—C2
(¢1) and S2-N-S1-C1 (¢7) on the Hartree-Fock (HF) level
with a small basis set (6-31G*). Subsequent to these opti-
mizations, we performed single point calculations on the 2nd
order Moller-Plesset Many Body Perturbation Theory (MP2)
level using the cc-pvtz basis set for all HF optimized confor-
mations. In agreement with earlier calculations by Padua et
al.® and Raman measurements of Fujii er al.,>* we observe
essentially two structurally distinct minimum energy con-
formations that can be identified as energy minima on the
energy landscape depicted in Fig. 3. The trans conforma-
tions of the [NTf;] anion are energetically preferred, followed
by the gauche-conformations, which are elevated by about
3 kJ mol™! (see Fig. 2). Due to the symmetry of the [NTf,]
anion, the in essence two structurally distinct conformations
appear in the form of the six minima of the energy landscape
shown in Fig. 3. The two global minima describe trans con-
formations located at ¢; = 90°, ¢ = 90° and ¢; = 270°,
¢ =270°, respectively. The four additional local minima are
all representing structurally identical gauche conformations,
based on the symmetry of the ion. This is in agreement with
Pédua er al. and discussed in more detail in their publication
from 2008.°

To compare these ab initio calculations with the KPL
force field model, we employed the molecular dynamics pack-
age Moscito 4.180 and computed the same potential energy

WP

(a) (b)

FIG. 1. Minimum energy conformations of the [NTf,] anion taken from a
MD simulation employing the KPL force field.
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FIG. 2. Minimum energy conformations of the [NTf;] anion obtained from
ab initio calculations. The trans conformation (left) represents the global
energy minimum, while the energy of the gauche conformation (right) is
elevated by about 3 kJ mol~'.

surface as a function of the two dihedral angles ¢ and ¢,
(see Fig. 4, top panel) by fixing the two dihedral angles and
optimizing all other degrees of freedom. We would like to add
that in the force field-optimizations all bond lengths were kept
fixed. It is quite obvious that the KPL force field does not ade-
quately reproduce the potential energy surface obtained from
the quantum chemical calculations (compare the top panel in
Fig. 4 with Fig. 3). The minimum energy conformations of the
KPL model reveal essentially two structurally distinct con-
formations illustrated in Fig. 1. However, both are somewhat
similar, being positioned between the frans and gauche confor-
mations favoured in the ab initio calculations. The fact that the
energy landscape does not reflect all the symmetry-features of
the molecule, however, might be a lesser problem since energy
barriers are rather large and the anion could explore similar
conformations simply by rotation.

However, for arriving at a better representation of the
ab initio energy surface, we reparameterized the charges
as well as the two distinct independent dihedral potentials
(S-N-S-C and F-C-S—-N), while keeping the other parame-
ters unchanged. From our quantum chemical calculations, we
yield the global minimum conformations at ¢; = ¢, = 90° and
¢1 = ¢ = 270°. Due to the symmetry of the [NTf,] anion,
these two minima are conformationally identical. To calculate
the parameters for the S-N—-S—C dihedral angle, we fixed ¢,
at 90° and calculated the energy as a function of the dihedral

25.0
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FIG. 3. Ab initio computation of the energy surface of the [NTf,] anion
as a function of the SI-N-S2-C2 and S2-N-S1-C1 dihedral angles ¢
and ¢».
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FIG. 4. Potential energy surface of the [NTf,] anion computed for the two
force field models. The new force field (bottom panel) provides a much better
representation of the ab initio calculations shown in Fig. 3 than the original
KPL force field (top panel). The plus-sign and asterisk indicate the location
of the global and local minima of the energy landscape as depicted in Figs. 1
and 2, respectively.

angle ¢, on the MP2 level using a cc-pvtz basis set (as shown
in Fig. 5). The same procedure was applied using the KPL

E / k] mol™!
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FIG. 5. (Top panel) Potential energy of the entire [NTf,] anion as a function
of the of S2-N—S1-C1 dihedral angle ¢, with ¢ being fixed at ¢ = 90°.
(Bottom panel) Torsion potential fitted to the difference between the QC and
force field model (with switched off torsion potential).
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FIG. 6. Potential energy of the [NTf,] anion as a function of the F-C-S—-N
dihedral angle.

force field while switching of the dihedral potential, such that
only the nonbonding (nb) interactions matter. We then sub-
tracted the latter energy function from the energies obtained
via the QC calculations and arrived at the dihedral potential
for the dihedral angle S-N-S—C, which should be reproduced
by the torsion potential in our force field (see Fig. 5, bottom
panel). The value of ¢; at 90° was chosen deliberately since it
represents a path very close to the minimum energy transition
path between adjacent trans and gauche conformations, thus
providing an optimized representation of the states with the
lowest energies and their interconversion.

In contrast to the work of Kéddermann et al., we chose
to fita dihedral potential function obeying the conformational
symmetry-features of the anion using

Ve = > kP + cos(mupn — W3] (1)

(with n = 6 and ¢ = 0) to the computed ab initio poten-
tial, leading to the proper minimum energy conformations of
the [NTf,] anion.? Similarly obtained were parameters for the
F—C—S—N dihedral potential of the terminal CF3-groups (see
Fig. 6). The complete set of new parameters for the NGOLP
(Neumann, Golub, Odebrecht, Ludwig, Paschek) force field
is given in Table III. Similar to the procedure used in the
OPLS (Optimized Potential for Liquid Simulations) force
field, Coulomb and Lennard-Jones non-bonded 1-4 interac-
tions are scaled by a factor of 0.5. We would like to point
out that the representation of the ab initio conformational
energy landscape by our model requires an intricate interplay
of electrostatic and Lennard-Jones nonbonding interactions
and dihedral potentials. We have made the observation that
by using a newly derived set of partial charges, although
the overall changes seem to be small, a significantly better

TABLE 1. Lennard-Jones parameters o, € (all taken from Ref. 16) and
charges ¢ (all newly calculated in this work) for all interaction sites of the
[NTf,] anion.

Site o A) € (K) q(e)

F 2.6550 8.00 -0.189
C 3.1500 9.96 0.494
S 4.0825 37.73 1.076
o) 3.4632 31.70 -0.579
N 3.2500 25.66 -0.690
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TABLE II. Bond length rg/z, angle ¢2/l¢u’ and k%,  (all taken from Ref. 16)
for the angle potential V3, == %ki/lw(gb,(,lw — ¢, )2 in the force field of

KAw
the [NTf;] anions.

Bond 2, (A) Angle #°,,, (deg) k%, /kJmol~'rad~2

C-F 1.323 F-C-F 107.1 781.0

c-S 1.818 S-C-F 111.8 694.0

$-0 1.442 C-$-0 102.6 870.0

N-S 1.570 0-8-0 118.5 969.0
0-S-N 113.6 789.0
C-SN 100.2 816.0
S-N-S 125.6 671.0

TABLE III. Parameters kflnp and w,?, for the torsion potential v

KAWT

= 3, k%11 + cos(muipm — v2)] in the force field of the [NTf; ] anion.

n(kAwT) i k% (kI mol™") w0 (deg)
F-C-SN 1 3 2.0401 0.0
SN-S-C 1 1 23.7647 0.0
2 2 6.2081 0.0
3 3 -2.3684 0.0
4 4 -0.0298 0.0
5 5 0.6905 0.0
6 6 1.0165 0.0

representation of the energy landscape was feasible as com-
pared to the previously employed charge model. Therefore
we re-computed partial charges from the MP2-wavefunction
using the method of Singh and Kollman as implemented in
the Gaussian 09 program.?* The refined charges are listed in
Table I.

Finally, employing new refined parameters for the dihe-
dral potentials and partial charges, we re-calculated the energy
surface as a function of the two dihedral angles ¢, and ¢, (see
Fig. 4, bottom panel). The result is in much better agreement
with the ab initio calculations and resolves the conformational
mismatch issue for the force field of the [NTf;] anion. In addi-
tion, we would like to emphasize that this procedure also leads
to a proper description of the barrier height between the two
adjacent gauche conformations, which is critical for properly
describing the conformational interconversion of the molecule
between the two global energy minimum states on the energy
landscape located at ¢; = 90°, ¢» = 90° and ¢, = 270°,
¢ =270°, respectively.

All parameters for the new [NTf;] anion force field are
listed in Tables I-III. The original parameters as well as the
parameters for the cations can be found in the publication of
Kéddermann et al.'®

MOLECULAR DYNAMICS SIMULATIONS

We performed MD simulations for the two force fields
KPL and NGOLP with Gromacs 5.0.62°2° over a tempera-
ture range from 7' = 273-483 K to calculate thermodynamical
and dynamical properties and compare them with the original
KPL force field. All simulations were carried out in the NpT
ensemble. However, to compute viscosities, we performed

J. Chem. Phys. 148, 193828 (2018)

additional NVT simulations using starting configurations
sampled along the NpT-trajectory. Periodic boundary condi-
tions were applied using cubic simulation boxes containing
512 ion-pairs. We applied smooth particle mesh Ewald sum-
mation®® for the electrostatic interactions with a real space
cutoff of 0.9 nm, a mesh spacing of 0.12 nm, and 4th order
interpolation. The Ewald convergence factor o was set to 3.38
nm~! (corresponding to a relative accuracy of the Ewald sum
of 107°). All simulations were carried out with a time step
of 2.0 fs, while keeping bond lengths fixed using the LINCS
algorithm.?!

An initial equilibration was done for 2 ns at T = 500 K
using the Berendsen thermostat as well as the Berendsen baro-
stat with coupling times 71 = 7, = 0.5 ps.3? After this another
equilibration was done for 2 ns at each of the desired tem-
peratures. For each of the six temperatures 273 K, 303 K,
343 K, 383 K, 423 K, and 483 K, we performed production
runs of 30 ns, keeping the pressure fixed at 1 bar applying Nosé-
Hoover thermostats>>** with 71 = 1 ps and Rahman-Parrinello
barostats®>3¢ with T, =2 ps.

RESULTS AND DISCUSSION

Analogous to the publication of Kéddermann et al. from
2007,'° we will compare densities, self-diffusion coefficients,
and vaporization enthalpies for [C,MIm][NTf,] as a function
of temperature and alkyl chain-length as well as viscosities
and reorientational correlation times for [CoMIm][NTf,] as a
function of temperature. It is important to keep in mind that the
original force field was optimized to reproduce these proper-
ties and yields a good agreement between the experiment and
simulation. By resolving the mismatch of the favored confor-
mations of the [NTf,] anion, we are able to describe these
properties as good as the KPL force field or even better.

Structural features

Here we take a look at structural features of the lig-
uid phase and how they are influenced by changes in the
conformation-population of the [NTf,] anion.

Before discussing the inter-ionic structural features of the
ionic liquids, we would like to briefly elaborate on the con-
formational states adopted by the anion and their transitions
in the condensed ionic liquid phase. From the energy land-
scape depicted in Fig. 4, it is evident that the anion possesses
two dominant low energy states, both labeled trans located at
@1 =90° ¢ =90° and ¢; = 270°, ¢ = 270°, respectively.
In Fig. 7, we illustrate the time evolution of the conformation
adapted by a single anion in the ionic liquid at 7 = 273 K
over a time period of 16 ns. As expected it is evident that
the anion resides mostly in either of the two trans states with
rather frequent changes between them due to rapid confor-
mational interconversions. It is rarely observed being resting
in a gauche state as indicated in Fig. 7. It is mostly passing
through the gauche states as a transitional state. By counting
the number of transitions, we estimate the average residence
time in either of the distinct trans states to be in the range of
about 1 ns. As pointed out by Padua ez al.,’ the observed rapid
conformational interconversions illustrate the importance of a
proper description of the conformational energy landscape.
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FIG. 7. Time evolution of the conformation-state of a single [NTf,]-anion
over a time interval of 16 ns at 7 =273 K indicated by the two dihedral angles
¢1(t) and ¢ (). The red shaded regions indicate time intervals where one of
the dihedral angles is resting in a gauche state.

First we inspect the three distinct center of mass pair dis-
tribution functions between the different ions computed for
[C,MIm][NTf,] with n = 2 at T = 303 K (shown in Fig. 8).
It is quite apparent that these distribution functions are only
slightly affected by the alterations in the force field. Most
notable are the differences observed in the anion-anion pair
distribution function depicted in Fig. 8(c) with the first peak
being significantly broadened. It is quite obvious to assume
that this behavior is related to the more distinct conformational
states (trans and gauche) that the reparameterized [NTf;]
anion is adopting as shown in Fig. 2. In the trans state, the
molecule is more elongated along the molecular axis and more
compact perpendicular to it. In addition, the gauche-state is
generally more compact than the minimum energy conforma-
tions adopted by the original KPL force field model shown
in Fig. 1. This leads to an enhanced population of both short
and long anion-anion distances. This effect manifests itself
also in the slight shift of the maximum of the first peak of
the anion-cation pair distribution function towards smaller dis-
tances [see Fig. 8(a)]. Another interesting distribution function
is the pair distribution function of the anion-oxygens surround-
ing the C(2)-hydrogen site on the cation. The C(2)-position is
deemed to act as a hydrogen-bond donor.>”3® With changing
conformations, we expect an effect on the hydrogen bond-
ing situation between the anion and cation. Here we observe

J. Chem. Phys. 148, 193828 (2018)
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FIG. 9. Radial pair distribution function of the anion-oxygens around the C(2)
hydrogen site on the cation for [C,MIm][NTf,] at 7 = 303 K. The NGOLP
force field is shown as the blue line, and the KPL force field as the red dashed
line.

that the NGOLP force field promotes hydrogen bonds between
anions and cations as indicated by an increased first peak of the
O-H pair distribution function shown in Fig. 9. The computed
number of hydrogen bonds increases throughout by about 4%,
mostly unaffected by the alkyl chain-length and temperature
(not shown). Taking into account the importance of more elon-
gated trans configurations of the anion, it is also not surprising
that the second peak is somewhat depleted, while the third
peak is again enhanced (see Fig. 9). We further investigate the
hydrogen-bond situation by not just looking at the distance
between the oxygen and hydrogen but also at the angular dis-
tribution. Therefore we compute the probability density map
of the anion-oxygens surrounding the C(2) hydrogen site on
the cation. Again we focus on the C(2) hydrogen because
its hydrogen-bond interaction with the anion is deemed the
strongest and most important. To calculate this map, we com-
pute both the O—H distance and the angle between the C-H
bond-vector on the cation and the intermolecular C-O vector,
where C is the C(2)-position of the cation and O represents the
oxygen-sites on the anions. In addition, the computed proba-
bilities are weighted by réé. It is revealed that the maximum
of this probability density map does not quite represent a lin-
ear hydrogen bond at a distance of 2.3 A but is tilted by about
25° and is characterized by a rather broad angular distribution
(Fig. 10).

Densities and self-diffusion coefficients

To get an idea on how the changing conformation-
populations influence the properties of the imidazolium-based
ionic liquids, we first take a look at the mass density of
[CoMIm][NTf,]. In molecular simulations, the density has

——NGOLP (MD) { 2.0
- - - KPL (MD)

FIG. 8. Center of mass radial pair dis-
tribution functions for cation-anion (a),
anion-anion (b), and cation-cation (c)
for [CoMIm][NTf,] at 7 = 303 K. The
NGOLP-data are shown as blue lines,
and the KPL-data force is shown as red
dashed lines.

0.5 1.0 1.5 2.0
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FIG. 10. Probability density of the anion-oxygens around the C(2) hydrogen
sites as a function of the intermolecular distance roy and the angle between
the C(2)-H bond-vector and the intermolecular C(cation)-O(anion) vector
shown for the NGOLP force field at 7 =303 K.

always been an important property for evaluating the force
field. The enhanced conformational diversity of the [NTf,]
anion leads to a slight increase in the density over the whole
temperature range (see Fig. 11 and Table IV). This overall
increase is in better agreement with the experimental data
from the work of Tokuda et al.3° For lower temperatures, the
NGOLP force field even matches the experimental values. The
thermal expansivity, however, is significantly overestimated,
although at the highest temperatures the difference between
the experiment and simulation is still within about 5%. Despite
the overall density increase from KPL to NGOLP, the thermal
expansivities of both models are practically identical.

With this increasing density, also slightly reduced self-
diffusion coefficients for the [NTf,] anion are observed (see
Fig. 12). We calculated the self-diffusion coefficient using the
Einstein relation

D=2 lim {0 - 7,0)P) &)
as a function of the temperature for [CoMIm][NTf,]
(Fig. 12) as well as a function of the alkyl chain-length of
[C,MIm][NTf,] at T =303 K (Fig. 13 and Table V). As shown
in 2007, the KPL force field is able to yield self-diffusion
coefficients in good agreement with the experimental data.
Nevertheless, using the new NGOLP parameters, we are able

1600 ¢ - - - Tokuda et al. (Exp)
[ O NGOLP (MD)
G- [J KPL (MD)
1500 | ¢, g
B g ---
=] gk -
- Moo 8 N
o0 T~ _ -~--.8
= 1300 X 8 el
Q [S T S Tk
g--o
1200 ~a 8
8 ‘\\\\~;
1100 | g
250 300 350 400 150 500
T /K

FIG. 11. Mass densities of [C,MIm][NTf,] with n = 2, 4, 8 as a function
of temperature. The experimental data of Tokuda et al. are given according
to their fitted temperature dependence (dashed lines).3® The results from our
molecular dynamics simulation are shown as open symbols: NGOLP (open
circles) and KPL (open squares). See also Table I'V.
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TABLE IV. Temperature dependence of the density p and the self-diffusion
coefficients of the [NTf,] anion D_ in [Co,MIm][NTf,] according to the KPL
and NGOLP force fields. See also Figs. 11 and 12.

p (kgm™3) D_/1071 (m? s~ 1)
T (K) KPL NGOLP KPL NGOLP
273 1525 1540 1.4 1.1
303 1485 1500 4.8 3.6
343 1433 1448 13.0 10.9
383 1383 1398 26.4 23.0
423 1335 1349 49.4 436
483 1265 1280 92.7 90.0

to describe the temperature dependence of the self-diffusion
coefficient of the [NTf;] anion in [C;MIm][NTf,] even better
(Fig. 12 and Table IV). Taking a look at the alkyl chain-length
dependence, we can support the findings for the n = 2 imida-
zolium ionic liquid. The NGOLP force field is able to repro-
duce the dependence better, especially for n < 4; for longer
chains, the KPL force field is closer to the experiment (see
Fig. 13). As observed for the temperature dependence, the gen-
eral trend of the self-diffusion coefficient as a function of the
alkyl chain-length is identical for the KPL and NGOLP force
fields.

Vaporization enthalpies

The magnitude of the vaporization enthalpy of ionic lig-
uids was studied extensively over the last few years and
has been sometimes discussed quite emotionally.***® For
the purpose of this study, we will compare our results with
the more recent quartz-crystal microbalance (QCM) data of
imidazolium-based ionic liquids of type [C,MIm][NTf;] from
the work of Verevkin et al. of 2013%7 as shown in Fig. 14. We
would like to point out that an exhaustive overview of the huge
amount of vaporization enthalpy data from different experi-
ments as well as molecular simulation studies is provided in
the supporting information in the work of Verevkin ez al.*” and
in the COSMO-RS (conductor like screening model for real
solvents) study by Schréder and Coutinho.*® The vaporization
enthalpies per mole of [C,MIm][NTf,] were here calculated
by assuming ideal gas behavior with

107 g :
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AN 3 ® NCGOLP (MD)
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FIG. 12. Self-diffusion coefficients as a function of the temperature for
[CoMIm][NTf;]. The experimental data of Tokuda et al. are represented
according to their fitted temperature dependence (green dashed line).>* The
red squares (KPL) and blue dots (NGOLP) represent the results from our
molecular dynamics simulations. See also Table IV.
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FIG. 13. Self-diffusion coefficients as a function of the alkyl chain-length for
[C,MIm][NTf,] at T = 303 K. The experimental data are shown as green
triangles, the KPL force field is shown as red squares, and the NGOLP force
field is shown as blue dots. The dashed lines are only guide to the eye. See
also Table V.

AVH ~ AU +RT 3)

which is a well-justified approximation, given the low vapor
pressures of ionic liquids at low temperatures. The energy
difference between the liquid and gas phases was computed
via

AU = Uy - U, @)
where U/ and Uy are the internal energies per mole ion-pairs
ofthe liquid and gas phases, respectively. To determine U;, we
performed gas phase simulations of individual ion-pairs with-
out periodic boundary conditions. It has been shown in the
literature that the gas phase of ionic liquids consists mostly
of ion-pairs*’4933 tied together by strong long-range electro-
static forces. Hence, simulating an isolated ion-pair instead
of separated ions is the most realistic approximation of the
gas phase. As it is standard practice, during the simulation of
both the liquid phase and the isolated ion-pair, the total linear
momentum was set to zero, thus eliminating the systems’ cen-
ter of mass translational motion. In addition, in the simulations
of the isolated ion-pairs, also the total angular momentum was
set to zero. However, when comparing the internal energy of
the gas phase and the liquid phase, we have to correct for differ-
ences in the kinetic energy stored in the translational/rotation
motion of either system by adding

) 6

Ug = Uy + 5RT, (5)

U’ = U+ SRT x — (6)
) Nip

TABLE V. MD simulated self-diffusion coefficients of the [NTf,] anion D_
as a function of the alkyl chain-length n in [C,MIm][NTf,] for the KPL and
the new NGOLP force field as well as the experimental values by Tokuda
eral’® at T =303 K. See also Fig. 13.
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FIG. 14. Vaporization enthalpies as a function of the alkyl chain-length for
NGOLP (blue dots) and KPL (red squares) at 7 = 303 K. For comparison, we
also show the QCM data of Verevkin ez al. for T =298 K (green triangles).*”
See also Table VI.

per mole of ion-pairs, where Nip = 512 is the number of ion-
pairs used in the liquid simulation, and U, and U, are the
total energies per ion-pair as computed directly from the MD
simulations. With these corrected molar internal energies Uy
and U/, we compute the heat of vaporization AyH using Eq. (3)
for a temperature of 7' = 303 K shown in Fig. 14 and given in
Table VL.

Both the data computed from the KPL and from the
NGOLP force field as a function of alkyl chain-length are
rather close to the experimental data of Verevkin et al.*’ How-
ever, we would like to point out that the optimized NGOLP
force field is in even better agreement with the QCM exper-
iments, particularly for chain-lengths up to n = 4. Not only
are the data for n = 2 now in quantitative agreement with
the experimental data but also the step from n =1 to n =
2 is better captured by the new model, suggesting a signifi-
cant influence of the enhanced conformational diversity of the
[NTf,] anion.>® Since the exact slope of AyH as a function of
the alkyl chain-length has been shown to be controlled by the
counterbalance of electrostatic and van der Waals forces,’’
the increasing deviation for longer chain-length might indi-
cate a slight misrepresentation of the size of the dispersion
interaction introduced by increasing the alkyl chain-length.

Viscosities and reorientational correlation times

To further compare dynamical properties of the sim-
ulated ionic liquids with experimental data, the tempera-
ture dependence of the reorientational correlation times for
the C(2)-H vector and viscosities for [CoMIm][NTf,] were

TABLE VI. MD simulated vaporization enthalpies of the [NTf,] anion AyH
as a function of the alkyl chain-length n in [C,MIm][NTf;] for the KPL and
the new NGOLP force field as well as the experimental values by Verevkin
etal.*” at T =303 K. See also Fig. 14.

D_/10"1 (m%s~1) AVH (k] mol™1)
n KPL NGOLP Expt. n KPL NGOLP Expt.
1 5.21 3.87 3.24 1 129.2 1275 128.2
2 476 3.56 3.63 2 130.2 127.0 126.9
4 3.22 2.42 2.75 4 136.1 133.6 132.4
6 1.83 1.26 1.93 6 145.1 143.1 140.1
8 1.00 0.67 1.45 8 156.1 154.5 145.7
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FIG. 15. Reorientational correlation time of the C(2)-H vector in
[CoMIm][NTH;] as a function of temperature. The experimental data of Wulf
et al.>® are shown as green triangles, the KPL-data are shown as red squares,
and the NGOLP-data are shown as blue dots. The data are summarized in
Table VII.

calculated. To compare with the quadrupolar relaxation
experiments of Wulf er al.,’® we computed reorientational
correlation functions R(¢) of the C(2)-H bond-vector accord-
ing to

R(1) = (P2{cos[Ocu()]}), (7

where P; is the second Legendre polynomial and

7cn(0) - Feu(r)

cos[Ocu(?)] = TE

®)
represents the angle-cosine between the CH-bond vector at
times “0” and ¢ and |Fcy| is the CH-bond length, which is
kept fixed during the simulation. The reorientational corre-
lation times 7. are obtained as integral over the correlation
function

0o

.= | R(t)dt. 9
/

Here, the long-time behavior is fitted to a stretched exponen-
tial function and the total correlation time is determined by
numerical integration. Again we find that both force fields are
in good agreement with the experimental values, albeit with the
original KPL model being slightly closer to the experimental
data (see Fig. 15 and Table VII).

To determine the viscosities, we used the approach of
Zhang et al.® to compute viscosities from equilibrium-
fluctuations of the off-diagonal elements of the pressure tensor
via the Green-Kubo relation

TABLE VII. Viscosities 17 and reorientational correlation times of the
C(2)-H vector 7 as a function of temperature calculated from MD simu-
lations of [CoMIm][NTf;] employing the KPL and the NGOLP force fields.
See also Figs. 15 and 16.

17 (mPa s) 7c (ps)
T/K KPL NGOLP KPL NGOLP
273 67 £24 82+22 173.1 114.7
303 266 25+4 51.6 38.2
343 8.6+2.0 9.6+24 17.3 14.1
383 44+0.9 49+0.9 8.1 7.0
423 29+1.0 2.9+0.6 4.7 4.1
483 1.6 0.3 1.48 £0.21 2.6 2.3
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FIG. 16. Viscosities as a function of temperature for [CoMIm][NTf,] for
NGOLP (blue dots) and KPL (red squares). The experimental data were taken
from the work of Tokuda et al. (green dashed line).>® See also Table VII.

. (Pap(®) - Pag®) . (10)

" keT Jo

For each temperature, we performed 15 independent NVT sim-
ulations, where the starting configurations were sampled from
the earlier NpT simulations with a constant time interval of 2
ns. After a 1 ns equilibration, we computed 8 ns long produc-
tion runs for each of the sampled configurations storing the
pressure tensor data for each time step. Finally, the correlation
function was calculated and integrated over a time-window of
1 ns for each of the 15 simulations. The average of the run-
ning integrals was calculated as well as standard deviation.
The average over the running integrals as well as the stan-
dard deviation were handled as suggested by Zhang et al.>®
with a fitting cutoff #; at the point where o (¢) is 40% of the
calculated average viscosity.

We find that the differences between the KPL and NGOLP
models to be rather small. Both are basically lying within the
statistical errors of this method. However, both force field mod-
els yield viscosities very close to the experiment (Fig. 16 and
Table VII).

CONCLUSIONS

We showed that the reparametrization of the dihedral
potentials as well as charges of the [NTf,] anion leads to
an improvement of the force field model of Koddermann
et al. for imidazolium-based ionic liquids from 2007. The
most prominent advantage of the new parameter set is that
the minimum energy conformations (trans and gauche) of the
anion, as demonstrated from ab initio calculations and Raman
experiments, are now well reproduced.

The results obtained for [C,MIm][NTf,] show that this
correction leads to a slightly better agreement between experi-
ment and molecular dynamics simulation for a variety of prop-
erties, such as densities, diffusion coefficients, vaporization
enthalpies, reorientational correlation times, and viscosities.
Even though we focused on optimizing the anion parameters,
the alkyl chain-length dependence is found to be generally also
closer to the experiment.

With this work, we want to point out that it is impor-
tant to re-examine the established force field and, if nec-
essary, to improve them. We highly recommend to use the
new NGOLP force field for the [NTf,] anion instead of the
original KPL force field. Especially for simulation aiming to
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describe the thermodynamics, dynamics, and also structure of
imidazolium-based ionic liquids.
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ForConX: A Forcefield Conversion Tool Based on XML

Volker Lesch,*® Diddo Diddens,” Carlos E. S. Bernardes,®! Benjamin Golub,™
Alain Dequidt,' Veronika Zeindlhofer,”® Marcello Sega,’® and Christian Schroder*™

The force field conversion from one MD program to another
one is exhausting and error-prone. Although single conversion
tools from one MD program to another exist not every combi-
nation and both directions of conversion are available for the
favorite MD programs Awmger, CHARMM, DL-Poly, Gromacs, and
Lammps. We present here a general tool for the force field con-
version on the basis of an XML document. The force field is
converted to and from this XML structure facilitating the
implementation of new MD programs for the conversion.

Introduction

More than 40 years have passed since the pioneering work of
Loup Verlet on Lennard-Jones fluids,” and molecular dynamics
(MD) simulations have become an irreplaceable tool in the
investigation of the behavior of liquids at the atomic and molec-
ular scale. During these decades, the scope of investigations per-
formed via MD simulations has broadened to molecular
liquids,’>*! proteins,™*! lipid aggregates,®”! synthetic poly-
mers®? and polyelectrolytes and polymer electrolytes,!'%'"
nucleic acids!"*"! and ionic quuids,”‘“sl to name but a few.

Since time scale and size of investigated systems is steadily
increasing, many efforts have been made to optimize the MD
program code to run simulations as fast as possible, exploiting
parallel computing on different computer architectures. Not
only simple trajectory production but also simulation techni-
ques have been adapted, for example, nonequilibrium simula-
tions,"'® replica exchange,” or free energy simulations,!"” to
answer particular questions. This development led to various
MD simulation codes—the most prominent MD programs are
Anger, "8 Crarmm,I'? and Gromacs??—that have several differ-
ences in the simulation tools and analysis techniques they put
at disposal of the user. For a particular scientific problem, one
of these programs, or another one not mentioned here, might
be the best choice in terms of simulation speed, customization
of the computational setup or simulation technique. Conse-
quently, no MD program has gained an absolute monopoly.

The intermolecular and intramolecular interactions in most
atomistic MD simulations (with the exception of deep-
learning-based approaches?'2%)) are calculated on a basis of a
force field, that is, a collection of functional forms for the inter-
action potentials together with their parameters:

U({Fl}) = Ubonds + Uangles + Udihedrals + Uimpropers

( Z Z 1 gi-q; (1)
vdws 4ney |ry]
T i i

Wiley Online Library

Furthermore, the XML structure is human readable and can be
manipulated before continuing the conversion. We report, as
testcases, the conversions of topologies for acetonitrile, dime-
thylformamide, and 1-ethyl-3-methylimidazolium trifluorome-
thanesulfonate comprising also Urey-Bradley and Ryckaert-
Bellemans potentials. © 2017 Wiley Periodicals, Inc.

DOI: 10.1002/jcc.24708

Intramolecular potentials are calculated from the position of
atoms connected by bonds (Upongs) Or being involved in angles
(Uangles),  dihedral angles  (Ugihedrals), OF improper  torsions
(Uimpropers), Which usually describes the out-of-plane motions.
Intermolecular potentials comprise van-der-Waals (Uygw) and
Coulomb interactions. In case of water, more than thirty models
have been developed so far, without fully reaching the aim of
reproducing all of its relevant static, dynamic and thermodynam-
ic properties. Unfortunately both the functional forms of poten-
tials as well as the file format for storing the parameters differ
among MD programs. As a consequence, reproducing the results
of a reported MD simulation is a tedious job at the moment.
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XML

Drude oscillators

Figure 1. Current force field conversion tools exist between several pairs of
MD programs and are often one directional. ForConX operates with an
intermediate XML document. For each displayed MD program (as visible by
the black arrows), it provides an md2xml.py to convert the force field file
to the XML structure and a xml2md.py to write the force field files based
on the XML structure. A complementary approach is used by Navpo which
understands Amser, CHARMM, and Gromacs force fields (gray arrows).

In this article, we present a novel tool “ForConX" for the con-
version between several popular force field input formats. In
essence, ForConX extracts the force field information from a par-
ticular MD program file and stores the information in a XML
structure. This structure is used afterwards to convert the force
field to the target MD program. This stepwise approach has sev-
eral advantages: (1) The XML structure is human readable and
can be edited manually. This way, the user is capable of inter-
vening in the conversion by adding or removing interactions. (2)
The conversion from or to new MD programs can be achieved
by writing one interface of that MD program to the XML struc-
ture and not a plethora of routines for pairwise conversion of all
already implemented MD programs to the new one.

The Conversion Tool

Manual conversion of force field parameters and topologies is
tedious and error-prone, taking into account the amount of
different available conventions, units and potentials in various
MD programs. Furthermore, the large amount of defined
potentials and tools for the automatic generation of angle and
dihedral potentials—which may have additional generation
rules—put one at risk to miss a particular potential or defining
potentials twice.

Several conversion tools have been developed to reduce
this burden, but they are mainly limited to uni-directional con-
version between two MD packages: For example, Chamber?*
converts CHARMM input including the force field parameters to
Awmser input. Mdwiz'®*! converts force field files from Gromacs to
Lammps and TopoGromacs from CHarmm to Gromacs.®! As visible
in Figure 1 Namp is able to use Awmger, CHARMM, and GROMACS
force field files without any conversion and perform the
molecular dynamics simulations. Unfortunately, not all force
field features of the above mentioned programs are accessible
in the current Namp version 2.12b1. For example, the mixing
rules of the Gromacs force field are disabled necessitating a
rewriting of the force field file.
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To overcome the limitations of uni-directional conversion we
devised a FORce field CONversion python tool using XML (For-
ConX) which is illustrated in Figure 1 and can be downloaded
free of charge from our web page.?”! The XML file also serves
as log file since the information will be updated during the
force field conversion. A ForConX run comprise three phases:
in the first phase, the input force field is read, the second
phase checks the sanity of the current XML structure and the
last step is the conversion to the target force field file format.
It is also possible to start from an XML structure (second
phase) or to stop at an XML structure.

ForConX can also be used to format the force field file of a
given MD program if the original and the target MD program
coincide. This way, one may also change the van-der-Waals
information from an atom-based description and mixing rules
to a pairwise description where no mixing rules are needed
anymore. This way, the drawback of the current Namp version
using the Gromacs force field can be overcome.

MD programs

The XML structure is decomposed into elements which are
described separately in the next sections. The original and tar-
get MD program are defined in the element <input> and
<output>, respectively and handled by the object
<mdElement> of input outpy.py.

<input md=“XML"”>
<energy unit=“KCAL"”/>
<distance unit=“ANGSTROEM” />
<coordinates pdb="..."/>
<reference>
<title>...</title>

<author>...</author>

<volume>...</volume>

<pages>... </pages>
</reference>
</input>

<output md="“GROMACS”>

<energy unit=%“KJ”/>
<distance unit="“NM"/>

</output>

Consequently, there are two instances of <mdElement> as
visible in Figure 2. Both instances read energy and distance
units (which are defined for each MD program separately) and
provide conversion factors. If these units are fixed in a MD
program like in CHArmM, they are printed automatically, other-
wise they are updated during the reading of the force field,
for example, for D-PoL.

In <input> one may also store the force field reference in
a bibtex style. Although this information is not needed for the
conversion process, it is still useful for sharing XML-based force
field among several research groups.

WWW.CHEMISTRYVIEWS.COM Che.r;lis“yvi;ws.'.
O 8®



OMPUTATIONAL
HEMISTRY

WWW.C-CHEM.ORG

SOFTWARE NEWS AND UPDATES

bonds.py

morse.py
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|
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input_output.py
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[

<<interface>> anglesElement

harmonic_bond.py

molecule.py

‘= ureyClass | —
*

— hbondClass

impropers.py

harmonic_angle.py

<<interface>>
moleculeElement

[

<<interface>>impropersElement

—> hangleClass

*

atomClass

*

virtualClass

1 *
harmClass |——
x
cosClass
ckClass

cosine_torsion.py
cosineClass

i bondClass dihedrals.py
1| <<interface>> dihedralsElement
angleClass | < CosClass |- [yckaert bellemans.py
£ dihedralClass ryckClass
= improperClass nonbonded.py
1| <<interface>> nonbondedElement lennard_jones.py
d liClass

Jmd_xml/

.1 . >

.Ipotentials/

Figure 2. Overview of classes in ForConX: Inheritance is denoted by the arrows, lines show the association of classes. Here, the number denotes how many
of a class interacts with the other, the asterisk stands for multiple instances. Python libraries in the orange area are stored in the relative directory./md_xml,
whereas the parent classes of the potentials (violet area) are in./potentials. Classes in the orange area are used by the python scripts for the corresponding
MD program to access the XML structure. [Color figure can be viewed at wileyonlinelibrary.com]

It is also possible to supply a coordinate file, which is man-
datory for the conversion to Lammps as this program stores
force field parameters in the very same file as the atomic posi-
tions. However, once defined, ForConX converts the MD pro-
gram specific coordinate file to a file named forconx.pdb,
which may result in a loss of accuracy when writing the coor-
dinate file of the MD program defined in <output>.

During the development of ForConX the following version
of the MD programs were used: Ameer 11, CHARMM c39a2, Di-
PoLy 4.07, Gromacs 5.0.7, and Lammps (February 3, 2016). In For-
ConX, to each MD program is associated a directory contain-
ing the md2xmlpy and xml2md.py files, as well as some
supporting libraries. However, all these python scripts use the
objects defined in the./md_xml and./potentials directories, and
represented schematically in Figure 2 for interfering with the
XML document.

Force field

The force field information is divided into the topology and
force field potentials describing bonds (<bonds>), angles
(<angles>), dihedrals (<dihedrals>), impropers
(<impropers>) and nonbonded (<nonbonded>) interac-
tions for all molecules. As it is possible to convert the force-
field and topology for various molecules at the same time,
several instances of <molecule> are possible (denoted by
the asterisk in Fig. 2). However, the force field sections for the
bonds, angles, dihedrals, impropers, and nonbonded only
occur once in the XML document and hence need only one

Wiley Online Library

<interface> which gives access to all subelements of
that section.

In the python modules (dark orange shaded areas in Fig. 2)
the subelements are handled by objects. For example each har-
monic angle in <angles> has its own object, that is, a harm-
Class object which inherits attributes and functions from its
respective parent class hangleClass (violet area in Fig. 2).
Please keep in mind that parent classes pass their functions on to
various objects. The harmonic angle potential k(@—@o)2 may be
used to describe the interaction between three atoms connected
by two bonds or an improper torsion where 6 is the angle
between the plane defined by three atoms and a vector from the
central atom to the atom moving out-of-plane.

Gray shaded classes denote “nonstandard” potentials, that
is, not all MD programs have these functions and ForConX will
try to convert them to standard potentials if possible and nec-
essary. All class definition in the respective python modules
are documented in an UML style.

Molecular topologies. Each molecular species is unambiguously
defined by its name and may contain any number (denoted by
an asterisk in Fig. 2) of atoms and virtual atoms also defined by
their atom names which are stored in uppercase letters in the
XML document. However, atoms may share an atom type, have
the same mass or partial charge or polarizability alpha.

”

nmol="...">

”

<molecule name="...
<atom name="...” type="...

mass="...”charge="...” alpha="..."/>

Journal of Computational Chemistry 2017, 38, 629-638
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—W

<virtual name="“...” type="“...”

W —n ” —n ”

charge="...”zmatrix="......." r=

theta="...” phi="..."/>
;l.aond name="...... ">

;émgle name=".........
<.<.iihedral name="......

<improper name="............” central="..."/>

</molecule>
<molecule name="...” nmol="...">

”

<atom name="“...” type="...

mass="...”charge="...” alpha="...”"/>

”

<virtual name="“...” type="...

charge="...”zmatrix="........." r="..."
theta="...” phi="...”"/>

<bond name="...... />

<angle name="...... />

<dihedral name="“............" />

<improper name="“............” central="..."/>

</molecule>

Some force fields make use of virtual atoms, for example, to
introduce a charge center which is not located at the position
of an atom. This is often done to model lone pairs of elec-
trons, to separate the charge from the Lennard-Jones center
of interaction, or to model rigid, linear molecules. As these vir-
tual atoms have no mass, the resulting Coulombic forces on
them cannot be translated into motion via Newtons equations.
Therefore, the position of the virtual particle is fixed with
respect to distinct atoms. For the position of the virtual parti-
cle ForConX uses a definition which is included in CHarMM, GRrO-
macs, and Lammps and is based on the typical z-matrix known
from quantum-mechanical calculations. The keyword zmatrix
contains a sequence of atom names, r, theta and phi denote
the distance of the virtual atom to the first atom in the zma-
trix-sequence, the angle between the virtual atom and the first
two atoms and the torsion defined by the virtual atom and
the zmatrix sequence of atoms, respectively. This way, the
position is uniquely defined and the virtual particle moves
with its attached atoms, that is, it does not change the dis-
tance, angle and dihedral angle to the other atoms during the
simulation. Unfortunately, the concept of virtual particles varies
within MD programs, for example, Di-Powy has none. Therefore,
the zmatrix offers the best opportunity to map the constraints
described above on a common force field.

As visible in Figure 1, polarizable interactions based on
atomic polarizabilities can be implemented by induced-point
dipoles or Drude oscillators. The latter model is also called
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“shell” or “charge-on-a-spring” model and models the induced
dipole by a pair of particles. One is always located at the posi-
tion of the polarizable atom whereas the second mobile Drude
particle has the opposite charge and moves around respond-
ing to the local electric field. This corresponds the a physical
picture of an induced dipole. In contrast, the induced-point
dipole used in Amser represents a mathematical dipole. On the
one hand, this complicates the computation of interactions
between the induced dipole and the atomic permanent
charges but does not increase the number of particles. We
already reported a comparison between the two models.?®
For the sake of simplicity, no Thole functions are implemented
in ForConX since only Amger fully supports different functional
forms. However, we noticed that 1-2, 1-3 exclusions as already
used for Lennard-Jones and Coulomb interactions are suffi-
cient to avoid the polarization catastrophe.*” Therefore, we
use this alternative for the force field conversion instead of
Thole functions.

The keywords bond, angle, dihedral, and improper are
names. Here, the name is a string of corresponding atom
names separated by one space and sorted alphabetically keep-
ing the sequence of involved bonds. In other words, the
sequence of atom names for bonds, angles and dihedrals is
read forward or backward depending on the atom names of
the first and last involved atom. However, since the sequence
of atoms in an improper torsion differs in the MD programs,
ForConX additionally stores the name of the central atom and
does not perform the sorting of atom names.

The potentials present in <molecule> only describe the
existence of a particular bond, angle, dihedral or improper
within a distinct molecule but the actual functional form and
the force field parameter are stored in <bonds>, <angles>,
<dihedrals>, and <impropers>, as described in the
next section. The interface object molecule Element in Figure
2 has functions to auto-generate angles, dihedrals and improp-
ers based on the information of all molecular bonds. The inter-
face to the classes depicted in Figure 2 is realized via
functions to list all members of a particular class or to find a
distinct one.

Intramolecular potentials. Of course, the conversion of a force
field from one MD program to another is limited, that is, it is
impossible to have 100% conversion accuracy, due to several
reasons: natural constants are defined (within the MD codes)
with different accuracy, potential parameters, and coordinates
are stored in different precision and most importantly, func-
tional forms of some interaction potentials are not available in
all MD programs.

The current version of ForConX supports several functional
forms for intramolecular potentials, which can be deduced
from the following example XML code:

<bonds>

<harm type="...... k=N 0= 0/ >

<mors type="...... 7 DO="...” beta="..." r0="..."/>
</bonds>

<angles>
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Lol k=N
<urey type="“........." k="..

. theta0="..."/>
.Il rO:\\. . 'II/>

<harm type="..

</angles>
<dihedrals>

<cos type="............7 k=" " =" "
delta="...... />
<ryck type=“............

</dihedrals>
<impropers>

<cos type=".. ...
delta="...... ">
<harm type="............” k="...” thetaO="..."/>

</impropers>

A particular bond potential Upongs can be defined as har-
monic bonds or Morse potentials (but not both):

bonds
Ubonds: Z ké(r_rg)z
) )

bonds
+3 DY(1—e il
I4
¢

The factor of 1/2 used in the definition of an harmonic bond
by some MD programs is automatically multiplied to the force
constant kg in the XML structure. ForConX also converts Morse
potentials to harmonic bonds, that is, k;=Dgﬁ§, if the former
potential is not available in that MD program. The harmonic
bond potential is a Taylor series of the Morse potential at rg
and only valid in the close proximity of the equilibrium dis-
tance as visible in Figure 3.

If a bond between two atoms is defined without a harmonic
bond constant k¢, it is assumed that the interatomic distance
should be constrained (this should be defined in the corre-
sponding input script of the target MD program). However, a
default value of 750 kcal/mol/A” is stored in this case in the
force field files of AmBer and CHARMM.

Angle potentials Uangles are harmonic angles and/or Urey—
Bradley potentials:

angles

2
Uangles= D ke(0—02)7 +K: [1(0) 15 @)
¢

Urey-Bradley interactions are harmonic bonds between the
first j and third atom k of an angle potential with a current
distance ry(0) and a fixed equilibrium value rﬁ( which may be
slightly shifted from ry(62). Within all XML-potentials, the type
is unique except for harmonic angles and Urey-Bradley’s defi-
nition in <angles> which may share a type since sometimes
they are used together for the very same angle, for example,
for the angle of a terminal amid C—C=N in par_al-
136_cgenff.prm of the standard CHarmm force field. The harmon-
ic force constant k;= 50 kcal/mol/rad? and equilibrium angle
62=1 16.5" is accompanied by a Urey-Bradley force constant of
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Figure 3. Morse potential of an aliphatic C—H bond in DREIDING force
field®” (solid line) compared to the harmonic bond potential (dashed line)
converted by ForConX.

K:=50 kcal/mol/A’ and an “equilibrium distance” of ra=2.45A
which is 0.03A larger than rjk(Og). This merged potential is
depicted in Figure 4 as solid line. However, if Urey-Bradley
potentials are not available in target MD program, one may
add an harmonic angle potential with a force constant of Ak.

itk a0

AkgfrlTksm [O(rjk)]Kg (4)
and a new equilibrium angle 0(53() to the existing harmonic
angle potential k5(9—02)2 which is shown as gray dashed line
in Figure 4. However, if the MD program does not allow for
two different harmonic angle potentials for the very same
atoms, ForConX will use a single harmonic potential with a
combined force constant of k:+Ak: with a force constant
weighted equilibrium angle of 92 and 9(rﬁ<) as shown by the
dotted line in Figure 4. This potential is shifted since the Urey-
Bradley contribution increases the potential if 0(rﬁ() does not
coincide with 02. However, the discrepancy of both converted
potentials (dashed and dotted lines in Fig. 4) from the original
potential (solid line) is hardly discernible if meaningful rﬂ( are
used, that is, H(rﬁ() ~ 02 or in other words, the overall potential
has only small anharmonic character which suffices to repro-
duce the great majority of quantum-mechanical scans of angle
potentials.

The quite uncommon angular harmonic cosine potentials

Uncos = kncos (cos 0—cos 00)2 (5)

are not stored in the XML-structure since they are not available
in all MD programs and can be converted to an harmonic angle
potentials with k:=Kncos(sin 0°)*> for most purposes.®>"’ The
DREIDING potential for an angle H-C-H of a methyl group®® with
a force constant of kicos =56.2 kcal/mol/rad? is shown in Figure 5
as solid line. Its harmonic angle analogue (gray dashed line) starts
to differ from the original potential for A0 > 5.
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Figure 4. Conversion of an harmonic angle plus Urey-Bradley term (solid
line) into two harmonic angle potentials with slightly different equilibrium
angles 9‘3 and H(rﬁ() (gray dashed line) or a modified harmonic angle
potential (dotted line) according to eq. (4). The angle 0" is the force con-
stant weighted average of ()g and ()(rﬁ().

Dihedral potentials Ugihedrals are either cosine torsion or
Ryckaert-Bellemans potentials (but not both):

dihedrals
Udihedrals: Z ké“ +cos (ngqb*écf)]
¢

(6)

dihedrals 5 X
+ Z ZC;“/:COS/‘(@

& Q=0

The latter potential is quite common in Di-Poy and Gromacs.
Table 1 gives an overview on dihedral potentials used in the
MD program under consideration here. The alternating sign in
cos3 of Di-Powy can be mapped on the classical dihedral
potential with a phase shift of 6,=0,=05¢=180".

14 Kpcos (cos[8] — cos[e’)? ——
ke (0-0%)?

-l

5
E

® 08 4
g
o

2 0.6 i
©
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04 R

0.2 —

0 L S~ | 4 1
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Figure 5. DREIDING potential of H—C—H of a methyl group (solid line) and
its conversion to the common harmonic angle potential (dashed line).
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Table 1. Dihedral potentials in various MD programs.
MD program Dihedral potential
Amber Jk[1+cos (ndp—0)]
Charmm k[1+cos (n¢p—9)]
3 N
DI-Poly 1> k1= (1) cos (i)]
=1
5 N
Z c;cos”*(¢p)
=0
Gromacs k[1+cos (n¢p—9)]
5
> cicos ()
=0
4 N
Lammps %Z ki[1=(=1)"cos (1¢)]
Z kycos* ¢
=
k[1%cos (n¢)]
k[1+cos (n¢p—9)]

Ryckaert-Bellemans potentials can be converted to cosine
torsion potential using the force constants displayed in Table
2 (all phase shifts &, equal 180°) and is performed by a func-
tion of the ryckClass of dihedrals.py. Please note, that depend-
ing on the Ryckaert-Bellemans parameters, there may be a
constant shift of the potential as visible in Figure 6. However,
this shift only affects the absolute energy of the torsion. All
forces on the atoms are not changed. ForConX stores Ryck-
aert-Bellemans potentials in the XML structure, but they are
immediately converted to cosine torsion in output force field
files, if the corresponding MD program has no Ryckaert-Belle-
mans potentials like AmBer or CHarvM. For the sake of com-
pleteness, the conversion from a cosine torsion to a Ryckaert-
Bellemans is also given in Table 2.

Improper torsion potentials Uinpropers are either cosine tor-
sion potentials, Ryckaert-Bellemans or harmonic angle poten-
tials which are mutually exclusive:

impropers

Uimpropers: Z k;f'“ +cos (ni(ﬁ*éﬁ)]

3

impropers 5

+ )Y cecos” () @)

14 n=0

impropers

+ ) ke(0-02)
¢

Unfortunately, as one can notice from Table 3, not only the
functional forms but also the sequence of atoms are defined
in a different manner in the MD programs. Therefore, ForConX
stores the central atom of an improper torsion in the corre-
sponding improper sub element of <molecule>. Further-
more, the first atom type in the <impropers/cos> or
<impropers/harm> is the central atom of the improper.
However, the angle between the plane i-j-k and the vector i-
| differ from that of the plane i-j-k and the angle from (k + j)/
2 - | as visible in Fig. 7. This results in two different energies
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Figure 6. Dihedral torsion potential of alkanes®*? parametrized by a Ryck-

aert-Bellemans potential (solid) and its conversion to a cosine torsion
potential (dashed line). The potential shift only affects the energy but not
the forces on the atoms.

for an improper torsion. Fortunately, both angles are quite
small and consequently the energy difference since this poten-
tial is used for almost flat geometries.

If a force field contains a functional form that is not part of
the potentials discussed here, ForConX will explicitly warn the
user and omit the corresponding potential and continue the
conversion. The wuser may manipulate manually the so-
obtained XML file in order to achieve an agreement with the
former force field as close as possible by mapping the
unknown potential on a potential displayed in the violet are
of Figure 2 and restart the conversion.

Intermolecular potentials. The partial charges of the atoms
were already defined in the atom-entries of <molecule>,
thus only the van-der-Waals interactions U,qw are parametrized
in <nonbonded>. Due to limitations of some of our MD pro-

grams only standard Lennard-Jones potentials

Figure 7. The improper angle 0 (harmonic angle potential) and the dihe-
dral angle ¢ for an improper torsion (defined by a dihedral torsion).
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Table 2. Conversion from Ryckaert—BeIIemans Zcﬁcos “(¢) to cosine

torsion potentials Zk (1+cos (np—n Zk,{t (1—cos (n¢)) and vice

versa.

n kn Cn

0 —kq+2k;—ks—ks

1 atiatic k1 —3ks+5ks

2 3(c2tca) — 2k, +8ks

3 16+ 4k3 —20ks

4 o —8ky

5 ECs 16ks

=>4 <L> ’ (65’1)6 ®

vdWs — &l re; re;

are available in the current version of our program, although
this excludes many coarse-grained force fields from conver-

sion® using different exponents in eq. (8) or Buckingham
potentials.

<nonbonded>

<mixing rules epsilon="“geometric”

sigma=“arithmetic”/>

<atom type="..." epsilon="..."
sigma=“..."elecl4=“..." vdwld="..."/>
<vdw type="...... " epsilon="..."
sigma="..."elecld="...” vdwld="..."/>

</nonbonded>

The mixing rules are identified by the geometric and
arithmetic tags, which denote the method of averaging
and affects only <atom> when computing the pairwise Len-
nard—Jones interactions. The keyword <vdw> already denotes
a Lennard-Jones pair and hence the mixing rule is obsolete
for them. In principle, the mixing rules can be varied for e,
and o, separately, however, Lorentz-Berthelot mixing rules as
shown in the XML code fragment above are recommended.

Table 3. Improper torsions and atom ordering.

MD program Potential Atom ordering

Amber k11+cos (ngp—9)] kil

Charmm k[1+cos (ngp—9)] i-j-k-l
k(0—0°)?

DI-Poly k(60—6°)? jrik-l
1k(cos 0—cos 0°)

Gromacs 1k(0—-0°)? i-j-k-1
Sk[1+cos (ndp—03)]
ZS: c;cos ()

Lammps I/<:10+cos (ng)] i-j-k-l
k(0—0°)
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Figure 8. Energy discrepancies after the conversion of (a) acetonitrile from
CHarmm  par_all36_cgenff.orm, (b) N,N-dimethylformamide from Gromacs
OPLS force field, and (c) 1-ethyl-3-methylimidazolium triflate from DL-PoL.

Another major source of energy discrepancies between dif-
ferent MD programs arises from the particular treatment of
nonbonded interactions in case of atoms connected by a dihe-
dral angle. 1-4 interactions are defined in several ways: AmBER
and Di-Pory and Gromacs store this information in the topology,
either where they define the dihedral angles or in a separate
part of the topology, whereas CHarvm has a particular non-
bonded section in the force field. However, DL-PoLy, GromAcs,
and CHarmMm allow for values ¢,4 and &, of the Lennard-Jones
1-4 interaction, which may be completely different (not just
rescaled) to the ¢ and & between the very same atom types.
Amger restricts the 1-4 Lennard-Jones interaction to a scaling
factor applied to &, that is, 614=0¢ and €,4,=SCNB - .

In order to be flexible, the scaling factor for Coulomb
(elecl4) and Lennard-Jones (vdwl4) interactions can be
defined for each <atom> and <vdw> separately. However,
<vdw> only affects the scaling of the &¢ but not g, for an
atom pair £/ connected via a dihedral angle.

H; Ha
C1| Cz iHg
Hs 11
2 / \\‘Nr/ \H
H4 | B
Cs
i,
// ~0,

Figure 9. Atom numbering in N,N-dimethylformamide. Since unique atom
names are mandatory for each atom in a particular <molecule >, the
object moleculeElement (see Fig. 2) assigns a number to the chemical ele-
ments (or uses an additional letter).
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Figure trifluoromethanesulfonate

10. 1-ethyl-3-methyl-imidazolium
[C;mim][OTf].

Testing the Conversion

Since the most common protein force fields are available
online in each MD force field format, for example for
Crarmm®#? and Gromacs®*! including the torsional CMAP poten-
tials, we focus on the conversion of solvent force fields in the
present work. Amger, CHARMM, and Gromacs force field files can
be used in Namp by using a Xplor-structure file (which may be
gained from CHarmm or using genPSF.pl®®) and the .frcmod
(AmBeR),.top (GromAcs) or .prm (CHarmm) file. For the analysis of
the trajectory data, MD analysis®”' is capable of reading all tra-
jectory formats of the MD programs used here.

All testcases described in the present work can be down-
loaded from the ForConX web site.2”!

General Charmm force field

Our testcase from the general CHarvm force field par al-
136 _cgenff.prm is acetonitrile since all angles and dihe-
drals are not defined explicitly in the topology file but have to
be generated automatically. Furthermore, the dihedral auto-
generation in CHARMM takes into account the internal coordi-
nate information. Since acetonitrile possess a linear angle, the
corresponding dihedral torsion is problematic as the dihedral
angle is computed by the angle between the vectors perpen-
dicular to the involved two planes. Consequently, CHArRMM skips
that dihedral angle in the dihedral autogeneration process.
ForConX will generate the dihedral since it is needed for 1-4
interactions in other MD programs but will set the force con-
stant to zero. Additionally, the angle H—C—H is parametrized
with an harmonic angle and an Urey-Bradley term making this
molecule a perfect testcase for the conversion.

In Figure 8a the energy discrepancies of a single acetonitrile
after the conversion to the other MD programs is displayed,
decomposed into intramolecular and intermolecular errors. All
these values are with respect to the computation in CHARMM
using nonperiodic boundary conditions and an artificial cut-off
radius re,t=100A. Overall, these errors are quite small taking
into account that in Amser and Gromacs the H—C—H Urey-
Bradley potential was converted to an harmonic angle. The
intermolecular energy discrepancies stem from the Coulomb
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energy and may be (at least partially) due to the various pre-
factors foec in

q:/e-q;/e

Ushe=fetee 5
elec I’g;v/A

elec (9)
which are 332.0777, 332.0716, 332.0641, 332.0636, and
332.0637 in Amser, CHArRMM, Dir-Pory, Gromacs, and Lammps,
respectively.

OPLS force field

The second testcase concerns N,N-dimethylformamide parame-
trized using the OPLS force field in Gromacs. Here, all dihedral
angles are parametrized with Ryckaert-Bellemans potentials
[cf. eq. (6)]. ForConX is able to detect the particular force field
file format for OPLS in Gromacs which differs from the usual
definitions of atom types.

The conversion of N,N-dimethylformamide (see Fig. 9 for
labeling of the atoms) will stop in the second phase of For-
ConX where the sanity of the XML structure is checked
noticing

<dihedral name=“H7 N1 C3 01”
between H7 and N1!>

has no bond

Gromacs  does not discriminate between dihedral and
improper torsions in the force field but for the conversion to
the other MD programs a proper decomposition is mandatory.
The XML sanity check of ForConX comprises that subsequent
atoms in a dihedral angle have to be connected by a bond.
Since the “dihedral” displayed above is not a dihedral but an
improper, the user may modify the current XML document
changing the dihedral to an improper and moving the corre-
sponding force field parameters from the dihedrals to the
impropers section and rerun ForConX starting from the XML
structure. This demonstrates the power of ForConX since the
user is able to intervene in the conversion process.

As visible in Figure 8b the conversion from Gromacs only
results in small energy deviations. The intramolecular energy
differences do not stem from the Ryckaert-Bellemans poten-
tials (as the respective parameter yield a zero shift in all dihe-
drals of dimethylformamide), but comes from the bond
potentials which may be due to the high force constant value
in kJ mol™" nm2.

lonic liquids

lonic liquids are liquid salts at room temperature and gained
interest to replace conventional organic solvents because of
their low vapor pressure, low flammability and large tempera-
ture range of the liquid phase. The most common nonpolariz-
able ionic liquid force field of Canongia Lopes and Padua®>"!
was developed in Dt-Powv. One ion pair of the ionic liquid 1-
ethyl-3-methyl-imidazolium triflate (see Fig. 10 for the configu-
ration) show the strongest intermolecular interactions of our
testcases, in particular with respect to the electrostatic interac-
tions. However, the energy deviations are small after the con-
version to the other MD programs as visible in Figure 8c.
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Conclusion

ForConX facilitates the force field conversion between MD pro-
grams, although 100% accuracy is not possible. However,
uncommon potentials can be converted to the standard set of
potentials without introducing large inaccuracies. The central
XML structure produced during the conversion process is
human readable and may be used as force field data base.
The user is allowed then to modify the information and con-
tinue the conversion process.

ForConX provides object-oriented python code to handle
various MD force field file formats which may be easily extend-
ed to additional MD program by writing an interface to the
XML document. This way the conversion to all other MD pro-
gram is realized at once without the need to write pairwise
conversion tools.
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