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ABSTRACT: We elucidate the dynamics and mechanism of
proton transport in a protic organic ionic plastic crystal
(POIPC) [TAZ][pfBu] by means of Born−Oppenheimer
molecular dynamics simulations at 400 K and zero humidity.
The arrangement of ionic species in the crystal offers a two-
dimensional hydrogen bond network along which an acidic
proton can travel from one cation to another through a
sequence of molecular reorientations. The results suggest
spontaneous autodissociation of the N−HN bond in the cation
and multiple proton shuttle events from the cation’s nitrogen
to the anion’s oxygen site in a native crystal. A complete
proton transfer event is observed in simulations of a defective crystal with a single proton hole created in the cation. The barrier
for proton transfer is determined using ab initio metadynamics simulations to be 7 kcal/mol, in agreement with experimental
conductivity data. Using gas phase quantum chemical calculations, we propose [TAZ][CF3CF2CH2CF2SO3] as a compound that
can show enhanced conductivity compared to that of [TAZ][pfBu].

1. INTRODUCTION

Proton transfers and the consequent formation of protonic
defects can lead to long-range proton conduction, a key process
in the function of polymer electrolyte membrane fuel cells
(PEMFCs).1,2 PEMFCs are attractive electrochemical devices
for use in transportation and portable power sources.3,4 A
critical component of PEMFCs is the electrolyte, which is a
proton conductor. Often, a hydrated polymer electrolyte
membrane is utilized to serve as the proton-conducting
material in a PEMFC, and thus, it introduces a serious
limitation in the operating temperature range of the cell
because of the boiling point of water.5,6

In this regard, attempts have been made to develop water-
free electrolyte materials that exhibit facile proton transport,
e.g., imidazole in both solid and liquid phases,7−10 imidazole
derivatives,6,11,12 proton-conducting functionalized poly-
mers,13−24 etc. Recently, a long-range proton transport
phenomenon was also observed in framework materials
consisting of suitable proton donor/acceptor sites, even at
very low water concentrations.25−27 Significant effort has also
been focused on designing molecular crystals consisting of a
hydrogen-bonded network that can act as water-free proton
conductors.28 However, it has been shown that systems with
perfectly crystalline domains are not always conducive to
proton transport29,30 and that the contribution of residual water
molecules in the conduction process is non-negligible.21,31

Organic ionic plastic crystals (OIPCs) composed of
rotationally disordered mobile ions have emerged as solid-
state ion conductors.32−34 Although OIPCs have many positive
attributes,35,36 inherently they are aprotic in nature and are
therefore not proton conductors. In this regard, protic OIPCs
(POIPCs) are promising solid-state proton conductors for fuel

cell applications.33,37,38 Recently, Luo et al.38 explored a 1,2,4-
triazolium perfluorobutanesulfonate ([TAZ][pfBu]) POIPC, a
novel electrolyte exhibiting attractive features, such as intrinsic
anhydrous proton conductivity and a wide plastic crystal phase
(360−450 K). Their studies of the [TAZ][pfBu] POIPC
revealed high protonic conductivity in its plastic phase. In our
previous work,39 we studied the thermal phase behavior of
[TAZ][pfBu] and its ion transport mechanism in its perfect
crystalline form and in one with an ion pair vacancy via classical
molecular dynamics simulations. However, proton diffusion,
being a vital component of electrical conductivity in this
system, was not considered because of the lack of bond
breaking and re-forming capabilities in the simulation. This
work focuses on understanding the microscopic proton
conduction mechanism in [TAZ][pfBu] under anhydrous
conditions by means of ab initio molecular dynamics
simulations. Proton shuttling between ion neighbors was
observed on a significant number of occasions in the native
crystal, whereas complete proton transfer was seen only in
simulations of a defective crystal with a single proton hole
created in the cation. These observations delineate a long-range
proton conduction path in the plastic crystalline phase of this
POIPC. Gas phase quantum chemical calculations of novel
variants of the anion suggest the possibility of a decreased
barrier for proton transfer that can lead to enhanced electrical
conductivities.
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2. COMPUTATIONAL DETAILS

To understand the mechanism of proton transport in the
plastic crystalline phase of the [TAZ][pfBu] POIPC (375−430
K as revealed by the experiments of Luo et al.38), the simulation
temperature was set to 400 K. To obtain a pre-equilibrated
configuration at 400 K, we first performed classical molecular
dynamics (MD) simulations using the LAMMPS program
package.40 Details about the force field parameters and
protocols are described elsewhere.39 The initial configuration
for the classical MD run was taken from the experimentally
determined crystal structure38 and contained 3 × 2 × 1 unit
cells, with 624 atoms. The energy-minimized geometry was
warmed to 400 K at a heating rate of 1 K per 100 ps in the fully
flexible isothermal−isobaric (NPT) ensemble. A further
equilibration of 5 ns was conducted in the NVT ensemble. A
time step of 0.5 fs was used to integrate the equations of
motion. The atom labeling scheme used in this work is
presented in Figure 1.

An equilibrated supercell from the classical MD trajectory
was used to set up Born−Oppenheimer MD simulations with
the electronic structure code CP2K,41 using the Quickstep
module.42 The electronic structure was computed on the level
of Kohn−Sham density functional theory,43,44 utilizing the PBE
exchange correlation functional,45 with empirical dispersion
correction (D3) from Grimme.46 All valence electrons were
treated with triple-ζ polarized basis sets with an energy cutoff of
280 Ry. Goedecker−Teter−Hutter (GTH)47,48 pseudopoten-
tials were applied to consider the effect of nuclei and core
electrons. The time step to integrate the equations of motion
was 0.4 fs. The system was equilibrated for 2 ps, which was
followed by a production run for 60 ps in the canonical
ensemble (NVT), with the temperature being maintained at
400 K using a Nose−́Hoover chain thermostat49−51 with a
coupling constant of 500 fs. The hydrogen bond network in the
[TAZ][pfBu] POIPC is shown in Figure S1.
Biased MD simulations were performed on the POIPC to

calculate the free energy profile for the transfer of the acidic
hydrogen of the [TAZ+] cation to the [pfBu−] anion (see
Figure S2). These were performed using the metadynamics
method,52 starting from configurations obtained from the
equilibrium simulation described above. PLUMED version
2.0.1 patched with CP2K version 2.5.1 was employed to
perform these metadynamics simulations.53,54 The distance
between the sulfonate oxygen (O) and the acidic hydrogen
(either HN1 or HN4) (hydrogen-bonded pair) was chosen to be
the reaction coordinate (RC, rO−H) to calculate the potential of
mean force (PMF). Each of these runs was performed for a
duration of 8 ps. An initial bias potential of 0.05 kcal/mol was
utilized. The sum_hills program53 was used to compute the
PMF along the reaction coordinate.

3. RESULTS AND DISCUSSION
3.1. Structural Aspects. Radial distribution functions

(RDFs) for the most relevant atom pairs (HN−O and HC−
O) characterizing the properties of the hydrogen bond network
in [TAZ][pfBu] are shown in Figure S3. C−H···O hydrogen
bonding interactions are distinctively weaker than N−H···O
hydrogen bonds. The hydrogen bond geometry between
different atom pairs was further analyzed via combined
probability distribution functions, and the same are shown in
Figure S4. It is evident from Figure S4 that the sulfonate
oxygens form more linear and, thus, stronger hydrogen bonds
with the acidic hydrogen (HN) atoms rather than with the HC
atoms. The stronger hydrogen bonds usually result in much
lower barriers for proton transfer,11 which can explain the facile
intermolecular proton transfer events from the [TAZ+] cation
to the [pfBu−] anion.
The change in the geometry of species during proton transfer

events was studied by calculating the instantaneous N−HN and
O−HN distances and the N−HN···O angle, as shown in Figure
2. Throughout the course of equilibrium simulation, there were

instances in which the acidic protons were found to shuttle
between the cation’s nitrogen and the anion’s oxygen. Figure 2
shows the interatomic distances during one such event
(randomly chosen). In the figure, the covalent (∼1.0 Å) and
hydrogen bond (∼1.8 Å) distances clearly show opposite
behaviors at the 100 fs time point. At the crossing point, the
intermolecular angle also becomes more linear to facilitate the
transfer process. However, the heavy atom distances (N−O
distance) in these simulations are not much different; the
distances varied in the range of 2.45−2.47 Å.

3.2. Ion Rotation. There are three hydrogen bond acceptor
sites (three oxygens) on the anion and two acidic hydrogens on
the cation. The libration of cations allows the breaking and re-
formation of hydrogen bonds,38,39 and thus, in principle, every
oxygen atom of an anion can hydrogen bond with a
neighboring cation; i.e., it can participate in the proton transfer
process. However, during the duration of the simulation, only a
fraction of anion oxygens attempt to acquire a proton from the
cation. We have calculated the S−O bond distance for oxygen
atoms that participate in a proton transfer event and those that
do not. The distribution of such distances is shown in Figure
S6. A clear distinction in sulfur−oxygen bond distance in two
different instances is observed. The S−O bond distances for

Figure 1. Atom labeling in [TAZ][pfBu] used throughout this article.

Figure 2. N−HN and O−HN distances and N−HN···O angles during a
proton transfer attempt event (around t = 100 fs in this trajectory) in
the [TAZ][pfBu] POIPC. A few more such events along with a
schematic depicting this angle and distances are shown in Figure S5.
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sulfonate groups in which one of the oxygen atoms participates
in a proton transfer attempt event (such as that depicted in
Figure 2) are shorter than those whose oxygens do not
participate in such events in the entire simulation trajectory.
When an oxygen atom takes up a proton, the specific S−O
bond distance becomes stretched, making the other two S−O
bonds (in the same sulfonate group) contract. Thus, further
examination of the role of the -SO3 group in the proton
transport mechanism is vital.
The rotational dynamics of the cation and of the -SO3 group

are presented in Figure S7. At short times, the correlation
functions decay sharply; that for the cation rotation is faster
than that for the -SO3 group. Thus, it is possible that a -SO3
group can participate as a mediator in the proton conduction
process occurring along the hydrogen bond network in the
crystallographic a−b plane (see Figure S8), also suggested by
Luo et al. from experimental observations.38 This process is
further facilitated by the smaller rotational barrier (6.78 kcal/
mol) of triazolium cations.39 To improve our understanding of
this plausible mechanism, we have calculated the distribution of
residence times of acidic protons that are present within the
covalent bond distance of the oxygen atoms of the -SO3 group
(see Figure S9). From the mean value of this distribution, it is
evident that the HN protons stay in the proximity of the -SO3
oxygens (within 1.1 Å) for only 70−80 fs. Moreover, the time
constant for the -SO3 group rotational time correlation function
was found to be around 250 fs (obtained from classical MD
simulation of [TAZ][pfBu] performed at 400 K in our previous
work).39 Thus, before a -SO3 group can transfer a proton to
another cation, the same proton hops back to its original cation.
This phenomenon can be rationalized in terms of the strong
ionic environment in the crystal that restricts the formation of
such neutral moieties. Such events may be plausible in a real
system because of the presence of a finite number of defects.
However, our simulations do not consider any such defects.
3.3. Defect Crystal Simulations. In an earlier work,

Eikerling et al. demonstrated the relevance of defects to proton
transport in a triflic acid monohydrate solid using ab initio MD
simulations.55 Their simulations revealed the formation of a
stable Zundel ion (H5O2

+) in the defective crystal, followed by
simultaneous rearrangement of neighboring CF3SO3

− ions.
They concluded that the intermediate state, i.e., the Zundel ion,

functions as a mediator of proton transfer. In much the same
spirit, we introduced a proton hole defect into the equilibrated
native crystal by removing a proton from one of the triazolium
cations, resulting in a net charge of the system of −1.0e. Proton
holes in the cation were individually created by considering
both acidic hydrogen atoms, i.e., HN1 and HN4 (see Figure 1).
Three independent simulations in each of which a HN1 atom
was removed were performed. The same was done with respect
to the HN4 atom, as well. These six initial configurations were
geometry-optimized at the same level of theory as in BOMD
simulations of the native crystal. The gradients on the wave
functions and on the nuclear positions were optimized with
convergence criteria of 10−6 and 10−4 au, respectively. Two
such quenched geometries (one from each set) were selected
and were further employed for BOMD simulations at 400 K.
After an initial equilibration for 1 ps, an analysis trajectory for 9
ps was generated.

3.4. Geometry Optimization of a Defective Crystal
with One Proton Hole. The defective crystals (with one HN1
proton hole) before and after geometry optimization are shown
in Figure 3. In the following, the cation in which the proton
hole was created is termed the “activated cation”. Prior to
geometry optimization, both the N1 and N2 sites in an activated
cation are chemically equivalent and are capable of accepting
protons from neighboring cations (left panel of Figure 3). After
optimization (right panel of Figure 3), both N1 and N2 sites of
the activated cation are found to form a strong hydrogen bond
with HN4 of another [TAZ

+] cation. In the case of the N2 site,
the donor [TAZ+] cation is located in the same layer
(crystallographic a−b plane) of the activated cation, while for
the N1 site, it was from a different layer. The initial and final
distances between the N1 and HN4 atoms were 3.83 and 1.89 Å,
respectively, while the same for N2 and HN4 were 3.01 and 1.73
Å, respectively. As a consequence of this rearrangement due to
facile rotation of the triazolium cation, there were instances of
breaking of the existing hydrogen bond and subsequent
formation of new hydrogen bonds. This phenomenon can be
rationalized in terms of local charge imbalance around the -SO3
group created by the proton hole. When a [TAZ+] cation
rotates to act as a donor for a newly formed N4−H···N1/2
hydrogen bond, its existing hydrogen bond with a -SO3 group is
broken, and thus, the -SO3 group is short one hydrogen bond,

Figure 3. Structure of the defect crystal with the HN1 proton hole: before optimization (left) and after optimization (right). Only a part of the whole
system has been shown, and alkyl tails are not shown for the sake of clarity. Color scheme: nitrogen, violet; carbon, green; hydrogen, white; oxygen,
red; sulfur, yellow. Only those hydrogen bonds that take part in breakage and re-formation due to geometry optimization are shown. Other hydrogen
bonds are intact and are not shown. Formation of a new hydrogen bond is shown with a curved arrow. The star denotes the activated cation.
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i.e., slightly more electron rich than the other anions. As a
result, breakage and formation of hydrogen bonds propagate in
the whole system, and the same is depicted in Figure 3. Similar
observations were made in the case of the HN4 proton hole
system and are shown in Figure S10. This phenomenon has
been observed in simulations started from all the six different
initial configurations. The hydrogen bond network has been
reconfigured, although no proton transfer takes place after
geometry optimization.
3.5. BOMD Simulations of the Defective Crystal with

One Proton Hole. Figure 4 displays interatomic distances

during a proton exchange between triazolium cations from
BOMD simulations of a defective crystal (HN1 proton hole).
Within 5 ps of the trajectory, the HN4 atom of a neighboring
cation that is located in another layer of the activated cation was
found to be completely transferred to the N1 site of the
activated cation. During this period, the distance between the
N2 site of the activated cation and the HN4 hydrogen of a cation
from the same layer increased by a significant amount. The
proton was found to be covalently attached to the N1 site of the
activated cation for >4 ps. These observations suggest that
intrinsic proton defects present in the plastic crystal can
facilitate sequential proton conduction.
Simulations in which the HN4 atom was covalently

(manually) attached to the -SO3 group to which it was H-
bonded in the native crystal were also conducted. After this
addition, geometry optimization resulted in the restoration of
the native crystal. However, addition of the same H+ to a
sulfonate group that is far from the activated cation followed by
quenching and a BOMD simulation at 400 K produced a

similar kind of proton shuttling as was observed in a native
crystal.

3.6. Ab Initio Metadynamics Simulations. To character-
ize the energetics of proton transfer in this POIPC, we have
performed ab initio metadynamics simulations along the proton
transfer path. The free energy profiles obtained from three
different runs were averaged and are presented in Figure 5. A

minimum in the free energy profile was observed around 1.8 Å,
which is the typical hydrogen bond distance between the acidic
proton and the sulfonate oxygen. The free energy barrier for
dissociation of the proton from the sulfonate oxygen is around
7.0 kcal/mol. Thus, the system with the protonated [TAZ+]
cation and [pfBu−] anion is more stable than a pair of neutral
species by ∼7 kcal/mol. Note that both states are located in a
matrix of ions in the crystalline environment, which obviously
would prefer that the two molecular species be ionic rather than
neutral. Experimental ionic conductivity data38 for this POIPC
in the plastic crystal region (373−430 K) show an activation
energy barrier of 8.8 kcal/mol. In addition, the measured
experimental conductivity was reported to be mainly protonic
in nature.38 It is thus evident that the calculated free energy
barrier for the proton transfer process is in good agreement
with experimental activation energy. For the sake of
comparison, we have performed a similar calculation in which
the distance between the sulfonate oxygen (O) and the acidic
hydrogen (HN1) (hydrogen-bonded pair) was chosen as the
reaction coordinate. The free energy profile was quite similar to
that shown in Figure 5, and the free energy barrier was around
7.5 kcal/mol.
Furthermore, the free energy barrier for proton transfer in a

defective crystal (HN1 proton hole) was determined in a fashion
similar to that described above. The distance between the N1
site of the activated cation and the HN4 atom of a cation from
the same layer (hydrogen-bonded pair) was chosen as the

Figure 4. (a) Initial and (b) final snapshots of a small part of the
simulation cell where the proton transfer event takes place. (c)
Interatomic distances during the BOMD simulation of the defect
crystal with the HN1 proton hole. Here, N1* and N4 sites belong to the
activated cation and a normal cation from another layer, respectively.

Figure 5. Reaction coordinates for proton transfer events in the (a)
native crystal and (b) defect crystal with a single proton hole. (c) Free
energy profile along the proton transfer coordinate in the plastic
crystal phase of the [TAZ][pfBu] POIPC at 400 K.
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reaction coordinate. The free energy profile is displayed in
Figure 5, and the barrier was around 6.2 kcal/mol.
3.7. Gas Phase Calculations. To substantiate the

energetics of proton transfer in [TAZ][pfBu], we have
performed gas phase calculations using an ion pair in Gaussian
09.56 Starting configurations were constructed using the
GaussView package.57 Geometry optimization was performed
at the M06/aug-cc-pVDZ level of theory. Frequency analysis
within the harmonic approximation was conducted to confirm
that the optimized geometry is a minimum. In addition, the
transition state was validated by performing intrinsic reaction
coordinate (IRC) calculations that could allow the transition
state to be connected to both the reactant and the product. The
energy barrier obtained from IRC calculation (see Figure 6)

was 6.8 kcal/mol, which is in good agreement with the free
energy barrier obtained from ab initio metadynamics simu-
lations. IRC calculation was also performed considering proton
transfer from the N4 site to the sulfonate oxygen, and the
energy barrier was found to be around 6.5 kcal/mol. Thus, the
transfer of either of the acidic protons to the anion is equally
probable, consistent with results obtained from ab initio
metadynamics simulations.
Gas phase calculations on an ion pair (see Figure 6) show

that the neutral species is stable over the ionic one by just 1.1
kcal/mol, but the crystalline form is stabilized by multiple
hydrogen bond networks and long-range electrostatic inter-
actions, which are absent in the gas phase calculation. At this
point, we are interested in exploring ways to decrease the
energy barrier for proton transfer in the POIPC (which could
enhance proton conduction) without altering the plastic
crystallinity much. For this purpose, we adopted two simple
procedures to increase the anion basicity: (i) reduction of the
alkyl tail length in the anion and (ii) partial substitution of
fluorine atoms on different carbons in the anion with
hydrogens. IRC calculations on several ion pairs have been
performed following the same protocol that is discussed above.
It is to be noted that absolute values of proton transfer barriers
may change in a PCM model; however, the relative energy
barriers would provide the same trend (which is the quantity of
interest here) as reported in the current gas phase calculations.
The barrier for proton transfer decreased from a value of 6.8 to
5.1 kcal/mol with a change from the [pfBu−] anion to
[CF3SO3

−] (see Figure 6). In this process, the van der Waals

interaction between the alkyl tails may be compromised by a
large amount, which in turn can destabilize the crystal and/or
reduce the temperature range of the plastic crystal phase. On
the other hand, either the complete or partial substitution at the
C1 site of the fluorine atoms with hydrogens resulted in a
barrierless process (see Figure 6), which indicates that the ionic
species is not stable compared to the neutral one. However,
substitution at other carbon sites, e.g., C2, C3, or C4, produced
reasonable profiles that balanced both the energy barrier and
the stability of the ionic state. Considering all the profiles
obtained from IRC calculations, an anion with a perfluorobutyl
tail in which the fluorine atoms at the C2 position alone are
substituted with hydrogens yields a low barrier (0.6 kcal/mol)
for proton transfer and will likely not affect the crystal stability
much. Thus, we believe the [TAZ][CF3CF2CH2CF2SO3]
POIPC could be a promising candidate for high proton
conductivity with a wide plastic crystal phase as compared to
that of [TAZ][pfBu].

4. CONCLUSIONS
The details of proton transport in the plastic crystalline phase
of the [TAZ][pfBu] POIPC have been investigated using
Born−Oppenheimer molecular dynamics simulations. The ions
pack in layers perpendicular to the crystallographic c axis, and
this results in the formation of a hydrogen bond network along
the crystallographic a−b plane (see Figure S1). Ab initio
molecular dynamics simulations detect spontaneous autodisso-
ciation of the acidic proton (HN), in the absence of any water
molecule. No significant conduction of a proton along the
hydrogen bond network was seen, and the back transfer of a
proton from the anion back to the cation always occurred in
tens of femtoseconds in the native crystal. The rotational
correlations for both the cation and the -SO3 group decay
sharply at short times, which suggests the importance of
molecular reorientation in the proton transport process.
However, complete proton transfers were observed in

simulations of a defective crystal in which one proton hole
was created by removing one of the acidic protons in a
triazolium cation. The optimized structure demonstrated the
formation of a strong hydrogen bond between the N1 and N2
sites of the “activated cation” and HN4 of another cation.
The energy barrier for proton transfer was determined by

free energy calculations, and the estimated barrier was found to
be around 7.0 kcal/mol against the experimentally determined
activation barrier of 8.77 kcal/mol obtained from conductivity
measurements.38 The current simulations treat the proton as a
classical particle. However, nuclear quantum effects can affect
the barrier for its transfer and need to be taken into account.
This is beyond the scope of this work. Gas phase IRC
calculations on ion pairs suggest [TAZ][CF3CF2CH2CF2SO3]
to be a promising material for a proton-conducting membrane.
These observations illustrate that high-temperature dry fuel cell
membrane materials are not very far from our reach, and they
would remarkably enhance the efficiency of all hydrogen full
cell systems.
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