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We have explored by means of ab initio molecular dynamics two ionic liquids based on the combination
of a choline cation with deprotonated cysteine and aspartic acid anions. While the combination of the
strong base choline with various other amino-acids leads to the formation of a highly ionized medium
where proton transfer is negligible, the presence of additional protic functions on the SH and COOH
groups leads to an unexpected and interesting behavior and to a sizable migration of their acidic
protons onto the NH, basic terminals. As far as we know this is the first time that such proton migration,
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their ionized, anionic form. We analyze in detail such dynamical effects using accurate ab initio

Published on 07 April 2017. Downloaded by Universita’ di Roma La Sapienza on 12/02/2018 10:38:52.

rsc.li/pccp

1. Introduction

From a general point of view an ionic liquid (IL) is a substance
made entirely by ionic couples that, due to it being liquid at
room temperature, presents several specific properties’ which
make it an interesting subject of research due to its increasing
number of possible technological and industrial applications.””
In addition, the low environmental impact of ILs (due to their
negligible vapor pressure) makes them an optimal candidate to
be used as benign and less harmful solvents in industrial
processes. Given the huge number of anion-cation combina-
tions, the possibility of providing ILs with special features has
given them the reputation of ‘“‘designer materials” whose
properties can be tailored for specific applications. Of particular
interest is the possibility of creating special ILs that are fully
biocompatible. The implementation of these materials has opened
new routes for their application in the pharmacological and bio-
medical fields and, in general, in green-chemistry processes.®” In
this respect a new generation of ILs has been synthesized in which
the typical inorganic anions such as [PF6], [BF4] ", Br, and Cl ",
have been substituted by organic amino acid anions."

In this work we focus on two ILs consisting of a choline
cation [Ch]*, mixed with two amino-acid anions:'* cysteine
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molecular dynamics computations validated through comparison with X-ray scattering data.

[Cys]™, and aspartic acid [Asp]~. This class of ILs, given that
both constituents play a role in metabolic processes, was proven
to be nontoxic for humans and for the environment,'*** and can
be considered a promising class of materials for a wide range of
bio-related applications.'>™"”

Given that, formally, these liquids result from acid base
reactions, they fall into a broad class of ILs called protic ILs
(PILs)."®2! Despite the simplicity of the composing molecular
ions, this class of ILs can show a very complex structural and
dynamical behavior due to the occurrence of nano-segregation
phenomena.””?® In this particular set of ILs there is a noticeable
and peculiar network of hydrogen bonds,** whose strength
obviously depends on the ionic partners and their relative acidity.

In general, the degree of ionization in a PIL depends upon
the ApK, between the acid and the conjugate acid of the base.”®
The larger the ApK,, the more ionized the final material. For
very low ApK, no proton transfer occurs and the system
remains composed of neutral species. At higher values of ApK,
we have an intermediate situation where the proton is only
partially transferred to the base.*® Finally, when the ApK, is
sufficiently large the ensuing liquid is completely ionized. A
system made by a choline cation (pK, ~ 13.9) and an amino-
acid (pK, ~ 2-2.4) represents a typical situation falling in the
third case (large ApkK,) where the final liquid medium is
completely made by ionic partners. Such an ideal case can be
easily treated and modeled via classical (topologically fixed) MD
simulations.

In a completely ionized liquid (namely an IL) the charge
transport is due to the ionic motion and its conductivity is
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inversely proportional to the viscosity of the fluid that is
generally high leading to the well known, poor conducting
behavior of many ionic liquids. Unfortunately, allowing proton
diffusion by using an acid-base pair with smaller ApK, usually
further reduces the conductivity because the concentration of
charge carriers (the ions) decreases. In addition a non-
completed ionization reaction often leads to other problems
such as phase separation and to a high volatility of the polar,
non ionic phase. It is therefore of great relevance for electro-
chemistry the discovery of fluids where the degree of ionization
is still complete (so that they maintain the useful properties
ascribed to ILs) but proton diffusion could occur®*® via other
mechanisms.

The two PILs that are the subject of this study have an
amino-acid anion that presents an additional protic function
and proton transfer from these groups (-SH or -COOH term-
inals) to the -NH, terminal is possible. With this prescription
the choline cations would remain simple spectators and there-
fore the cation choice may represent an additional, useful
degree of freedom to further enhance or tailor specific proper-
ties. In order to allow the proton transfer we have to however
face another additional problem: in ionic liquids the local,
short-range geometry of the fluid is characterized by an alter-
nating pattern of ions and counterions. Since both the acidic
functions and the basic ones are located on the anion, for
proton transfer to occur, two anions must be close enough in
the fluid. This means that the molecular anions should present
some sort of attractive interaction between each other. As we
shall see, these interactions can be mediated by H-bonds.

Given the rather complex chemical morphology of the com-
pounds we are dealing with, these systems have to be treated
realistically only via ab initio molecular dynamics (AIMD) where
the topology of the chemical bonds is not held fixed.

2. Methods

2.1 Computational methods

We have performed different AIMD simulations of the bulk
system composed by an equal number of amino acid anions
and [Ch]" cations. Pre-equilibration was performed employing
classical molecular dynamics within periodic boundary condi-
tions, using the AMBER program package® and the Gaff force
field.**" A 2 ns-long equilibration trajectory was produced for
the two systems in the NPT ensemble; the simulation temperature
was set at 350 K. The difference between MD and experimental
density was less than 5%. The starting configurations obtained by
this procedure were used to set up ab initio molecular dynamics
simulations.

The [Ch][Cys] system has been modeled as described in
ref. 32 using the program CP2K,** the Quickstep module®
and the orbital transformation® for faster convergence. The
electronic structure was calculated by means of the PBE*® func-
tional, with an explicit van der Waals correction that includes the
empirical dispersion correction (D3) by Grimme.?” Basis sets of
the kind MOLOPT-DZVP-SR-GTH and GTH pseudopotentials®®>°
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were used. The timestep was chosen to be 0.5 fs and the simula-
tion temperature was set at 350 K using the Nose-Hoover
thermostat®® in order to slightly accelerate the dynamics which
is very slow under ambient conditions due to the high viscosity of
these systems.'* The cell has a side-length of 25.6 A and contains
56 ionic pairs; the production time was 24 ps with a constant
density of 1.24 g cm™? (the experimental value is 1.18 g cm™3).

The [Ch][Asp] simulation has been instead performed using
the CPMD*" code. The reason for the choice of the different MD
paradigms was dictated by the different computational archi-
tectures that were employed for the computation and by the
better scaling of the CPMD software on that architecture. In
any case, we had shown that, in these kinds of systems, CP
dynamics and BO dynamics provide essentially the same
results.”” The cell of the [Ch][Asp] system has a side length of
18.0 A and contains 16 ionic pairs. Car-Parrinello molecular
dynamics has been performed employing the PBE functional
and Troullier-Martin*® pseudopotentials (PP) for first row ele-
ments. Production time was 56 ps at 300 K with a constant
density of 1.07 g cm > (the experimental value is approximately
1.1 g em® (ref. 44)). The trajectory post-processing and the
investigation of structural properties have been carried out
using the TRAVIS package®® and “in house” software codes.

Ab initio calculations for the isolated molecules have been
performed using Gaussian09.*® Optimization has been performed
at the PBE/6-311+G** and MP2/6-31+G** levels and harmonic
frequencies have been computed in order to ensure the correct
characterization of the critical points. ESP charges have been
determined using the MP2/6-311++G(2d,2p) electronic density at
the MP2/6-31G* geometry. The cluster calculations of the
[Cys][Cho] system have been carried out using a two layer ONIOM
scheme where the model system (a single [Cys] anion) has been
treated as above using PBE and MP2 and the medium layer
(the surrounding 4 [Cys] anions and 4 [Ch] cations) at the
PBE/midi! level. The medium layer is identical for both isomers
and has been held fixed during the geometry search to avoid
spurious energy artifacts coming from conformational mobility.
The cluster has been created by taking a snapshot of the MD
trajectory and extracting the first 4 neighbor cations and anions
along with the reference anion.

2.2 Experimental X-ray structural factors and their
computation

For the synthesis of the [Ch][AA] ILs, we used, with slight
variations, the method recently reported in the literature by our
group'’ and we shall not report here the details.

The large angle X-ray scattering experiments were performed
at room temperature using the non-commercial energy-scanning
diffractometer built in the Department of Chemistry at the Uni-
versity ‘La Sapienza’ of Rome (Italian Patent No. 01126484-23 June,
1993). For a detailed description of the instrument, technique, and
the experimental protocol of the data acquisition phase, the reader
is referred to ref. 47-50 and specifically to these systems to ref. 32.
The total intensity of the radiation scattered by the sample, after
the correction for systematic effects and rescaled to absolute units
(electron units per stoichiometric unit), can be expressed as the
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sum of independent atomic scattering and of I(Q), the ‘static
structure factor’ that constitutes the structurally sensitive part of
the scattered intensity due to the interference contributions. Q is
the magnitude of the transferred momentum. The function I(Q)
is related to the atom-atom pair correlation functions, according
to the formula:

N N ~ . )
100) = 3> xiifify [4np0J P (g5(r) — l)st ir
i=1 j=1 0 Q’

where p, is the bulk number density of the system, x; are the
numerical concentrations of the species and f; the Q-dependent
X-ray scattering factors. Both the experimental and theoretical
structure functions have been multiplied by a modification
function

_ /v (0)
N0)

that is useful to improve the curve resolution at high Q. In the
plots we shall always report the product I(Q)M(Q)Q.

—-0.0102

M(Q)

exp

3. Discussion and results

We had already provided in ref. 51 a preliminary study of
choline-based ILs by focusing on their docking morphology
for the isolated ionic couples in the gas phase. The results from
a series of high quality ab initio simulations have clearly shown
that the docking geometry of the compounds behaves in a very
similar manner along the entire series. The main intermolecular
bonding feature is a strong hydrogen bond between the OH
group on [Ch]" and the carboxylate of the aminoacid. This
bonding feature represents substantially the driving force of
aggregation beyond the obvious electrostatic cohesive force.
We have further confirmed these important results in a second
and third study®**? that focused on the behavior of the liquids
obtained by a homologous series of molecular anions made by
11 different amino-acids. As we previously noticed in ref. 32,
a peculiar case among those studied, is represented by the
[Ch][Cys] material where intra- and inter-molecular proton transfer
occurs from the -SH to the -NH,, terminal.

An even more complicated liquid arises when mixing the
[Ch]" cation with the [Asp]” amino-acid anion where we have a
second carboxylic acid function. The systems under study and
their chemical structures are shown in Scheme 1.

3.1 The simulation of the [Ch][Cys] ionic liquid

[Ch][Cys] is an IL that comes from the deprotonation reaction
of an amino-acid with two acidic hydrogen atoms. As shown in
ref. 11, the IL formation reaction can proceed with the abstrac-
tion of one proton (the one on the carboxylic acid) and form
a completely ionized IL. The reaction can then be further
continued removing also the second proton (the one on the
-SH terminal) and in this case a solid is obtained that has a
melting point above 90°.

The liquid conductivity of [Ch][Cys] is very likely due to a
poor “Walden” mechanism since it linearly correlates with the
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Scheme 1 Molecular components of the liquids under study: the choline
cation on the left and the amino-acid anions on the right (deprotonated
cysteine and aspartic acid respectively).

inverse of the viscosity, which is high.™ It therefore follows that
this liquid is not a candidate for fast proton transfer, never-
theless its microscopic structure turns out to be quite peculiar
and points to a possible mechanism with which one could, in
principle, obtain a neat, dry IL with conductivity mediated by
proton transfer.

The existence of a relatively mobile proton on the -SH
moiety makes this system extremely complicated from the
nanoscopic point of view. As we have already pointed out in
ref. 42, during our simulations few [Cys] anions underwent
an intramolecular proton transfer from the -SH terminal to
the -NH, group (see Scheme 2). As we have already discussed in
the aforementioned paper, the intramolecular proton transfer
leads to the formation of a molecular ion with triple charge
separation. We had found by simple gas phase computations
that this zwitterionic anion (Cys-Z) turns out to be 2-4 kcal
higher in energy than its ionic counterpart®® (Cys-N).

To further investigate this behavior, here we have repeated
the computation of the relative energy of two isomers (Cys-N
and Cys-Z) in the gas phase and in a solvent whose dielectric
constant matches that of a typical protic ionic liquid (& = 35.7)
using both the MP2/6-31+G** and the PBE/6-311+G** methods.
In addition, and to simulate a more realistic environment with
respect to a continuum model, we have also calculated the
energy difference between the two isomers in a cluster of ionic
couples made by a [Cys] anion in both isomeric forms surrounded
by 4 [Ch][Cys] ionic couples.

The resulting MP2 optimized gas-phase structures of the two
anionic isomers Cys-N and Cys-Z are reported in Fig. 1 along
with the charge density colored with its electrostatic potential.
The atomic charges obtained through an ESP (electrostatic
potential fitting) procedure with the MP2/6-311++G(2d,2p) density
are reported in Table 1 where we clearly see the change in the
polarity of the functional group (compare with Fig. 1) upon
isomerization.

The relative energy of the isomers and of the transition state
between them is reported in Table 2 where we can see that in
a solvent with a medium dielectric constant (¢ = 35.7, similar
to typical protic ionic liquids®®) the relative stability of the

HS or T— o

NH, NH;*

Scheme 2 Intramolecular proton transfer in the [Cys] anion.
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Fig. 1 [Ch][Cys]: optimized structures of the two isomers of the [Cys]
anion with their charge density colored with the resulting electrostatic
potential. Left: Cys-N (anionic form), right: Cys-Z (anionic—zwitterionic).

Table 1 Atomic charges of the two [Cys] isomers computed through the
ESP procedure using the MP2 electronic density. For equivalent atoms, we
have taken the average charge. The hydrogen atoms attached to carbon
are not reported. For numbering see Scheme 1

Atom MP2 atomic charges Atom MP2 atomic charges
Cys-N Cys-Z

S —-0.21 S —-0.77

C2 —0.09 c2 —0.22

C3 —0.26 C3 —0.26

C4 1.07 C4 1.00

(6] —0.89 (6] —0.83

H(S) 0.17

N —0.30 N 0.11

H(N) 0.09 H(N) 0.23

structures is reversed or at least attenuated with respect to the
gas phase. Even without inversion of the relative stability, the
MP2 energies (as computed in an average dielectric medium)
predict that, at equilibrium, about 15% of the [Cys] anions
would be in the cys-Z form. Thermodynamically both MP2 and
DFT, although to a different extent, seem to point to the
formation of the cys-Z forms. If we look at the kinetics of the
isomerization process, we see that the calculated barrier to
proton transfer is much higher for MP2 than for the pure PBE
functional. This is a well-known deficiency of pure functionals
such as PBE which typically underestimates activation barriers.
On the other hand, MP2 methods are known to overestimate
systematically barrier heights in H atom transfer reactions.>
Anyway, even if the real barriers were more like MP2, they
would still be low enough that we would expect to see a
consistent transformation of the [Cys] anion from the cys-N
to the cys-Z form. In other words, we believe that the PBE-based
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MD trajectories described below should provide a perfectly
valid qualitative description of the real system, the main
difference being the timescale of the isomerization process
that might turn out, owing to higher kinetic barriers, to be
slower than the one described by our dynamics. The energetic
preference for the cys-Z isomer is confirmed by the computa-
tions in the cluster environment. At the PBE level the cys-N
directly converts to cys-Z during the optimization process. At
the MP2 level the stability of the cys-Z form in the cluster
environment is enhanced to more than 10 kcal mol .

We now move to the description of the results that we can
obtain from the AIMD simulations. We report in Fig. 2 the
development of the S-H and N-H distances (within the same
ion) in 6 selected molecules along the AIMD trajectory. As we
can see, during the (limited) time span of our simulation we
can easily identify at least four complete intramolecular proton
transfers from the -SH to the -NH,, group (panels 3, 4, 5 and 6
in reading order). In panel 1 we have reported an example
where the proton is moving between the two basic groups via a
strong H-bond between the resulting -NH;" and the -S~
terminals while in panel 2 we see instead a situation where
the proton, initially on the -SH group, “jumps” back and forth
on the amino group atom several times, giving rise to a
complicated dynamics.

A typical ionic liquid generally exists in a mobile, but
structured array of ions in which every cation is surrounded
by anions and vice versa. The fact that the anions are generally
separated by a cation limits the possibility of direct contacts
between them. This is the reason why we see mostly intra-
molecular proton transfers. For the same reason, it is much
more difficult to see an inter-anionic one. Despite the electro-
static repulsion, two anions may come in close contact if they
have the possibility of forming a strong H-bond between the
-SH and -NH, terminals.

To investigate this intriguing possibility, we report in Fig. 3
three radial distribution functions (RDFs) within the same
anions and between different anions. In the left panel we report
the RDFs for the N-H (black line) and S-H (red line) distances
where we see the dominant S-H motifs (structure cys-N) with a
typical S-H distance of 1.38 A (see also Fig. 2) and the less
occurring -NH;" motif (structure cys-Z) with an N-H distance of
1.06 A. The cys-Z motif can also be identified by the second
broader, weaker peak in the S-H RDF (red line) with a

Table 2 Relative energy between the optimized structures of the two isomers of [Cys] along with the energy of the inter-conversion barrier

AE gas-phase (kcal mol ")

AE (solvent ¢ = 35.7) (kcal mol )

Structure MP2/6-31+G** PBE/6-311+G** MP2/6-31+G** PBE/6-311+G**
Cys-N 0.0 0.0 0.0 0.0
Cys-Z 7.1 3.1 1.1 -1.7
TS 8.5 3.6 7.3 2.2
AE (cluster) (kcal mol™)
MP2/6-31+G** PBE/6-311+G**
Cys-N 0.0 Conversion to Cys-Z
Cys-Z -12.0 —
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Fig. 2 [Ch][Cys]: N-H (black) and S—H (red) distances as a function of simulation time.

maximum slight above 2.0 A which correspond to the distance
of the S-- -H-N hydrogen bond occurrence seen in Fig. 2. On the
right panel, instead, we report the inter-molecular (anion-
anion) N-HS distance. The H-bond pattern already seen within
the same anion is repeated here with a first peak at 1.11 A
pertaining to a cys-Z motif (with a S---H-N pattern) and a
broader one at 1.8-1.9 A due to the cys-N state (with an S-H- - -N
pattern). This last example tells us clearly that several anions
establish strong H-bonds between them.

Although we have found several occurrences of strong H-bonds
between different anions, we show here a peculiar case where a
complex proton transfer dynamics takes place between 3 different
anions bound together by S-H-N H-bonds. The situation is
graphically depicted in Fig. 4 where we report several snapshots
of the simulations, but we draw only the three anions involved in
the proton exchange. At the beginning of the simulations both
active protons (colored in magenta in Fig. 4) are bound to the
sulfur atom (panel 1) and the chemical environment is a (cys-N);
cluster. After 2 ps (panel 2) we see a first proton transfer from the
anion on the left to the central one. After 3 ps (panel 3) the first
proton has gone back to the sulfur atom while the one from the
anion on the right has been transferred to the central one.
Between 10 and 12 ps both protons are again on the two sulfur
atoms (panel 4). At 12.5 ps the anion on the right undergoes an
intramolecular proton transfer (panel 5) while the anion on the
left transfers its proton to the central one (panel 6). After 24 ps, the
system becomes a (cys-N)(cys-Z), cluster.§

§ The additional proton that is transferred to the central molecule cannot be
shown for graphical reason.

This journal is © the Owner Societies 2017

3.2 [Ch][Cys]: final remarks and experimental validation

Since [Ch][Cys] does not seem to be a particularly good current
conductor,*" it is very likely that the isomerization reaction
from cys-N to cys-Z reaches a dynamic equilibrium and that the
proton does not move through the ionic medium. It is possible
that the event of interanionic proton transfer noticed above is
only a sporadic event in the fluid not sufficient to sustain
proton “‘jump” mechanisms apt to carry charge. The isomeri-
zation reaction is however an interesting and unexpected
feature of this IL and strongly influences the local microscopic
structure and properties of the liquid. As shown in ref. 11, the
fact that some of the PILs based on choline and amino-acids
(specifically [Cys], [Ser] and [Lys]) have much higher viscosities
with respect to other members of the series has been attributed
to their capacity of forming additional hydrogen bonds thanks
to the heteroatom on the side chain. We believe that in these
amino-acids the above isomerization reaction can take place
(to various extents) and that this might play also a role in
determining their dynamical behavior. In particular, the addi-
tional charge separation of the anionic-zwitterionic form might
slow down ion diffusion and dynamics.

To support our theoretical results, we report in Fig. 5a a
comparison between the calculated and measured I(Q)M(Q)Q
for the [Ch][Cys] system. As we can see the agreement between
the theoretical and experimental patterns is excellent apart
from the intermediate range region (medium values of Q in
the graph). This discrepancy can be easily explained by assum-
ing that the proton migration reaction and therefore the
isomerization from the cys-N to the cys-Z form takes place in a
time which can be substantially longer than our simulation time.

Phys. Chem. Chem. Phys., 2017, 19, 11869-11880 | 11873
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What we are really sampling here with the simulation is a state of
the fluid that has not yet reached the chemical equilibrium
completely. The agreement with the experimental data in the
short-range region (high Q values) however tells us clearly that
the computations are able to grasp with great accuracy the
positions of the electron-rich atoms, which, in turn, depend on
the isomerization state of the single molecules.

3.3 The [Ch][Asp] system

As in the previous case of [Ch][Cys], here we have two different
de-protonation sites at the two carboxylic acid terminals. The
complete deprotonation (as for the [Cys] IL) gives rise to a solid
even above 90°. Partial deprotonation instead leads to a com-
pound that has been shown to be a glassy solid slightly above
RT,™* which turns into a viscous liquid at 90°. The first acid
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[Ch][Cysl]: left: radial distribution functions for intramolecular S—H and N-H contacts within the anion. Right: Intermolecular (anion—-anion) N-H

[ChI[Cys]: sequential snapshots of the molecules taking part in the proton exchange.

group deprotonated is the most acidic one (pK, = 2.1) in the o
position; the second acid has a pK, = 3.9. While in the previous
case of [Ch][Cys] the additional protic function was a base, in
this case we have an acid that has a much greater chance of
donating protons. It must be kept in mind however that the
basicity and acidity scales in ILs differ significantly from those
in water owing to the radically different microscopic structure
of the medium and its lower polarizability (hence the lower
dielectric constant with respect to water). We have computed as
we did for the [Cys] anion the relative energy and the barrier for
the intramolecular proton transfer in an [Asp] anion. The
energy differences are presented in Table 3 and the isomeriza-
tion reaction in Scheme 3. Unlike the [Cys] case, here the
proton transfer barrier is very low and the asp-N and asp-Z
isomers are almost isoenergetic. From this data, one would
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Table 3 Relative energy between the optimized structures of the two o o]
isomers of [Asp] along with the energy of the inter-conversion barrier Asp-N Asp-Z
HO = O
Intramolecular proton transfer o N o
AE (solvent & = 35.7) (kcal mol ) .
o} NH, Y NH;

Structure MP2/6-31+G** PBE/6-311+G**
Asp-N 0.0 0.0
Asp-Z 1.2 —0.5
TS 0.8 0.1

expect to see a faster and more consistent isomerization. What
we have instead seen is a much more interesting different
situation where the proton is transferred between anions and
intramolecular proton transfer within the same molecular ion
is almost absent. There are two ways in which the proton can be
transferred between the anions. The first one takes place
between a carboxyl function and a carboxylate function, while
the second sees the transfer from a carboxyl to an amino group.
What we have seen in our simulations is the occurrence of the
second mechanism.

We begin our analysis of the AIMD trajectory by looking at
the RDFs of the possible H-bond contacts and of the center of
mass (c.0.m.) of the molecular ions that are both reported in
Fig. 6. If we look at the right panel we can see that in the case of
[Ch][Asp] the average distance between the c.0.ms of the anions
(black line) is comparable to the average distance between the
anions and the cations (blue line) or even lower. The average
distance between cations is instead larger than the other two.
In [Ch][Asp] we have again a situation where the “typical” IL
structure characterized by a charge-alternating pattern of ions
is heavily modified by the presence of strong H-bonds that
connect the anionic moieties. These connections, which may

This journal is © the Owner Societies 2017

Scheme 3 Intramolecular proton transfer in the [Asp] anion.

promote intramolecular proton transfer, are exclusively located
between anions whereby the cations seem to play a very limited
role and act here almost as spectators. While we cannot be sure
that all cations would behave in the same manner we are fairly
sure that structurally similar cations (e.g. bulky molecular ions
with a delocalized positive charge) should not partake in the
proton transfer reaction directly.

In the left panel of Fig. 6, we have plotted the relevant RDFs
for the geometric characterization of the complex H-bonding
patterns. Most of the H-bonding features (blue line) connect
the anions to the cations with an average C(O)O ---(H)-O
distance of 2.7 A. Two other kinds of H-bonds are present:
the first one (black line) is formed between two anions and
connects the carboxylate oxygen atoms to themselves; the
second (red line) connects the carboxylate oxygen atoms to
the nitrogen of the amino-group. Among the possible O-N
contacts we have shown in the inset the two contributions
due to the protonated and deprotonated carboxylate. As we see,
the protonated carboxylate is the dominant configuration that
is the one corresponding to the C(O)O-H---N arrangement.
This is an important point because it shows how in these
systems the amino-group acts almost exclusively as an acceptor
of H-bonds and only marginally acts as a donor towards the
negatively charged carboxylate.
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Fig. 6 [Ch][Aspl: left: intramolecular RDFs for the 3 possible H-bond contacts: black, between the carboxylates; red, between the carboxylates and the
amino-group; blue, between the carboxylate and the hydroxyl. The inset shows the two possible [Asp][Asp] ON contacts, O—H-N with a proton (solid)
and O-N without a proton (dashed). Right: Intramolecular RDFs for the centers of mass: between the anions (black), the cations (green) and cations and

anions (blue).

Before proceeding to a discussion of the dynamics of pro-
tons in the simulation, we highlight the fact that during the
time span of the simulation we do not see any intramolecular
proton transfer. All the proton transfers that we have found

take place between different anions and we discover that in 4
anion-anion pairs (over a total of 16, i.e. the 25% of the anions)
a proton is transferred from the carboxylate to the amino-
group. In this respect, this liquid turns out to be radically

1 I 1 I 1
0
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Fig. 7 [Chl[Asp]: intermolecular anion—anion N-H and O—-H distances as a function of simulation time. The two panels depict two different proton

transfer reactions.
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different from the [Cys] based one and also a more promising
candidate for proton conduction.

As an example, we have plotted the O-H and N-H distances
for two inter-anionic proton transfer occurrences in Fig. 7. As
we see in both cases we have an initial situation where the

View Article Online
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proton is on the COO™ group and ends on the NH, group. The
situation depicted by the upper panel is particularly interesting
because, as shown by the corresponding snapshot sequence in
Fig. 8, we have an initial situation (frame 1) where the anion
interacts with the deprotonated COO™ group of another [Asp] anion.

3

v

VQ‘Z,%

Fig. 8 [Ch][Aspl: sequential snapshots of a proton transfer from the COOH to the amino group.

Fig. 9 [Ch][Asp]: sequential snapshots of a concerted proton transfer from two —COOH groups towards two amino groups.
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Fig. 10 [ChllAspl: (QIM(Q)Q of the [Chl[Asp] system. Theoretical data are unreliable under 0.4 A~ because of the finite size of the simulation cell.
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Proton transfer does not occur between the carboxylates
(as expected from pK, values), but the anion undergoes
rotation/displacement and the proton is finally transferred to
the amino-group.

One of the most interesting cases of proton transfer is
represented by the configurations sequentially depicted in
Fig. 9 where we show the situation of three anions connected
through H-bonds and where there is the simultaneous transfer
of two protons between them. Initially (frame 1) the two protons
are on the carboxyl groups. In frame 2 they are transferred
simultaneously to the NH,. In frames 3 and 4 we see the reaction
has completed.

The structure of the [Ch][Asp] IL is particularly intriguing as
it results from our simulations because it seems to contain
chains of anions interconnected by H-bonds along which
proton transfer might occur quickly through jumps that are
analogous to the “Grotthus” mechanism in water. The cation
acts as a mere spectator.

3.4 [Ch][Asp] experimental validation

The experimental and computed (QM(Q)Q of the [Ch][Asp]
system are reported in Fig. 10. From the data presented we
clearly see that our simulation is able to grasp with very good
accuracy the position of the heavy atoms (oxygen, carbon and
nitrogen). Since in the hydrogen bonding network the heavy
atoms distances are strongly dependent on the proton positions
we conclude that the simulation data presented above represent
a very reliable description of the true fluid at least from the point
of view of its average geometrical structure. The small mismatch
in the first peak at low Q is due to the intrinsic difficulty in
determining the density of the experimental sample.

4. Conclusions and perspectives

The [Ch][Cys] and [Ch][Asp] PILs have been analyzed by means
of state-of-the-art computational techniques. We have clearly
identified in those materials several occurrences of proton
transfer reactions that occur within or between anions. In
particular, we have discovered that molecular ions composing
the [Ch][Cys] liquid can undergo an isomerization reaction
mediated by an intramolecular proton transfer from the -SH
to the amino-group. We have also shown that this isomeriza-
tion reaction leads to a complex material where part of the
anions is in an anion-zwitterionic form. This feature might
be the microscopic driving force for the peculiar bulk state of
analogous liquids where the amino-acid has a heteroatom in
the side chain which turned out to have higher viscosities and
densities with respect to the other amino-acids.

The [Ch][Asp] liquid, on the other hand, has clearly shown
many occurrences of intermolecular proton transfer that takes
place through the strong H-bonds existing between the proto-
nated carboxylic group and the amino one. These H-bonds not
only can promote charge transport, but bringing into close
contact the anionic moieties, they can alter significantly the
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common microscopic structure of ILs where normally anions
and cations form a well-defined charge-alternating pattern.
While generally, PILs are ionic liquids formed through a
quantitative acid-base reaction, where the transferred proton
permanently resides on the cationic moiety (the base), the
system examined here have both shown the possibility of
triggering additional proton exchange reactions by means of
the protons attached to the amino-acid side chains. It is well
known that PILs are good candidates as solvents for electro-
chemical devices. The possibility, for these materials, of repre-
senting a viable route to an ideal situation where protons can
find ways of moving through the fluid independently of the
much slower molecular ions is therefore extremely appealing
for electrochemical application. As stated by Belieres and
Angell “a dry proton conductivity mechanism is one of “holy
grails” of electrolyte science.””® From our results we conclude
that, although to a limited extent, proton transfer mechanisms
in neat, dry ionic liquids are possible and may open new routes
for electrochemical applications where the need for high
conductivity and stable non-aqueous media is a key objective.
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