
Perfluorobutane Sulfonic Acid Hydration and Interactions with O 2 Adsorbed on Pt3

Liuming Yan, † Perla B. Balbuena,*,† and Jorge M. Seminario*,†,‡

Departments of Chemical Engineering and Electrical Engineering, Texas A&M UniVersity,
College Station, Texas 77843

ReceiVed: NoVember 21, 2005; In Final Form: February 9, 2006

The side chain of NAFION, a proton conductive membrane used as electrolyte in low-temperature fuel cells,
is modeled with perfluorobutane sulfonic acid. Density functional theory is used to characterize structures
and energetics of hydration of the model system interacting with a proton solvated with up to 24 water molecules
and analyze interactions of some of these hydrated complexes with O2 adsorbed on Pt3. It is found that at
least three water molecules are needed to ionize the sulfonic acid, and higher degrees of hydration induce the
formation of cages where the water molecules are held together via complex hydrogen-bond networks. The
interaction between the complex formed by the ionized acid and the hydrated proton, in contact with a bridge-
adsorbed O2-Pt3, promotes the protonation of the adsorbed O2. Upon protonation, the O2-Pt3 system evolves
from hydrophobic to hydrophilic behavior, which may facilitate further interfacial contact.

1. Introduction

The high cost and slow kinetics of the catalyzed oxygen
reduction reaction are some of the major hindrances for large-
scale commercialization of low-temperature proton-exchange
membrane (PEM) fuel cells.1,2 Due to their low platinum
loading, relatively high reactivity, and chemical stability, carbon-
supported platinum and platinum-alloy nanostructures are
currently the best choices for PEM fuel cells oxygen electrore-
duction catalysts.3-13 Although the oxygen electroreduction has
been well characterized over various electrode surfaces in
various electrolytes, disagreements on the detailed mechanism
at the molecular level still exist.14-26 Besides the disagreement
on the reaction pathways,27-31 there is a controversy regarding
the first step, usually considered rate determining, of the oxygen
reduction on Pt electrodes, which may occur via dissociative
adsorption of oxygen followed or preceded by protonation of
the adsorbed species in acid medium. We have recently shown
that several factors such as the initial O2-surface and O2-proton
distances and the degree of proton solvation can alter the
sequence proton-electron transfer to the O2 molecule interacting
with the catalyst surface.23,32-34 A proton usually associates with
one or two H2O molecules in bulk liquid water, forming
structures such as hydronium H+(H2O) and Zundel H+(H2O)2
cations;35 the hydronium ion readily associates with three more
water molecules, forming the Eigen cation H+(H2O)4.36 Ex-
perimental evidence shows that the Eigen cation is slightly more
stable than the Zundel cation by∼2.4 kJ/mol.37 These cations
would continue to loosely associate with more H2O molecules,
forming complex clusters H+(H2O)n. Complex hydronium
clusters as large as H+(H2O)21 have been observed using the
photodissociation spectrum in a supersonic free jet expansion
vapor.38-40 In addition, the PEM electrocatalyst is surrounded
by a hydrated proton-conductive polymer membrane. Thus, the
accessibility of the proton to the vicinity of the catalyst surface
where the O2 molecule should be reduced is dependent on the

configuration of the polymeric membrane in contact with the
nanocatalyst and on the degree of hydration of such membrane.
The most common membrane used for PEM fuel cells is
NAFION, a complex fluorinated polymer grafted with sulfonic
acid functional groups.41 Recent reports42,43 have investigated
the hydration and proton transfer in model membrane materials
such as CF3SO3H, CH3C6H4SO3H, and CF3OCF2CF2SO3H.
These studies concluded that dissociation of RSO3H occurs as
a result of delocalization of positive charges in the hydrogen-
bonding network of water and negative charges in the sulfonic
group and the fluorinated side chain and that the Zundel and
Eigen complexes are limiting configurations which may dy-
namically convert into each other during transfer of protons in
PEMs as it does in bulk water.42 However, the influence on the
protonation step exerted by hydronium clusters interacting with
the sulfonic acid side chain of NAFION, under different
hydration conditions in acid solution, is not well characterized
yet.

In this work, the hydration of perfluorobutane sulfonic acid
(PFBSO3H), which resembles the sulfonic acid group grafted
on NAFION, is studied using first-principles calculations.
Various complex hydronium clusters as well as preliminary
insights into their effect on the first step of the oxygen reduction
are also studied.

2. Computational Details

The chemical structure of NAFION is displayed in Figure
1a. According to the Gierke and Hsu model,41 dry NAFION
membranes arrange forming cavities interconnected by narrow
channels; it is estimated that the average cavity has a diameter
of ∼1.8 nm and contains∼26 acid groups.41 In a hydrated state,
the average cavity might be filled with∼1000 H2O molecules,
its diameter increases to∼4 nm, the channel diameter and length
increase to∼1 nm,41 and the number of sulfonic acid groups
on the surface of a cavity increases to∼70 (Figure 1b).44 Using
these data one can estimate that each sulfonic acid group is
hydrated by∼14 water molecules. Recent analyses using small-
angle X-ray45,46and neutron scattering have provided improved
models of ionomers microstructure based on rodlike particles,
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as discussed by Gebel and Diat,47 and comparative studies of
the microstructure of different ionomers were reported by
Kreuer’s group.42,48We selected PFBSO3H, which has a similar
structure to the grafted sulfonic acid groups on NAFION (Figure
1c); thus, similarity between PFBSO3H and the sulfonic acid-
terminated side chain on NAFION can be expected.

Theoretical calculations of (PFBSO3H)(H2O)n clusters are
based on density functional theory49-51 as implemented in the
GAUSSIAN 03 program.52 All clusters are optimized using the
functional/basis set B3PW91/6-31G(d, p),53-56 and the optimized
geometries are verified to be local minima by second-derivative
calculations at the same level of theory.

3. Structural Characteristics of Hydrated PFBSO3H
Clusters

3.1. Nomenclature and Criteria Used for H Bonding and
Ionization. Hydrated PFBSO3H clusters are associated by two
types of hydrogen bond: those between H2O and SO3 and those
between two H2O molecules. An H bond is defined on the basis
of the distance and angle criteria by which a bond is considered
formed if an H atom is located between two O atoms that are
at a distancee3.1 Å and the OHO angle isg145°.57 A H2O
molecule that donates (accepts) one H atom to (from) a hydrogen
bond is a hydrogen-donor molecule (D-H2O) (a hydrogen-
acceptor molecule (A-H2O)). A water molecule can accept
(donate) at most two H atoms; in that case it is an AA-H2O
(DD-H2O). It can also simultaneously serve as H acceptor and
H donor; this is AD-H2O, AAD-H2O, ADD-H2O, or AADD-
H2O. The O atoms from ionized SO3 can only serve as H
acceptors.

An OH that is related to an H bond is called an H-bonded
OH or HB OH, and it is called a non-H-bonded OH or NHB
OH if it is not related to any hydrogen bond. A NHB OH usually
has a higher stretching frequency than that of HB OH.39,40

Ionization is considered to occur when the distance from the
nearest H atom to PFBSO3

- is larger than 1.2 Å, significantly
elongated with respect to the OH distance in the undissociated
acid (0.972 Å). Our calculations show that PFBSO3H does not
ionize in (PFBSO3H)(H2O)n clusters whenn ) 1 or 2; however,
it ionizes in all clusters whenn ) 3 or larger. The OH distance
increases to 1.023 and 1.074 Å whenn ) 1 or 2, respectively,
and is 1.568 Å in (PFBSO3H)(H2O)3; thus, according to our
criterion, PFBSO3H in this case has ionized becoming
(PFBSO3)-H+(H2O)3.

When a proton associates with one H2O molecule forming
the hydronium ion H+(H2O), the H bond formed between H3O+

and H2O usually has a much shorter bond length than those
between two neutral H2O molecules or between SO3 and H2O.
If a water molecule is close to a hydronium ion with an O-O
distance less than 2.5 Å, the molecule is considered to be closely
associated with the hydronium ion and loosely associated if the
O-O distance is between 2.5 and 2.6 Å. In both cases the
hydronium ion and associated water molecules are considered
to be part of a complex hydronium ion H+(H2O)n.

Picturing an H bond as a line that connects two O atoms,
several H bonds can form a closed ring. These rings, in turn,
are able to form cage structures by sharing edges and vertexes.
A ring is characterized by the number of connected heavy atoms
(O and S) and a cage by the number of rings.58 Therefore, a
NiM j cage hasi N-member rings andj M-member rings; a 5261

cage has two five-member rings and one six-member ring. In
the next section we analyze cage structures associated with
PFBSO3H.

3.2. Structures of Hydrated and Free PFBSO3H Clusters.
Evaluating the effect of membrane hydration on the PEM fuel
cell performance, researchers define a parameterλ as the ratio
of the number of water molecules to the number of sulfonic
acid groups, and it is found that the optimum value ofλ
associated with high proton conductivity ranges between 15 and
20.43 Here we examine the structure of PFBSO3H interacting
with hydrated protons forming complex cage structures corre-

Figure 1. (a) NAFION is a fluorinated polymer grafted with sulfonic acid. (b) The bulk NAFION membrane is a porous material. When hydrated,
it is speculated41 that a typical cavity may be usually∼4 nm diameter connected to other cavities by channels of 1 nm in length and 1 nm in
diameter. There are∼70 sulfonic acid (SO3-) groups on the surface of each cavity hydrated by∼1000 H2O molecules. (c) Perfluorobutane sulfonic
acid (PFBSO3H) used in this work to emulate the sulfonic acid group of NAFION.

TABLE 1: Structural Characteristics of (PFBSO3H)(H2O)n

OH stretching frequency (cm-1)

n geometry complex ion H3O+ HB OH NHB OH

0 3589
1 41 2676-3547 3700
2 51 1978-3482 3698-3702
3 5261 H+(H2O)3 2349-2782 3228-3261 3693
4 54 H+(H2O)3 2742-3196 3360-3453 3698-3700
5 5262 H+(H2O)4 1743-2839 3108-3457 3692-3709
6 425281 H+(H2O)3 2026 2875-3511 3697-3708
7 425281 H+(H2O)3 1868 3099-3636 3704-3710
8 435262 H+(H2O)3 1795-2093 2918-3584 3705-3714
9 435261 H+(H2O)3 2177 3046-3598 3664-3707
10 445561 H+(H2O)4 2518-2793 3088-3660 3695-3703
11 3146516171 H+(H2O)3 2722 2763-3584 3701-3706
12 466381 H+(H2O)3 2046-2414 2664-3644 3696-3706
13 31465172 H+(H2O)4 2096-2689 2821-3593 3700-3707
14 34455171 H+(H2O)4 2260-2408 2769-3639 3700-3710
15 31445364 H+(H2O)4 2079-2305 2611-3583 3690-3707
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sponding toλ values from 0 to 15 as indicated in Table 1 and
Figure 2. The most relevant geometric characteristics of these
structures can be summarized as follows. The atom labeling
used in this section is indicated in Figure 2.

0. Free PFBSO3H. Relevant bond lengths are as follows:
Ox-Hx, 0.972 Å; S-Ox, 1.619 Å; S-C, 1.878 Å; S-Oy and
S-Oz, 1.452 and 1.444 Å, respectively; C-F 1.332-1.350 Å;
C-C, 1.551-1.555 Å.

1. (PFBSO3H)(H2O): PFBSO3H is not ionized. The Ox-Hx
bond length (1.023 Å) is much shorter than the distance between
the H atom and the nearest water O1 atom of 1.563 Å (O1-
Hx). The S-Ox bond length (1.583 Å) is longer than that of
free PFBSO3H. The S-Oy and S-Oz distances are 1.446 and
1.464 Å, respectively. The OH vibrational frequency of the
sulfonic group decreases to 2676 cm-1. The symmetric and
asymmetric OH stretching modes of water are 3547 and 3700
cm-1.

2. (PFBSO3H)(H2O)2. Two water molecules and the SO3

group form a five-member ring, where PFBSO3H is not ionized;
the Ox-Hx bond length is 1.074 Å, which is shorter than the
distance between the H atom and the nearest water O atom of
1.390 Å (O1-Hx). The S-Ox, S-Oy, and S-Oz bond lengths
are 1.557, 1.468, and 1.448 Å, respectively. The OH stretching
frequency in PFBSO3H decreases to 1978 cm-1. The stretching
frequency of the OH which connects to a sulfonic O is 3482
cm-1, and the HB OH stretching frequency is 3015 cm-1.

3. (PFBSO3H)(H2O)3 or (PFBSO3)-H+(H2O)3, In these
clusters PFBSO3H is ionized with a cage structure of 5261. TheFigure 2. Structures and atom labeling of hydrated PFBSO3H clusters

Figure 3. Total hydration energyEhyd (solid circle) and average
hydration energy contributed from each water moleculeεhyd (solid
triangle) of (a) (PFBSO3)-H+(H2O)n cluster and (b) protonated H+-
(H2O)n cluster.
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distance from PFBSO3 to the nearest H atom (Ox-Hx) is 1.568
Å; this is much longer than the OH bond length in H3O+ of
1.021 Å (O1-Hx). The other two water molecules form an H
bond with the O atom in (PFBSO3)-; and the Oy-H2a and
Oz-H3a distances are 1.741 and 1.761 Å, respectively. The
S-Ox, S-Oy, and S-Oz bond lengths are 1.496, 1.483, and
1.480 Å. The OH stretching frequencies in H+(H2O) are 2349,
2464, and 2782 cm-1.

4. (PFBSO3)-H+(H2O)4. PFBSO3H is ionized with a cage
structure of 54. The OH bond lengths in H+(H2O) (designated
as O1-Hx, O1-H1a, and O1-H1b) are 0.993, 1.135, and 1.020
Å. The OH distances from an H atom in H3O+ to its nearest O
atoms (O2-H1a, O3-H1b, and Ox-Hx) are 1.302, 1.570, and
1.751 Å, respectively. The OH stretching frequencies of H+-
(H2O) are 2742, 2991, and 3196 cm-1; the HB OH stretching
frequencies are 3360, 3416, and 3453 cm-1; the two NHB OH
stretching frequencies are 3698 and 3700 cm-1.

5. (PFBSO3)-H+(H2O)5. PFBSO3H is ionized with 5262 cage
structure. The OH bond lengths in H+(H2O) (O1-H1a, O1-
Hx, and O1-H1b) are 1.015, 1.017, and 1.098 Å, respectively.
The H-bond lengths between H+(H2O) and the water molecules
(O3-H1b, O2-H1a, and O4-Hx) are 1.352, 1.568, and 1.572
Å. The OH stretching frequencies in H3O+ are from 1743 to
2893 cm-1, the HB OH stretching frequencies range from 3108
to 3457 cm-1, and the NHB OH stretching frequencies are
3692-709 cm-1.

6. (PFBSO3)-H+(H2O)6. PFBSO3H is ionized with 425281

cage structure. The OH bond lengths in H+(H2O) (O1-Hx, O1-
H1a, and O1-H1b) are 1.012, 1.068, and 1.026 Å, respectively.
The lowest OH stretching frequency is 2026 cm-1, the HB OH
stretching range is from 2875 to 3511 cm-1, and the three NHB
OH stretching frequencies are in the range 3697-3708 cm-1.

4. Mulliken Charge Distribution

In free PFBSO3H, both the SO3 and perfluorobutyl groups
are negatively charged with-0.27e and-0.11e (wheree is
the elementary charge) due to the strong electron affinity
characteristic of both the F atom and the SO3 group and the H
atom is positively charged with 0.38e. In (PFBSO3H)(H2O)n
(n ) 1, 2) cluster, where the H atom of PFBSO3H is not ionized,
the charge on SO3 increases to-0.38e and-0.43e for n ) 1
and 2, respectively, and the H atom of PFBSO3H has a positive
charge of 0.42e and 0.45e. In (PFBSO3)-H+(H2O)n (n g 3)
cluster, where the H atom of PFBSO3H is ionized and the cation
and anion are well separated, the (PFBSO3)- bears-0.78 e
with -0.63e on the SO3 group, much lower values than those
corresponding to the stoichiometric charge. The complex of the
hydronium ion including all the water molecules bears 0.78e,
and the H+(H2O) itself bears 0.59e. The charge on perfluo-
robutyl is almost unaffected by hydration, ranging from-0.11
to -0.17 e for n ) 0-24. From these calculations we can
conclude that the positive (or negative) charges are delocalized
in the hydrogen-bonding network (or fluorinated butyl and
sulfonic group) and the ionized states are stabilized; these results
are consistent with other calculations,43 although the entropic
term which may contribute to the stabilization of these states is
not included.

5. Hydration and Ionization Energy of PFBSO3H

The hydration energyEhyd(PFBSO3H) is calculated as the total
energy difference between products and reactants for the reaction

corrected with the zero-point energy. The zero-point energy is

Figure 4. Local minima configurations of the combined system of a (PFBSO3)-H+(H2O)10 cluster interacting with a bridge-adsorbed O2-Pt3
cluster. The association energies are calculated from the energy difference between the complex and the separated (PFBSO3)-H+(H2O)10 and bridge-
adsorbed O2-Pt3.

PFBSO3H + nH2O f (PFBSO3)
-H+ (H2O)n (1)
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calculated by summing the zero-point energies of all harmonic
vibration modes in the cluster. The calculated harmonic
vibrational frequency is usually slightly larger than the experi-
mental IR or Raman frequency due to the anharmonic nature
of the vibrational mode. It has been reported in several
experiments that the stretching frequency of a NHB OH in a
AAD-H2O in protonated H2O cluster is∼3695 cm-1.39,40,58Our
calculations for protonated H2O clusters show an average
stretching frequency for the corresponding NBH OH of 3890
cm-1. Thus, a scaling factor of 0.947, which is the ratio of the
experimental IR frequency of the NHB OH stretching mode to
the calculated frequency of the corresponding vibrational mode

in a protonated water cluster,59 is applied to all the calculated
frequencies. The reason for using the scaling factor of the
protonated H2O cluster instead of that of (PFBSO3)-H+(H2O)n
itself is due to the lack of experimental information on
(PFBSO3)-H+(H2O)n clusters, and the similarity of the proto-
nated H2O part between these two systems suggests closeness
between their scaling factors. A comparison between the
hydration energy of H+(H2O) and PFBSO3H is also made. The
hydration energyEhyd(H+(H2O)) is calculated from

Figure 5. Interaction energies between (PFBSO3)-H+(H2O)10 and O2-Pt3 and between (PFBSO3)(H2O)10 and the on-top protonated HOO-Pt3. (a)
The association energy (red, solid circle) between (PFBSO3)-H+(H2O)10 and O2-Pt3 is always positive (hydrophobic) and monotonically increases
when the separation between the two groups decreases: the two groups are enclosed by the red and green dotted curves in configuration b. Repulsive
association energies are found (blue, solid triangle) even if a few water molecules, enclosed by the blue dotted curve, located at the interface
between the two clusters, rearrange to minimize the association energy with the bridge-adsorbed O2 as shown in configuration c, whereas the atoms
from the other two groups, enclosed by the green and red dotted curves, are held fixed as the distanced changes. (d) The association energy (red,
solid circle) between (PFBSO3)(H2O)10 and the on-top protonated HOO-Pt3 cluster shows a deep well (hydrophilic) when the separation between
the two groups changes while the atoms in each group are held fixed; the two groups are enclosed by the red and green dotted curves in configuration
e. The potential well becomes more shallow (blue, solid triangle in d) when a few water molecules and the on-top protonated HOO at the interface
between the two clusters, highlighted by the blue dotted curve in configuration f, are rearranged to minimize the association energy while the atoms
of the other two groups, highlighted by the red and green dotted curves in configuration f, are held fixed as the distanced changes.

(n - 1)H2O + H+(H2O) f H+(H2O)n (2)
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corrected by the zero-point energy scaled with the same scaling
factor as that of (PFBSO3)-H+(H2O)n cluster.

The calculated hydration energy increases as more water
molecules are added to the cluster (Figure 3). The average
hydration energy contributed from each water molecule is
evaluated as

for the (PFBSO3)-H+(H2O)n cluster or

for the H+(H2O)n cluster. Notice the difference between

these two formulas: the average hydration energy for the
(PFBSO3)-H+(H2O)n clusters is an energy averaged withn
water molecules, while the average hydration energy for the
H+(H2O)n clusters is averaged withn - 1 since we are deal-
ing with the hydration of H+(H2O) not H+. For the protonated
water clusterεhyd decreases rapidly with the increase ofn for
n < 10; however, theεhyd value gradually saturates asn
increases. The saturatedεhyd for the protonated H2O cluster is
∼-0.63 eV. For the (PFBSO3)-H+(H2O)n cluster the change
of εhyd versus the number of water molecules is not as significant
as in the protonated H2O cluster.εhyd only slightly decreases
from ∼-0.6 eV to ∼-0.52 eV whenn increases from 1 to
24.

Figure 6. Association energy between the bridge-adsorbed O2-Pt3 cluster and (PFBSO3H)(H2O)2 where ionization does not occur is always
repulsive. (a) The association energy (red, solid circle) increases monotonically as their separation decreases, as shown in configuration b, where
the two groups enclosed by the blue and red dotted curves are held fixed while the distanced between them changes, or slightly decreases (blue,
solid triangle) asd decreases in configuration c, where only the atoms at the interface enclosed by the blue dotted curve are allowed to rearrange
to decrease the energy. (d) Similar association energy is predicted for configurations e and f, where the bridge-adsorbed O2 is close to the acidic
hydrogen of PFBSO3H. The red solid circles correspond to configuration e, where the separationd between the two groups changes, and the blue
solid triangles correspond to configuration f, where the separation between the two groups enclosed by the red and blue dotted curves changes
whereas the atoms inside the blue dotted curve rearrange to minimize the total energy.

εhyd ) Ehyd/n (3)

εhyd ) Ehyd/(n - 1) (3′)
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In a vacuum the hydrogen ionization energy of PFBSO3H

is 13.34 eV. However, the ionization energy in solvent includes
the Coulomb interaction between (PFBSO3)- and H+ since these
two ions are not infinitely separated. Assuming that SO3 and
H+(H2O) are point charges bearing average Mulliken charges
of -0.6 and 0.6e (as described in section 4) and their separation
distance is 1.6 Å in the ionized state, the Coulomb interaction
is -3.24 eV if the effect from the media permittivity is
neglected. Thus, the ionization energy of PFBSO3H in solvent
is ∼10.10 eV. The calculated formation energy of H+(H2O),
-7.49 eV, is lower than the energy needed for the ionization
of PFBSO3H; therefore, ionization is impossible with only one
water molecule. However, the ionization energy can be com-
pensated by the hydration energy of additional water molecules.
For example, the hydration energy of H+(H2O)3 is -2.80 eV,
which is enough to compensate for the ionization energy of
PFBSO3H. Further insights may be gained from calculation of
chemical potentials on the basis of calculated hydration enthal-
pies and entropies and comparison to experimental data from
hydration isotherms.43

6. Oxygen Adsorption on Pt3 in the Presence of Hydrated
PFBSO3H

6.1. Interaction between (PFBSO3)-H+(H2O)10 and Bridge-
Adsorbed O2-Pt3. Several stable configurations and association
energies of the combined system of (PFBSO3)-H+(H2O)10 and
a bridge-adsorbed O2-Pt3 cluster optimized from various
starting configurations using density functional theory are shown
in Figure 4. The association energy is calculated as the energy
difference between the total energy of the complex and the sum
of the total energies of the separated components. It is found
that the (PFBSO3)-H+(H2O)10 cluster repels (based on the
positive associating energy of 0.5 eV) the bridge-adsorbed O2-
Pt3 cluster when the interaction at the interface is only between
O2 and water (configurationsA andD). On the other hand, the
(PFBSO3)-H+(H2O)10 cluster does attract (negative association
energy) the bridge-adsorbed O2-Pt3 cluster when the Pt3 side
interacts with the water molecules of the (PFBSO3)-H+(H2O)10

cluster (configurationsB, C, andH). In configurationsF and
G the adsorbed O2 is readily protonated, forming on-top
adsorbed OOH; it is found that the protonated configurations
are more stable than the nonprotonated configurations. The
adsorption of a water molecule on the Pt atom where the
protonated oxygen is adsorbed decreases the stability of the Pt-
OOH bond, thus easing the desorption of OOH (configuration
E).

Because of the interaction of (PFBSO3)-H+(H2O)10 and
bridge-adsorbed O2-Pt3, the water affinity of Pt3 in contact with
O2 changes from a hydrophobic to a hydrophilic state after the
adsorbed O2 is protonated. The hydrophobicity of Pt3 in contact
with a bridge-adsorbed O2 is inferred from the association
energy between a (PFBSO3)-H+(H2O)10 cluster and a bridge-
adsorbed O2-Pt3 cluster (Figure 5a), where the association
energy between these two components is shown as a function
of the distance separating them (Figure 5b and c). The bridge-
adsorbed O2 changes to end-on adsorption if the geometry
optimization starts with an initial guess valued smaller than
1.2 Å (Figure 5c); however, if the initial guess distanced is
greater than 1.2 Å, the change is not observed. The optimized
O-O bond length shortens to 1.265 Å starting from an initial
distanced ) 0.9 Å, but even with such an unrealistically short

initial distance protonation of the adsorbed O2 does not occur
under these conditions. The optimized O-O bond length from
the adsorbed O2 slightly varies from 1.315 to 1.326 Å for cases
when the guess distanced is in the range from 1.0 to 4.0 Å.
The changes in charge on O atoms are not significant either as
the Mulliken population of O atoms varies from-0.2 to-0.3.
On the other hand, attractive energies are found between the
on-top HOO-Pt3 and the hydrated (PFBSO3)-H+(H2O)10 cluster
(Figure 5d-f). However, no significant changes in O-O bond
lengths or charges on the O atoms are observed regardless of
the initial value used for the distanced during the geometry
optimization (Figure 5f).

6.2 Interaction between (PFBSO3H)(H2O)2 and a Bridge-
Adsorbed O2-Pt3 Cluster. Protonation of the bridge-adsorbed
O2-Pt3 cluster does not occur if a PFBSO3H is only hydrated
with two water molecules. The proton hydration can compensate
for the energy requirement of the ionization of PFBSO3H
(section 5). Direct protonation where a proton transfers directly
from the PFBSO3H to the bridge-adsorbed O2-Pt3 cluster was
never found. Figure 6 shows that the association energy between
the bridge-adsorbed O2-Pt3 cluster and the (PFBSO3H)(H2O)2
cluster is always repulsive for the various configurations.

7. Conclusions

Ionization of PFBSO3H occurs only after three or more water
molecules hydrate the acid. The ionization energy is compen-
sated by the energy of proton hydration. Hydrated PFBSO3H
clusters arrange in cage-like structures with the water molecules
and the SO3 group associated by multiple hydrogen bonds. The
ionization of PFBSO3H and proton hydration promote the
protonation of bridge-adsorbed O2-Pt3. However, protonation
does not occur if PFBSO3H is not ionized. In the process of
protonation a bridge-adsorbed O2-Pt3 complex evolves from
hydrophobic to hydrophilic behavior. The bridge-adsorbed O2-
Pt3 is highly hydrophobic, while the protonated O2 is hydro-
philic. Although these calculations include internal local fields,
they do not include the presence of external electric fields;
further studies are being carried out to include full effects.
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