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Abstract: We present a computational characterisation of Aminotris(methylenephosphonic acid)
(ATMP) and its potential use as an anionic partner for conductive ionic liquids (ILs). We argue that
for an IL to be a good candidate for a conducting medium, two conditions must be fulfilled: (i) the
charge must be transported by light carriers; and (ii) the system must maintain a high degree of
ionisation. The result trends presented herein show that there are molecular ion combinations that do
comply with these two criteria, regardless of the specific system used. ATMP is a symmetric molecule
with a total of six protons. In the bulk phase, breaking the symmetry of the fully protonated state and
creating singly and doubly charged anions induces proton transfer mechanisms. To demonstrate this,
we used molecular dynamics (MD) simulations employing a variable topology approach based on the
reasonably reliable semiempirical density functional tight binding (DFTB) evaluation of the atomic
forces. We show that, by choosing common and economical starting compounds, we can devise a
viable prototype for a highly conductive medium where charge transfer is achieved by proton motion.

Keywords: ionic liquids; semiempirical methods; DFTB; proton transfer

1. Introduction

Ionic liquids (ILs) can be defined as salts with low melting or glass transition points which
display some or all of the following functional physicochemical properties: solvation capabilities, ionic
conductivity, low vapour pressure and high thermal stability [1,2]. For a more in-depth discussion of
which properties actually define an ionic liquid see ref. [2]. The wide applicability of these liquids in
chemistry, industry and technology has generated expectations in technological developments [3–5].
Of particular interest is the chemical “tunability” of the component cationic and anionic moieties which
permit the task-specific rational modulation of ILs properties for specific applications.

Despite being pure electrolytes, ILs are not as good conductors as expected. Charge transport
is mainly achieved by ion drift, whilst conductivity is limited by the high viscosities which, in turn,
depend on the strong cohesive forces that characterise a molten salt. To promote efficient charge
transport, light charge carriers such as protons should be embedded in the liquid.

In this context, the special class of materials known as protic ionic liquids (PILs) are particularly
relevant as, differing from other ILs, they exist in ionised form due to extant proton transfer between

Symmetry 2020, 12, 920; doi:10.3390/sym12060920 www.mdpi.com/journal/symmetry

http://www.mdpi.com/journal/symmetry
http://www.mdpi.com
https://orcid.org/0000-0001-8449-4711
http://www.mdpi.com/2073-8994/12/6/920?type=check_update&version=1
http://dx.doi.org/10.3390/sym12060920
http://www.mdpi.com/journal/symmetry


Symmetry 2020, 12, 920 2 of 15

the acid and base components. It is precisely the presence of proton transfer equilibria that makes these
substances viable candidates to optimise charge transfer phenomena towards the delivery of novel
paradigms for highly conductive mediums. While PILs lack the extreme chemical and thermal stability
of some of the traditional ILs, they have attracted attention because of their peculiar solvation abilities
that make them ideally suited to substitute water and other protic solvents, particularly in biological
applications [6]; including in the war on antibiotic resistance [7]. PILs are a very complex chemical
species and depending on the structures of the constituent molecular ions, they can show a wide
range of peculiar structural patterns from aggregation phenomena [8,9] to intricate hydrogen bonding
(H-bonding) networks [10,11] which, in turn, can guide surface effects [12] and phase separations [13].
It therefore follows that the study of their molecular structures is essential to understand, at least
in part, their bulk properties. Among the latter the aforementioned ionic diffusion/conduction is
particularly interesting for applications in electrochemistry where these substances could potentially
act as dry proton conducting prototypes [14–20].

One of the principal challenges in delivering efficiently functionalised PILs is that the degree
of ionisation is largely dependent on the ∆pKa between the acid and the conjugate acid of the base.
Large ∆pKa values, substantiating complete ionisation, lead to poorly conducting materials (as there
would effectively be no ‘free’ protons), whereas low ∆pKa and hence partial ionisation, may result in
higher conductivities, yet concomitant with the partial loss of the IL properties due to the existence of
a neutral component that can lead to phase separation and evaporation [21,22].

In the pursuit of prototype materials that may overcome these problems and therefore present
(i) a high protonic mobility while (ii) retaining a fully ionised state, we have extensively examined a
homologous series of compounds made up of a single deprotonated amino acid anion and a choline
cation [23–25]. We indeed found that the amino acid anions with a protic side chain are able to
provide a source of mobile protons, while remaining ionised. The “trick” is due to the fact that proton
transfer takes place exclusively between anions and that cations do not directly participate in these
protic relocations, thus ensuring the liquid remains (at least predominantly) ionised due to the lack of
mutual neutralisation reactions. The anions, in this case, must possess structural features such as to
allow themselves to interact via H-bonds strongly enough to overcome the Coulombic repulsion [26].
Unfortunately, PILs based on amino acid anions are rich in amino groups that act as proton scavengers,
therefore inducing the transformation of the anions into zwitterionic structures which have been found
to be stable enough to quench proton mobility. In other words, the natural tendency of the amino
acid anions to form zwitterionic species limits the practical applicability of these substances as proton
conductors with, perhaps, the notable exception of phospho-amino acids [27].

As a result of these considerations, in our quest for having a highly conductive ionic liquid, we
identified a novel system which suits the two above criteria. The aim of this paper was to present insights
of a prototype material based on singly and doubly deprotonated Aminotris(methylenephosphonic acid)
(ATMP) and the 1-ethyl-3-methylimidazole (EMIM) cation (Figure 1), employing ab initio electronic
structure computations and semiempirical molecular dynamics (MD) to resolve their structural and
dynamic characteristics.
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Neat liquid phosphoric acid (H3PO4) has the highest intrinsic proton conductivity of any known
substance and we believe this behaviour could be replicated using ATMP [28]. The presence of three
phosphonic acid chains in ATMP makes this a unique system which possesses a large number of
diverse hydrogen bonding (H-bonding) acceptor and donor terminals, which can drive proton motion.
Moreover, it lacks any basic group, hence the negligible quenching of proton mobility is expected,
as manifested in amino acid-based PILs.

The choice of EMIM as the pairing cation originated from the fact that imidazolium-based ILs
have been comprehensively characterised in the literature with favourable properties such as stability
and a lack of basicity [29–31]. The singly deprotonated ATMP represents, as far as we know, a novel
anion component for an IL. ATMP in its completely deprotonated form has been utilised on only one
occasion as an IL component of a hybrid catalytic nanomaterial to reduce nitro-anilines [32]. ATMP has
also been employed as part of a protic ionic solid to capture protons in an anhydrous proton conducting
material [33]. Lastly, ATMP was incorporated in an innovative hybrid ion-exchange material as a
cation exchanger [34]. The fact that ATMP has had a role in ion capture and exchange suggests there is
potential for this system to serve as an anhydrous fast charge carrier.

In this work, we examined the structure of [ATMP][EMIM] with emphasis on the short-range
order using newly computed ab initio data. We also present novel MD simulations of clusters of
growing sizes as well as of the bulk phase through an efficient quantum chemical semiempirical
method: density functional tight binding (DFTB).

The results demonstrate the favourable formation of stable ATMP anionic clusters, promoted
by multiple stabilising and directing H-bonds manifested by the three phosphonic acid side chains.
This H-bond network facilitates both intra- and intermolecular proton transfers. The ATMP anions
tend to aggregate and our findings support the increasing evidence that some ILs show ‘like charge’
aggregation phenomena [35–37]. Herein we attempt to unravel the structural behaviour of this
prototypical system with focus on determining the reversibility of the proton ‘jumps’ and to establish
the potential of analogous (real) materials as alternative means to achieviing dry proton conduction in
highly ionised mediums.

While it is very likely that this compound can be easily synthetised by a salt exchange reaction, the
actual bulk properties of the real material are to date unknown. It is known that the anion can act as an
ionic partner of a room temperature ionic liquid (RTIL) [32]. In principle, a suitable choice of the cation
(or a mixture of cations) would ultimately lead to an ionic medium with the desired melting point.
As we show herein, the possible conductive properties of the system are entirely due to the anions,
with the cations playing a spectator role. The aim of this study was to show that by a suitable choice of
the anion we can produce a proton conducting, highly ionised medium without the onset of neutral
components. Even in the unlikely case that the system was not liquid under all circumstances, the
results herein presented remain relevant, as they reveal the molecular mechanisms which are the basis
of the conductive properties of well known ionic solid phases such as those previously reported [33].

2. Computational Methods

Initial ab initio electronic structure calculations were performed on the separate EMIM cation
and ATMP anion to determine the stable geometric structures of the ions. This was followed by
calculations on the isolated dimers consisting of cation–anion and anion–anion combinations with the
ATMP anions in differing deprotonation states, to characterise the following dimeric combinations:
[EMIM]+[ATMP]−, [EMIM]+[ATMP]2−, [ATMP]−[ATMP]−, [ATMP]2− [ATMP]2−, [ATMP]−[ATMP]2−

and [ATMP][ATMP]2− (i.e., cation–anion, cation–dianion, anion–anion, dianion–dianion, anion–dianion
and neutral–dianion). The computations were carried out both in the gas phase and in a self consistent
reaction field (SCRF) to mimic the dielectric effects of the solvent, using the polarizable continuum
solvent model (PCM) [38]. The latter was employed to introduce an environmental dielectric screening
to account for the fact that the dimers with large charge separations were unstable in vacuum. As the
dielectric properties of the material were unknown at that moment and that, even for similar well
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known ILs the measurement of dielectric properties was still missing [2], the model solvent used was
acetonitrile (ε = 35.7) as its dielectric constant has the typical values of many PILs [39,40].

Four different conformers for each of the dimers above were optimised and the lowest energy one
was chosen as representative of the minima structure (see Section S1 of the supporting information for
further details).

A full unconstrained optimisation was performed for the monomeric and the lowest energy
dimeric structures followed by the evaluation of the harmonic frequencies to determine the approximate
thermodynamics. We used the D3-B3LYP [41] functional with the 6-311+G(d,p) basis set [42] which
was suitable for the study of PILs based on phosphorylated species. The Gaussian16 programme
package [43] was utilised for all the ab initio calculations.

The study of larger ionic aggregates and of the bulk phase was achieved by MD based on DFTB,
a semiempirical, quantum chemical method with an accuracy comparable to density functional theory
(DFT), albeit with the added advantage of being less computationally demanding. DFTB has been
previously used with success to simulate the structure and properties of ILs, as well as proton transfer
capabilities [44–47]. A validation of the DFTB approach is presented in Section S1 of the supporting
information, where we show how it was able to reproduce the dimer association energies computed
with the DFT (B3LYP) method with sufficient accuracy.

We made use of the full DFTB3 method which was the latest extension that included the
third-order effects [48] in the exchange–correlation potential expansion, facilitating an accurate
treatment of H-bonding. Furthermore, this model improved the description of ions pairs as the
Coulomb interaction parameter on the surrounding charges was accounted for. DFTB simulations
were performed using the 3-ob Slater–Koster parameter set, whilst concurrently estimating dispersion
forces through implementation in the Slater–Kirkwood polarizable atom model. The DFTB simulations
were carried out on isolated clusters of the following differing sizes: 4 ionic pairs for 250 ps and 6 ionic
pairs for 100 ps. Another DFTB simulation was performed with NVT periodic boundary conditions
with density set to 1.20 g/cm3 consisting of 9 ionic pairs for ~50 ps with a 1 fs timestep. A Nosé–Hoover
thermostat was employed with a constant temperature set at 300 K for all simulations.

In all the above simulations, initially, the ATMP anions were singly deprotonated resulting in a
proton to ATMP ratio of 5:1. In principle ATMP can also act as a component of an ionic medium in its
doubly and triply deprotonated forms giving rise to a proton:ATMP ratio of 4:1 and 3:1. The latter
however is an anion unlikely to lose its remaining protons given that the second pKa of the phosphoric
group is 7.2. Hence, the triply deprotonated form can hardly be the component of a conductive
medium. The doubly deprotonated form, instead, still has a mobile proton on one of the phosphonic
groups and therefore we set up an additional simulation of a neutral cluster containing three ATMP
dianions coupled with 6 cations. The simulation was carried out as detailed above for 300 ps.

The advantage of using a semiempirical method was twofold in this context: (i) computational
efficiency is very high thus we can explore timescales much longer than single proton transfer events
and (ii) variable chemical topology (i.e., bond breaking and forming) is naturally accounted by the
evaluation of the gradient of the electronic energy (the interatomic forces). Another option for tackling
the simulation of the systems where chemical bonds are free to break/form is ab initio molecular
dynamics (AIMD) which provide the advantage of computing the ‘exact’ nuclear forces from the
electronic structure. However, this ‘rigorous’ approach is extremely costly. Our intention here was to
reduce the computational cost thus extending the current limits of the simulation to timescales that can
adequately sample proton transfer events.

3. Results and Discussion

3.1. Ab Initio Dimer Computations

It is understood from earlier studies [24] that some of the bulk properties of PILs share a correlation
with the ability of the molecular ions to form H-bonds. The presence of both phosphonic and phosphate
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groups on a singly deprotonated ATMP ion suggests that the five H-bonding donors can contribute to
a stable cooperative network of anionic dimers and oligomers, along with the deprotonated oxygen
which acts as a principal H-bond acceptor. It is expected that tautomeric reactions can arise within the
same anion as well as the inter-anion proton transfer processes due to the acidic functionalities.

We initiated our computational assessment by determining the enthalpies associated with differing
ionic pairs that can be formed in the bulk system in both gas- and solvated-phases. Such resolution of
the structural features in isolated environs assists in the understanding of the atomistic and dynamical
behaviours of these systems. A conformational analysis for the various dimer variants was performed
and its results are presented in Section S1 of the supporting information. Four different possible
minimum structures were found for each dimer variant. Here we shall present only the results for the
lowest energy minima.

Relevant energetic trends are listed in Table 1 which contains the association enthalpies of the
following dimers: cation–anion, cation–dianion, anion–anion, dianion–dianion, anion–dianion and
neutral–dianion. From the frequency calculations, each structure reported here was confirmed as a
minimum; even those referring to a like charged dimer in the absence of a solvent model. This fact
tells us that the comprising H-bonds are strong enough to bind these structures in a metastable local
minimum with a positive energy with respect to the bimolecular dissociation limit.

Table 1. Enthalpies of association (∆H, kcal/mol) of the differing dimers characterised, with respect to
their separated components in both the gas-phase (vacuum) and the acetonitrile solvent (ε = 35.7).

Dimer Gas-Phase Acetonitrile Solvent (PCM ε = 35.7)

[EMIM]+[ATMP]− −92.7 −23.5

[EMIM]+[ATMP]2− −177.8 −29.9

[ATMP]−[ATMP]− 25.6 −37.6

[ATMP]2−[ATMP]2− 79.6 −34.6

[ATMP]−[ATMP]2− 26.8 −36.6

[ATMP][ATMP]2− 69.6 −35.1

The optimised geometries of the oppositely charged ionic pairs [EMIM]+[ATMP]− and
[EMIM]+[ATMP]2− are shown in Figure 2. They display a relatively weak H-bond that tethers
one of the imidazole hydrogens to the deprotonated oxygen of ATMP. The acceptor/donor H—bond
angles are moderately obtuse at 112◦ and 130◦, as typical of weak H-bonds, for [EMIM]+[ATMP]−

and [EMIM]+[ATMP]2− respectively. As expected, we observe that [EMIM]+[ATMP]−, in a model
solvent, has a smaller binding energy (~23 kcal/mol) than does its cation-dianion complement
[EMIM]+[ATMP]2− (~30 kcal/mol).Symmetry 2020, 12, x FOR PEER REVIEW 6 of 15 
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Figure 2. Optimised geometries of the oppositely charged dimers of EMIM and ATMP.
[EMIM]+[ATMP]− on the left and [EMIM]+[ATMP]2− on the right. Cation–anion H-bond distances (Å)
are shown.
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The stable geometries of the anionic dimers of ATMP are reported in Figure 3. The like charged
complexes have association energies which are larger than their respective oppositely charged pairs,
even the [ATMP]2−[ATMP]2− structure. The presence of strong inter-anion H-bonds stabilises like
charge complexes to such an extent that they overcome the Coulombic-like charge repulsion. The main
H-bonding motif, as expected, is characterised by the appearance of PO–H–OP interactions in various
charged states as shown in Figure 3. These H-bonds are much more robust than those between anions
and cations and show angles very near 180◦, specifically 171◦, 161◦, 172◦ & 175◦ for [ATMP]−[ATMP]−,
[ATMP]2−[ATMP]2− and [ATMP]−[ATMP]2−, respectively.
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Figure 3. Optimised geometries of the three anionic dimers studied ([ATMP]−[ATMP]−,
[ATMP]2−[ATMP]−, [ATMP]2−[ATMP]2−). The selected inter-atomic H-bond acceptor–donor distances
(Å) are shown.

The [ATMP]−[ATMP]− dimer displays an association enthalpy of −37.6 kcal/mol, proving to be
the most stable among the analysed complexes; this is exceptional considering that it is a doubly
charged species. More impacting on convention is the −36.6 kcal/mol stabilisation of the triply charged
[ATMP]−[ATMP]2− dimer and the −34.6 kcal/mol of the quadruply charged variant. Such pronounced
associative stabilisation suggests that these dimers may also exist in the bulk phase, with dissociative
electrostatic repulsion being overcome by the robust H-bonding.

These relatively simple ab initio electronic structure determinations provide strong quantitative
evidence that the anions of ATMP tend to cluster, providing a route to proton transfer. However, one
must be cautious in the extrapolation of such trends arising from isolated dimeric structures to bulk
ensembles. Therein, numerous proximate ionic pairs modulate structural isomerism and together with
environmental effects perturb the overall dimeric association. Even though we presented results based
on the use of an implicit solvent treatment to mimic the bulk solvation of the isolated pairs, it remains
an imprecise representation of the solvent effect, particularly due to its failure to account for directional
solute–solvent interactions such as H-bonding. Towards remedying this shortcoming, we combined
the precision of these ab initio determinations, with a set of bulk simulations that we will explore in
the next sections.
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3.2. Cluster MD Simulations: Four Ionic Pairs Cluster

To map the isolated calculations to the bulk character of the [ATMP]−[EMIM]+ material, we begin
by presenting results from the MD simulation on an isolated cluster of four ionic pairs, that represents
the first step in increasing the system size. The large part of the interaction between the [EMIM]+ and
[ATMP]− ions was due to electrostatics with the minor addition of a stabilising H-bond between the
slightly acidic imidazole ring hydrogens [49,50] and the oxygen atoms on the phosphonic acid groups.
The short-range structure that results from these interactions is shown in Figure 4 where we report
various O–H radial distribution functions (RDFs). The black line is the anion–cation O–H distance.
The maximum of this RDF is around 2 Å and its overall shape and the lack of sharp structures indicates
a weakly coordinating interaction.
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Figure 4. Singly deprotonated ATMP, 4 ionic couples cluster. Black line: the anion–cation, O–H radial
distribution function (RDF) between the oxygen atoms of [ATMP]− and the hydrogens on the imidazole
ring of [EMIM]+. Red line: the intermolecular O–H RDF between the different [ATMP]− anions. Green
line: the intra-molecular O–H RDF within the same [ATMP]− anion.

Much sharper structures can be seen in the RDFs relative to the other H-bonds which are formed
between anions (red line) and within a single anion (green line). The red line represents the O–H
distance distribution between the (initially) deprotonated oxygen on a given anion and the protons
(initially) on the other ones. The green line was computed in the same way, but within a single anion.
The presence of a strong peak between 0.9 and 1.1 Å in both the anionic RDFs suggests that ATMP
protons, can not only strongly interact with the deprotonated oxygen, but that, in several instances,
they have migrated onto it (i.e., at covalent bonding distances). Hence, this evidences the formation of
novel O–H bonds in the anions due to the migration of protons. This negatively charged oxygen atom
is pivotal in initiating a cascade of proton jumps as it is the sole proton-deficient site.

Further evidence is presented in Figure 5 (right panel) which shows two selected O–H bond
distances as a function of simulation time. It is evident that both the tracked protons are abandoning
the anion. One of the two distances (the red line) represents an initially O–H bound proton, dissociating
to distances as great as 6 Å, whilst the other (the black line) represents a proton that migrates onto an
acceptor oxygen, albeit remaining strongly bound to the donor via an H-bond. These proton transfers
are essentially energy-resonant processes due to the correspondent protic functionality being the same,
thus leading to a negligible energetic variation upon the proton movement.
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The final structural snapshot of this cluster at the end of the MD trajectory is shown in the left panel
of Figure 5 and reveals that various protons have migrated through a series of manifold inter-anionic
and intra-anionic proton exchanges (purple and orange H atoms, respectively). Proton jumps appear
throughout the simulation, reminiscent of a Grotthuss-type proton hopping mechanism.
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Figure 5. Singly deprotonated ATMP, 4 ionic couples cluster. Left: structural snapshot of a 4 ionic pairs
cluster at around 100 ps; the migrating protons are shown in orange (intramolecular) and in purple
(intermolecular) highlighted by the green arrows, and the cations have been faded for clarity. Right:
two selected O–H bond distances as a function of time.

Towards a more quantitative characterisation of these proton transfer processes, we investigated
how the movement of protons actually transports a charge through the system. This can be revealed
through the analyses of the partial charges of each ion as a function of time throughout the entirety
of their MD trajectories (Figure 6). The cations, which do not partake in the proton transfer process,
manifest a fixed partial charge of +1 a.u., supporting our conclusion that they are merely ‘spectator’
ions. Three of the anions (orange, cyan and green lines in Figure 6) exhibit varied charges over the
trajectories, due either to the partial loss or gain of a proton, whilst one of the anions (purple line,
Figure 6) maintains a constant −1 a.u. charge. We note that the loss or acquisition of a proton does not
necessarily lead to a dianionic or neutral species, respectively, but rather to a partial charge depletion
or increase of ±0.5 a.u. This electrostatic character is due to the migration that takes place through
H-bonding where the proton remains fractionally and dynamically shared between the acceptor and
the donor sites over the course of the trajectory. Together, these trends support our initial assumption
that charge transfer is rapid, reversible and promoted by the formation of like charge aggregates.Symmetry 2020, 12, x FOR PEER REVIEW 9 of 15 
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3.3. Cluster MD Simulations: Six Ionic Pairs Cluster

Larger aggregates comprised of six ionic pairs display novel structural patterns particularly in
the way ATMP aggregates, with respect to the isolated dimers and four-pair clusters. Firstly, we
ascertained that the anions tend to be in contact throughout the entirety of the simulation. Therein,
phosphonic acid acts as a strong proton donor and for such a system rich in H-bond terminals it is
evident that proton transfer necessitates anionic aggregation during the temporal evolution of the
system. As we show in the snapshots reported in Figure 7, ATMP anions can form dimeric and
even trimeric complexes. We presented selected geometric poses along the MD trajectory; wherein
exemplary snapshots of both intra-molecular and intermolecular proton transfer occurred.

Symmetry 2020, 12, x FOR PEER REVIEW 9 of 15 

 

 
Figure 6. Singly deprotonated ATMP, 4 ionic couples cluster. Partial charge vs. time. The trends 
highlight the localisation of the cation and anion charge at approximately 1 a.u. and −1 a.u., 
respectively. Times of specific cases of charge migration are indicated by grey arrows. 

3.3. Cluster MD Simulations: Six Ionic Pairs Cluster 

Larger aggregates comprised of six ionic pairs display novel structural patterns particularly in 
the way ATMP aggregates, with respect to the isolated dimers and four-pair clusters. Firstly, we 
ascertained that the anions tend to be in contact throughout the entirety of the simulation. Therein, 
phosphonic acid acts as a strong proton donor and for such a system rich in H-bond terminals it is 
evident that proton transfer necessitates anionic aggregation during the temporal evolution of the 
system. As we show in the snapshots reported in Figure 7, ATMP anions can form dimeric and even 
trimeric complexes. We presented selected geometric poses along the MD trajectory; wherein 
exemplary snapshots of both intra-molecular and intermolecular proton transfer occurred.  

 
Figure 7. Singly deprotonated ATMP, 6 ionic couples cluster. Snapshots along the MD trajectory. Only 
the relevant anions are highlighted with the green arrows showcasing the migrating protons. Left 
panel: the intramolecular proton transfer. Middle panel: an ATMP anionic trimer where two 
intermolecular proton transfers occurred simultaneously. Right panel: an ATMP anionic dimer with 
a single intermolecular proton transfer. Selected H–O distances (Ǻ) of the newly formed bonds are 
provided. 

Those leading to the charge transfer process take place between differing anions (middle and 
right panels of Figure 7) with the anionic trimer manifesting a particular efficacy with post-transfer 
proton shifts amid adjacent anions actioning stabilising charge compensation. Hence, the role of 
ATMP anions in this system could be described as ‘equalisers’ as the protons move to maintain 
equally charged species. For a snapshot of the entire cluster see the SI, Figure S2.  

Figure 7. Singly deprotonated ATMP, 6 ionic couples cluster. Snapshots along the MD trajectory.
Only the relevant anions are highlighted with the green arrows showcasing the migrating protons.
Left panel: the intramolecular proton transfer. Middle panel: an ATMP anionic trimer where two
intermolecular proton transfers occurred simultaneously. Right panel: an ATMP anionic dimer with

a single intermolecular proton transfer. Selected H–O distances (Ǻ) of the newly formed bonds
are provided.

Those leading to the charge transfer process take place between differing anions (middle and right
panels of Figure 7) with the anionic trimer manifesting a particular efficacy with post-transfer proton
shifts amid adjacent anions actioning stabilising charge compensation. Hence, the role of ATMP anions
in this system could be described as ‘equalisers’ as the protons move to maintain equally charged
species. For a snapshot of the entire cluster see the SI, Figure S2.

In summary, with the evolution of system size, anionic ATMP trimers emerge as structurally and
dynamically functional contributors to mesoscopic charge transfer and bulk phenomena.

3.4. Bulk Phase MD Simulations

Towards characterising ever larger ensembles, another MD simulation was performed, effectively
scaling the system size up to nine ionic pairs to characterise the structural features of ATMP extending
further into the nano- and mesoscopic regimes. As in the smaller clusters, intermolecular proton
migration between the ATMP anions remains the dominant chemical process, as exemplified by the
selected results presented in Figures S3 and S4. Therein, the pronounced O–H bond length variation
signals the ongoing bond formation and breaking throughout the trajectories.
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In Figure 8 (and in Figure S5 in the SI) we report the total net charge on each of the nine anions
over the course of the trajectory. In contrast to cations, which maintain a +1 charge all along the
simulation, the anions exhibit rapid fluctuation in partial charge due to the inter-anionic proton transfer
equilibria at work. Time-dependent analyses of each anion over this ‘bulk’ nine-pair simulation
provides quantitative tracking of the proton diffusions, with the persistent charge fluctuations observed
being characteristic of a reversible microscopic process. These ongoing proton transfer processes do
not neutralize the participant systems although they do momentarily modulate the net charge of an
anion by ±0.5 a.u. Each anion does preserve an overall negative charge as the system tends to remain
completely ionised, thus retaining the typical properties of an ionic liquid. Overall, the ATMP moiety
remains ionised with proton motion driven to counterbalance any dramatic changes in anionic charge
and is dominated by the following two transient species: a nearly neutral one with a −0.5 a.u. charge,
and a nearly dianionic one with a −1.5 a.u. charge. Hence, despite being dominated by proton transfers,
ATMP tends to remain ionised, yet does not populate dianionic or fully neutral states.
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Figure 8. Singly deprotonated ATMP, bulk simulation. Partial charge vs. time of 9 ATMP anions.
Grey arrows visually signal the instances of proton transfer.

Finally, the spatial aggregation of the anions in the bulk was characterised by the variation in
the distances between the centres of mass of the anions over the course of the trajectory. These are
reported in Figure 9 where we have limited the information to the distance between anion 1 and its
immediate first neighbours. Anion 1 is part of a stable anionic tetramer and is surrounded by three
other anions with average distances below 10 Å.



Symmetry 2020, 12, 920 11 of 15

Symmetry 2020, 12, x FOR PEER REVIEW 11 of 15 

 

Finally, the spatial aggregation of the anions in the bulk was characterised by the variation in 
the distances between the centres of mass of the anions over the course of the trajectory. These are 
reported in Figure 9 where we have limited the information to the distance between anion 1 and its 
immediate first neighbours. Anion 1 is part of a stable anionic tetramer and is surrounded by three 
other anions with average distances below 10 Å.  

3.5. Doubly Deprotonated ATMP Anion Cluster. 

All the simulation features detailed above also relate to the doubly deprotonated ATMP anions. 
The system we have simulated, initially, contains three [ATMP]2− and six [EMIM]+. Each [ATMP]2− 
has four protons, of which only one is mobile (pKa~2) whilst the other three are much more tightly 
bound to the phosphate groups (pKa~7) and thus extremely unlikely to undergo any transfer. Despite 
the less abundant protons, the ATMP dianion still manifests a high degree of self-interaction and 
short-range structuring as shown in Figure 10 on the left. The structural pattern of the distance 
distributions in this cluster closely resembles the same structural indicators we have highlighted in 
Figure 4 for the singly deprotonated system. Short-range anion–anion interactions upheld by strong 
H-bonds overcome the cation–anion aggregation driven by weaker H-bonds and by Coulombic 
attraction. These strong intra-anion associations are the crucial ingredient facilitating proton transfer, 
a process demonstrated herein also occurring between the doubly deprotonated variant of the ATMP 
anions. The final geometry of the cluster at the end of the trajectory is reported in Figure 10 (right 
hand side) revealing the various proton transfer processes that have taken place.  

 
Figure 9. Singly deprotonated ATMP, bulk simulation. Centre-of-mass distance between anion 1 and  
other selected anions vs. time. The panel shows the existence of an anionic tetramer. The full matrix 
of relative distances is presented in Figures S6 and S7 in the supporting information. 

.   

Figure 9. Singly deprotonated ATMP, bulk simulation. Centre-of-mass distance between anion 1 and
other selected anions vs. time. The panel shows the existence of an anionic tetramer. The full matrix of
relative distances is presented in Figures S6 and S7 in the supporting information.

3.5. Doubly Deprotonated ATMP Anion Cluster

All the simulation features detailed above also relate to the doubly deprotonated ATMP anions.
The system we have simulated, initially, contains three [ATMP]2− and six [EMIM]+. Each [ATMP]2− has
four protons, of which only one is mobile (pKa~2) whilst the other three are much more tightly bound
to the phosphate groups (pKa~7) and thus extremely unlikely to undergo any transfer. Despite the less
abundant protons, the ATMP dianion still manifests a high degree of self-interaction and short-range
structuring as shown in Figure 10 on the left. The structural pattern of the distance distributions
in this cluster closely resembles the same structural indicators we have highlighted in Figure 4 for
the singly deprotonated system. Short-range anion–anion interactions upheld by strong H-bonds
overcome the cation–anion aggregation driven by weaker H-bonds and by Coulombic attraction.
These strong intra-anion associations are the crucial ingredient facilitating proton transfer, a process
demonstrated herein also occurring between the doubly deprotonated variant of the ATMP anions.
The final geometry of the cluster at the end of the trajectory is reported in Figure 10 (right hand side)
revealing the various proton transfer processes that have taken place.

Symmetry 2020, 12, x FOR PEER REVIEW 11 of 15 

Finally, the spatial aggregation of the anions in the bulk was characterised by the variation in 
the distances between the centres of mass of the anions over the course of the trajectory. These are 
reported in Figure 9 where we have limited the information to the distance between anion 1 and its 
immediate first neighbours. Anion 1 is part of a stable anionic tetramer and is surrounded by three 
other anions with average distances below 10 Å.

3.5. Doubly Deprotonated ATMP Anion Cluster.

All the simulation features detailed above also relate to the doubly deprotonated ATMP anions. 
The system we have simulated, initially, contains three [ATMP]2− and six [EMIM]+. Each [ATMP]2−

has four protons, of which only one is mobile (pKa~2) whilst the other three are much more tightly 
bound to the phosphate groups (pKa~7) and thus extremely unlikely to undergo any transfer. Despite 
the less abundant protons, the ATMP dianion still manifests a high degree of self-interaction and
short-range structuring as shown in Figure 10 on the left. The structural pattern of the distance 
distributions in this cluster closely resembles the same structural indicators we have highlighted in
Figure 4 for the singly deprotonated system. Short-range anion–anion interactions upheld by strong 
H-bonds overcome the cation–anion aggregation driven by weaker H-bonds and by Coulombic 
attraction. These strong intra-anion associations are the crucial ingredient facilitating proton transfer, 
a process demonstrated herein also occurring between the doubly deprotonated variant of the ATMP 
anions. The final geometry of the cluster at the end of the trajectory is reported in Figure 10 (right 
hand side) revealing the various proton transfer processes that have taken place. 

Figure 9. Singly deprotonated ATMP, bulk simulation. Centre-of-mass distance between anion 1 and  
other selected anions vs. time. The panel shows the existence of an anionic tetramer. The full matrix 
of relative distances is presented in Figures S6 and S7 in the supporting information. 

Figure 10. Doubly deprotonated ATMP cluster. Left: black line: cation–anion, O–H RDF between the
oxygen atoms of [ATMP]2− and the hydrogens on the imidazole ring of [EMIM]+; red line: intermolecular
O–H RDF between the different [ATMP]2− anions; green line: intra-molecular O–H RDF within the same
[ATMP]2− anion. Right: the final snapshot of the cluster simulation (~300 ps) with several occurrence of
proton transfer highlighted by grey circles. In the latter, cations are omitted for clarity.
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4. Conclusions

In this work, we presented a computational study utilising ab initio calculations and semi empirical
molecular dynamics to explore a possible anionic partner for conducting materials such as protic ionic
liquids. Two conditions must be fulfilled by a conductive PIL: (i) mobile protons must exist and (ii) the
molecular ions must remain ionised. As a corollary to these conditions we need a ‘spectator’ cation that
does not partake in the proton transfer processes which are therefore expected to take place exclusively
between anions, hence avoiding mutual neutralisation. We chose the ATMP anion which exhibits the
formation of stable anionic complexes through intricate H-bonding patterns and spontaneous proton
transfer events. The presence of three phosphonic acid side chains (one is deprotonated) serves to
drive proton motion among anions with like charge repulsion weakened via cooperative hydrogen
bonding. Through the use of the efficient DFTB method we were able to simulate this system on
sufficiently long time spans and to comprehend the anionic arrangements, dynamics and the feasibility
of proton migration.

We showed that, in our models, proton transfer phenomena are present through intra- and
intermolecular processes, but the local charge distribution of anionic species is seen to preserve the
high-ionisation degree which is expected to maintain the ionic liquid properties. The mechanistic
behaviour of this prototype ATMP-based material can be summarised by the following features:

• The EMIM cation, lacking basicity, it is merely a spectator which does not participate in the proton
transfer processes. In addition, it binds only weakly with the ATMP anions thereby promoting
the segregation of anionic and cationic moieties;

• The three phosphonic acid side chains of the anions provide six potential terminals for the
formation of strong hydrogen bonds leading to the generation of stable anionic dimers as well as
larger oligomers;

• The anionic dimers of ATMP anions have association energies which are competitive with their
oppositely charged counterparts which is a rare condition in typical IL systems, one that allows
anions to cluster and to promote proton transfer;

• Phosphonic acid groups are effective proton donors which can drive coupled proton motion to
counterbalance changes in charge distribution. Phosphonic terminals play the role of ‘equalisers’
with intermolecular proton transfer a prevalent (and dominant) event that tends to maintain
ionised species;

• Due to the lack of basicity in this system, proton transfer events can advance freely without risk
of quenching;

• Fast dry proton conductivity may be achievable utilising ATMP because proton migration is a
spontaneous reversible process over extended time scales.

The ATMP system also presents an additional degree of freedom since it can also be prepared in
its doubly deprotonated state in materials in a 1:2 anion to cation ratio. In this state, as evidenced by
calculation, the system still shows the presence of the necessary nanoscopic phenomena to sustain an
efficient bulk conductivity.

This behaviour characteristic of ATMP reveals why it represents a component of task-specific
material for dry proton conductivity and why it may be used as a molecular partner in novel ionic
liquids tailored for electrochemical applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-8994/12/6/920/s1,
Section S1: Validation of DFTB approach vs. DFT (B3LYP), Tables S1 and S2: Association energies in kcal/mol
of the various dimeric conformers, Figure S1: DFT vs. DFTB association energies. Section S2: Additional data
and figures relevant for discussion: Figure S2: DFTB MD snapshot of six ionic couples cluster, Figure S3: Bulk
simulation, double proton transfer. Figure S4: Bulk simulation, triple proton transfer. Figure S5: Bulk simulation,
partial charge vs. simulation time. Figures S6 and S7: Bulk simulation, inter-anionic centre of mass distances.
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