6266 J. Phys. Chem. R001,105,6266-6268

Variation of the Dissociation Constant of Triflic Acid with Hydration
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The variation of the acid dissociation equilibrium of trifluoromethane sulfonic acid in dilute agueous solution
along the liquid-vapor dissociation curve is treated by a dielectric hydration model. The computational results
indicate that the dissociation equilibrium becomes unfavorable from the point of view of the free energy
change as temperature is increased above 500 K where the solvent density is less than 85% of the triple-point
density. These results give additional perspective for the view that insufficient hydration can result in incomplete
proton dissociation from sulfonic acid headgroups in Nafion membranes.

I. Introduction Data that would make this effort more conclusive are not
g presently available. We hope our results will encourage further

Nafion and related materials are archetypal proton-conductin . i
experimental work along those lines.

membranes used in fuel cells. Proton conduction under variable
hydration conditions is significant to the performance of these
materials. Extensive experimental work has been undertaken
over decades to understand these processes and the various The approach here will treat all solutes with a dielectric
influential factors. However, a full mechanistic understanding continuum model with empirical cavity radii. We will follow
has lagged. We have carried out extensive computational studiestandard procedures in applying this dielectric mddef1°

II. Dielectric Model

of substructures found in these polymeric systémsand The specific goal below will be the treatment of the equilibrium
mesoscopic transport models were put foreword thereafter.
The important acid activity in Nafion is appropriately HA +H,O0=A" + HSO+ ()

represented by trifluoromethane sulfonic (triflic) acid. The level
of hydration is a key parameter for satisfactory conductivity of over an extended range of conditions. Therefore, we discuss
Nafion membranes. A physical chemistry issue is the degree some of those basic issues here; further information can be found
of dissociation of the sulfonic acid headgroups as the hydration in the previous studie!21316The equilibrium ratio
of the membrane drops. The deprotonation chemistry of hydrated
triflic acid has not been experimentally studied over the wide Pa- PH o+
range of hydration and temperature that would be relevant to Ka= p— (2)

. . ) ’ HAPH,0
the function of such membrane materials. Dielectric spectros-
copy has suggested that a significant amount of triflic acid is
not dissociated in the ionic melt at 50% mole fraction of wéter.

Molecular modeling can be an important adjunct to further ) A EX
experimental study of these systems which are chemically Ka= Ko™ expl-Au™/RT] 3)
complicated. This report gives results of a simple theoretical |,
molecular model of triflic acid dissociation in dilute aqueous
solution along the gadliquid saturation curve to elevated
temperatures. The water liquidbapor saturation curve serves
as a simple reproducible path for reduction of the hydration of
the triflic acid. These results are preparatory to molecular
modeling at higher detail, to be reported subsequently, utilizing
the quasi-chemical theof#° The cluster results of ref 3 will
be relevant to that further work.

We also give here new analyses of the limitations of dielectric
continuum hydration models which are the standard for these
calculations. Those analyses provide important context for this
and following work.

can be expressed as

Aﬂex = ﬂA—eX + ﬂH30+eX - #HAeX - ﬂHzoex 4)

The factork,© is the equilibrium ratio found from the G98
results for the reactions without consideration of a molecular
medium; each of the interaction contributions may be estimated
with the dielectric model216We will be interested in conditions

of infinite dilution of the solute but a wide range of conditions
for the solvent; thuspn,o Will vary widely.

This consideration of the isodesmic eq 1, together with the
model used, carries some assumptions about the chemical state
of “the dissociated proton”. Here our primary interest is the
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isodesmic equilibrium

HA+OH =A +H).0 (5)
with equilibrium ratio
. Pa-Pro
=— ©)
PHAPOH-
Then
Kl
Ky= 7
Kwpazo

with the water ion producKw = pn*pon- taken to have its
empirically known valué?

Dielectric hydration models serve as a primitive theories
against which more detailed molecular descriptions can be
considered. A particular interest of more detailed theories is
temperature and pressure variations of the hydration free
energies, and this is specifically true of hydrated polymer

electrolyte membranes. The temperature and pressure variations

the free energies implied by dielectric models have been less
well tested than the free energies close to standard conditions
Those temperature and pressure derivatives would give critical
tests of this modell®> However, we do not pursue those tests

here because the straightforward evaluation of temperature andy_.
pressure derivatives should involve temperature and pressureag

variation of the assumed cavity radii about which we have little
direct information?1°
To justify this point, we give simple estimates of these

derivatives assuming that the thermodynamic state dependence

of the radii may be neglected. We will consider a simple ion
and the Born formula;- ¢?(e — 1)/2Re, for the hydration free
energy. Hereq is the charge on the ion amlis its Born radius.

We assume that these latter parameters are independent of th
thermodynamic state. Considering the partial molar volume first,

we have
(aln e) _ (
ap T

The superscript (ex) indicates that this is the contribution due
to solute-solvent interactions; it is the contribution in excess
of the ideal gas at the same density and temperatyre.(—1/
V) (aV/9p)t is the isothermal coefficient of bulk compressibility
of the pure solvent. The required density derivative of the
dielectric constant is evaluated with the fit of ref 25, yielding
(0 In €/9 In p)t ~ 1.15 at the standard poifit= 298.15 K and
p = 997.02 kg/mM. We estimate the parameter ~ 46 x 106
atm1.26 Finally, the leading factog?/2re is of the order of 1
kcal/mol or about 40 cfatm/mol. The combination eq 8 thus
gives as an order of magnitude210~2 cm¥mol. Experimental
results are typically a 1000-fold larger. Thus, this dielectric
model value is an unrealistically small magnitude for these
properties.

For the temperature dependence, we estimate

(v~ G sl ]

op = (LV)(aV/aT), is the coefficient of thermal expansion for
the pure solvent. The additional temperature derivativé Ia (
€ldT), ~ —4.3 x 1073 K~1,25 at this standard point, ang, ~

3 x 1074 K126 This entropy contribution is negative and has

dlne

2
q
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TABLE 1: Results of Dielectric Model Treatment of Section
Il for the Deprotonation of eq 1 along the Water
Liquid —Vapor Coexistence Curvé

T (K) AGO® Aus*© ~RTINK,
298.15 139.59 —142.62 —3.04
323.15 139.61 —142.59 -2.97
373.15 139.67 —141.84 ~2.16
423.15 139.75 —141.39 ~1.64
473.15 139.82 —140.42 —0.60
523.15 139.91 -139.28 0.64
553.01 139.97 -138.31 1.66
573.15 140.01 -137.70 2.31
599.75 140.06 -135.91 4.15

aAll energies are in kcal/moP Harmonic approximation at the
indicated temperature obtained from G9&ith the B3LYP procedure
and 6-31G** basis set.Dielectric model result obtained as described
in refs 12 and 13 with the atomic radii of ref 1.
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Pigure 1. Variation of the dissociation coefficient eq 3 of reaction eq
1 with temperature along the water saturation curve, as described by
the dielectric model of section Il. In terms of the variable= —1 +

T/298.15 K, the solid curve is-3.0 + 1.6r + 4.6r2, in kcal/mol. This
curve crosses zero in the neighborhood of 500 K.

a magnitude of a small multiple of 1 cal/K/mol. This magnitude
is about a power of 10 smaller than typical experimental results.
The arguments suggest that the a priori confidence in the
individual chemical potentials of eq 4, or in their variations with
thermodynamic state, cannot be high. However, the differences
required in eq 4 can be more satisfactory. In any case, this is a
physical modéf-1416.18and sufficiently simple to be helpful.

IIl. Results and Discussion

ComputedAG© for the equilibrium of eq 1Au® according
to eq 4, and correspondingRT In K, over the temperature
range 298.15599.75 K are presented in Table 1. The variation
of the defined dissociation constant is plotted in Figure 1. Note
that the temperature variation of the net free ener@T In K,
is almost entirely due to the temperature variation of the
hydration free energy change:®* of eq 4. In the present simple
model, this follows from variations in the dielectric constant.
In this way, the results are indicative of changes in hydration
generally rather than a specific temperature effect. The reaction
eq 1 in liquid water becomes unfavorable from the perspective
of the free energy upon exceeding 500 K on the saturation curve
where the liquid density falls below about 85% of the triple-
point density. Nevertheless, this sulfonic acid headgroup would
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still be considered a strong acid in bulk aqueous solution at  (4) Paddison, S. J.; Pratt, L. R.; Zawodzinski, T. A.New Mater.

; iti Electrochem. Sysil999 2, 183.
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These results give perspective for the view that insufficient congucting Membrane Fuel Cellottesfeld., S., Fuller, T. F., Eds.:
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species in membranés. PV 98-27, pp 106-120.

TP ; TP ; ; (6) Paddison, S. J.; Paul, R.; Zawodzinski, T. A.,JrElectrochem.
The static dielectric constant of liquid water is roughly 30 in S0c.200Q 147 617.

this FntereSting region ab_out.SOO K on the qubﬁ'dapor. (7) Paddison, S. J.; Paul, R.; Zawodzinski, T. A.,JrChem. Phys
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both of the physical systemdiquid water and hydrated Nafion American Institute of Physics: Melville, NY, 1999; Vol. 492, pp 172
membranesconsiqlered. Thg physical picture of a dielectric " (10) Hummer, G.; Garde, S.; GaaciA. E.; Pratt, L. RChem. Phys.
continuum model is more uniform than either of those systems. 200Q 258, 349.

In this respect, this model calculation probably gives one  (11) Frisch, M. J; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

e e ; M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
valuable limiting possibility of the effect of hydration on the Stratmann, R, E.: Burant, J. C.: Dapprich, S.. Millam, J. M.. Daniels, A.

degree of dissociation of Nafion headgroups. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
The dielectric properties of the aqueous components of theseM.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;

; ; i~ Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
materials are influenced by the morphology of the polymeric D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
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PEEK® membranes show that the real part of the relative M. Replogle, E. S.. Pople, J. AGaussian 98revision A.2: Gaussian,
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