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ABSTRACT 

An analysis of the complex proton transfer processes in certain protic ionic liquids, based on amino 
acid anions, has been carried out through ab-initio molecular dynamics in the view of finding 
naturally conductive and pure mediums. The systems analysed here might serve as chemical 
prototypes for pure and dry ionic liquids where mobile protons can act as fast charge carriers. We 
have exploited the natural tendency of these liquids to form a complex network of hydrogen bonds. 
The presence of such network allows the naturally repulsive interaction between like charge ions to 
be weakened to the point that proton migration process inside the anionic component of the fluid 
becomes possible. We have also seen that the extent of this proton migrations is sizable for carboxylic 
based amino acid anions while is very limited for sulphur containing ones.  
 
1. Introduction 
 
The developing field of ionic liquids (ILs) is home to a class of materials known as protic ionic liquids 

(PILs) which have received increased interest due to their remarkable physicochemical properties 
1,2,3. It has been proven possible to synthetize ILs made exclusively of bio-organic species whose 

affinity for biological molecules could open new routes in pharmaceutical applications 4.  

Most PILs, as other ILs, possess low volatility, thermal stability, and versatility enabling them for 

use in industrial settings such as electrolytes in batteries and supercapacitors. A key benefit of PILs 

might stem from their anhydrous proton conductivity. Further investigation of the ionic transport 

behaviour of these materials is essential for the design of electrochemical devices with improved 

performance and safety. 

PILs are generally synthesized using equimolar amounts of Brönsted acid and a Brönsted base where 

a proton transfer from the acid to the base leads to ionization and to the ensuing formation of proton 

donor/acceptor sites that spawn a hydrogen bonding network. Typically, the degree of ionization in 

a PIL is dependent on the ΔpKa between the acid and conjugate acid of the base. It is understood that 

a large difference in the pKa’s of the reagents (>6) ensures the resulting liquid is substantially fully 
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ionized 5. When the difference in pKa is small, a certain fraction of the molecular constituents remains 

neutral, hence causing a partial loss of the IL properties, phase separations and evaporation 6. 

Beyond the electrochemical implications, PILs are gaining further attention because they display 

multifaceted interactions as well as intriguing chemical activity, intricate phenomena and complex 

hydrogen bonding features 7,8,9,10,11.  

Moreover, it is evident that the nanoscopic structure of their molecular constituents impacts the 

properties and thus the function of the bulk state of these compounds especially if secondary protic 

functional groups are present in the structure 12. The rationale of this lies in the fact that the range of 

the possible cation (base) and anion (acid) combinations for PILs is so large, that the physicochemical 

properties of these liquids can, in principle, be tuned for task specific purposes. In particular, suitable 

chemical modifications of the molecular constituents should permit the rational modulation of the 

bulk liquid properties, a feature that has led to investment of task-specific ILs in many fields 13. 

Herein we investigate an homologue series of compounds made up of a singly deprotonated amino 

acid anion (AA), from now on [AA]-, which represents the variable (tunable) part of the fluid, and a 

choline cation, from now on [Ch]+, which is, instead, the same for all liquids. The pKa difference 

between a typical COOH in the amino acid and the choline cation is around 11 units. Therefore, an 

ionic liquid made by choline and a deprotonated amino acid is a fully ionic system with very little or 

no neutral components. The AAs we are going to analyse in this work, possess another protic function 

on the side chain that provides an additional degree of freedom in terms of proton equilibria and that, 

in turn, makes these compounds extremely interesting as a realistic model for conducting, anhydrous, 

highly ionized media. The AAs which are the focus of this study are: aspartic acid [Asp]-, glutamic 

acid [Glu]-, cysteine [Cys]-, and homocysteine [HCys]-.  

These compounds have been synthesized 14, turn out to be fully biocompatible 15,16  and non-toxic to 

humans as well as to the environment, since the constituents are both involved in metabolic processes 
17. As a result, this class of materials have potential for use in biomedical and medicinal research 18,19, 

20,21. Furthermore, their possible dry proton conductivity makes them prospective candidates in 

electrochemistry 22,23,24,25,26,27,28,29. 

In this work, we explore the nanoscopic structure of these systems utilising both ab-initio 

computations and molecular dynamic simulations. In addition to the presence of a very complex 

hydrogen bonding network, the compounds we examine here can sustain a proton migration process 

via intra and inter-molecular transfers. The latter has been observed in previous theoretical studies 30 

31 32 and is made possible because of the presence of a mobile proton on the (non-deprotonated) side 

chain. The migration of this proton occurs through two different mechanisms that involve either an 

intra- or an inter-molecular transfer. The proton transfer generates a peculiar and transient chemical 
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structure with a “three-charge” separation (see Scheme 1, upper right structure) that is an anionic 

equivalent of the amino acid zwitterionic structures (we indicate these structures with the acronym 

ZWA – zwitterionic anion).  

The first negative charge on the AA is located on the most acidic carboxylate group and it appears 

due to the primary deprotonation process which is implicit in the combination with the choline base, 

that, formally, can be written as: 

HR-CH(NH2)-COOH + Ch ® HR-CH(NH2)-COO- + [Ch]+ 

where Ch is a shorthand for a deprotonated cholinium base and HR- represents the acidic side chain 

on [AA]-.  

The second and third charges are generated when the proton transfers from the side chain to the amino 

group which becomes positively charged. This happens both in the same molecule (an intramolecular 

proton transfer or tautomerization process): 

HR-CH(NH2)-CO2
- ® -R-CH (NH3)+-CO2

-       (1) 

or between different anions through a complex sequence of proton transfers that can be summarized 

as: 

HR-CH(NH2)-CO2
- + HR-CH(NH2)-CO2

- ®-R-CH(NH3)+-CO2
- + -R-CH(NH3)+-CO2

-  (2) 

Both  reactions (1) and (2), for clarity, have also been drawn in Scheme 1. 

  

Scheme	1:	Intramolecular	(top)	and	intermolecular	(bottom)	proton	transfer	between	anions.		

Hence, in the liquid we have a single chemical specie for the cation [Ch]+ and two possible isomeric 

forms of the AA. The first one is a simple anionic form with a carboxylate as in the reactants of 
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reaction (1) and (2), the second is a zwitterionic anion (ZWA) as those formed in reactions (1) and 

(2). 

While the formation of ZWA, in principle, can take place by intra-molecular proton transfer, we have 

recently shown 9 10 that it is actually more likely to occur between two different anions. In order to 

occur in the liquid, this kind of proton transfer, requires two anions to be sufficiently close. One of 

the counterintuitive features of PIL, and of these compounds in particular, is that the anionic species 

can cluster together to form like-charge dimers and trimers through strong hydrogen bonds 33. A 

similar behaviour has been also noticed in other PIL, but between the cationic moieties 30 34 35 36. We 

also point out that such unconventional ZWA tautomers have been identified experimentally for 

[Cys]- proving that they exist under certain conditions 37. 

Analysis of previous MD simulations 33 supported the existence of these unusual ZWA species in the 

bulk liquid in the amino acids such as [Asp]- and [Cys]- where we have the necessary acidic 

functionality in their side chain.  The existence of ZWA is a unique feature of these compounds and 

contradicts the common assumption which sees ILs as constituted by an alternating pattern of charges. 

It is our belief that the presence of ZWA species can impact the bulk properties of these already 

complex systems. Their formation is particularly intriguing because the degree of anionic association 

seems to be in a direct relation with bulk properties such as viscosity and melting temperatures 33.  As 

we have previously shown, 33 aliphatic AAs show a weaker tendency to cluster together, precisely 

because they lack an extra acidic function.  

The extent of the proton transfer process (2) and the relative abundances of the two isomeric forms 

of the AAs are the subject of this work in the view of providing a template of a dry ionic liquid with 

high proton mobility. In other words, the aim of this work is to comprehend the structural complexity 

of these zwitterionic species, to understand their occurrence in the bulk phase of PILs and to explore 

the possibility that their formation may provide a chemical channel to fast, dry proton conduction.  

 
2. Computational Methods  
 
Preliminary, ab-initio calculations have been carried out both on the cation-anion dimers (made by a 

deprotonated [AA]- plus a choline cation [Ch]+) and dimers made by two AAs. The 4 different dimer 

combinations that have been studied are: [Ch][AA], [Ch][ZWA], [AA2]2- and [ZWA2]2-. We have 

limited the calculation to 4 AA, namely: [Asp]-, [Glu]-, [Cys]- and [HCys]-. Given that chemical 

species with charge separations are highly unstable in vacuum and in order to make our models more 

realistic, we have included an environmental dielectric screening. All the ab-initio calculations have 

been therefore performed in a continuum solvent model (PCM). While, the dielectric permittivity of 

these compound has yet to be stated in the literature, we have used the acetonitrile PCM parameters 
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as a realistic model solvent as its dielectric constant (e=35.7) matches the typical value of other PILs 
38,39. For each structure, we have performed a fully unconstrained optimization and evaluated the 

harmonic frequencies using D3-B3LYP 40 with the 6-311+G** basis set. This functional is suitable 

for such a study since it provides results that are comparable to the more accurate D3-B2PLYP 

functional, as was verified in one of our recent studies 33. The Gaussian16 41 package was utilised for 

the ab-initio calculations.  

The study of the bulk phase of the 4 AA-based ionic liquids has been achieved by ab-initio molecular 

dynamics (AIMD), which has the advantage of computing the “exact” nuclear forces from the 

electronic structure without the use of a fixed chemical topology and the inevitable approximations 

that characterize the force field-based methods. Although reactive force fields do exist, their 

applicability to the study of protic equilibria in ionic liquid has not yet been implemented. Therefore, 

the only way to approach to the study of proton transfer processes in ionic liquids, at the moment, is 

represented by semiempirical and ab-initio methods that are based on the evaluation of the atomic 

forces from an approximate solution of the electronic Schrodinger equation. The former however 

suffers from a lack of applicability in this specific case because their parametrization is heavily 

dependent upon the chosen training set.  Although, following the above argument, ab-initio molecular 

dynamics certainly provides a robust choice for this study, it suffers from two main pitfalls: (i) the 

resulting computations are very demanding so that the time-span of the simulations is limited to few 

tens of ps; and (ii) the size of the systems that can be treated using this approach is limited. In this 

regard we point out that, due to these intrinsic limits, our computations cannot provide a reliable 

thermodynamical model of the fluid at equilibrium (which would require to simulate times of the 

order of ns). Nevertheless, what we can grasp from our simulations are the local structural features 

of the bulk fluid and the fundamental molecular processes that drive the proton diffusion that, at 

equilibrium, would ultimately characterize the fluid state. 

Different aspects of the simulations pertaining to the [Ch][Asp] and [Ch][Cys] systems have been 

already discussed by us previously 9,10 and we defer the reader to these papers for the computational 

details. The bulk simulations of the [Ch][HCys] and [Ch][Glu] systems are presented here for the first 

time and have been performed with Car-Parinello molecular dynamics and the CPMD code 42 using 

a cell with a side length of around 20 Å filled with 24 ionic pairs. CPMD has been performed 

employing Troullier-Martins pseudopotentials and the BLYP functional. The production time is 39 

ps at 360 K in the NVT ensemble. A complete list of all simulation parameters of all systems is 

reported inside the Supporting Information (SI).  
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3. Results and Discussion  
 
In this series of homologous PILs it is understood that the anion structure influences the bulk 

properties of the liquid such as viscosities, melting points and, to a lesser extent, density. This is rather 

obvious since the AA anion contains, on the side chain, the “tuneable” moiety in the fluid which is, 

in turn, responsible for the complexity of the local structure. The presence of the additional proton 

gives rise to proton transfer equilibria and tautomerization reactions. Such reactions provide a source 

of ZWAs in the liquid, thereby locally altering the charge distribution. 

We begin our analysis by presenting the association enthalpies for the various ionic couples that can 

be formed in the liquid, all calculated in the presence of a dielectric medium (PCM). The data are 

reported in Table 1 where we present the association energies of the [Ch][AA], [Ch][ZWA], [AA2]2- 

and [ZWA2]2- dimers. All the dimers turned out to be stable with respect to the isolated fragments 

despite the fact that some of them ([AA2]2- and [ZWA2]2-) are made by like-charge ions that present 

a repulsive electrostatic interaction. The stabilisation of these dimers is due to hydrogen bonding 

interactions which is dependent on the type of side chain present in the amino acid anion. A 

comparison of these interaction energies allows us to trace the relative stability of the binary structures 

that can appear in the liquid phase so to help the interpretation of the bulk phase data which, as we 

shall see, are rather complicated. The optimized structures for a selected set of [AA2]2- and [ZWA2]2- 

dimers are reported in Figures 1-3. All the other structures are reported in Figure S2-S5 in the 

supporting information.  

 

Table 1: B3LYP-D3/6-311+G** (PCM with e=35.7) DH° of the different dimer association in 
kcal/mol.  

 [Ch][AA] [Ch][ZWA] a [AA2]2- [ZWA2]2- b 

Asp -12.7 -11.6  -2.3 -6.4  

Glu -14.4 -14.1  -1.2 -14.5  

Cys -15.6 -11.3  -6.0 -10.7  
HCys -15.4 -13.6  -6.5 -5.2  

a Calculated with respect to the [AA]- + [Ch]+ dissociation.  
b Calculated with respect to the 2[AA]- dissociation. 
 

We first consider the opposite charge ionic couples [Ch][AA] and [Ch][ZWA]. All the opposite-

charge dimers are characterized by a strong H-bond that binds the hydroxyl to the carboxylate group.  

These ionic couples are rather stable for all AAs. The [Ch][ZWA] dimers have similar binding 

energies to their cation/anion counterparts, but, apart from [Glu]-, these ionic couples are significantly 
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less stable. The [Ch][Glu] ZWA isomer, in fact, has an association energy which is competitive with 

its anionic form.  

Moving to the like-charge dimers ([AA2]2- and [ZWA2]2-), we find that both the [Asp2]2- and [Glu2]2- 

complexes are only slightly stable with respect to dissociation in their anionic forms. The two dimers 

can, however, bind much more strongly when they are found in their ZWA forms. These forms of the 

AAs form a type of “diamond” arrangement (see Figure 1) between two pairs of interacting protic 

groups which is seen to bind through a “salt-bridge” double H-bond that makes these conformations 

particularly stable with a binding energy which is comparable if not greater than the cation/anion one. 

The hydrogen bonding features observed in these structures, involves the positively charged amino 

group and the carboxylate group which shares both an intra- and inter-molecular interaction. The fact 

that the binding energy between pair of like-charge ions is comparable in size to the one of 

cation/anion pairs bears a huge influence on the properties of the bulk liquid and indicates that all 

those chemical processes which require a contact between anions, such as charge transfer, become 

likely to occur.  

The two sulphur-containing AAs dimers (see figures 2 and 3) are found to be stable with respect to 

dissociation either in their plain anionic form and in the ZWA one. [Cys]- has a thiol group in its side 

chain which provides a possible proton donor group (in water –SH is a weak acid). The proton on 

this group is unstable and can transfer to another anion to produce a zwitterionic moiety. Inter and 

intra-molecular proton transfer has already been observed in molecular dynamic simulations of 

[Ch][Cys] 10 although, as we shall see more in detail below, proton transfer from the –SH moiety 

appears to represent only a sporadic event. The [HCys]- amino acid anion shares a similar structure 

to [Cys]- (difference of CH2 in the alkyl chain) with the same hydrogen bonding interaction arising 

from the carboxylate and hydroxyl group on the cation. This makes both [Ch][Cys] and [Ch][HCys] 

systems where opposite charge aggregation is largely dominant with respect to like-charge clustering. 

We shall explore these findings in more detail in the next sections using the results of our MD 

simulations because such cooperative effects are crucial to the understanding of the bulk state of these 

compounds. 

Although thermodynamics has shown that like-charge clustering of anions seems to represent a 

possible component of the bulk fluid (to a greater extent for [Glu] with respect to all others), proton 

transfer requires the cleavage of a rather stable O—H or S—H bond. In this respect, we remark that 

the different dielectric properties of the pure ionic liquid with respect to water makes the 

determination of the protonation/deprotonation sites based on well-known aqueous pKa values not 

entirely reliable. For this reason, we have tried to further characterize the proton transfer process by 

calculating the kinetic barriers to the isomerization reactions from the anionic dimer [AA2]2- to the 
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zwitterionic one [ZWA2]2-. For [Asp2]2- and [Glu2]2- the determination of the transition state turned 

out impossible because these compounds do not present a simple (one step) mechanism of proton 

transfer from the acidic side chain to the amino group. The dynamics of this process is far more 

complex and stem naturally in the fluid only due to cooperative effects (as we shall show below). The 

barrier to isomerization reaction in the anionic dimer has been instead computed for [Cys2]2- and 

[HCys2]2- at the B3LYP-D3/6-311+G**/PCM. The isomerization from [AA2]2- to [ZWA2]2- takes 

place through a two-step mechanism that corresponds to the two protons moving from the –SH to the 

–NH2 groups. For the [Cys2]2- dimer, the enthalpy of both barriers is very low and turned out to be 

0.2 and 0.9 kcal/mol for the first and second proton transfer respectively. The same data are 1.5 and 

1.9 kcal/mol for [HCys2]2-. We conclude that, for both compounds, the proton transfer process has 

the possibility to occur rapidly even at low temperatures. 

 

4. Study of the bulk phase  

Due to the singly deprotonated nature of the AAs, and, given that the thermodynamics of proton 

migration is favourable (as shown in the previous section), in the bulk phase, we deal with a rather 

complex mixture of H-bond acceptors/donors: we have carboxylic/thiolic functions (–COOH/–SH) 

and ammonium (–NH3
+) groups acting as donors while, at the same time, we have 

carboxylate/thiolate (–COO-/–S-) and amino (–NH2) groups as acceptors. In addition, we also have 

the hydroxyl group on [Ch]+ acting as an additional donor site. We will approach the analysis of the 

various molecular interactions by describing separately the anion-cation ones from those due to 

anion-anion pairs. We begin by examining the carboxylic AAs. In particular, we focus on the 

[Ch][Glu] system and we use the results of [Ch][Asp] as a reference, because the bulk properties of 

the two fluids are quite similar ([Glu] is the superior homologue of [Asp]).  

Figure 4 shows the main source of interactions between cations and [Glu] anions.  On [Ch]+ we have 

one main interaction sites that is the hydroxyl group (–OH). The radial distribution functions (RDF) 

of the hydroxyl hydrogen on [Ch]+ with different acceptor proton sites on [Glu]- is reported in 

different colors in the left panel of Figure 4: with the –NH2 group (black line: H/N distance), with the 

–COO- group (red line: H/O distance) and with the –COOH one (green line). As one might expect, 

the most intense interaction of –OH group is with the –COO- group, where a strong H-bond is 

established assisted by the negative charge on the carboxylate oxygen. The weaker version of the 

same H-bond is present for NH2, while is negligible for the available carboxylic terminals COOH. 

Despite the different abundance, if we stick to the geometry, we can assume that all three interactions 

are, in fact, H-bonds where the proton distance from the acceptor group (COO-, NH2 and COOH 

respectively) lies between 1.5-2.2 Å. Given these distances we can infer that proton transfer toward 
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the hydroxyl group of choline is not taking place at all. The contacts between the (CH3)3N+ system 

of [Ch]+ and the various protic/charged groups of [Glu]-, are shown in the central panel of Figure 4, 

where we report the RDF between the positively charged N and the heteroatoms on [Glu]-. These are 

less defined in terms of average inter-atomic distances with respect to the hydroxyl ones seen before 

and arise due mainly to long-range electrostatic and to molecular packing.  

In the right panel of Figure 4, we have reported the RDF between the [Ch]+ hydroxyl hydrogen, but 

for the [Asp]- AA. The situation is qualitatively similar to the [Ch][Glu] fluid, but the OH/NH2 H-

bonds are more abundant, a fact that is linked to the reduced structural flexibility of the [Asp]- AA. 

In [Glu]- we also observe a much reduced COOH/HO interaction with respect to [Asp]- because, as 

we shall see, most of the COOH protons have transferred to the amino group therefore leaving only 

very few carboxylate functional groups.  

 

The interaction between two different anions is less intuitive and more difficult to rationalize. The 

driving force of anionic aggregation is the formation of multiple H-bonds that must overcome the 

natural repulsive interaction between the two –COO- groups on the two anions.  We know from 

previous analysis 12 of other [Ch][AA] liquids that the average distance between the two negatively 

charged carboxylate on two different AAs is greater than 5-6 Å depending on the molecular size. 

Evidently, this distance is sufficient to decrease the electrostatic repulsion to the point in which H-

bond can induce anion clustering, also helped by the relative high dielectric screening that further 

decreases electrostatic forces. In Figure 5 we report the RDFs between the protons initially residing 

on the COOH terminal of the AAs and the possible acceptor sites on the other AAs. The black line 

corresponds to a proton that interacts with the amino group and the red one to a proton that interacts 

with another carboxylate. The main peak of these radial distributions at around 1 Å, with a significant 

component below this value, indicates that the H-bond is very strong and that a certain degree of 

proton transfer has occurred from COOH to NH2 or COO- and that the proton now resides within the 

immediate neighbouring of the acceptor whether N or O. While the H—N radial distribution function 

(black line) shows essentially only one peak, the H-O one (red line) shows two peaks at short range 

the second being at 1.5 Å. The latter is obviously due to the presence of the second oxygen in the 

acceptor carboxylate. We conclude that the proton on the acidic side chain of [Glu]- can migrate easily 

onto the other anions while it does not migrate onto cations. We also see that proton transfer is taking 

place especially towards the NH2 group as we can infer by considering the small size of the second 

peak in the H+/N RDF (black line) at 1.7 Å that should represent the very small fraction of COOH 

that do not form an H-bond with amino groups. By looking at the molecular arrangements sampled 

by our dynamics we can also say that while the proton transfer toward the amino group is only seldom 
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reversible, that toward another carboxylate is reversible as one could easily expect for a resonant 

process.  

The possibility of forming a neutral H-bond between two protonated COOH groups has been also 

investigated, but such interaction turned out to be negligible and only sporadic occurrences of such 

H-bond have been detected. 

In the central panel of Figure 5 we report the RDFs between the oxygen atoms that are part of the 

carboxylic groups in various states of deprotonation. The first peak appears at 2.6 Å and identify the 

proton mediated H-bond. From the data we have gathered and presented in the left panel, we know 

that these O–O interactions are mediated by a charge assisted H-bond formed between two negatively 

charged carboxylate groups: –COOd-×××H+×××d-OOC–.  

If we compare the data collected for [Glu]- (left panel in Figure 5) with those for [Asp]- (right panel) 

we see that the two fluids behave in a similar way, with few important differences. We have said 

before that in [Asp]- fewer protons are migrating toward NH2 during the simulations. This behaviour 

is consistent with the reduced stability of the ZWA dimers (with respect to [Glu]-) that we showed in 

the ab-initio calculations and presented in Table 1. In particular, for [Glu]- the formation of [ZWA2]2- 

dimers produces a more pronounced gain in association energy with respect to [Asp]- thereby 

favouring the proton transfer processes from the carboxylate to the amino groups. If we look at the 

radial distribution function of H+/N in the right panel of Figure 5 (black line), we see that in [Asp]-, 

there is an appreciable fraction of COOH that do not form an H-bond with amino groups as shown 

by the presence of a second peak at around 1.7 Å.  

To have a pictorial representation of the bulk phase of [Ch][Glu], in Figure 6 we show the density 

surface representation obtained by a positional average of the cationic (blue) and anionic (red) 

positions along the production time: the aggregation of the anions (in red) is clearly shown by the 

spatial contiguity of the anionic domain, whereas the cations (in blue) are topologically isolated from 

each other and the blue density shows much fewer contacts. Most of these anionic clusters are found 

to be made by three anions connected together. An example arrangement of the three anions extracted 

from the simulations is further shown in Figure 6, below the density map. Out of three AA, the central 

one is a [ZWA]- with a positive NH3
+ and two negative COO-. The one on the right is a typical [AA]- 

with only one COO-, while the one on the left is a doubly deprotonated anion.   

 

Moving onto the sulphur based liquids, we report in Figure 7 the RDFs of the non-acidic choline –

OH proton toward the various acceptors in the [Cys]- and [HCys]- AA. As for [Glu]- and [Asp]-, the 

main interaction between anion and cation is the H-bond between the hydroxyl and the carboxylate 

(red lines). In the [Ch][Cys] system a substantial number of H-bonds exists also between the hydroxyl 
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and the NH2 group of the AAs (black line). The interaction of the cation with the thiol group (green 

line) is clearly negligible for both [Cys]- and [Hcys]-. All these H-bonds contacts have the maximum 

peak at distances well above 1 A thereby showing once again that, despite a strong H-bond, the proton 

on choline is not transferable.  

Due to these short distances, we understand that the cationic and anionic species are found in 

proximity to each other although the thiol side chain functionality still plays a role in binding also the 

anions to each other. In order to explore the role of the thiol group in the [Ch][Cys] liquid, we report 

in Figure 8 the RDFs of its hydrogen with the various acceptor sites of the other anions. In the left 

panel of Figure 8, the interaction (black) at 1.8 Å corresponds to the thiol-amine H-bonds whereas 

the small (red) peak at 1.7 angstroms is the thiol-carboxylate interaction. Due to these distances, 

which are comparable to the ones we have found in the cation-anion H-bonding features, it is possible 

that inter-anionic hydrogen bonding is prominent in the [Ch][Cys] liquid and that anions are found to 

be relatively close to each other. Only very weak interactions (in green) are observed between two 

thiol groups.  

Only a very limited proton mobility is observed in [Ch][Cys] as highlighted by the right panel of 

Figure 8 where the average distribution of S-H distances within the same AA molecule is reported. 

Such distribution is reported along with its volumetric running integral. Given that we have 56 ionic 

couples in the simulation box the limiting value of the integral measures the total number of S-bound 

protons. The distance distribution shows a shallow peaks at large distances that represent the fact that 

only a limited number of thiol protons (3 over 56) is no longer bound to sulphur, but has migrated 

onto the NH2 group of the same molecule.  

The same set of data discussed for [Cys]- is reported in Figure 9 for [HCys]-. The latter behaves 

similarly with respect to [Cys]- especially for the NH2—SH and COO-—SH interactions. As before, 

the red line shows us that the SH is involved in rather strong H-bonds with the amino groups of other 

anions, but the H—N peak at 1.1 Å signify only a very limited chance of protons migrations onto the 

NH2 groups. Also, it is important to note that during most the simulation the proton remains bonded 

exclusively to the thiol group (right panel, Figure 9).  

 

5. Degree of (de)protonation on [Asp]- and [Glu]- 

Our previous analysis has pointed out a certain mobility of protons on the side chain of the examined 

systems: the result is that the possibility of transfer is greater when a carboxylic group is involved 

instead of a thiol group. However, the previous analysis does not allow us to quantify the degree of 

deprotonation of the side chain. To achieve this goal, we can use the RDFs reported in Figure 10. 

This figure shows the intramolecular COO—H distance and is reported along with its volumetric 
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integral. The integral of the first peak (at 1.1 Å) shows the average number of protons that remain 

attached to the COO group, the second peak at larger distances (1.4-2 Å) the protons that migrated 

onto a nearby NH2/COO- group. The third “peak”, barely visible on the scale chosen, that we locate 

between 2.5 and 4 Å, represents those protons that have left the original COOH group and have 

moved in the liquid. In the [Glu][Ch] liquid only 15 protons remain attached to their original location 

onto the COOH group of the side chain. 9 protons have left their original location and have moved 

onto a nearby basic group (mostly NH2). At least one proton has moved far away in the simulation 

cell. The situation for [Asp]- is very similar although our simulation cell contained less ionic couples 

and the total number of side-chain protons is 16.   

Figure 11 shows the time elapsed proton migration (in percent) at a certain distance for several 

individual H atoms of the, initially, COO–H groups on the side chain of the [Glu]- AAs. We have 

highlighted only some of the significant bonds in the data (due to excessive overlap between the 

histograms). An example of two protons that remains localized on the side chain are represented by 

the black and purple histograms, where the proton is bound to COO for most of the time although the 

latter has a greater mobility than the former. The red and orange histograms represent the case of 

protons which are shared with an NH2 group. The blue one, instead, shows the movements of a proton 

which has completely lost contact with the original COO- group and has migrated into the liquid. In 

cyan we see a proton shared between two COO- groups. The last case in green shows a proton that is 

hopping between its own COOH and an NH2 group. It is possible to make similar considerations for 

the [Asp][Ch] system which is reported in the Supporting Information in Figure S7. 

 

6. Conclusion  
 
In this work, we have explored by means of computational methods, namely ab-initio calculations 

and molecular dynamic simulations, the structural complexity of a small subset of PILs. Our focus 

has been the formation of negatively charged zwitterionic species and the mechanisms of the ensuing 

proton transfer processes that take place in the bulk liquid. The systems under study are made up of 

a [Ch]+ cation and a set of homologous AAs, specifically [Asp]-, [Glu]-, [Cys]- and [HCys]-, all of 

which possess a secondary protic function on the side chain. These additional protic groups contribute 

to the complex hydrogen bonding network of the liquid impacting both its nanoscopic structure and 

its local charge distributions, hence affecting the bulk behaviours such as its frictional properties and 

conductivity (which might be enhanced by the presence of light charge carriers such as the migrating 

protons). The presence of a mobile proton on the side chain of the anion introduces complexity in 

these systems through two different transfer mechanisms: intra- or an inter-molecular proton transfer. 

In our MD simulations, we have clearly identified the existence of the unusual zwitterionic anions in 
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the bulk liquid which are a by-product of the presence of proton transfer processes. The relative 

stability of such zwitterionic species has been further confirmed by accurate ab-initio computations 

on the (continuum-solvated) isolated molecular structures.  

While we have seen the formation of such zwitterionic transient chemical structures through sporadic 

single molecule tautomerization reactions, most of the times their formation is due to a proton transfer 

between two different anions. This instance requires that the anions come into contact due to 

cooperative hydrogen bonding which causes anionic species to cluster together overcoming their 

natural Coulombic repulsion. Interestingly we have also demonstrated that, isolated [Glu2]2- and 

[Asp2]2- dimers, once a sufficiently screening dielectric is present, overcome the electrostatic 

repulsion and form a dimer stabilized through multiple H-bonds which turns out to have a binding 

energy that is competitive with the cation-anion one. In contrast, the sulphur based AA ([Cys]- and 

[HCys]-) show a reduced propensity in forming the [AA2]2- dimers that we have found to be less 

stable that their oppositely charged counterpart [Ch][AA]. This result is further supported by the 

findings of our MD simulations where, in the case of the sulphur compounds, zwitterionic species 

were only a sporadic presence in the liquid and the ensuing proton transfer turned out to be only a 

minor process.  
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Figure 1: Optimized structure at the D3-B3LYP/PCM level for [Asp2]2- (left) and [Glu2]2- (right) 
ZWA/ZWA dimer. Acceptor donor distances in H-bonds are also shown. 
 

Figure 2: Optimized structures at the D3-B3LYP/PCM level for [Cys2]2- anion/anion (left) and 
ZWA/ZWA (right) dimers. Acceptor donor distances in H-bonds are also shown. 
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Figure 3: Optimized structures at the D3-B3LYP/PCM level for [HCys2]2- anion/anion (left) and 
ZWA/ZWA (right) dimers. Acceptor donor distances in H-bonds are also shown. 

 

Figure 4: RDF between cation and anions: the left panel presents the RDF between the hydrogen of 
the hydroxyl on [Ch]+ and the nitrogen of the amino group (black line), the oxygen of the carboxylate 
group (red line) and that of the carboxylic group (green line) of the [Glu]- anion. Central panel shows 
the RDF between the quaternary N of [Ch]+ and interactions with the same AA functional groups. 
The right panel contain the same data as the left one, but for the [Ch][Asp] fluid. 
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Figure 5: Inter-anionic RDF between anions: left panel shows the radial distribution for the proton 
(H) of the carboxylic groups of [Glu]- to the amino group (black) and to the carboxyl/carboxylate 
group (red). In the central panel we show the radial distribution function between all carboxylic 
oxygen atoms. The right panel contain the same data as the left one, but for the [Ch][Asp] fluid. 
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Figure 6: (Top) Volumetric map of the density surface of ionic liquid [Ch][Glu] calculated as 
positional average of the AIMD trajectory: cation density in blue, anion density in red. (Bottom) An 
example of the complex arrangement inside [Ch][Glu] IL from a snapshot: the [Glu]2- on left has 
protonated the amino group of the [ZWA]- at the centre whose NH3

+ group is interacting with two 
different carboxylate groups; the side chain of the [Glu]- at centre is sharing its proton with another  
anion which is not displayed. 
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Figure 7: RDF between cation and anion of [Ch][Cys] (left) and [Ch][HCys] (right) focused on the 
distribution function of the H atom of the hydroxyl group of the choline: in black with the nitrogen 
of the anion amino group, in red with the carboxylate and in green with the thiol. 
 

Figure 8: Left, inter-anionic RDF of [Cys]- focused on the hydrogen of the thiol group. Black line: 
with the amine group (S–H×××NH2). Red line: with the carboxylate group (S–H×××O-) and the distance 
(green) between this hydrogen and another thiol group (S–H×××SH). Right, intra-molecular S–H RDF 
of [Cys]- and its cumulative volumetric integral.  
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Figure 9: Left, inter-anionic RDF of [HCys]- focused on the hydrogen of the thiol group. Black line: 
with the amine group (S–H×××NH2). Red line: with the carboxylate group (S–H×××O-) and the distance 
(green) between this hydrogen and another thiol group (S–H×××SH). Right, intra-molecular S–H RDF 
of [HCys]- and its cumulative volumetric integral. 
 
 

 
Figure 10: Intramolecular RDF of the COO—H distances ion [Asp]- (right) and [Glu]- (left). In the 
simulation cells there are 24 COOH protons in [Glu]- and 16 in [Asp]-. 
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Figure 11: Histograms displaying the time elapsed proton migration (in percent) at a certain distance 
for the H atom of COO–H groups. See text for details.  
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