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ABSTRACT

We explore the structure of a series of Protic Ionic Liquids based on the choline cation
and amino-acid anions. In the series the length and the branching of the amino-acid alkyl
chain varies. Ab-initio molecular dynamics, X-ray diffraction measurements and infrared
spectra have been used to provide a reliable picture of the short range structure and of the
short-time dynamic process that characterize the fluids. We have put special emphasis on
the peculiar and complicated network of hydrogen bonds that stem from the amphoteric
nature of the anion moiety. The use of ab-initio molecular dynamics allows us to calculate
the “exact” charge density of the system and hence to obtain fairly accurate infrared

spectra that, in turn, have been used to assign the experimental ones.

1. Introduction
Protic Tonic Liquids (PILs) '* are among the most interesting members belonging to the
broad class of materials called Ionic Liquids (ILs). PILs are formally obtained by the

conventional reaction of a base with an acid. The resulting salt can be liquid at room
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temperature (or more generally below 100°C) when lattice formation is frustrated by the
complexity and sterical mismatch of the molecular constituents. Actually, lattice
formation can be prevented rather easily by choosing molecular component that in their
ionized state have a certain degree of charge delocalization and a sufficient difference in
their steric dimensions. Probably the simplest component of the PILs class is
ethylammonium nitrate that also turns out to be the first synthesized IL .

If the difference between the pKa’s of the reagents is large enough (>6) the ensuing liquid
is completely ionized. ® On the other hand, if the difference in pKa is small (<4) ’ the
resulting product is a mixture of an ionic and polar phase. In the latter case, phase
separation can occur that will eventually nullify the properties traditionally ascribed to
ILs such as negligible evaporation and chemical stability. Obviously, we are interested
only in compounds that are completely ionized.

Despite the chemical simplicity of the synthesis and of the composing molecular ions,
PILs show a complex structural and dynamical behavior due to the occurrence of nano-
segregation phenomena®™ and the presence of a peculiar network of hydrogen bonds '
whose strength obviously depends on the ionic partners and their relative acidity.

Due to the chemical variability of the molecular constituents and to the possibility of
combining different anions and cations, the number of possible PILs is practically
infinite. This extreme versatility has given them the reputation of “designer materials™: it
is possible to chemically change the cation/anion structure to finely tune their physical
chemistry properties. Especially attractive is the possibility of creating fully
biocompatible PILs. The adoption of such materials would provide new applications in
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pharmacological and biomedical researc . For this purpose, a new class of PILs has

been synthesized in which the typical inorganic anion such as [PF6]’, [BF4], Br’, CI’, has

been replaced by organic amino acid (AA) anions '°® and the cation is a choline . This

set of PILs, given that both constituents appear in metabolic processes, is nontoxic 18'20,

and represents a promising class of materials for a range of bio-related applications®'*.

The possible mobility of the PILs proton that is exchanged during their formation has
opened the way to the use of these compounds as conductive materials in a variety of

electrochemical applications. >



The aim of the present work is to elucidate the short-range structure of 4 compounds
based on AA anions coupled with choline cations ([Ch]+) with special focus on the H-
bond features (see Figure 1). To pursue this aim we shall analyze in detail the result from
molecular dynamics (MD) computations that are validated by comparing the computed
properties (structure factors and IR spectra) with experimental determination. The 4 AAs
are valine ([Val]), norvaline ([Nva]), leucine ([Leu]) and norleucine ([Nle]). Given the
rather complex chemical morphology of the compounds we are dealing with, these
systems have been treated reliably via ab initio molecular dynamics (AIMD) in order to

avoid the bias due to the use of an empirical force field.

2. Methods

2.1 Computational methods

We have performed several AIMD simulations of system composed by an equal number
of amino acid anions and [Ch] cations. Two different box sizes were simulated for each
of the four compounds: the first one is made by 12 ionic couples with box side lengths
around 15-16 A, the second one is a much smaller model made by 3 ionic couples with
box side length of about 10 A (for more details see supporting information, Table S1).
For all systems, a pre-equilibration was performed employing classical molecular
dynamics within periodic boundary conditions, using the AMBER program package®’
and the GAFF force field **°! for 2 ns in the NPT ensemble; the simulation temperature
was set at 350 K. The difference between the final MD and experimental densities was
less than 5%. The starting configurations yielded by this procedure were used as starting
points for he ab initio molecular dynamics simulations. The systems have been modeled
as described in ref. ** using the program CP2K **, the Quickstep module ** and the orbital
transformation >° for faster convergence. The electronic structure was calculated by
means of the PBE *® functional, with an explicit Van der Waals correction that includes
the empirical dispersion correction (D3) by Grimme *’. MOLOPT-DZVP-SR-GTH basis

sets and GTH pseudopotentials >*>°

were used. The timestep was set to 0.5 fs and the
simulation temperature was set at 350 K using the Nose-Hoover thermostat ** in order to
slightly accelerate the dynamics that is very slow at ambient conditions due to the high

viscosity of these systems. '’



Production time for the MD simulation was between 36 and 60 ps (for further details see
Table S1). The systems made by 3 ionic couples were used to compute the maximally
localized Wannier centers *'. From these simulations, the IR spectrum has been obtained
using the Fourier transform of the autocorrelation function of the dipole moment. The
simulations with 3 ionic couples were also used for the computations of the free energy
profile along the oxygen-oxygen distance (that represent the main H-bond feature
between anions and cations). One of the 3 O-O distances has been restrained using a
harmonic potential (with 0.1 a.u. force constant) centered at increasing values between
2.2 and 4.0 A in 37 points. In each point the MD was propagated for 10 ps. The O-O
distance at each point has been collected as a function of time and the relative histogram
has been built. The free energy has been computed using the weighted histograms

analysis (WHAM). *

2.2 Experimental

The synthesis of the [Ch][AA] ILs has been reported in the literature by our group '’ and
we shall not report here the details. Most ionic liquids are hygroscopic and water is an
inevitable contaminant in the samples. As reported in ref. '’, in order to minimize water
contamination, the synthetized liquids have been dried in vacuum for 24 h and the water
content after dehydration was assessed by Karl Fischer moisture titrator to be 0.2 wt%.
Since both the X-ray and the IR spectra have not been collected in dry conditions the
water content might have increased slightly. Anyway, an indicator of a conspicuous
presence of water in the sample would have been a low intensity first peak in the X-ray
diffraction spectra due to the loss of long-range ordering in the fluid. As we shall see, this
is not the case for our samples.

The large angle X-ray scattering experiments were performed at room temperature using
the non-commercial energy-scanning diffractometer in the Department of Chemistry at
the University "La Sapienza’ of Rome (Italian Patent No. 01126484-23 June, 1993). For a

detailed description of instrument, and technique see refs. ****°

and, specifically to these
systems, ref *>. The total intensity of the scattered radiation is generally expressed as two

contributions: the independent scattering and the ’static structure factor’ /(Q) (Q being the



transferred momentum) that is the structurally sensitive component due to interference.

1(Q) originates from the Fourier transform of the atom-atom pair correlation functions:
N
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where py is the bulk number density of the system, x; are the numerical concentrations of
the species and f; the O-dependent X-ray scattering factors. Both the experimental and
theoretical structure functions have been multiplied by
m e—0.01Q?

fi (@)

which is a factor that improves the curve resolution at high Q. In the plots, we shall

always report the product /(Q)M(Q)Q.

M(Q) = )

Infrared spectra (reported in Fig. 10, 11 and 12, see also SI), have been collected in
transmission from nearly 50 to 4000 cm™. Samples have been put in a cell closed by two
optical windows (polyethylene for the far-IR and Irtran 7 for the mid-IR, respectively).
The transmitted infrared radiation produced by a Globar source and modulated through
an IFS-66v Bruker Michelson interferometer equipped with a Mylar and KBr beam-
splitter, has been measured by a Pyroelectric (far-IR) and MCT (mid-IR) detectors. The
absorption coefficient has been finally calculated through the ratio between the IR

intensity transmitted by the sample over that transmitted by the empty cell.

3. Discussion and results

Few and very general structural data about these systems have been reported by us in a
previous work *> where we have shown how our MD simulations were able to grasp the
short-range structure of the fluid. In another study by some of us *’ an empirical force
field has been used to provide structural information on the [Ch][Nle] system at the
mesoscopic scale. Here we will present a much more detailed analysis of the AIMD
trajectories with a focus on the H-bonding features that play a key role in these liquids. In
addition, we will present, for the first time, a comparison of the computed vibrational
properties of the fluids with experimental IR spectra. The discussion is organized as

follows: we begin by presenting a comparison of the structural data of one of the liquids



with experimental data * in order to validate the results of the simulation protocol. We
will continue by presenting a thorough analysis of the H-bonding features. Finally, we
will discuss the vibrational properties of the liquids and compare our theoretical findings

to experimental data.

3.1 Structural features

In Figure 2 we report the total structure factor and its Fourier transform (the total radial
distribution function) for the [Ch][Nle] system. The horizontal axes of the two sets of
data are related by Q=2n/r. The theoretical data displayed are those obtained by
convoluting over the radial distribution functions (eq. (1)) as calculated from the MD
simulation of 12 ionic couples. The agreement between experiment and theory is very
good over a wide range of distances though the theoretical data below 0.4 A™ are
unreliable due to the finite box size of our simulations. This fact also limits the range
over which theoretical data are available in the radial distribution function (right side of
Figure 2, black line). The features of the structure factor above 4 A™' do not correspond
directly to interatomic distances. The most interesting features lie in the intermediate
range where, between 2.5 and 4 A”', we can assign the peaks to intramolecular first-
neighbor correlations that come, mainly, from the covalent bond distances between
electron-rich atoms (O, N and C). Below 2.5 A" we have the features due to inter-
molecular correlation. For example, the peak at 2.3 A" correlates well with the
intermolecular O-O distance of 2.6 A that is due to the O-O hydrogen bonds (vide infra).
The structure factors for the other 3 liquids are very similar in shape to the one presented
thereby telling us that the overall sort-range structural shape of the fluid is almost the
same along the series of the 4 AA anions. Therefore, we will resort to more sensitive
probes of the local short-range structure in order to differentiate the liquids behavior.

A further test on the reliability of the simulations presented here is shown in Figure S1 of
the supporting information where we compare the radial distribution functions of the
center-of-mass of the molecular constituents to those obtained with a classical potential
and presented in ref. *’. The overall average distances between cations in our simulation
turns out to be around 6.4 A and that between anions and cations around 5.8 A. Both

distances are compatible with those obtained with the classical force field. The profile for



the anion-anion center-of-mass radial distribution, instead, shows some interesting
differences: the first maximum in our simulation is more structured and more short-
ranged (5.5 A) with respect to the classical force field simulations. As we shall show
below this contact between anions represents an important structural feature of these
liquids that implies an unusual attractive interaction between the anions.

In Figure 3 we report a set of selected, intra-molecular radial distribution functions (g(r))
in order to elucidate the short-range structure of the 4 liquids. The panel on the left shows
the anion-cation O-O g(r) that presents a clear peak at 2.5-2.6 A due to H-bonding
between the oxygen atoms. In order to provide a measure of the strength of the
coordination between the oxygen atoms we computed the running volumetric integral of
the g(r) up to the first g(r) minimum at 3 A. The resulting first neighbor coordination
number turns out to be 0.78 for [Val], 0.74 for [Nva] and 0.94 for [Leu] and [Nle]. This
tells us that the H-bond feature is stronger in [Leu] and [Nle] AA anions. A glimpse of the
structural shapes that are induced by the above H-bond can be had by looking at Figure 4.
For each of the 4 possible AA anions we report the spatial distribution functions (density)
of the oxygen and hydrogen atoms of the choline cation surrounding the anion. The H-
bond feature can be simply and pictorially visualized as taking place along the spatial
regions connecting the heteroatoms of the AA anion to the iso-surfaces containing the H
(in white) and O atoms (in red) of the hydroxyl. Each AA anion in the liquid forms single
or multiple H-bonds that have different directions with respect to the carboxylate spatial
orientation: the most vivid example is that of [Leu] where each terminal of the
carboxylate can act as a proton acceptor in two different preferential directions, thus,
giving rise to 4 peaks in the spatial hydrogen/oxygen density in its surroundings. If we
assume that an H-bond exists between an anion and a cation when their oxygen atoms are
found to lie within 3 A and when the O-H-O misalignment angle does not exceed 40
degrees, we can simply count the total number of H-bonds along each of the 4
trajectories. The average numbers of O-O H-bonds turn out to be 3.1 for [Val], 6.7 for
[Leu] and [Nva] and 8.1 for [Nle].

A rather trivial geometrical analysis (reported in the supporting information, Figure S2)
allows us to say that the formed H-bonds, in all the liquids, have a marked preference for

collinearity with only few bent occurrences with angles mostly below 20°.



Returning to Figure 3, the middle panel shows the interaction between the negatively
charged carboxylate and the positively charged quaternary nitrogen of choline. This is a
long-range interaction and provides an interesting structural feature that is ubiquitous in
this kind of ionic liquids **. Despite being not a directional interaction as in the previous
H-bond case, it nevertheless represents the main source of cohesive energy in the fluid.
Indeed, for each of the 4 ionic liquids, the coordination number (i.e. the volumetric
running integral of the g(r) of Figure 3 up to its first minimum) is between 4 and 5. This
means that each AA anion, in addition to binding one of the cations through H-bond,
coordinates at least other 4-5 cations by means of electrostatic energy (this value roughly
agrees with a total anion-cation coordination number of 6.2 reported in ref. *’).

The right panel of Figure 3 reports the interaction between the amino group on the AA
anion and the hydroxyl one on the cation. The series of AA anions, as explored by our
simulations, does not show a uniform behavior with respect to this interaction. For [Val]
and [Nva] we clearly see the formation hydrogen bonds at the amino group, while the
process is much less efficient for [Nle] and absent for [Leu]. The H-bond at the amino
group, when present, has an acceptor-donor distance of 2.7 A that, when compared to the
0-O one with 2.6 A, identifies a weaker interaction. In addition, the coordination
numbers relative to this H-bond are much lower that those of the O-O bond and around
0.2. Counting the N-H:--O H-bonds, we conclude that roughly only one anion out of five
coordinates a cation via such interaction. The presence of this feature can be easily
spotted also by looking in Figure 4 where the N-H:--O coordination pattern can be seen
for [Val] and [Nva], but not for the other two.

In conclusion, the structure of these liquids is mainly driven by electrostatics, as
expected. Two main electrostatic interactions are at play and their features are very
similar along the AA series:

e A strong coordinating H-bond between the carboxylate and the hydroxyl
terminals. Except for [Val], more than half of the ionic couples are coordinated
through this H-bond. The strength and the number of H-bonds follow the
following order [Nle]>[Nva]~[Leu]>[Val]. This finding qualitatively agrees with
the analogous case found in ref. * where the number of H-bonds increased with

the alkyl chain length.



e A long-range electrostatic interaction that coordinates each anion to 4 additional
cations that is mediated by the Coulomb attraction between the negative charge
delocalized over the carboxylate oxygen atoms and the quaternary nitrogen of
choline. No relevant differences are seen for this interaction along the AA series.

A third, less important, interaction exists in the [Val] and [Nva] compounds and consists
in H-bonding features between the amino group and the cation hydroxyl.

All the above discussion has been focused on the assumption that the first neighbor
contacts (as it normally is in ionic liquids) are those between cations and anions. One
interesting question arises however when we look at the anion-anion distance
distributions since, in these kind of PILs, anions can establish H-bonds between them
through the interaction of the carboxylate with the amino group. Naively one could argue
that since anions are charged species they repel each other, and that therefore the overall
structure in the fluid should be characterized by a dynamic pattern of alternating charges.
In other words, one might expect each anion to be surrounded by cations and vice versa.
It is necessary, however, to consider two additional important effects that may alter this
simplified view: (i) the high dielectric constant of the fluid that can effectively screen the
charge centers at long range and (ii) the charge delocalization that weakens the
electrostatic repulsion at short range.

The existence of like-charge molecular interactions in ionic liquids has already been
noticed in imidazolium-based ILs *° and in cholinium based ones ' where the presence of
H-bond driven, cationic complexes has been detected. ** In these examples, it turns out
that the cooperative effect of cation-cation H-O---H hydrogen bonds overcomes the
Coulomb repulsion.

At difference with the above-mentioned studies, the cationic cholinium moiety is here,
for the greatest part, tightly coupled to the hydroxyl of the anion and therefore unable to
form H-bonds within itself. On the other hand, the presence of possible donor/acceptor
sites on the anions, makes them able to form H-bonds with each other. Therefore, what
we have in the present systems is a situation where part of the anions turn out to be
connected by H-bonds, despite the electrostatic repulsion. As far as we know, this is the
first time that theoretical evidence for the formation of anionic dimers in ILs through

like-charge ion interactions is presented.



To highlight the anion-anion interaction, we report in Figure 5 the g() between the polar
atoms of the anions. The O-O g(7) (red lines) clearly indicates a repulsive interaction
between the negatively charged carboxylates. The N-N and N-O g(r) shapes, instead,
indicate an attractive interaction with structured first neighbor contacts and, especially in
the case of N-O, the peak that falls at 3 A can indicate a weak H-bond. An example of
this kind of anion-anion contact is further reported in Figure 6 where we show a snapshot

of the [Ch][Nva] trajectory where two anions are clearly bound by two H-bonds.

3.2 Dynamic of the H-bonding features

As we have seen in the previous section, there are various kinds of H-bonds that are
established in the fluid: the first and stronger ones are those between the hydroxyl
(cation) and the carboxylate (anion). A smaller number of weaker H-bonds between the
amino group (anion) and the hydroxyl has also been detected in our simulations, mostly
for the [Ch][Val] and [Ch][Nva] liquids. A third possibility is the formation of weaker H-
bonds between the amino group on the anion and the carboxylate of another anion.

To study the dynamics of these bonds we return to the [Ch][Nle] case where we can
analyze the evolution of the acceptor-donor distances for the O™---H—O (cation-anion)
and O"---H—N (anion-anion). In Figure 7 we report the evolution of 6 examples of H-
bonds established between the carboxylate groups of the AA anions and the hydroxyl
group. For each carboxylate, we report two distances that correspond to its two oxygen
atoms. If we go through the 6 panels of Figure 7 in reading order we see the following
situations:

1. (upper left panel) an anion coordinating two cations. The two distances at 2.6 A
(black and blue lines) clearly identify two H-bonds of the same carboxylate with
two different hydroxyl groups. The other two distances (red and magenta lines)
pertain to the second oxygen of the carboxylate. At about 50 ps one of the
hydroxyl switches between the oxygen atoms of the carboxylate. For a scheme of
such H-bond dynamics see Figure 8.

2. (upper middle and right panels) an anion coordinating one cation. In both cases
within the first 10 ps, the hydroxyl exchanges between the two carboxylate

oxygen atoms.
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3. (lower left panel) another occurrence of a double H-bond where an anion
coordinates two cations. The particular dynamic is different from situation 1)
above and both hydroxyl switch between the carboxylate oxygen atoms during the
simulation.

4. (lower middle panel) same situation as in 2).

5. (lower right panel) a single H-bond where we do not see a switching of the
carboxylate atoms.

We conclude that, in the very limited time span of our simulations, we only see a partial
dynamic of H-bond formation and dissociation. In particular, the ionic couples that are
held together by H-bonds are stable during the simulations and the only dynamical
changes that can be observed are merely switches between the carboxylate terminals. It
is therefore important to remark that the present simulations do not allow us to determine
the lifetime of the H-bonds binding an ionic couple and that we have not been able to
collect statistically meaningful data on the dissociation/association rates of ionic couples
that are presumably well into the hundreds ps regime.

Examples of the dynamics of the H-bonds formed between anions are reported in an
analogous fashion in Figure 9. This time we can see an example of H-bond formation (in
the upper left panel), an example of H-bond dissociation (in the upper right panel), one
example of multiple H-bond coexistence (lower left panel) and, finally, an exchange of
anions through the simultaneous formation/dissociation of a single H-bond (lower right
panel).

A set of MD simulation has been carried out using smaller systems composed by only 3
ionic couples. Within these, much smaller, system the computation of free energy profiles
by “umbrella sampling” is feasible. We have performed this analysis for [Leu], [Nle] and
[Nva] where the number of H-bonds turned out to be greater. The free-energy profiles are
reported in Figure S3 of the supporting information. The free energy content of the H-
bond for each liquid turned out to be between 1.5 and 2.0 kcal/mol and the minimum

distance around 2.6 A.
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3.3 Infra-red spectra and vibrational properties

In Figure 10 we report, as an example, the decomposed power spectrum of the [Ch][Val]
liquid and we compare it to the experimental IR spectra (top panels). Although the power
spectra value is indicative of the density of vibrational states, it does not provide a correct
IR intensity that is obviously due to the dipole variation. Despite this, the position of the
bands in the power spectra are indicative of which motions contribute to the IR spectra. A
clear advantage of using power spectra as obtained from MD simulations over the typical
(zero Kelvin) frequency evaluation with static ab-initio computations, is that anharmonic
and temperature effects are naturally included. Therefore the data presented in Figure 10
have not been scaled. The computed power spectrum well matches the position of the
main absorption bands in the experimental data. A general redshift of the computed
power spectra can be noticed and it is due to the fact that the simulations have been
carried out at 350 K as opposed to room temperature experiment. This redshift is very
small and can be easily accounted for by scaling the power spectrum towards the blue
using a uniform frequency scaling factor of 1.011. The first experimental band at 1600
cm™ in the fingerprint region (left panels of Figure 10) corresponds to the stretching of
the carboxyl C=O bonds and to the bending of the amino group (second and fourth row
panels respectively). The second band at 1480 cm™ is due to CH, groups and in particular
to CH, bending motions (third row panel). At high frequencies the match between the
experiment and theory worsens. This is due to a series of systematic inaccuracies in our
simulations: (i) the effect of the different temperature between experiments and
simulation, (ii) the intrinsic inaccuracy of the PBE functional that has a well-known
tendency to overestimate bond energies >°, and finally (iii) the inaccuracies in the motion
of the light nuclei (H) whose “oscillations” are treated classically and that therefore can
absorb much more vibrational energy that they do in the real system. These effect are
especially visible on the C-H stretching experimental vibrational frequencies between
2800 and 3000 cm™ that are blue-shifted in the theoretical data (third row) of a factor of
1.04. A faint trace of a structure around 3400 cm-1 can be spotted in the experimental
profile. This feature is probably due to N-H stretching motions as shown by the
theoretical power spectrum (fourth row). The broad structure that can be seen in the

experimental spectrum, which encompass the C-H and N-H stretching regions, and that
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extends from 2500 to 3600 cm™, is due to the cation hydroxyl stretching motion. The
broad range of energies along which this motion can take place (that is induced by the
presence of a strong H-bond) is well reproduced by the theoretical data although the
centroid of the band is slightly red-shifted because of the higher temperature of the
simulation and because of the PBE tendency to over-bind H-bonds (and therefore to red-
shift the O-H stretching frequencies).

Similar discussions can be made for all the other 4 compounds (see supporting
information, figures S4, S5 and S6), but for brevity, here we only show the high
frequency region in Figure 11. In this plot, we have scaled the theoretical data with
different scaling factors (reported in brackets) in order to perfectly match the
experimental data. As we can see, apart for the rather small scaling, the simulations are
perfectly able to describe the fluid behavior and the ensuing, complex H-bond network at
play.

As we mentioned in the computational section, we have performed a series of MD
simulation using a smaller number of ionic couples. Within this approach, the
computation of maximally localized Wannier functions is feasible along a sufficient time
span to compute the autocorrelation function of the electric dipole. The Fourier transform
of this autocorrelation function yields the computed IR spectrum. We report an example
of these computations in Figure 12 where we show the experimental and theoretical IR
spectrum for the [Ch][Val] compound. The fingerprint region is almost perfectly
reproduced by our calculations, while the high-energy region suffers from the same
problems that we have already described for the power spectrum discussion. In particular,
the broad O-H stretching band (that the experiments center at 3200 cm™) is red-shifted to
3000 cm™ because of PBE over-binding. The same holds for the C-H absorption bands
that appear between 2800-3000 cm™ in experiment and turn out blue-shifted at 3000-
3200 cm™ in the calculation. The spectra for the other three compounds are very similar

and are reported in the supporting information only (Figure S7, S8 and S9).
3.4 Conclusions

In this work we have explored, by means of computational and experimental methods,

the short-range structure and the short-time dynamics of a homologous series of ionic
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liquids made by coupling a choline cation to an AA anion. The series of AA anions is
created by varying the AA side chain through [Val], [Nva], [Leu] and [Nle], so that the
anions differ for the length and branching of the alkyl chain. The liquids have been
synthetized and infrared spectra have been collected. For one of the liquids ([Nle]) the X-
ray structure factor has also been measured. Ab-initio molecular dynamic has been
carried out for the 4 compounds using the PBE functional and the Born-Oppenheimer
approximation. The short-range structure of the fluids is fairly similar along the series
and is characterized by a rather complex network of hydrogen bonding features. A strong
H-bond binds the cations hydroxyl to the negatively charged carboxylate group of the
anions. The longer the side alkyl chain is, the stronger and more numerous these H-bonds
are. In addition, we have detected the existence of two other H-bonding features: the first
one binds cations and anions and involves the amino and hydroxyl groups, the second
acts between anions and involves amino and carboxylate groups. La latter is particularly
interesting because its presence alters significantly the typical picture of the short-range
structure of ionic liquids where the first neighbor distance between equally charged
molecular ions is generally larger that the one between oppositely charged ions. Such
like-charge, H-bond mediated interactions had already been detected in other ILs where
they induce the local assembly of cationic complexes. For the first time, we show here,
by theoretical evidence that such complexes of like charged species may also be formed
between anions. In the present compounds, it turns out that the average first neighbor
distance between anions is shorter than the ones between cations and anions and much
shorter than that between cations. It is interesting to note that this feature does not occur
in classical MD simulations thereby showing that an accurate treatment of the electronic
degrees of freedoms (polarization and many-body effects) is crucial to grasp the details of
the fluid structure.

The MD simulations have also been employed to compute the total dipole of the system
and hence the infrared spectra which have been compared to experimental measurements.
The “fingerprint” region is well reproduced by our calculations and part of the absorption
spectra has been assigned. The accuracy of our computation worsens in the high
frequency region and a match between experiments and theory has been obtained only

using scaling factors to account for well known, deficiency of the computational scheme.
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Fortunately, these issues produce a systematic mismatch between experiments and theory
and we have been able to completely assign the high frequency region of the infrared

spectrum.

Supporting Information

Simulation data; radial distribution functions of the [Ch][Nle] IL as compared to classical
MD simulations; combined radial-angular distribution functions for H-bonds in [Ch][Val]
and [Ch][Nle]; free energy profiles of the O-H-O H-bonds; power and infrared spectra

(simulated vs measured) for all the ILs.
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Figure 1: Molecular structures of the 4 amino anions.
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Figure 2: Left, [(Q)M(Q)Q as computed and measured for the [Ch][Nle] system. Right, Fourier
transform of the data in the left. The latter represents the total radial distribution function of the
system. The horizontal axes are related one to each other by r=2n/Q.
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Figure 3: Selected intermolecular pair radial distribution functions g(») for the 4 compounds. Left
panel reports the O-O g(7) between anions and cations (interaction 1 in the inset). Middle panel
reports the interaction between the carboxylate oxygens of anion and the quaternary nitro group
of the cation (interaction 2 in the inset). The right panel reports the interaction between the AA
anion nitro group and the hydroxyl group on the cation (interaction 3 in the inset).
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[Leu] [Nle]

Figure 4: Spatial distribution functions relative to the possible hydrogen bonds. The SDF is built
by fixing in space the CO, group of each anion and plotting the oxygen (red) and hydrogen
(white) density isosurface. The exact value of the isosurface depends on the compound, but it has
been chosen as to include about 70% of the total element density. While the carboxylate is fixed
in space, the geometry of the rest of the reference molecule is plotted only for illustration
purposes.
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Figure 5: Anion-anion polar atom g(r). O-O in red, N-N in blue and N-O in black.

Figure 6: example of the occurrence of anion-anion H-bonds in the [Nva] PIL. Surrounding ions
have been rendered transparent.
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Figure 7: [Ch][Nle] liquid: temporal evolution of the acceptor-donor (Oxygen-Oxygen) distance
in the CO;™---HO hydrogen bonds. The color code is the following: in black and red the two CO,
--HO distances that pertain to the same hydroxyl. In blue and magenta the distances of the same
carboxylate with the hydroxyl of a second cation.
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Figure 8: Scheme of the double H-bond dynamics.
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Figure 9: [Ch][NIe] liquid: temporal evolution of the acceptor-donor (Oxygen-Nitrogen) distance
in the CO;™---H,N hydrogen bonds. The two colors in the bottom panel refers to two different
anions.

25



Expt IR T L T 17T T T T T T T T T T T T T T

Intensity
Intensity

N Il 11 I Il Ll Il Il Il Il I Il Il Il Il I L L

900 _ Power tot. T I LI 900 T I T T T T I T T T T I T T T T

—— O(carboxyl)*4000

Al

ﬁ L1 1 ] § T R | L1
s 0 s 0
,j: 50 C-H [Val] L L T T T : 50 L L LI —
o — - o
Zz |— CHI[Cn 2
3 3
z z
g L1l g 0L - 1 L1 L1
2 2 5
S J— NH2 [Val] =
— O-H [Ch] *3
0 1 L 1 PN Il 0 1 1 1 1 I 1 1 1 1
500 1000 1500 2000 2500 3000 3500 4000

Figure 10: Power spectrum decomposition of [Ch][Val] compared with experimental IR spectra.
Top panels: experimental data; second row: global power spectra and carboxyl oxygen; third row:
C-H groups of anion and cation; bottom panels: amino group of anion and hydroxyl of cation.
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Figure 11: Decomposed power spectrum for the [Ch][Val], [Ch][Leu], [Ch][Nle] and [Ch][Nva]
ionic liquids in the high frequency region. Experimental data in the top panel, theoretical
calculations in the lower panels. For each group of atoms, a different scaling factor has been used
as indicated in parenthesis.
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Figure 12: [Ch][Val] IR spectrum computed and calculated. The experimental data have been
renormalized to match the computed absorption values. The theoretical data have been scaled by
1.011 to account for the different temperatures.
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