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Abstract: Nonlocal gradient-corrected density functional theoretical calculations were used to determine
the energetics associated with proton migration in phosphotungstic acid. The activation energy for anhydrous
proton hopping between two oxygen atoms on the exterior of the molecular Keggin unit was calculated to
be 103.3 kJ mol~1. The quantum-tunneling effect on the rate of proton movement was determined using
semiclassical transition-state theory and was found to be a major contributor to the overall rate of proton
movement at temperatures below approximately 350 K. The adsorption of water on an acidic proton
decreases the activation barrier for hopping to 11.2 kJ mol~* by facilitating proton transfer along hydrogen
bonds. The overall rate constant for proton hopping was determined as a function of temperature and
water partial pressure. Small amounts of water greatly enhance the overall rate of proton movement.

Introduction

Heteropolyacids (HPAs) show promise as strong solid-acid
catalysts and as proton-conducting materials for use in proton
exchange membrane fuel cells. As strong solid acids, HPAs may
provide an alternative to the toxic, corrosive liquid acids

currently used for a reaction such as alkylatloh. The

established technologies for refinery alkylation processes use
large quantities of anhydrous hydrofluoric or sulfuric acid.
Replacement of these liquid acids with a solid acid catalyst will
alleviate environmental safety concerns associated with the
homogeneous processes. As a proton-conducting material, HPA¢
exhibit high conductivity® and can be incorporated in composite
membranes for use in proton exchange membrane (PEM) fuel
cells’~10 Understanding the influence of water on the reactivity
and proton conductivity of HPAs is essential to advance the
use of HPAs as solid-acid catalysts and as additives in PEM

fuel cells.

The basic unit of the heteropolyacid is the heteropolyanion Figure 1. DFT calculated equilibrium states and transition state for the

Keggin structures (XNbO4d"™) are the most commonly studied

proton-hopping reaction between ap &@om and an @atom of HPW. (a)
Equilibrium structure with H bound to an @atom. (b) Transition state

heteropolyanions because of their greater acid strength, stability,for the proton-hopping reaction betweeg&d Q atoms. (c) Equilibrium
and availability compared to those of other polyoxometalates. structure with H bound to an @atom. (d) Full Keggin unit view of the

A Keggin unit is illustrated in Figure 1. The strongest acid

among the common Keggin units is phosphotungstic&cid
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transition state. All calculations were performed on the full Keggin unit.
The ZPVE corrected activation energy for movement starting on the O
oxygen atom is 103.3 kJ nol. The ZPVE corrected reaction energy for
proton hopping from the o Oy oxygen atom is 12.4 kJ mol. Geometric
parameters are given in Table 1. Distances are given in A.

(HPW) in which the central (X) atom is phosphorus and the
addenda (M) atoms are tungsten (i.e., f®4s°"). Protons
coordinate to oxygen atoms on the exterior of the Keggin unit
(KU) to complete the primary structure of the heteropolyacid.
Adsorption of water molecules to the acidic protons of HPW
is exothermic? Adsorbed water molecules hydrogen bond with

(12) Janik, M. J.; Campbell, K. A.; Bardin, B. B.; Davis, R. J.; Neurock, M.
Appl. Catal. A2003,256, 51—-68.
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oxygen atoms of nearby KUs, linking the units together to form energies, to determine the rate constants with and without water
a secondary structure. The hydration level of phosphotungstic assisting the proton motion. The effect of quantum tunneling
acid is a function of temperature and relative humidity, with on the anhydrous rate constant is estimated using semiclassical
the hexahydrate (@PW;,040-6H,0O) being stable at room transition-state theory as developed by Fermann and AuefBach.
temperature and low relative humidit$1* Dehydration of the The theoretical results are used to determine the water adsorption
hexahydrate species begins just above room temperature an@quilibrium constant which is used along with the individual
continues above 500 K.The energy for water desorption and rate constants to predict the overall rate constant for proton
the effect of desorption on the bulk structure and proton position hopping as a function of temperature and the amount of water
were previously studied using quantum-chemical metidds.  present.

The adsorption of water molecules on acidic protons is
generally considered to poison an acid catalyst by reducing the
acid strength. However, upon increasing the hydration level of  Quantum-chemical calculations were performed using gradient-
HPW, the activity for cyclopropane isomerization was shown corrected density functional theory as implemented in the Vienna ab
to initially increase before significantly decreasiidhis initial initio Simulation Package (VASP) using plane-wave basis %et3.
enhancement was speculated to be caused by increased protoH'traSOﬂ pseudopotentials were used to Qescribe eleeimrninteraf:-
mobility. The decrease in activity at higher hydration levels then ons** Exchange and correlation energies were calculated using the

. . o . _Perdew-Wang (PW91) form of the generalized gradient approxima-
results from a decrease in acid strength. In addition, the catalytic.. ~ ", .
o " . o tion.? A cutoff energy of 396.0 eV for the plane-wave basis set was
activity of HPW under dry conditions declined with time on

] e used in all calculations. A ¥ 1 x 1 Monkhorst-Pack mesh was used
stream for butene double bond isomerization and pentane sample the first Brillouin zon®. This method has previously been

skeletal isomerization, whereas treatment with water vapor shown to determine an equilibrium Keggin structure in agreement with

substantially recovered the catalytic actiityAn increase in experiment?

proton mobility from small amounts of water may account for All calculations were performed on the complete phosphotungstic

the enhancements in catalytic performance. Indeed, Baba andU along with three protons. The molecular system was represented

Ono suggested that the dynamic properties of protons may bewithin the periodic code by using a 20 20 x 20 A3 unit cell with 8

vital to solid-acid catalysi& A qf vacuum space between Keggin u_nits in adja_cent supercells.
Proton-conductivity studies of HPW also recognize the OPtimized geometries were located using a quasi-Newton forces

importance of water in enhancing the proton mobility. The minimization algor'th_m' .

conductivity was found to decrease with decreasing hydration .The nudged eIaSt'C band transition-state S.'eamh meth_Od was used

levels from 21 to 14 to 6 water molecules per Khe effect within VASP to isolate transition statés.This method involves

o . . optimizing a chain of images that connect the reactant and product
of water on the proton conductivity of HPAs is pertinent t0  giates to determine the minimum energy reaction path. The nuclear

their use in the membranes of PEM fuel cells. High-temperature positions are optimized with the constraint of only moving perpendicular
(>393 K) operation of PEM fuel cells is desired to improve to the current hyper-tangent, defined as the normal vector between the
the CO tolerance of the Pt electrode, increase the reaction ratestwo neighboring images. The transition state is then identified as the
manage the water more efficiently, and simplify system integra- maximum energy image. For the proton-hopping reaction, four initial
tion.18 Heteropolyacids have been explored as additives to images were linearly interpolated between reactants and products. A
materials such as Nafion to increase their water retention at hightransition state was identified as the image with a maximum in energy
temperatures and increase their proton dersityimproved and a tangential force less t_ha_n 0.08 eVLAThe forces on thls image
understanding of the mechanism of water-enhanced mobility were then separately Opt'm'zed to remove any artificial forces
and the factors that affect water desorption will help determine introduced by the constraints of the elastic band method.

th timal desi d fi f fuel cell ith HPA The harmonic vibrational modes were determined for equilibrium
€ O_p _Ima esign and operation of fuel cells wi " and transition states. Positive and negative displacements of 0.01 A in
containing proton-exchange membranes.

each of the Cartesian coordinates were used to determine the Hessian
The elementary step for proton motion is the proton-transfer matrix. The use of “constrained” vibrational calculations was explored,
or proton-hopping reaction, in which a proton moves from one in which the Hessian matrix is determined only for those atoms involved
oxygen atom to another along the exterior surface of a single in the proton-hopping reaction. Transition states were confirmed by
KU. In this study, density functional theory quantum-chemical the presence of a single imaginary frequency along the reaction
methods are used to determine the energetics associated witt§oordinate mode. Vibrational frequencies were used to calculate zero-
elementary proton-hopping paths. The reaction and activation PNt vibrational energy (ZPVE) corrections. _
energies are determined for both the anhydrous and water- ©Vverall rates of the proton-hopping reaction were computed using
assisted proton-hopping processes. In the presence of lowfransition-state theory and statistical mechanics, foIIowmg the same
amounts of water, the mobility of hydrated protons is dominated approach as Ryder et al. for the study of the proton-hopping reaction
At L . in H-ZSM-528 For the anhydrous proton-hopping reaction, the rate
by movemgnt_ as kD™, wh_mh is termed the vehicle _rr_1echa- constant per proton is calculated as
nism?° Statistical mechanics and conventional transition-state
theory are used, together with the theoretically calculated

Computational Methods

kg T ’
kTST: ( B ) qTS,VIb e—Eac{RT (1)

OH+—initial,vib
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whereh is Planck’s constanig is Boltzmann’s constant, is the Table 1. DFT Optimized Interatomic Distances and Angles of the
ZPVE corrected activation barrieR is the universal gas constant, and Eq“""?”“’g and Transition-State S(}ructures for the Proton-Hopping
T is the temperature. The ratio of the vibrational partition functions, Reaction between an O; Atom and an Og Atom of HPW

Quib, Of the transition state and equilibrium initial state appears in the (a) initial H* (b) transition (c) final H*

preexponential factor. Similarly, for the water-assisted proton-hopping on O state on Oy
reaction, the rate per4@* species is O.—W—0q (deg) 94.0 71.1 98.0
A e . o6 24

T ’ O.—H . . .

K'ST= (k%) _ rswb_ -EurT ) Ou—H EA; 2.80 1.25 0.98
c]H3O+—initial,vib Oc—W (A) 212 217 1.91
Og—W (A) 1.71 1.80 1.85
Quantum-tunneling transitions may represent a substantial fraction H*—W (A) 2.69 2.08 257
of anhydrous proton-hopping reactions. The importance of quantum ~W—P (&) 3.54 3.36 3.45

tunneling to the anhydrous proton-hopping rate was determined using Oc—H"—0u (deg) 135.5

the semiclassical transition-state theory (SC-TST) as developed by
Fermann and Auerbach;

a(a), (b), and (c) refer to the corresponding structure labels in Figure 1.

|SC-TST _ of the Keggin unit through five different jump paths, three
E.ofRT distinct paths between bridging oxygen atomg<QOy, O.—
TST] e 1 (aBadNAIOl g 01mksT, : L
k e T Qﬁm gl keTsactr g do| = 0., O,—0¢) and between either type of bridging oxygen atom
1+e ST and a terminal oxygen atom {©0gy, Oc—0Qq). The equilibrium
k= I(M) (3) position of a proton bound to a bridging. @tom is calculated

wherek™T is defined in eq 1N is Avogadro’s number is the barrier to be 0.3-0.5 A closer to a nearby {atom than to a second
penetration integral for the reaction coordinate, arid the imaginary bridging oxygen atom (i.e., £or Q). The barrier for proton
harmonic frequency associated with the curvature at the top of the transfer between two bridging oxygen atoms would be signifi-
barrier. The rate is defined as the classical transition-state theory ratecantly higher due to the larger distance over which transfer must
constantk™T, multiplied by a tunneling correction factdr(T), which occur. Therefore, the lowest-energy paths would be from
is shown in brackets in eq 3. A numerical scheme is used to evaluate bridging oxygen atoms to terminal oxygen atoms. Furthermore,
the integral in eq 3. This expression was derived from harmonic transfer between either of the bridging oxygen atoms and a
semiclassical transition-state theory by reintroducing the ground state tarminal oxygen atom is expected to be qualitatively similar.

of reactants for the low-energy limit of the barrier penetration integral. To simplify this study, only the jump path between aga@m
This method was chosen because it requires calculation of the energy_ 4 an Qatom is inve,sti ated. As rotation about the@ygen
and frequencies at only the initial and transition states and is therefore 9 ’ Y9

substantially less computationally intensive than methods that require 210™ IS likely facile, subsequent *hops” to other bridging oxygen
these parameters along the entire minimum-energy reaction path (se?l0Ms through similar jump paths allow the proton access to
ref 20 for further discussion). Results are expected to qualitatively the entire KU exterior. This mechanism can be contrasted with
predict the importance of including quantum tunneling in the overall Studies of proton jump paths over zeolites. In zeolites, the
proton-hopping rate. In addition, SC-TST has been applied to study activation barrier to proton hopping depends on whether the
proton mobility in zeolite clusters, thereby providing a useful com- two oxygen atoms are connected to an aluminum or silicon atom
parisor?® A crossover temperatur&,, below which quantum tunneling  and on the distance between the silicon and aluminum a®ms.
domi_nates _the proton-hopping rate and above which classical transitions  The proton jump path considered here has the proton initially
dominate, is calculated as located on the @bridging oxygen atom and ending on thg O
Alw|E /R terminal oxygen.at(.)m. The equilibrium an.d trgnsition-stgte
xT o /N~ hlwin2 4) _structures_ for this jump path are shOV\_/n in Figure 1 with
ac interatomic distances and angles listed in Table 1. Note that,
although only a small section of the KU is shown in Figure
1(a,b,c), all calculations utilize the entire KU. In the initial state,
_ _ the three protons are located at their optimal positions as
Results and Discussion previously determine#? The activation energy with reference
Anhydrous Proton-Hopping Reaction. The motion of to the equilibrium initial state is 117.9 kJ mdl Zero-point
protons on an isolated phosphotungstic acid Keggin unit is vibrational energy corrections reduce the barrier to 103.3 kJ
composed of a series of “hops” between oxygen atoms on themol™%. The imaginary frequency of the transition-state structure
exterior surface. Three types of oxygen atoms are available tois 1513i cnt™. The proton-hopping reaction energy is 12.9 kJ
protons on the exterior of the Keggin structure and they are mol~?, indicating that the @atom has a slightly higher proton
indicated in Figure 1. The two types of oxygen atoms that bridge affinity than the Q atom, as previously reporté&The inclusion
between two tungsten atoms are labelgd@d Q. The terminal of ZPVE corrections reduces the reaction energy to 12.4 kJ
oxygen atoms, which bond to a single tungsten atom, are labeledmol™.
Oq. Protons may move between oxygen atoms on the exterior In the transition state, the proton is located equidistant
between the @and Q atoms. Substantial structural changes of
gig {j;ensdseer'bi?t;?g grﬁ';rs"_“ggf'é”-{‘ggbi‘i B o 0y, 11169-11186. the KU are required to reach this transition state. TheW—
(25) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson, M. Og angle closes from 94200 71.%° to shorten the distance over
(26) mr?liﬂg?s't,DH.J'J;.!:Egg,sb%?fsﬂRReé.8311999726’,4163’,65617819;75819952'. which the proton is transferred and to stabilize the transition
(27) Mills, G.; Jonsson, H.; Schenter, G. Burf. Sci.1995,324, 305-337.

(28) Ryder, J. A.; Chakraborty, A. K.; Bell, A. T. Phys. Chem. R000,104, (29) Franke, M. E.; Sierka, M.; Simon, U.; SauerPhys. Chem. Chem. Phys.
6998-7011. 2002,4, 5207-5216.

Equation 4 is used to compare the importance of quantum tunneling in
phosphotungstic acid to zeolite catalysts.
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Table 2. Comparison of Activation Barriers (Eac), Reactive Mode Frequencies (vg), and Quantum-Tunneling Crossover Temperatures (Tx)
for the Proton-Hopping Reaction in Zeolites and Phosphotungstic Acid

source solid acid Ezet (kJ mol™?) ve(icm™) T (K)
Ryder et ak8 H-ZSM-5 117.2 1785 417
Fermann et af? H-Y Zeolite 97.1 1570 368
Sierka and Sau@f! chabazite, faujasite, and ZSM-5 68.805.8 7606-1369 184-320
this work phosphotungstic acid 103.3 1513 353

a Sierka and Sauérstudied transitions between various pairs of oxygen atoms within each of the zeolite structures. Ranges are over all the structures and
all oxygen atom pairs considered.

state. This primarily involves a tilt of the WOy bond away structural rearrangement of the tungsten atoms bound tothe O
from its equilibrium position in the octahedron toward the and Q atoms occurs along the reaction coordinate. Vibrational
transferring proton. The adjacent tungsten atom contracts intopartition functions are dominated by the low-energy modes at
the KU structure, indicated by a shorter tungstghosphorus the temperatures of interest, and therefore their values are only
distance. These structural rearrangements allow the proton toapproximate without including the entire KU. The vibrational
pass along a hydrogen bond between thar@ Q atoms rather partition functions for the initial and transition states are
than through an isolated state. However, the activation energycalculated with the same number of atoms. However, one less
required to facilitate these structural rearrangements is substanvibrational mode is included in the transition-state partition
tial. Furthermore, the geometry does not allow for effective function due to the loss of a vibrational degree of freedom along

hydrogen bonding. The ©@H—0y angle is 135, which is far
from the ideal 180 angle typical for proton transfer though

the reaction coordinate. Values reported from vibrational
calculations were determined for displacements of the six atoms

hydrogen-bonded water networks. This case is contrasted withillustrated in the magnified views of Figure 1: the mobile

proton transfer between two Keggin units in an ideal one-
dimensional lattice, where KUs are aligned to allow for a strong
and linear hydrogen bond betweep&@oms on two KUs. Proton
transfer along the linear hydrogen bond, with little KU structural
rearrangement, has a negligible activation baffer.

The harmonic vibrational frequencies were calculated by
displacing only a subset of the atoms of the KU from their
equilibrium or transition-state positions. Because a finite

proton, the @ atom to which it is initially bound, the two
adjacent tungsten atoms, and the two neargsatoms. The
ratio of the transition-state to the initial-state partition functions
converges within an order of magnitude with respect to including
more atoms in the vibrational calculation.

The activation barrief,e, and reactive-mode frequenay,
are used via eq 4 to determine the crossover temperaiyre,
below which quantum-tunneling transitions dominate and above

convergence criterion is used in locating the optimum nuclei which classical transitions gain in importance. The crossover
positions, the forces on all atoms at the equilibrium geometries temperature for the proton-hopping reaction on the KU is
are not exactly zero. Therefore, a subset of the vibrational calculated to be 353 K. The values Bfq, vr, and Ty are
degrees of freedom are not precisely in the basin of the potential-compared in Table 2 with the proton-hopping reactions between
energy well. Due to the size of the system, many of the low- two oxygen atoms of an Algtetrahedron within various zeolite
energy “structural” modes of the Keggin unit are calculated to structures, calculated from the literature. Generally, the activa-
have negative force constants, and the number of these modegion energy for the proton-hopping reaction determined for
may differ between the initial, transition, and final states. phosphotungstic acid (103.3 kJ m#lis similar to that found
Furthermore, with the inclusion of periodic boundary conditions, for zeolites (68.3-117.2 kJ mot?).28:30.31The crossover tem-

168 harmonic modes are calculated for the 56-atom system. ThiSperature (353 K) is best Compared with the work of Sierka and
includes the 162 vibrational modes and the 6 translational and sayer (184320 K)* since they take the periodic lattice into
rotational degrees of freedom. Within the periodic code, it is account. The crossover temperature for phosphotungstic acid
difficult to distinguish the six molecular translational and s 33 K higher than the highest calculated temperatures in their
rotational modes from the low-energy vibrational modes. We zeolite structures. Apparently, quantum-tunneling transitions are
therefore used constrained vibrational calculations to help avoid more important at temperatures of interest for phosphotungstic
such difficulties. Approximations however are clearly introduced gcid. At the crossover temperature, the quantum-tunneling
which differ on the basis of the choice of atoms to displace in correction factor,I'(353 K), is 25.4 (eq 3). The crossover
the initial, transition, and final states. temperature, therefore, does not represent a sharp transition
Vibrational frequencies were calculated for three purposes: petween the two mechanisms but rather a point where the
to determine the ZPVE corrections to the activation and reaction rg|ative dominance is rapidly changifg.
energies, o identify the imaginary frequency associated With  paqtion rate constants calculated from egs 1 and 3 at various

the rea.ct|ve' mo‘?'e for qugptum-tuqnellng calculations, andl to temperatures are listed in Table 3, expressed on a per proton
determine vibrational partition functions for the preexponential basis. The rate constant is calculated up to 600 K, the upper
factor of the rate constant. The ZPVE corrections are dominatedIimit c;f Keggin unit stability32 The k™ST values are génerally

by the changes in the high-energy modes and are only slightly an order of magnitude higher than those calculated by Ryder et
affected by any changes to low-energy KU structural modes. al. for H-ZSM-5 because of the lower activation energy for
These changes can be captured reasonably well by including
the proton, the @atom to which the proton is initially bound, (30) Fermann, J. T.. Blanco, C.. AuerbachJSChem. Phy<2000,112, 6779
and the Q atom to which the proton is bound in the final state 6786.

in the vibrational calculation. Calculation of the reactive mode (31) Sierka, M.; Sauer, . Phys. Chem. B001,105, 1603-1613.

X . . (32) Fournier, M.; Feumi-Jantou, C.; Rabia, C.; Herve, G.; Launay, Blater.
frequency requires the inclusion of more atoms, as local Chem.1992,2, 971-978.
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Figure 2. Arrhenius plot ok™ST(T), kSC¢-TST(T), andI'(T) for the anhydrous
proton-hopping reaction from anc.@tom to an @ atom of HPW.

Table 3. Calculated Rate Constants for the Anhydrous
Proton-Hopping Reaction from an O Atom to an O4 Atom of HPW

Figure 3. DFT calculated equilibrium states and transition state for the

K Al KeT(s7) r kST (57 water-assisted proton-hopping reaction betweengat@n and an @atom.

200 A4.16x 102  4.43x 10715 5.96 x 10 2.64x 1073 (a) Equilibrium structure with KD adsorbed to a Hon an Q atom. (b)

250 4.97x 1012 1.32x 10° 3.65x 10f 4.80x 1073 Transition state for the water-assisted proton-hopping reaction between O
273 5.31x 1012 9.46x 10°8 7.13x 104 6.74x 1073 and Q atoms. (c) Equilibrium structure with 4@ adsorbed to a Hon an

300 5.66x 1012 591x 106 1.91x 103 1.13x 1072 Oq atom. (d) full Keggin unit view of the transition state. All calculations
350 6.23x 1012 241% 10°3 2.98x 10t 7.18x% 102 were performed on the full Keggin unit. The ZPVE corrected activation
400 6.72x 1012 2.19%x 10! 6.61x 10° 1.45x% 10° energy for movement starting on the &om is 11.2 kJ moft. Distances
450  7.14x 1022 7.35x 1P 3.66x 1°  2.69x 10t are given in A.

500 7.51x 10%2 1.22x 17 2.65x 1P 3.23x 17

550  7.84x 102 1.22x 10® 2.16x 10° 2.63x 108 molecules on the acidic protons of the phosphotungstic KU is
600  814x 10  832x 10° 187x10°  156x 10 exothermic with adsorption energies ranging frer5 to —70

kJ mol-1, depending on the proton locatiéhMonodentate and
bidentate water adsorption modes are possible. For monodentate
L adsorption, a hydrogen bond is formed between the proton on
an apparent actlvgtlon e”e'_r?’y of 105_'0 kJ ol . the KU and the oxygen atom of the water molecule. Bidentate
Quantum-tunneling transitions are important over the entire \a:er adsorption includes formation of a second hydrogen bond
temperature range considered. Figure 2 illustrates the signifi- panveen a hydrogen atom of the water molecule and a second
cance of quantum tunneling to the proton-hopping reaction rate. oxygen atom of the KU. For the adsorption of water on a proton
At low temperatures the rate constant for proton hopping is regjding on an @atom, the bidentate form is preferred by 4.9
nearly temperature independent since quantum tunneling domi-, 3 ot The adsorption energy of water at this site-62.9
nates. At higher temperatures, classical transitions dominate.; ; mol?, or —51 kJ mol! with ZPVE corrections included.

As a result of quantum tunneling, an Arrhenius fit of the rate o \vater adsorption at the terminal site (proton qna@m)
data will predict very different activation energies, depending )y 5 bidentate-adsorption mode was identified. The adsorption

on the temperature range studied. For example, the values Ofenergy of water at this site i560.6 kJ mot! without ZPVE

kSC-TST from 200 to 350 K give an apparent activation energy qrections.
of 11.6 kJ mot*, whereas values d 5T from 400 to 600 With water adsorbed, proton hopping proceeds through a
K give an apparent activation energy of 92.7 kJ mol “rocking” mechanism. The bond between the proton and the
Since the reaction is not thermoneutral, the reverse reactionQ, atom is lengthened as the-+Dy bond is shortened. The
has a different rate, which is generally an order of magnitude injtial-site hydrogen bond angle decreases while the final-site
higher because the activation energy is 12 kJthiawer. The hydrogen bond angle increases to be closer to the idedl 180
value of I'(T), and hence the preference of the quantum- The equilibrium and transition states for this reaction are shown
tunneling mechanism, is strongly dependent on the curvaturein Figure 3, with interatomic distances and angles given in Table
of the barrier and only slightly affected by a change of the 4. The transition state appears as a separated hydronium ion
activation energy® The rate-limiting step for proton movement  ith hydrogen bonds to the two oxygen atom sites of the KU.
on a single KU is the hop from the bridging to the terminal The activation barrier for this transfer is 19.1 kJ molwith
oxygen atom, followed by a more rapid return to a bridging zPVE corrections reducing the barrier to 11.2 kJ MolThe
oxygen atom. transition state has a single imaginary vibrational frequency of
Water-Assisted Proton-Hopping Reaction.To evaluate the 303i cnTl. The potential-energy surface along the reaction
impact of water on proton mobility, the mechanism of water- coordinate is more level than that of anhydrous proton hopping.
assisted proton hopping was explored. The adsorption of waterOnly the proton, @and Q; atoms, adjacent tungsten atom, and

phosphotungstic acid. A fit d"ST to an Arrhenius form gives
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Table 4. DFT Optimized Interatomic Distances and Angles of the 30 T T T T T T T
Equilibrium and Transition-State Structures for the Water-Assisted
Proton-Hopping Reaction between an O, Atom and an O4 Atom of
HPW2 25 Ink 7
(a) initial (b) transition (c) final
Hs0* on O, state H;0* on Oy 20

Oc—H1—0Oy (deg) 162.9 151.9 137.5

Og—Ho—0y (deg) 140.1 156.4 162.8 151

Oc—H1 (A) 1.05 1.56 1.92 -

Ow—Hi1 (A) 1.47 1.04 0.99 2 1ot

Ow—H2 (A) 0.99 1.11 1.44 p

O¢—H2 (A) 1.89 1.37 1.07 -

Ow—Hs (A) 0.97 0.98 0.98 5

O—W (A) 2.08 2.02 1.97

Og—W (A) 1.73 1.77 1.81 ol
Table 5. Calculated Rate Constants for the Water-Assisted 51
Proton-Hopping Reaction from an O, Atom to an Oq Atom of HPW
T(K Alsh KTST (571 T(K Alst KTST (51 -10 L L L L - L -

© € € © & i 1.5 2 2.5 3 3.5 4 4.5 5
200 4.45x 102 5.15x 10° 400 6.25x 102 2.13x 101 1000/T (K™")
250 5.12x 102 2.29x 101 450 6.46x 102 3.20x 101 ) . .
273 5.36x 102 3.80x 10 500 6.63x 102 4.44x 10 Figure 4. Arrhenius plot of the overall rate of proton hopping versus
300 5.61>< 1012 6.19>< 1010 550 6.77x 102 5'79X 101 temperature with different amounts of water in the environment. The value
350 5'97X 10t 1-25>< 10t 600 6.89x 102 7'23X 101 ¢ is defined as the moles of water in the system per proton in the HPW

sample.

atoms of the water molecule were displaced in determining the "at€ constant for proton hopping is a combination of the water-
vibrational frequencies. assisted and anhydrous hopping rates, expressed as

Water-assisted proton hopping between theafid Q sites oy
occurs by the movement of two hydrogen atoms along hydrogen k= (1= Ok + OKer @)
bonds. Little structural arrangement of the KU is required in The fractional coverage was determined by assuming a
this process. The &W=0q angle reduces only slightly from constant volume system with 0.1 g of phosphotungstic acid in
a system volume of 1 chrat 1 atm total pressure. This model

92.3 in the initial state to 91.0in the transition state, and the
represents an ideal situation in which all water molecules adsorb

W-—P distance is virtually unchanged (Table 4). The presence
of water has reduced the activation barrier to proton rnovementonly to isolated protons. The formation of a secondary structure
involving hydrate proton bridges between Keggin units is not

by an order of magnitude compared to that for the anhydrous
considered. A value is defined as the ratio of moles water in

process.
The rate constant for water-assisted proton hopping was he system to moles protons in the sample. The amount of water
the system, given by, is kept constant for a series of rate

calculated at various temperatures using eq 2 and is summarize
in Table 5. The apparent activation energy using an Arrhenius calculations rather than the amount in the gas phase. The gas-
phase partial pressure can be calculated as

expression is 12.3 kJ mdl. The water-assisted proton-hopping
rate is 710 orders of magnitude greater than the anhydrous
hopping rate, indicating that small amounts of water will have
large effects on the overall proton mobility. To better under-
stand the effects of water on the proton-hopping rate and the
impact of changes in the water adsorption equilibrium with Thjs expression for the gas-phase partial pressure is substituted
temperature, the adsorption equilibrium constant is calculated jytg eq 6. At ap value of 106, the equilibrium partial pressure
from of water in the gas phase at 300 K is calculated to be %83
1078 atmospheres.

Figure 4 presents the rate of the proton-hopping reaction
versus temperature for various amounts of water in the system.
At low temperatures (below 350 K) the rate of proton hopping
where gn,otrans OH0r0t: @Nd Qnovie are the translational, is dominated by water-assisted transitions, as seen by the
rotational, and vibrational partition functions for a gas-phase substantially greater rate ovieyy for ¢ > 0. Even the presence
water molecule anfagsis the ZPVE corrected water adsorption  of water at 1 ppm drastically increases the proton-hopping rate
energy. so that 99.996% of proton-hopping reactions are water-assisted

The fraction of sites covered with water molecules is at 400 K. At approximately 350 K, the rate of proton hopping
determined using the Langmuir isotherm begins decreasing with increasing temperature because of water

K desorption. For water present in the ppm range, this trend
_ aaf,0 continues to temperatures greater than 500 K. A negative
1+ KPP ©)
ads H,0

apparent activation energy for proton hopping would be
measured over this temperature range since the equilibrium

whered is the fraction of protons with water molecules adsorbed amount of adsorbed water decreases with increased temperature.

andPu,0 is the partial pressure of water in the gas phase. The Because larger amounts of water lead to a secondary structure

P = (¢ — 6)(T/OI HYRT ®)

NG o+ bridge,vib
3 e(—EadJR'D (5)

ads —
Q1,0 tran8H,0,rotAH,0,vib A+ —bridge vib

0
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with protons located in kD,* bridges between KUs, the high  with temperature. After complete dehydration, the conductivity
water coverage values in Figure 4 must be considered hypo-again increases over a small temperature range until decomposi-
thetical. tion of the KU occurs® These results suggest a balance between
Relevance of Proton Hopping.The adsorption of water  the increased rate of proton motion with temperature and the
substantially reduces the energy barrier to proton hopping by shift in the water adsorption equilibrium. Baba and Ono used
providing a pathway that does not require substantial structural 'H MAS NMR for low levels of hydration ¢ 1 water molecule
rearrangement of the Keggin unit to form the transition state. Per KU) to show the rapid exchange of protons between the
The presence of water, even in extremely low pressures, dictates2Cid and adsorbed wat& This exchange can be taken as an
that virtually all proton movement will be as a hydrated species. indication of mobility, as each water-assisted hop changes which
These findings can be used to provide additional insights into hydrogen atom of kD" interacts strongest with the KU. Uchida
previous experimental studies of proton mobility and to the et al. showed with variable temperati##® MAS NMR of Hs-
applications of HPAs as acid catalysts and as additives in protonPWi2040°2.1H,0 that separate peaks for KUs with one, two,
exchange membranes. First, the results of this study are placecr three isolated protons coalesced at room temperature into a
in context with similar studies of the proton-hopping reaction Single broad peak The authors concluded that in the presence
in zeolites. of water, protons were mobile between KUs at 298 K at a rate
The reaction paths and activation energies for anhydrous angfaster than _200 Hz. Experi_mental studies are not able to separate
water-assisted proton transfer on the exterior of the phospho-Proton motion around a single KU from the transfer of protons
tungstic Keggin unit are very similar to those found for the same Petween KUs.
process on zeolites. The activation energies for anhydrous proton  The motion of protons between KUs is essential to the process
hopping on HPW are in the range of those found on zeolites Of proton conduction and may impact catalytic properties as
for the proton-hopping reaction between oxygen atoms of an well. This study examined only the motion of protons between
aluminum tetrahedron (68-3117.2 kJ mot?, Table 2)28:3031 oxygen atoms on a single KU. Previously, we showed that there
Zeolite studies also indicate a similar reaction path to HPAs, in iS & substantial energy advantage for an anhydrous proton to
which the O-M—0 angle narrows to shorten the distance over form a hydrogen bond with an adjacent KU on the order of
which the proton is transferred. The reaction path and activation —43 to —71 kJ mol'* per proton “shared”, depending on the
energy for water-assisted proton transfer over HPW is also relative geometry of the two KUS.In addition, the movement
similar to that found in computational studies of zeolitic clusters, Of the proton along the hydrogen bond between the two KUs
which identify the hydronium ion as the transition state with Wwas found to have a negligible activation barrier. This shared
activation energies 0£20 kJ mot1.3334 As the composition position provides a stable low-energy well for the proton. The
(tungsten versus aluminum) and geometry (octahedral versus'eaction coordinate for hopping out of this well to an adjacent
tetrahedral) of the two solid acids differ, the qualitative and OXygen atom requires breaking the hydrogen bond along with
quantitative similarities are not obvious. However, because the the KU structural rearrangements necessary to bring the two
KU structure differs substantially from that of zeolites, the O0xygen atoms together. Therefore, the activation energy is
consequences of proton mobility are not identical. The same €xpected to increase by an amount at least on the order of the
jump path over the KU allows access to the entire exterior strength of the hydrogen bond. Proton movement out of this
surface, while the proton-hopping reaction in zeolites allows Well is likely the slowest process in anhydrous proton motion.
only movement between oxygen atoms of the same aluminum Protons in shared positions between KUs are also likely to
tetrahedron. Franke et al. found that for H-ZSM-5 Brgnsted sites be considerably less active for acid-catalyzed reactions that
separated by 14 A, the highest energy barrier to movementinherently begin with the donation of electron density from the
between the sites is 210 kJ mélabove the initial and final reactant molecule to the proton. Because the “shared” proton
equilibrium-state energies, substantially greater than the barrierposition is more stable, the proton affinity is higher and the
for movement between two oxygen atoms on the same acid strength is reduced. In addition, the access of reactant
aluminum tetrahedrof?, hydrocarbons to protons located between KUs is sterically
The results of this study provide insight into experimental hindered. Finally, protons participating in a strong hydrogen
studies of proton mobility with low amounts of water, in which bond to an electron-donating oxygen atom of an adjacent KU
the vehicle mechanism of proton transport is expected to are less likely to interact in this manner with a reactant molecule.
dominate. In the vehicle mechanism, water assists proton By increasing proton mobility, water may facilitate the
movement by facilitating transport as an®t species. This movement of protons out of inactive low-energy wells, increas-
differs from the Grotthaus mechanism, in which large amounts ing the time spent in active positions. The energy advantage
of water can assist proton transport through a hydrogen-bondedfor an HO™ species to bridge between adjacent KUs was found
network. Conductivity studies and NMR characterization of to be substantially lower than that for a proton. Because
HPW provide experimental evidence of the effect of water on bidentate adsorption of @™ on a single KU is already preferred
the proton mobility. The trends for the influence of temperature and no additional hydrogen bonds are formed by binding to a
on the proton-hopping rate found here are analogous to thosesecond KU, proton hydration may facilitate the distribution of
observed in conductivity experiments. The conductivity of protons among shared positions and positions on a single KU.
HPW-6H,0 increases with temperature up to 453 K until As already shown for proton mobility on a single KU, small
dehydration becomes important, causing a conductivity decreaseamounts of water greatly enhance the proton-hopping rate.

(33) Krossner, M.; Sauer, J. Phys. Chem1996,100, 6199-6211. (35) Slade, R. C. T.; Omana, M. Solid State lonic4992,58, 195-199.
(34) Zygmunt, S. A,; Curtiss, L. A,; Iton, L. E.; Erhardt, M. K. Phys. Chem. (36) Uchida, S.; Inumaru, K.; Misono, M. Phys. Chem. BR000,104, 8108—
1996,100 6663-6671. 8115.
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Therefore, a low number of water molecules at adsorption pressure. Small amounts of water greatly increase the overall
equilibrium may enhance the time protons spend in “active” rate of proton movement, with 99.996% of proton-hopping
locations (i.e. bound to a single KU) while still allowing for a reactions being water-assisted at 400 K and ppm levels of gas-
high probability of reactant molecules to encounter active phase water. The proton-hopping rate increases with temperature
anhydrous protons. in the presence of water until the shift in the water adsorption
. equilibrium leads to a decreasing rate due to dehydration.
Conclusions
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