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ABSTRACT: We elucidate the proton conduction mechanism in self-assembling stacks of
phosphonic-acid-functionalized molecules (hexakis(p-phosphonatophenyl)benzene) at
diﬀerent temperatures (400−600 K) and at zero humidity conditions. We employ ﬁrstprinciples molecular dynamics simulations in combination with large-scale force-ﬁeld
simulations, forming a speciﬁc arrangement of the molecules in the columnar stacks. This
arrangement leaves space for quasi-one-dimensional hydrogen bond nanowires along which
protons are transported. We observe spontaneous autodissociation of the phosphonic acid
groups, leading to proton displacements of up to 10 Å along the nanowires. Our simulations
show that there is a fast (200 fs) and a slow (3−12 ps) component in the dynamics of the
hydrogen bond network, corresponding to orientation ﬂuctuations of the hydrogen bonds
and persistent long-range proton transport, respectively. Our results support the hypothesis
that signiﬁcant proton conduction is possible in this compound at fully dehydrated
conditions and at high temperatures. In such circumstances, the material may outperform
the common Naﬁon polymer as membrane materials for proton exchange fuel cells.

1. INTRODUCTION
Hydrogen has a potential to become an alternative energy carrier,
radically changing our lifestyles and global economies.1 As any
energy carrier, hydrogen has to be produced, stored, and
converted into (in this case) electrical energy. The conversion is
normally performed in a hydrogen fuel cell, the core component
of which is a proton exchange membrane. This membrane has to
be chemically stable, durable, and proton conducting.2 Naﬁon is
a state-of-art material for such membranes.3,4 Its remarkable
proton conductivity relies on the formation of hydrophilic
domains forming a network of water channels, where eﬃcient
proton transfer takes place, similar to pure water.5 This, however,
limits the membrane operation temperature by the boiling point
of water, imposing costly requirements on catalysts and
hydrogen purity.
To extend the operational temperature range, one can
exchange water channels with proton-conductive liquids with a
higher boiling point, e.g., imidazole derivatives,6 or synthesize
new polymeric materials with intrinsic proton conductivity,7 for
example, by using functionalized phosphonic acid groups.8−11
The concentration of these groups should, however, be high
enough to ensure eﬃcient proton transport.12−15 Finally, the
spatial arrangement of these functional groups should form
percolating pathways for protons moving through the membrane. Both issues can be addressed by using self-organizing
supramolecular assemblies, such as recently proposed organic
phosphonated molecules.16−19 Some of them, such as tris(pphosphonatophenyl)benzene (p-3 PA-HPB) and hexakis(pphosphonatophenyl)benzene (p-6 PA-HPB, see Figure 1),
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Figure 1. Molecular structure of p-6 PA-HPB.

form columnar structures with molecules stacked on top of
each other (see Figure 2), as has been demonstrated by XRD
measurements. While p-3 PA-HPB decomposes at 120 °C, p-6
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Figure 2. (a, b) Simulation snapshot of 4 × 4 columns arranged on a hexagonal lattice with ten p-6 PA-HPB molecules in each column. The snapshot is
taken after 10 ns equilibration. (c) Schematic mutual arrangement of the p-6 PA-HPB molecules in the columnar stacks found after extensive
equilibration of the supramolecular arrangement.

2. RESULTS AND DISCUSSION
2.1. Molecular Dynamics Simulations. In order to better
understand the packing motifs of p-6PA-HPB, we ﬁrst performed
classical molecular dynamics (MD) simulations of its columnar
arrangement using an OPLS all-atom force-ﬁeld.36 The forceﬁeld parameters are available in the Supporting Information. The
starting conﬁguration was inspired by the interpretation of X-ray
diﬀraction measurements:18,19 16 columns were arranged on a 4
× 4 hexagonal lattice, with ten p-6PA-HPB molecules in each
column. After a 10 ns MD run in an NPT ensemble (T = 350 K, P
= 1 atm) using the Berendsen barostat37 and the canonical
velocity rescaling thermostat,38 the molecules in the columns
rearrange as shown in Figure 2a,b.
Already a visual inspection of the hexagonal stacks indicates
that the computationally observed supramolecular packing yields
a highly optimized space-ﬁlling arrangement. The phosphonic
acid groups are located in positions that allow a particularly high
degree of intercolumnar hydrogen bonding. The stacking
distance of roughly 6 Å does not, however, enable direct
intracolumnar hydrogen bonding.
From an equilibrated supercell, we have devised a model of the
supramolecular arrangement, which is shown in Figure 2c. The
molecular stacks are arranged on a hexagonal lattice with
neighboring columns shifted along the columnar axis (this
increases the density of intercolumnar hydrogen bonds). Note
that the conjugated cores of p-6 PA-HPB are slightly tilted with
respect to the columnar axis. This small tilt is not accounted for in
the model arrangement; that is, we assume that the columnar
axes are perpendicular to the conjugated π-systems of the p-6 PAHPB molecules.
We used a representative packing motif that has been extracted
from the classical MD trajectory as starting point for our ab initio
MD simulations. The latter were performed on the level of
Kohn−Sham density functional theory39−41 (DFT) using the
electronic structure code CP2K42−45 with a computational setup
according to Table 1.
Our system consists of eight p-6 PA-HPB molecules in an
orthorhombic, periodic box of volume V = 29.122 × 25.354 ×
12.363 Å3. We have adopted zero humidity conditions; that is, no
explicit water molecules are present in our setup. The simulations
were carried out at temperatures T = 400, 500, and 600 K.
Experimental evidence suggested that p-6 PA-HPB is chemically

PA-HPB remains stable far beyond, and its proton conductivity
exceeds that of Naﬁon at 160 °C; the conductivity of Naﬁon
decreases rapidly due to loss of water in the water channels.20−22
In addition to the poor understanding of the microscopic
mechanism of proton transfer and transport in such materials, the
formulation of qualitative structure−property relations, that is,
links between the chemical structure and the (macroscopic)
value of proton conductivity, is a formidable task because of
diﬃculties in characterizing experimentally and predicting
theoretically their (mesoscopic) molecular ordering. In this
work, we use a multiscale simulation approach in order to
formulate such structure−property relations for p-6 PA-HPB, the
chemical structure of which is shown in Figure 1.
Considerable eﬀorts are reported in recent literature for the
rational design of hydrogen-bonded molecular crystals based on
this type of compound.23 Although the vision behind this is the
design of water-free proton conductors, it is established that
really crystalline domains are not always optimal for proton
conduction,24,25 and that residual water molecules indeed play an
important role in the conduction process.26−29
A complementary topic of high relevance is the determination
of the impact of the pKa value of the system30 and its interaction
with the topology of the hydrogen bond network.31 In the case of
self-assembled p-6 PA-HPB aggregates, the isotropic character of
compounds such as Naﬁon is lost; instead, a preferred direction
exists along the columnar stacks, in analogy to biomolecular
systems such as one-dimensional ion-conducting channels in
proteins.32
It has recently been suggested that even purely coordinationtype compounds can support long-range proton transport if
adequate proton acceptor/donor groups are included. 33
Similarly, suitably ﬁlled MOFs have been shown to be capable
of proton conduction,34 even under very low humidity
conditions.35
In the present work, we investigate the structural packing motif
of supramolecular assemblies of p-6 PA-HPB and the structural
and dynamical properties of the emerging hydrogen bond
network by means of classical and quantum mechanical
molecular dynamics simulations. These simulations help to
understand the microscopic proton conduction mechanism
under dry conditions that has been measured experimentally.
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Table 1. Computational Setup of the ab Initio Molecular
Dynamics Simulations
functional
basis set
pseudopotential
AIMD time step
dispersion correction
thermostat type
thermostat time constant
AIMD equilibration time
AIMD production time

BLYP46,47
TZVP-GTH (GPW)48,49
GTH50,51
0.4 fs
Grimme52
CSVR38
400 fs
10 ps
30 ps

stable at intermediate temperatures, shows self-condensation of
the acidic groups around 550 K, and shows decomposition of the
hydrophobic core above 720 K.18,19
2.2. Radial Distribution Functions. We have computed
radial distribution functions (RDFs) for hydrogen−oxygen and
phosphorus−phosphorus at 400 K, 500 K, and 600 K; the RDFs
were averaged over 30 ps each.
The RDF for hydrogen−oxygen (gHO) is shown in Figure 3.
The general shape is nearly identical for all temperatures. We

Figure 4. (a−c) Partial phosphorus−phosphorus radial distribution
functions gPP(r) at 400 K (black/full), 500 K (gray/full), and 600 K
(black/dashed) for phosphonic acids with no mutual hydrogen bond
(a), those with one single hydrogen bond between them (b), and those
with doubly hydrogen-bonded phosphonic acid pairs (c).

phosphorus−phosphorus at 400, 500, and 600 K. In particular in
Figure 4, panel a shows the non-hydrogen-bonded contribution,
panel b the single-bonded contribution, and panel c the doublebonded contribution to the total gPP(r). Further, we ﬁt each curve
with a single Gaussian,

Figure 3. Radial distribution function gHO(r) for hydrogen−oxygen at
400 K (black/full), 500 K (gray/full), and 600 K (black/dashed).

⎛ (r − μ)2 ⎞
fg (r ) = a exp⎜ −
⎟
2σ 2 ⎠
⎝

observe that the amplitude of the hydrogen bonding peak at 1.5−
1.7 Å is somewhat reduced (from 3.6 to 3.2 and 2.9) upon raising
the temperature from 400 to 500 and 600 K. Further, we ﬁnd an
additional broad peak starting at an H−O distance of 2.9 Å,
which ends in a more narrow peak between 3.2 and 3.7 Å. This
peak is perfectly identical for all temperatures and has an
amplitude of 3 for 400 and 500 K and a reduced amplitude of 2.9
at 600 K.
We computed the average number of oxygen atoms under the
broad peak and the more narrow peak and found nbroad = 7
oxygens in the range 2.3−4.3 Å and nnarrow = 2 oxygens in the
range 3.25−3.6 Å. These observations can be explained as
follows: every hydrogen atom is part of one acidic group and has
two more acidic groups from adjacent stacks in its close
proximity, which adds up to nine oxygen atoms in this area. The
hydrogen is covalently bonded to one oxygen of its own acidic
group and forms a hydrogen bond with an oxygen of an adjacent
acidic group; this explains why we ﬁnd nbroad = 7 oxygens under
the broad peak. Further, we found that the nnarrow = 2 oxygens
under the narrow peak split up into one oxygen from the own
acidic group of the hydrogen and one oxygen from the acidic
group to which the hydrogen is connected via its hydrogen bond.
For the analysis of the structural relation between phosphorus
atoms, we use a modiﬁed deﬁnition of the radial distribution
function that takes into account the number of hydrogen bonds
that connect the acidic groups. Figure 4a−c shows the RDFs for

(1)

to determine the amplitudes a, the centers of the peaks μ, and the
standard deviations σ. With these parameters, we can compute
the coordination numbers n of the individual features:
n = 4π

∫0

∞

dr r 2fg (r )ρ

(2)

where ρ is the average phosphorus density in our simulation box.
The resulting parameters are shown in Table 2.
We ﬁnd that each acidic group has four diﬀerent groups with a
distance of 4.8 ± 0.5 Å between their phosphorus atoms and
shares hydrogen bonds with two of its neigbors. Occasionally,
Table 2. Centers and Standard Deviations, μ ± σ, of Gaussian
Fits fg(r) of the gPP(r) According to Eq 1 and Coordination
Numbers n Computed from Eq 2

nonbonded [Å]
single-bonded [Å]
double-bonded [Å]
nonbonded [1]
single-bonded [1]
double-bonded [1]
coordination [1]
12368

400 K

500 K

600 K

4.9 ± 0.4
4.7 ± 0.4
4.2 ± 0.2
2.0
2.6
0.1
4.7

4.8 ± 0.5
4.7 ± 0.4
4.2 ± 0.2
2.0
2.5
0.1
4.6

4.8 ± 0.4
4.7 ± 0.4
4.2 ± 0.2
2.0
2.2
0.1
4.3
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The fast process corresponds to the reversible forth-and-back
switching of a hydrogen bond between two acceptor oxygens
from neighboring acid groups. The slow process is caused by
rotational motion of the individual phosphonic groups.
2.4. Proton Mobility. The motion of protons through the
slab of p-6 PA-HPB molecules is intrinsically connected to the
breaking and formation of covalent O−H bonds in the
phosphonic acids. To estimate the amount of broken bonds
over time, we deﬁned a covalent bond correlation function
similar to eq 3,

two acidic groups share two hydrogen bonds, which coincides
with a much shorter P−P distance of 4.2 ± 0.2 Å. The average
coordination of the phosporus atoms is 4.7 at 400 K and
decreases to 4.6 and 4.3 when the temperature is raised to 500
and 600 K. A frame-wise inspection of the MD trajectories yields
that the hydrogen bonding occurs in 99.98% of all cases on the
intermolecular level.
2.3. Hydrogen Bond Network. In order to analyze the
characteristic time scales of the hydrogen bond network, we
deﬁne a hydrogen bond correlation function via27,29,53
ηhbn(t ) = ⟨∑ δ H̃ khbn(t + t0), Hkhbn(t0)⟩t0

ηcov (t ) = ⟨∑ δ H̃ kcov(t + t0), Hkcov(t0)⟩t0

(3)

k

k

Here, δ̃Hhbn
, hbn = 1 if the acidic proton k forms at both
k (t+t0) Hk (t0)
times t and t + t0 a hydrogen bond with the same pair of acceptor
oxygens and 0 otherwise. To be counted as a hydrogen bond, the
proton must be covalently bonded to the nearest of the oxygens
(rOH < 1.3 Å), the distance between the proton and the other
oxygen must be r̃OH < 2.2 Å, and the angle between the covalent
O−H axis and the hydrogen-bonded H−O axis must be α < 60°.
Hence, the hydrogen bond correlation function ηhbn(t) counts
the number of hydrogen bonds at time t that have already existed
at the initial time t0. Figure 5 shows the hydrogen bond
correlation function for diﬀerent temperatures.

(5)

where, δH̃ cov
, cov = 1 if the acidic proton k is at both times
k (t+t0) Hk (t0)
covalently bonded to the same oxygen and 0 otherwise. To be
counted as a covalent bonded pair, the O−H distance, rOH, must
be rOH < 1.3 Å. Thus, ηcov(t) is the average number of covalent
O−H bonds in the original HBN (at time t0) that are still
conserved after simulation time t.
The covalent bond correlation function, ηcov(t), is shown in
Figure 6 (top). We observe that 5−10 O−H bonds are lost
within 1 ps and that the decay reaches a plateau with a total loss of
15−30 covalent O−H bonds.

Figure 5. The hydrogen bond correlation function ηhbn(t) according to
eq 3 characterizes the evolution of the local hydrogen bond network.

We ﬁt the bond correlation functions with a bimodal
exponential decay and a constant term:
2

fη (t ) = a0 +

∑ ai e−t /τ

i

(4)

i=1

The resulting parameters of this ﬁt function are shown in Table 3.
We observe that the decay of the HBN is governed by two
distinct time scales: the fast process on a time scale of roughly τfast
≤ 0.3 ps and the comparably slow process on a time scale of τslow
≈ 3−12 ps.

Figure 6. The covalent O−H bond correlation function, ηcov(t),
according to eq 5 (top) and the displacement of the acidic hydrogen
atoms after Δt = 30 ps (bottom) at 400 K (●), 500 K (×), and 600 K
(+).

To further gauge the mobility of the acidic protons, we
computed the distribution of the total proton displacements after
30 ps, which is shown in Figure 6 (bottom). We observe that for
all temperatures, most of the 96 acidic protons in the system did
move less than 2 Å, which roughly corresponds to the distance of
a transfer from one phosphonic acid group to one of its direct
neighbors, followed by a local reorientation. In the simulation at
T = 400 K, no proton diﬀuses further than 4 Å, and at T = 500 K, a
single proton reaches a displacement of 5 Å. However, the MD
simulation at T = 600 K yields six proton translations of about 6 Å

Table 3. Parameters for a Fit with Eq 4 of the Hydrogen Bond
Correlation Function ηhbn(t)
parameter

400 K

500 K

600 K

a2 (fast) [1]
τ2 (fast) [ps]
a1 (slow) [1]
τ1 (slow) [ps]
a0 (asymptotic) [1]

6.5
0.2
15.7
8.5
40.9

10.5
0.3
20.0
11.7
32.7

11.9
0.1
21.0
3.0
27.7
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Figure 7. Pathways (green and blue) of two highly mobile protons parallel to the columnar axis. The path corresponds to a total travel time of 30 ps at
600 K. Superimposed molecular structures are taken from snapshots at 0 and 30 ps.

represent indeed a highly promising candidate for “dry” fuel cell
membrane materials.

and one of 10 Å. While these numbers are certainly not
converged in the statistical sense, they nevertheless illustrate the
onset of fast long-range diﬀusion processes at increased
temperatures.
It should be mentioned that this diﬀusive transport would
correspond to a remarkably high current density on the order of 2
A/mm2, roughly estimated from the average displacement of the
protons that travel further than 5 Å and under the assumption
that all protons move in the same direction.
We tracked the movement of those protons that autodissociate
and diﬀuse over larger distances in the trajectory at 600 K. We
observe that the protons travel within the interstice where three
columns adjoin each other and that it is parallel to the columnar
axis. This situation is sketched for two protons in Figure 7.
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3. CONCLUSIONS
We have modeled the local packing structure of self-assembling
disk-shaped hexakis(p-phosphonatophenyl)benzene molecules
in a hexagonal pattern of supramolecular stacks in fully
dehydrated conditions. The packing gives rise to a tight
interstack hydrogen bond network. Our ﬁrst-principles molecular dynamics simulations show that there is a speciﬁc region at
the geometric centers of every triplet of stacks, which features
quasi-one-dimensional proton conducting channels. Our simulations detect spontaneous autodissociation of the phosphonic
acid groups, leading to a considerable charge carrier diﬀusion
mainly parallel to the stacks. Remarkably, both the autodissociation and the proton diﬀusion are observed in the absence of
any water molecule. This feeds hope that high-temperature lowhumindity proton exchange membrane materials are getting in
reach, which would signiﬁcantly enhance the eﬃciency of the
corresponding hydrogen fuel cell systems.
Our structural investigation shows that at all temperatures the
typical phosphonic acid group is hydrogen-bonded to two of the
four adjacent acid groups from two dif ferent stacks; intracolumnar hydrogen bonding was not observed. This represents
clear evidence for a properly percolating hydrogen bond network
in the p-6 PA-HPB stacks, which will support sustained longrange proton conduction.
The duration of our ab initio MD simulations is presently still
too short to cover the time scale required for a quantitative
determination of proton diﬀusion. Nevertheless, the trend in the
maximum displacement (as reported in Figure 6, bottom) is
obvious: the number of protons with displacements larger than 3
Å is seven (at T = 400 K), eleven (at T = 500 K), and more than
twenty (at T = 600 K). In the latter case, around 20% of all acidic
protons travel this far within our 30 ps simulation. This illustrates
the high sensitivity of the proton mobility on temperature and
conﬁrms that compounds based on phosphonic acid groups
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Klapper, M.; Mü llen, K. Phosphonated Hexaphenylbenzene: A
Crystalline Proton Conductor. Angew. Chem., Int. Ed. 2009, 48,
9951−9953.
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