J. Phys. Chem. A 2009, 113, 9193-9201 9193
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Development of superior electrolytes for fuel cells that enable operation at temperatures above 120 °C without
external humidification will benefit from molecular-level understanding of proton conduction mechanisms in
neat acid systems possessing little or no water. The energetics and collective molecular effects associated
with proton transfer in clusters consisting of two to six phosphoric acid (H;PO,) molecules are examined
with electronic structure calculations. Global minimum-energy structures are determined at the B3LYP/6-
311G** level for each cluster from many chemically rational initial configurations. Binding energies are
computed and found to correlate with the number and type of hydrogen bonds present in the cluster and
show an increase in the strength of the interactions up to and including (H;PO,)s. This suggests that more
than six molecules may be required to fully encompass the binding in bulk phosphoric acid. Potential energy
profiles and associated energetic penalties for proton transfer are determined at the B3LYP/6-31G** level
under four different constraints on the positions of surrounding atoms. The endothermicities decrease with
increasing cluster size, suggesting that several molecules facilitate proton transfer. Calculation of partial atomic
charges with the CHELPG scheme both prior to and following proton transfer indicates a higher degree of

charge delocalization in the larger clusters and thereby a smaller energetic penalty.

I. Introduction

Proton transfer is of vital importance in many chemical and
biological systems and processes.! The conduction of protons
plays a central role in the function of many devices, including
polymer electrolyte membrane (PEM) fuel cells.? Recently, the
ability of fuel cells to generate electric power with no
greenhouse gas emissions and at high efficiency has generated
tremendous interest from various research and industrial com-
munities. The search for novel high-performance electrolytes
suitable for low- and intermediate-temperature operation where
no external humidification is required has spurred efforts
including synthesis and characterization of a wide range of
materials suitable as the separator. The development of new
materials requires a fundamental understanding of the proton-
conduction process at the atomic level, and an Edisonian
approach for synthesizing new membrane materials is insuf-
ficient.?

Proton transfer involves bond-breaking and -forming pro-
cesses and the transfer of H" between two entities accompanied
by a local redistribution of electron density.* Despite the
diversity of proton-conducting electrolyte materials,>® the
protonic defects in these materials are solvated by very few
species,’ water, oxide ions, heterocycles, and oxo acids and
anions. These species are typically responsible for the intrinsic
generation of charge carriers, but a molecular description of
the mechanism of proton transfer has only been secured for an
excess proton in water.® A complete understanding of the
solvation structure and dynamics of an excess proton in water,
however, remains elusive.’ It is widely recognized that hydrogen
bonding is a key feature in all systems exhibiting proton
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transport. Of relevance for understanding proton conduction in
PEMs is the consideration of ingredients that encompass
complexity, connectivity, and cooperativity.!%!! Investigation of
hydrogen bonding from structural as well as dynamical aspects
is warranted in order to understand the phenomena at a
molecular level. There are few experimental techniques capable
of probing the effects accompanying the hydrogen-bond forma-
tion or breaking at this scale, and therefore, various simulation
methods have been utilized for describing these processes.

Proton mobility in liquid water surpasses the hydrodynamic
limit by a factor of more than 4.5 and is approximately five
times higher than that of Li™ in water.!> The first hypothesis in
trying to explain this behavior comes with a picture of highly
correlated charge-transfer events along the hydrogen-bonded
chains, also known as structure diffusion or Grotthuss hopping.'?
However, a process involving only proton-transfer events
between water molecules along the chains leads to a local
polarization of the network and no net conduction. Thus, a
successive reorientation of the molecules in the outer hydration
shell is necessary in order to depolarize the network and yield
a new configuration permitting the next proton-transfer event.
The first mechanistic picture for the overall excess proton-
transfer mechanism in water was determined from NMR data
interpreted by Agmon* and confirmed by Tuckerman et al.!*!
with Car—Parrinello ab initio molecular dynamics (AIMD)
simulations.'® The region containing the excess proton corre-
sponds to either a hydrated hydronium ion (i.e., HyO," or Eigen
cation'”'®) or a dimeric form sharing the excess charge between
two water molecules (i.e., a HsO," or Zundel cation'). The
proton-transfer mechanism in water proceeds via a series of
structural rearrangements between these patterns; in this manner,
an Eigen ion is transformed into a Zundel ion, which itself is
converted to an Eigen ion (i.e., EZE mechanism®). The main
qualitative features complemented with some significant quan-
titative corrections of the above-described mechanism were later
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Figure 1. Global minimum-energy structures of phosphoric acid
clusters determined at the B3LYP/6-311G** level; (a) H3POy4, (b)
(H3POy),, and (¢) (H3POy)s.

confirmed by more sophisticated techniques involving nuclear
quantum effects.20~2

The structure of neat liquid phosphoric acid (H;PO,) consists
of an extended intermolecular network of hydrogen bonds and
exhibits high proton conductivity, making it of particular interest
for use in fuel cells. Phosphoric acid fuel cells (PAFCs), in
contrast to PEM fuel cells, use phosphoric acid (instead of a
solid polymer) as the electrolyte, do not require water for
operation, and operate at higher temperature (150—200 °C).
Although PAFCs dominate the stationary fuel cell market, there
are some serious drawbacks due to low efficiency and a much
lower power to size ratio when compared to those for other
fuel cells.

Recently, phosphoric acid has become an important constitu-
ent of alternative proton-conducting membranes, particularly in
complexes with basic polymers, such as poly(benzimidazole)
for use as the electrolyte in PEM and direct methanol fuel cells.?®
Despite the fact that the PBI/PA composite has a very low
conductivity (~2 x 1073 S/cm), it has extraordinary thermo-
mechanical and chemical stabilities, which are crucial for fuel
cell applications.?”?® Drawbacks in these systems indicate the
fact that H;PO, is not strongly bound to the polymer and
therefore leaches out by water during fuel cell operation and
also that the proton conductivity dramatically decreases with
decreasing concentration of PA. The latter is a common feature
in both phosphoric and phosphonic acid systems.? Obviously,
proton conduction in phosphoric acid is very sensitive toward
perturbations, but it is not clear to what extent these perturba-
tions are the consequences of chemical interaction or just the

TABLE 1: Energetics of Phosphoric Acid Clusters®
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confinement in the diverse matrixes. Of course, such questions
can only be addressed in a meaningful way on the basis of a
better understanding of proton dynamics in pure bulk phosphoric
acid.

The H;PO4 molecule has three proton-donor sites and one
proton-acceptor site. As a liquid, it is able not only to solvate
the excess charge but also generate the charge carriers through
self-dissociation (~7.4%) along with some condensation, mainly
yielding pyrophosphoric acid (H;P,07).*® The acid has a low
diffusion coefficient of phosphate “blocks” but an extremely
high proton mobility, which presumably proceeds via proton
transfer between phosphate species and is facilitated by structural
rearrangement. The contribution of Grotthuss-type hopping is
~98%, with the remaining 2% coming from hydrodynamic
diffusion of charged species.’!*> Greenwood and Thompson?®*3*
were the first to suggest a mechanism for proton conduction in
phosphoric acid by introducing Grotthuss chains and a mech-
anism where the proton hops between neighboring phosphate
species. The observation of almost negligible changes in the
mobility with an exchange of H with D suggests that the transfer
of the proton between phosphate units occurs with very small
barriers, and quantum effects might be excluded from the
description of the structural mechanism. Most of the previous
simulation work aimed at modeling the structure of liquid and
solid states was performed using empirical interatomic poten-
tials, which are unable to describe bond-breaking and -forming
processes in such a complex system as phosphoric acid.®> A
more recent AIMD study®® was unable to provide insight into
the mechanism of proton transfer in this system in part due to
the short time of the simulations.

The aim of this study is to investigate the hydrogen-bonding
and proton-transfer energetics in phosphoric acid clusters with
ab initio electronic structure calculations. Clusters of up to six
molecules are investigated using density functional theory and
a moderate size basis set in order to probe collective effects on
the proton-transfer potentials and the critical number of mol-
ecules necessary for an effective proton-transfer event. Previous
studies of similar scope and employing the same computational
protocol performed on phosphonic acid, sulfonic acid, and
imidazole systems have proved to yield results which were in
good agreement with experimental data.’” The paper is organized
as follows; the first section contains a short description of the
computational methods used to determine the structures and
energetics for all molecular systems. This methods section is
followed by a discussion section describing the structures and
binding energies for each of the phosphoric acid clusters.

II. Computational Methods

All ab initio self-consistent field (SCF) electronic structure
calculations were performed using the GAUSSIAN 03 suite of
programs.*® Geometry optimizations were undertaken by con-

AEzp! AEgsse’ AF
Eued Ecec + ZPE° (kcal/mol) (kcal/mol) (kcal/mol)

H;PO, —644.26915543 —644.220472
(H3POy), —1288.57984231 —1288.480654 24.9 20.6 10.3
(H3POy); —1932.89566541 —1932.743450 51.5 38.9 13.0
(H3POy)4 —2577.20464982 —2577.001550 75.1 57.6 14.4
(H3POy)s —3221.50301674 —3221.248376 91.6 68.5 13.7
(H3POy)s —3865.82725131 —3865.524367 126.5 99.0 16.5

@ All structures optimized at the B3LYP/6-311G** level. ” Total electronic energy in Hartrees. ¢ Total electronic energy corrected for zero
point energy (ZPE). ¢ Energy difference based on ZPE-corrected Eee. ¢ BSSE- and ZPE-corrected binding energy. /Binding energy per

phosphoric acid molecule.
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Figure 2. Energetics for proton transfer in (H;PO,),; first case, constraint of the O+++O distance of the hydrogen bond where the proton is transferred
and the O—H bond length of the second (i.e., back) hydrogen bond; second case, constraint on the O—H bond length only; third case, constraint
of the O+++O distance only; and fourth case, no constraints. The different configurations shown correspond to the fully optimized dimer (left), the
structure following proton transfer under the first constraint (top), and the structure resulting from proton transfer without any constraint, the forth

case (right).

jugate gradient methods® without symmetry constraints, initially
using Hartree—Fock theory with the 6-31G** split valence basis
set.*? The resulting structures were further refined with density
functional theory (DFT) and Becke’s three-parameter functional
(B3LYP),"'~* first with the same basis set and then with the
larger 6-311G**. This procedure was found to be the most
efficient in obtaining the global minimum-energy structure at
the B3LYP/6-311G** level. The effects of diffuse functions
on the minimum-energy configurations were assessed, but only
minor differences in the structural parameters with a systematic
difference in the total energy were observed. The binding
strength (due to hydrogen bonding) was evaluated at the B3LYP/
6-311G** level and subsequently corrected for zero-point energy
(ZPE) and basis set superposition error (BSSE), the latter using
the counterpoise correction (CP) scheme of Boys and Bernardi,*
which has been known to change the location of local minima
in some systems.” The energy barrier for proton transfer
between phosphoric acid molecules was determined using the
potential energy surface (PES) scan method as implemented in
GAUSSIAN 03. A hydrogen atom was transferred between
phosphate species with an incremental distance of 0.02 A, and
the transition structure at each point of the scan was optimized
at the B3LYP/6-31G** level under different constraints to
neighboring oxygen atoms and O—H bond distances. Partial
atomic electrostatic charges were computed with the CHELPG
scheme due to its small dependence on basis set size.*® The
influence of collective effects on the proton-conduction mech-
anism was probed by examining different clusters consisting
of two to six H;PO4 molecules.

III. Results and Discussion

H;PO4 Molecule. The minimum-energy structure of a single
phosphoric acid molecule was determined at the B3LYP/6-
311G** level using the methodology described above and is
shown in Figure 1a along with important structural parameters
including bond lengths and angles. The corresponding energetics
are given in Table 1, facilitating the calculation of binding
energies in the H;PO, clusters described below.

«0.413

® 0.000 i ™ +0.650 -0.650

Figure 3. Partial atomic (CHELPG) charges and the electrostatic
isosurface for (H3POy),, (a) prior to proton transfer and (b) following
proton transfer under the constraint of back transfer of the second proton
(i.e., the first case in Figure 2).

(H3POy):. A pair of H;PO4 molecules were arranged in
various conformations with respect to hydrogen-bonding and
“twist” angles and fully optimized using the above-described
procedure. The global minimum-energy conformation (con-
firmed through a vibrational frequency analysis) is shown in
Figure 1b and has a regular dimeric structure with the molecules
bound with a pair of typical hydrogen bonds. As expected, there
is a slight increase in the O—H bond distance (1.02 A) for the
protons involved in the hydrogen bonds. The electronic energies
are reported in Table 1, and after correcting for ZPE and BSSE,
the binding energy was calculated to be 20.6 kcal/mol (10.3
kcal/mol per H;POy).

PES scans along the proton-transfer coordinates with respect
to four different constraints on neighboring oxygen atoms and
O—H bonds in the pair of phosphoric acid molecules were
performed, and the profiles for each of the cases are shown in
Figure 2. The first case corresponds to the situation where the
oxygen—oxygen separation distance of the hydrogen bond
where the proton is transferred is fixed and the O—H bond length
in the second hydrogen bond is held constant. In the second
case, the constraint on the O—H bond length is retained, but
the restriction on the O+++O distance is relaxed. The final two
cases represent situations of decreasing constraint, where, in
the third case, only the O+++O distance for the hydrogen bond
considered is fixed, and no constraints are imposed in the fourth
case. The last two cases represent the situation where the O—H
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Figure 4. Energetics for proton transfer in (H;PO4); with the position of the transferred proton indicated by an arrow in each of the three configurations.

First case, constraint of the O-+++O distance of the hydrogen bond where the proton is transferred and the O—H bond length of the neighboring

hydrogen bond; second case, constraint on the O—H bond length only; third case, constraint of the O-++O distance of the hydrogen bond where the

proton is transferred only; and fourth case, no constraints. The different configurations shown correspond to the fully optimized dimer (left), the
structure following proton transfer under the first constraint (top right), and the structure resulting from proton transfer without any constraint, the

fourth case (bottom right).

+0.012

Figure 5. Partial atomic charges and electrostatic isosurface for
(H;POy4); (a) before and (b) following proton transfer under the
constraint of back transfer of the second proton (i.e., first case in Figure
4).

bond length of the second hydrogen bond is not fixed, and hence,
charge separation is not forced with the transfer of the proton.
The more relaxed optimizations as indicated in Figure 2 result
in lower energetic barriers (6.8 and 3.7 kcal/mol for cases three
and four, respectively) and fairly symmetric energy profiles with
respect to the center of the hydrogen bond, demonstrating that
with the “back” transfer of the other proton in the second
hydrogen bond, the final configuration strongly resembles the
starting configuration with only a slightly higher (~0.5 kcal/
mol) energy and very minor changes in the positions of the
atoms (left and right configurations in Figure 2). The endot-
hermicity associated with protonating an acid and the consequent
formation of the [H,PO,*][H,PO, "] ion pair was calculated to
be 11.2 kcal/mol. This is significantly higher than that for the
cases where no charge separation results from proton transfer
(i.e., 0.5 kcal/mol for cases three and four). Analysis of the
partial (CHELPG) atomic charges for both the global minimum-
energy structure and the resulting configuration where back
transfer of a second proton was prohibited (i.e., cases one or
two) indicates that proton transfer results in a net charge transfer
of 0.650 (Figure 3), with most of it coming from the charge
redistribution on the oxygen atoms involved in the two hydrogen
bonds.

(a) ()

v

Figure 6. Fully optimized structures of phosphoric acid clusters
determined at the B3LYP/6-311G** level; (a) (H3PO4); and (b)
(HsPOy)s.

(H3POy4);. A number of distinct input geometries were
selected for constructing molecular clusters consisting of three
phosphoric acid molecules and optimized following the scheme
described previously for the dimer. However, in this case,
several distinctly different local minimum-energy structure
configurations were obtained. The “global” minimum-energy
structure, shown in Figure 1c, was selected as the configuration
with the lowest energy among the different isomeric clusters
and indicates that several degrees of freedom exist in the
configuration space of this relatively small system consisting
of only three molecules. The minimum-energy cluster has six
hydrogen bonds with O+++O separation distances ranging from
2.49 up to 2.70 A. The BSSE-corrected binding energy (see
Table 1) for the phosphoric acid trimer is 38.9 kcal/mol,
resulting in 13.0 kcal/mol per H;PO, molecule. This value is
significantly higher than that computed for the dimer and is
probably due to the fact that the trimer has three hydrogen bonds
of moderate length [d(O—H+++0) = ~2.6 A], one significantly
longer “quasi-hydrogen bond” [d(O—H-+-OH = ~2.7 A)], and
a much shorter hydrogen bond in which the proton is transferred
[d(O—H+++0) = ~2.5 A]. The computed energetics for transfer
of a proton under each of the constraints is shown in Figure 4,
with the position of the selected proton indicated with an arrow
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Figure 7. Energetics for proton transfer in (H;PO,),; first case, constraint of the O+++O distance of the hydrogen bond where the proton is transferred
and the O—H bond length of the neighboring hydrogen bond; second case, constraint on the O—H bond length only; third case, constraint of the
O--++0 distance of the hydrogen bond where the proton is transferred only; and fourth case, no constraints. The different configurations shown
correspond to the fully optimized dimer (left), the structure following proton transfer under the first constraint (top right), and the structure resulting

from proton transfer without any constraint, the fourth case (bottom right).

in each of the three configurations. The penalty for moving the
proton under constraint that results in the formation of
[HsPO4T[H3PO,~][H3PO,] (see the configuration at the top right
in Figure 4) is 10.8 kcal/mol, which is ~0.5 kcal/mol lower
than that in the dimer (Figure 2). It is important to point out
that calculation of partial atomic charges indicates a slight
redistribution of charges (approximately £0.01) (Figure 5a) even
before transferring the proton between the phosphates. The
transfer of the proton, as expected, substantially increases the
negative charge on the donating molecule (i.e., a decrease of
0.627) and demonstrates not only an increase in the positive
charge of the protonated molecule but also one on the third
H;PO, in the cluster, the latter by 0.030. The magnitude of
charge transferred is slightly less than that observed in the dimer
(—0.650) through the delocalization of positive excess charge
in the cluster. The respective decrease in the energetic penalty
for shuttling the proton and separating the charge, as well as a
higher degree of charge delocalization, suggest that all of the
molecules comprising the cluster participate in the intermo-
lecular proton-transfer process of this system.

(H3POy),. The investigation was extended to clusters consist-
ing of four phosphoric acid molecules in order to check the
trends observed for the two and three molecular clusters.
Clusters of four H;PO, molecules in various configurations were
constructed, including a configuration corresponding to the
bonding exhibited by the crystalline state of phosphoric acid,
determined by neutron diffraction.**® The configuration taken
from the solid, as expected, exhibits the strongest interaction
between the acid molecules and hence the lowest electronic
energy. After optimization at the B3ALYP/6-311G** level, some
slight changes in the atomic positions as well as an increase in
the irregularity of the hydrogen bonding was observed, and the
resulting configuration is shown in Figure 6a. However, an
interesting effect was observed during the PES scans of some
of the configurations, namely, that with fewer constraints during
the proton transfer, clusters undergo structural rearrangements,
yielding new more stable geometries. This information was
further used for locating the global minimum. Moreover, a

0448

+0.022

+0.034

Figure 8. Partial atomic charges and electrostatic isosurface for the
(HsPO4)s4 (a) before and (b) following proton transfer under the
constraint of back transfer of the second proton (i.e., first case in Figure
7).

number of interesting features were observed during the
geometry reoptimizations, such as greater irregularity of hy-
drogen bonding and consequential greater distribution in the
length of the hydrogen bonds. The binding energy, after
correction for ZPE and BSSE, was calculated to be 57.6 kcal/
mol for the entire cluster, giving 14.4 kcal/mol/H;POy, 1.3 kcal/
mol higher than that observed with the trimer. The energetic
penalty for transferring the selected proton from one H;PO,
molecule to another was determined to be about 9.6 kcal/mol
under conditions where both the O-«++O distance and O—H bond
length are constrained, shown in Figure 7 (top right configu-
ration). Relaxing the atoms surrounding the hydrogen bond over
which the proton is transferred significantly reduces the endot-
hermicity and the activation barrier, as revealed in the third and
fourth cases in Figure 7. The energetic comparison between the
lowest-energy trimeric and tetrameric configurations confirms
the trends of easier charge separation and a lower activation
barrier for proton transfer in a larger system. The extent to which
charges are partitioned in the system and the resulting dipolar
moment induced were also evaluated. The computed partial
atomic charges of the global minimum-energy structure and the
configuration exhibiting charge separation (i.e., [H3PO4],[Hs-
PO,*][H3PO, "], case one) are shown in Figure 8a and b,
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Figure 9. Energetics for proton transfer in (H;POy)s; first case, constraint of the O«++O distance of the hydrogen bond where the proton is transferred
and the O—H bond length of the neighboring hydrogen bond; second case, constraint on the O—H bond length only; third case, constraint of the
O--++0 distance of the hydrogen bond where the proton is transferred only; and fourth case, no constraints. The different configurations shown
correspond to the fully optimized dimer (left), the structure following proton transfer under the first constraint (top right), and the structure resulting

from proton transfer without any constraint, the fourth case (bottom right).

respectively. The atomic charges on the molecules after the
proton transfer were slightly lower in magnitude than those
observed in either the dimer or trimer. The estimated total
charges on the conjugate acid and conjugate base were +0.627
and —0.576, respectively, with the rest of the negative charge
delocalized on the neighboring phosphoric acid molecules.
(H3PQy,)s. Starting configurations for a cluster consisting of
five phosphoric acid molecules were selected from geometries
observed in the crystalline arrangement. The resulting global
minimum-energy configuration obtained at the B3LYP/6-
311G** level is presented in Figure 6b. The configuration clearly
reveals an increase in the distribution in the lengths and types
(i.e., O—H+++O and O—H-++OH) of the hydrogen bonds. The
structure has nine hydrogen bonds of moderate length and two
extended hydrogen bonds. The binding energy for this cluster
after correction for ZPE and BSSE is 69.8 or 14.0 kcal/mol/
H;PO,. This binding energy per phosphoric acid molecule is
similar to that computed in the cluster consisting of four
molecules and is undoubtedly due to the similarity in the number
of conventional hydrogen bonds in each of the clusters (seven
and nine for the (H3;PO,), and (H3PO,)s clusters, respectively).
The energy profiles for proton transfer under the four different
constraints are shown in Figure 9. The energy penalty for proton
transfer under full constraint on the coordinates of surrounding
atoms is ~8.9 kcal/mol. With relaxation of the neighboring
O—H bond, the barrier height is substantially reduced (~4.5
kcal/mol), and the energy difference between the initial and final
states is almost negligible. This indicates an almost pure double
proton migration inside of the complex without any structural
rearrangements or charge redistribution (compare the configu-
ration on the left with the lower figure on the right in Figure
9). The top of the potential barrier shifts closer to one of the
oxygen atoms, thus revealing some contraction of the hydrogen
bond and the effect of a second oxygen atom, facilitating the
proton transfer. The charge analysis is shown in Figure 10 and
reveals that the charges resulting due to the proton transfer are
of the same order as those in the case of previous clusters,
conjugate acid (—0.669) and conjugate base (4+0.562). However,
a significant part of an excess positive charge (+0.169) is located
on two neighboring molecules, suggesting that more molecules

Figure 10. Partial atomic charges and electrostatic isosurface for
(HsPO4)s (a) before and (b) following proton transfer under the
constraint of back transfer of the second proton (i.e., first case in Figure
9).

in the system facilitate the overall charge delocalization and
might be a reason for the decreasing charge separation energy
with an increasing system size.

(H3PQOy)s. The final stage of this study was the investigation
of proton-transfer energetics in a cluster consisting of six
phosphoric acid molecules. The starting coordinates were again
taken from the solid-state arrangement, and the global minimum-
energy configuration optimized at the B3ALYP/6-311G** level
is shown in Figure 11. The ZPE- and BSSE-corrected binding
energy per phosphoric acid molecule in the cluster is 16.5 kcal/
mol. This is a significant increase over the binding energies
computed for the clusters with four and five molecules and
suggests that larger clusters are probably needed to obtain the
binding energies approaching that in the extended (i.e., bulk)
system. PES scans were performed under the same four levels
of constraint for proton transfer over one of the short hydrogen
bonds, and the corresponding potential energy profiles are
plotted in Figure 12. Clearly, the energy profiles have become
essentially flat, with all barriers less than 1.2 kcal/mol. This
may be due to the very short hydrogen bond [d(O---H) = 1.42
A] over which the proton transfer occurs; however, an almost
identically short hydrogen bond [d(O-<:-H) = 1.47 A] in a
trimeric cluster resulted in a significantly higher PT barrier. With
an analogy to all other systems, the CHELPG analysis of partial
charges on atoms was performed. The results are presented in
Figure 13. As one might expect, the charge delocalization is
higher in this system even prior to proton transfer (see Figure
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Figure 11. Fully optimized structures of (H;PO,)s determined at the B3LYP/6-311G** level.
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Figure 12. First case, constraint of the O-++O distance of the hydrogen bond where the proton is transferred and the O—H bond length of the
neighboring hydrogen bond; second case, constraint on the O—H bond length only; third case, constraint of the O+++O distance of the hydrogen
bond where the proton is transferred only; and fourth case, no constraints. The different configurations shown correspond to the fully optimized
dimer (left), the structure following proton transfer under the first constraint (top right), and the structure resulting from proton transfer without any

constraint, the fourth case (bottom right).

13a). Moreover, the charges resulting from transfer of the proton
are also quite delocalized over the system; the sum of atomic
partial charges on the conjugate acid is —0.568, with the rest
being distributed over adjacent H;PO, molecules and +0.664
on the conjugate base. The dramatic decrease in all barriers in
(H5PO4)¢ and the endothermicities provides some evidence
concerning the importance of system size on the intermolecular
proton-transfer process and the long-range transport of protons
in phosphoric acid.

IV. Conclusions

We have undertaken an investigation into the energetics of
proton transfer in phosphoric acid clusters consisting of two to

+0.047

+0.052 0049 +0.664

Figure 13. Partial atomic charges and electrostatic isosurface for the
(H;POy4) (a) before and (b) following proton transfer under the
constraint of back transfer of the second proton (i.e., first case in Figure
12).
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Figure 14. Energetic parameters as a function of cluster size; (a)
endothermicity, (b) barrier for double proton transfer with the constraint
of only the O—O bond length, (c) barrier for double proton transfer
with the relaxed O—O bond length, and (d) the binding energy per
H3;PO, molecule. (a), (b), and (c) were evaluated at the B3LYP/6-31G**
level, and (d) was evaluated at the B3LYP/6-311G** level correction
for both ZPE and BSSE.

six molecules. A number of initial configurations for each of
the clusters were constructed in order to locate the global
minimum-energy configuration. All structures were proved to
be energy minima by frequency analysis. Binding energies per
H;PO4 were computed and corrected for ZPE and BSSE and
showed an increasing trend up to hexameric cluster, with only
the pentamer representing a slight deviation. This observation
may be attributed to the increase in the average number of
hydrogen bonds per molecule and the interaction energies
approaching those in the condensed phase. However, a cluster
of six molecules is probably too small to observe saturation in
those values, and investigation of larger and/or extended systems
is necessary. Partial atomic charges determined for each
molecule of the cluster prior and following proton transfer also
reveal an increase in charge delocalization, which appears to
facilitate the proton transfer with a lower energy barrier. The
energetics are collected together in Figure 14 and clearly show
an almost systematic decrease in the endothermicity with an
increase in the number of molecules comprising the cluster.
Interestingly, only the largest complex in our study demonstrates
an abrupt decrease in the energy penalty accompanying the
proton transfer. This effect may be due to the variation in the
hydrogen bond length; however, this variation is more of a
random fashion than showing a systematical extension or
contraction according to the number of molecules in the cluster.
Hence, there is obviously some indication of a decreasing
energetic cost for the proton transfer and charge separation upon
increase in the system’s size, with the largest cluster representing
the most extreme case in our study. Relaxation of the surround-
ing atoms has a systematic effect on the proton-transfer
energetics. The change in the constraint on a neighboring O—H
bond during calculations either forces or prevents the charge
separation, thus completely changing the energetics of the
proton-transfer process. The relaxed bond allows a neighboring
proton to hop back; thus, double proton migration takes place,
and the structure, in principle, transforms itself into the starting
structure, with the profile of the energy barrier resembling a
symmetric double well potential. The variation of activation
barriers for the third and fourth cases versus cluster size is also
shown in Figure 14. There is no uniform variation in these
quantities; however, the largest system of six molecules shows
a rapid “softening” of both barriers, which suggests a “critical

Vilciauskas et al.

cluster size” for the system. However, it was observed that
several of the stable clusters readily rearranged into other
configurations that were occasionally lower in energy upon a
slight charge displacement during the transfer of a proton. These
observations indicate significant freedom in configuration space
existing in these systems comprised of only a relatively small
number of molecules and that the local minima are closely
related. This suggests that proton transport in neat phosphoric
acid may be facilitated by these rearrangements, which respec-
tively lower the activation barriers and endothermicities for
charge separation.
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