Why Do Liquids Mix? The Mixing of Protic Ionic Liquids Sharing the Same Cation is Apparently
Driven by Enthalpy, not Entropy
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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][OTA]). The mixture is exhibiting 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, only 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) [1] have attracted considerable
interest since they possess qualities such as biocompatibility
[2] and low toxicity.[3] Mixtures of ionic liquids (ILs) have
gained increasing attention in recent years.[4—19] Mixtures of
ILs are often characterised by their general mixing behaviour,
analysing to what degree they are deviating from Raoult’s
law (i.e. ideal mixing behaviour).[20] As a rule of thumb,
ILs often mix well.[20] However, whether we find a nonideal
mixing behaviour is, of course, depending on the interaction
forces between the ions. Combinations of strong dispersion
forces [21], but also hydrogen bonding [22, 23], can lead to
a significant nonideal mixing. A direct way to investigate the
formation or change of interactions due to mixing is to deter-
mine the enthalpy or energy of mixing.[20-29] If the enthalpy
of mixing is close to zero, the interactions scale exactly pro-
portional to the mixture composition. Positive or negative en-
thalpies of mixing, however, imply the “making or breaking”
[30] of interactions and are therefore related with changes of
the structure of the liquid.[31] Extensive reviews of mixtures
of ionic liquids are available in refs [20, 26, 30].

In this study we would like to focus on a specific mix-
ture of PILs, which has the potential to disentangle the
contribution from hydrogen bonding and other nonspecific
forms of intermolecular interactions: the mixture of two pro-
tic ionic liquids sharing the same cation. The two PILs
are triethylammonium-methanesulfonate ([TEA][OMs]) and
triethylammonium-trifluoromethanesulfonate ([TEA][OTI]).
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 [OT{] anions can act as HB acceptors, which can ac-
cept multiple HBs via their respective SO3-groups. In pre-
vious publications [11, 12, 32] we could demonstrate that a
mixture of those PILs experiences a redistribution of HBs be-
tween the cation and the anions in the mixture apparently due
to stronger HBs between [TEA] and [OMs] ions [12, 33, 34].
This is leading to nonideal mixing behaviour, almost com-

pletely stripping the [OTf] anion of HB partners in the [OMs]-
rich region.[11] 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 simi-
lar in the mixture compared to the respective pure PILs, such
that the nonideal mixing behaviour is most likely only due to
HB redistribution effects.

To study the pure PILs and mixtures, we performed iso-
baric isothermal (/N PT) molecular dynamics (MD) simula-
tions investigating eleven compositions between xons = 0.0
and xons = 1.0 for five temperatures between T'= 320 K and
T = 400K at a pressure of 1bar. All studied systems were
composed of 500 ion pairs. More details about the performed
MD simulations are provided in the SI.

In a previous contribution we have shown that MD simu-
lations of pure [TEA][OMs] and [TEA][OT(] as well as their
mixtures exhibit a well defined intermolecular anion-cation
order.[11] Here each ion was found to be surrounded by a sol-
vation shell predominantly consisting of counter ions. The
average coordination number, defined by a center of mass dis-
tance of 0.8 nm between ions of opposite charge (correspond-
ing 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 cor-
responding distribution functions (see Figure 6 of ref [11]),
are characterised by maximum at seven neighbours with a half
width of about two neighbours. A representative snapshot of
the solvation of a [TEA] cation in [TEA][OMSs]/[TEA][OT{]
mixture is shown in Figure 1.

HBs are characterised here by means of geometric criteria.
Based on the analysis discussed in ref [11], we use a distance
criterion of ryn.. .o < 0.24nm 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
from a van 't Hoff plot of the logarithm of the equilibrium con-
stant K = yowms/yorr versus the inverse temperature shown in
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FIG. 1. a) Snapshot of the solvation of a central [TEA] cation, shown
in grey, in a [TEA][OMs]/[TEA][OT{] mixture engaged in a HB to
an adjacent [OMs] anion. The [OMs] anions are shown in yellow and
the [OTf] anions are depicted in cyan. b) Illustrated equilibrium of
the HBs donated by a [TEA] cation and accepted by the SO3 groups
of the [OMs] and [OTf] anions.
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FIG. 2. Van ’t Hoff plot of the logarithm of the equilibrium constant
K = yoms/yorr vs. the inverse temperature for compositions with
zoms = 0.5, and xoms = 0.6. The slope of the green solid lines
correspond to a AH° of —10.5kJ mol™*.

Figure 2. Here yoms and yore represent the fraction of HBs do-
nated by the [TEA] cation to either of the two anion species.
Depicted are data for compositions of zoms = {0.5, 0.6}, in-
dicating a value of about AH° = —10.5kJ mol ! for the en-
thalpy associated with breaking a [TEA][OTf] HB and form-
ing a new [TEA][OMs] HB.

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

AUnix = U(zoms) — Toms - Ureajjoms] (1)

—(1 = roms) - UrreajjoTy 5

where U(zowms) represents the total energy of the mixture
[TEA][OTf)/[TEA][OMs] with a given composition £oms,
while Uitgajjors and Uireajjoms) are the energies of the
pure PILs. A strong nonideal mixing behaviour is observed.
The negative mixing energies of the equimolar mixture are
found to be (—4.02 + 0.18) kJ mol~!. In addition, we ob-
serve that the minima are shifted to a xons value of about
TOMs = 0.4.

The regular local structure of the PILs is characterised by a
well defined anion-cation order as discussed in ref [11]. This

has motivated us to describe the mixture in terms of a lattice
model based solely on local nearest neighbour interactions. In
the model we discriminate between HBs and nonspecific in-
teractions (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 Figure
3 the anions and cations are arranged in an alternating fashion
on the lattice. Hence there exist (Nyga - ¢) nonspecific nearest
neighbour interactions and (Ntgs) HBs. The total energy of
the pure PILs follows as

Uireajjoms] = NTEA * € - €TEA-OMs + ()
NTEA * €HB:TEA-OMs
and
Uireajjors) = NtEA - € - €TEAOTF + (3)

NTEA * €HB:TEA-OTY >

where Ntga is the number of [TEA] cations, ¢ is the co-
ordination number, and €ETEA-OMss €TEA-OTf> €HB:TEA-OMs>» and
ens:TEA-OTf are the parameters characterising 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 species in accordance with the mixture composition, the
energy of the mixture with a composition xgp is given by

U(zoms) = NtEA - €+ ToMs - €TEA-OMs + €]

NTEA - YOMs - EHB:TEA-OMs +

Nrga - ¢ (1 — zoms) - €TEA-OTF +

Nrga - (1 — Yoms) - €HB:TEA-OTY 5

where yowms represents the fraction of cations forming a HB
to the neighbouring [OMs] anions. Note that in the present
case the condition yonms + yors = 1 is well fulfilled. From
Equations 1, 2, 3, and 4 follows directly that

AUpix = N1EA - (YoMs — ToMs) - A€nB )
with
A€HB = €HB:TEA—OMs — €HB:TEA—OTY - (6)

Note that Aegg < 0 for the case of eup.TEA_OMs <
enB:TEA o7t and is leading to negative mixing energies if the
condition yoms > Towms is fulfilled. It is evident from Equa-
tion 5 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,
yoMs and ToMs-

The lattice model outlined in Figure 3 also allows us to de-
rive the entropic contributions due to HB redistribution. First,
let us assume that the anions in the mixture occupy the an-
ion positions on the anion sublattice randomly according to
their mixture composition. Since none of the nonbonded in-
teractions change during the mixing process, the correspond-
ing energy of mixing is AUpjx.ia. =0, and

AAnmixia. =NkpT [xIn(z) + (1 —2)In(1 —2)]  (7)
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FIG. 3. 2D lattice representation (with coordination number ¢ =4) of an equimolar mixture of [TEA][OMs] and [TEA][OTf]. The color coding
is: red = [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 Nitga) - ¢. 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.
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FIG. 4. Theoretical predictions of the thermodynamic mixing properties for mixtures at 7' = 400K using Aeyg = —10.5kJmol~" and
a = 2.05. a) Open squares indicate the energies of mixing as function of xzowms obtained from MD simulations. The heavy solid lines

represent the A Amix, AUnmix and T'ASyix according to Equations 13, 11, and 14, respectively. b) Shown are the fraction yoms and yors 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 Equation 10.

with £ = xoms and kp being the Boltzmann constant and N sites within the mixture. Here cx® e~ A4 <45 describe the HBs
representing the total number of anions in the mixture. Hence to the [OMs] anions and ¢ (1 — z%) the corresponding HBs
ASmicia = —Nkg [zIn(@) + (1 —2)In(1—2)] () ;(I)1 it(ilgs[gzi]c sféi)r?gst OHence the fraction of HB to the [OMs]
is the ideal mixing entropy contribution due to the statistical
distribution of the anions on the anion sublattice. y=
The nonideal behaviour is solely based on HB redistribu- z* e Bheam 4] — g
tion, which is expressed by a partition function of the HB
states for the cations, which are grouped into two distinct en-
ergy states with egg oms = Aeyp and egp orr = 0, populating
the ¢ surrounding HB acceptence-sites according to the mix-

fEa efﬁA €HB

(10)

with ¥ = yoms, and (1 — y) = yorr. A statistical mechanical
treatment of the partition function [35] given by Equation 9
directly leads to

ture composition with 2 e~ BA ens
N A N U = NAeus - x> e~ PAems | ] — go an
Qi = [cxa e PRem 4 ¢ (1- xa)] , 9) NzAdmy
where ﬂ = (k’BT)fl’ N = N[TEA]v and x = TOMs- The — NAeHB . (y _ .T) i (12)

parameter « is introduced to account for a potential non-
stoichiometric availability of [OMs] and [OTf] HB acceptor =~ Note that Equation 12 is identical to Equation 5. The excess
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FIG. 5. Different contributions to the entropy of mixing A Snix of the
PIL mixture at 7'=400 K. The excess entropy S due to HB redistri-
bution according to Equation 14 is negative, even overcompensating
the positive ideal contribution AShix.ia. due to the statistictical distri-
bution of the anions in the mixture in the range 0.1 < zoms < 0.65.

Helmholtz energy is accordingly
AE = —Z‘NAEHB (13)
—NkgTIn [xae*’@AE“B +1- xa] .

From Equation 13 and Equation 11 follows the excess entropy
as

Sp = Nkgln [z%e P2 41 — 2] (14)
Aenp
kpT

The equilibrium of HBs between the two anion species can be
expressed by employing Equation 10 with

+Nkpy

(0}

oo boms Yy

—pBAenp

= = e . (15)
yorr 1—y 1—a¢

Since

K=_2

16
— (16)
with being f the ratio of the individual HB acceptance capa-
bilities f = poms/pors discussed in ref [11]. The parameter
f can be expressed according to Equation 15 as

a—1 1—
Me_ﬁAEHB:f. (17)
1— e

Figure 4 shows a comparison of the thermodynamic mixing
properties obtained from MD simulations at 7' = 400 K with
theoretical predictions employing Aegg = —10.5kJmol ™"
and a = 2.05. Obviously, the model is describing the
simulation data very well using the energy difference ob-
tained independently from the van 't Hoff analysis discussed
in Figure 2. In addition, the corresponding fractions of HBs
to both anion species are described similarly well. This is
strongly suggesting that HB redistribution is indeed the dom-
inating contribution to the energy of mixing. In addition,
however, the model is also predicting the entropic contribu-
tion to free energy of mixing. In particular, we would like

to point out the curious negative mixing entropies ASpx ob-
served in the range 0.1 < zoyms < 0.65 in Figure 4a. As
illustrated in Figure 5, this feature is observed because the
excess entropy due to HB redistribution effects according to
Equation 14 is throughout negative and overcompensating the
positive ideal contribution to the entropy of mixing. The fact
that Sg < 0 can be understood as follows: the interaction
Aegyp is steering the HBs donated by the [TEA] cations to-
wards [TEA]-[OMs] accepting sites and is therefore imposing
a constraint on the configuration space available to the cations
in the mixture. This is contrasted by the situation in the
pure liquid, where all HB-interactions with surrounding HB-
acceptors have the same energy. The cation can hence explore
the HB-accepting sites of all the surrounding anions freely.
The negative excess energy is correlated with an excess en-
tropy of the same sign, exhibiting an “enthalpy-entropy com-
pensation” behaviour.[36] The resulting Helmholtz energy of
mixing, however, is still negative, leading to the formation of
thermodynamically stable mixtures. In a forthcoming publi-
cation we demonstrate that both, experimental and simulated
mixtures behave qualitatively similar with respect to the en-
thalpic effect of hydrogen bond redistribution.[37] In conclu-
sion, this particular mixture of PILs system seems to be one of
few examples with a negative mixing entropy [38] and where
where the mixing process is driven by enthalpy, not entropy.
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