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The reversible proton dissociation and geminate recombination of the photoacid 2-naphthol-6-sulfonate is
studied as a function of pressure in liquid water. Our time-resolved experimental data are analyzed by the
reversible diffusion-influenced chemical reaction model. The proton-transfer rate increases significantly with
pressure. At 10 kbar the rate increases by about a factor of 8. The main pressure effect is the decrease of the
distance between the proton donor and acceptor. The pressure dependence is explained using an approximate
stepwise two-coordinate proton-transfer model. The increase in rate as a function of pressure manifests the
strong dependence of proton tunneling on the distance between the two heavy atoms which decreases with
an increase of pressure.

Introduction

Pressure is known to influence both chemical equilibrium and
the rate of chemical reactions in the condensed phase.1-6

External pressure changes such properties of the medium and
reactants as reaction free volume, potential energy profile along
the reaction path, compressibility, viscosity, and the reorganiza-
tion energy of the medium.7 The absolute value of the reaction
rate constant and its temperature dependence can depend on all
these parameters.

The phenomenon of excited-state proton transfer (ESPT) from
a photoacid molecule, which dissociates upon excitation to
produce an excited anion and a proton,8-11 was used in time-
resolved studies of proton-transfer reactions in liquids and solids.
Recent studies12-19 emphasize the dual role played by the
solvent molecule as (1) a proton acceptor and (2) a solvating
medium of both the reactant and the product.20-22

Theoretical studies have revealed that tunneling is the
dominant reaction mode for proton transfer, even at ambient
temperatures. The theory of proton-transfer reaction in solution
was developed by Dogonadze, Kuznetzov, and German23,24and
then extended by Borgis, Hynes, and Lee,25 Cukier and
Morillo,26 Voth and co-workers,27 and Hammes-Schiffer.28

These theories show that the presence of a potential energy
barrier in the proton reaction coordinate causes tunneling through
the barrier in the reaction pathway, as opposed to passage over
the barrier.

Ando and Hynes21 studied the acid ionization of HCl in water
via a combination of electronic structure calculations and Monte
Carlo computer simulations. The mechanism is found to involve
the following: first, an activationless (or nearly so) motion in
a solvent coordinate, which is adiabatically followed by the
quantum proton, to produce a “contact” ion pair Cl- H3O+,
which is stabilized by∼7 kcal/mol; second, motion in the
solvent with a small activation barrier, as a second adiabatic
proton transfer produces a “solvent-separated” ion pair from
the “contact” ion pair in a nearly thermoneutral process.29

In recent papers14-19 we described our experimental results
of an unusual temperature dependence of the excited-state proton
transfer from a photoacid to liquid water, monols, diols, and
glycerol. In methanol and ethanol at temperatures above 285 K
the rate of the proton transfer is almost temperature independent,
whereas atT < 250 K the rate exhibits great temperature
dependence. The rate constant is similar to the inverse of the
longest component of the dielectric relaxation time of a
particular protic solvent. We proposed a simple stepwise model
to describe and calculate the temperature dependence of the
proton transfer to the solvent reaction. The model accounts for
the large difference in the temperature dependence and the
proton-transfer rate at high and low temperatures and the solvent
dependencies.

The unusual temperature dependence is explained using
proton-transfer theory, based on the Landau-Zener curve-
crossing formulation. The high-temperature behavior of the rate
constant reflects the nonadiabatic limit, whereas the low-
temperature behavior denotes the adiabatic limit. We used an
approximate expression for the proton-transfer rate, which
bridges the nonadiabatic and solvent-controlled adiabatic limit
to fit the temperature dependence curve of the experimental
proton-transfer rate constant.

Time-resolved fluorescence studies of the photoacid 8-hy-
droxy-1,3,6-pyrene trisulfonate (HPTS) in water as a function
of pressure have been carried out at pressures up to the ice
transition point of H2O.30 The proton-transfer rates derived from
these studies exhibit an increase with pressure from 8× 109

s-1 at 1 atm and 294 K to 2.5× 1010 s-1 at the liquid-ice VI
transition point at 9 kbar and 294 K.

In part I we measured,31 using time-resolved emission
techniques, the proton dissociation from a strong photoacid, 5,8-
dicyano-2-naphthol (DCN2), and the reversible geminate re-
combination processes as a function of pressure in ethanol. The
experimental time-resolved fluorescence data were analyzed by
the exact numerical solution of the transient Debye-Smolu-
chowski equation (DSE). We found that the proton dissociation
rate constant,kPT, of excited DCN2 in neat ethanol at relatively
low pressures (up to 10 kbar) increases slightly with pressure,
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whereas at higher pressures, up to the freezing point of ethanol,
about 1.9 GPa, the proton-transfer rate decreases with pressure,
and its value in the high-pressure regime is similar to the inverse
of the dielectric relaxation time. The stepwise two-coordinate
model that was used to qualitatively fit the temperature
dependence was also used to fit the pressure dependence of the
proton-transfer rate. In an ethanol solution this analysis of the
experimental data showed that the pressure affects both steps
but in the opposite direction. The tunneling rate increases with
pressure, whereas the solvent relaxation decreases with pressure.

In this paper we further explore the effect of pressure on
excited-state intermolecular proton-transfer (ESPT) dynamics.
For this purpose we chose a relatively mild photoacid, 2-naphthol-
6-sulfonate, pK* ) 1.7 in water.32 The main finding of this study
is that the proton-transfer rate increases appreciably as a function
of pressure. Although in previous studies30,31 the rate increase
was relatively small, in this study the rate increases almost 10-
fold at the relatively low pressure of 10 kbar (the phase transition
point of water-ice VI). We used our qualitative stepwise two-
coordinate model to explain the strong pressure effect on proton
transfer. The model can be related to theories of proton
transfer,23,25 based on the Landau-Zener curve-crossing for-
mulation.

Experimental Section

Pressurized time-resolved emission was measured in a
compact gasketed diamond anvil cell33 (DAC) purchased from
D’Anvil 34,35 with 0.3 carat low fluorescent, high UV trans-
mission diamonds.

To provide a larger volume of the sample for sufficient
fluorescent intensity, a 0.45 mm hole was drilled in the 0.8 mm
thick stainless gasket. The low fluorescence-type diamonds
served as anvils. The anvil seats were equipped with suitable
circular apertures for the entry and exit of the exciting laser
beam and the excited fluorescent intensity. With this cell
pressures up to 30 kbar were reached without detriment to the
diamond anvils. The pressure generated was calibrated using
the well-known ruby fluorescent technique.36

Time-resolved fluorescence was measured using the time-
correlated single-photon-counting (TCSPC) technique. As an
excitation source we used a CW mode-locked Nd:YAG-pumped
dye laser (Coherent Nd:YAG Antares and a 702 dye laser),
providing a high repetition rate (>1 MHz) of short pulses (2 ps
full width at half-maximum, fwhm). The TCSPC detection
system is based on a Hamamatsu 3809U, a photomultiplier, a
Tennelec 864 TAC, a Tennelec 454 discriminator, and a personal
computer-based multichannel analyzer (nucleus PCA-II). The
overall instrumental response was about 50 ps (fwhm). Mea-
surements were taken at 10 nm spectral width. Steady-state
fluorescence spectra were taken using a SLM AMINCO-
Bowman-2 spectrofluorometer.

2-Naphthol-6-sulfonate was purchased from Kodak and used
without further purification. The sample concentrations were
between 1× 10- 3 and 3× 10 - 4 M, and the sample solutions
were made using deionized water of 10 MΩ resistance. The
solution’s pH was approximately 6.

The fluorescence spectrum belonging to 2-naphthol-6-sul-
fonate consists of two structureless broad bands (∼40 nm
fwhm). The emission band maximum of the acidic form (ROH*)
in water and alcohols emits at 350 nm. The emission band
maximum of the alkaline form (RO-*) in water and alcohols
emits at 420 nm. At 350 nm, the overlap of the two lumines-
cence bands is rather small and the contribution of the RO-*
band to the total intensity at 350 nm is less than 1%. At 1 atm

the impurity and dimer emission level is about 0.2% of the peak
intensity at 350 nm and increases up to 1% at 10 kbar. Therefore,
in the time-resolved analysis, we add to the calculated signal
an additional component with an exponential decay of about
10 ns, with an amplitude of about 0.2% at 1 atm, which increases
with pressure up to 1% at 10 kbar to account for the impurity
fluorescence. To avoid ambiguity from the overlap between the
fluorescence contributions of ROH* and RO-* and in order to
minimize the impurity fluorescence, we mainly monitored the
ROH* fluorescence at 350 and 450 nm.

Results

Reversible Diffusion-Influenced Two-Step Model.Previous
studies of reversible ESPT processes in solution led to the
development of a reversible diffusion-influenced two-step
model37,38 (Scheme 1).

In the continuous diffusion approach, the photoacid dissocia-
tion reaction is described by the spherically symmetric diffusion
equation (DSE)39 in three dimensions.37,38The boundary condi-
tions atr ) a are those of the back reaction,38 (Scheme 1).kPT

and kr are the “intrinsic” dissociation and recombination rate
constants at the contact sphere radius,a. Quantitative agreement
was obtained between the model and the experiment.37,38 A
detailed description of the model, as well as the fitting procedure,
is given in refs 14, 37, and 38.

The comparison of the numerical solution with the experi-
mental results involves several parameters. Usually, the adjust-
able parameters are the proton-transfer rate to the solvent,kPT,
and the geminate recombination rate,kr. The contact radius,a,
has acceptable literature values.37,38The proton dissociation rate
constant,kPT, is determined from the exponential decay at early
times of the fluorescence decay. At longer times the fluorescence
decay is nonexponential because of the reversible geminate
recombination.

An important parameter in our model that strongly influences
the nonexponential decay is the mutual diffusion coefficient,D
) DH+ + DRO-. The pressure dependence of the proton diffusion
constant,DH+, for water as a function of pressure was measured
by Nakahara and Osugi40 and Franck et al.41 The proton
conductivity slightly increases with pressure. The anion diffusion
constant,DRO-, as a function of pressure was estimated from
the water viscosity dependence on pressure data.42 Figure 1
shows the viscosity dependence on pressure of water at 303 K
taken from ref 42. At 20°C the viscosity slightly decreases at
low pressures. At high pressures (>2 kbar), the viscosity slightly
increases. At higher temperatures, the viscosity increases with
pressure. For comparison, we also display the viscosity depen-
dence on pressure in ethanol.42,43 Ethanol exhibits a much
stronger pressure dependence of the viscosity. Another important
parameter in the model is the Coulomb potential between the
anion RO-* and the geminate proton.

RD is the Debye radius,z1 andz2 are the charges of the proton
and anion,ε is the static dielectric constant of the solvent,T is
the absolute temperature,e is the electronic charge, andkB is

SCHEME 1

V(r) ) -
RD

r
; RD )

|z1z2|e2

εkBT
(1)
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Boltzmann’s constant. The dielectric constant of water44 and
other protic polar liquids increases with pressure.42

The asymptotic expression (the long time behavior) for the
concentration of ROH* at timet, [ROH*] t, is given by45

Equation 2 shows that uncertainty in the determination ofD(P)
causes a larger uncertainty inkr. Also, the fluorescence
“background”, due to a fluorescent impurity, and the band
overlap prevents us from accurately determining the recombina-
tion rate constant. We estimate that the error in the determination
of kPT is 10%. The error in the determination ofkPT is due to
(1) the signal-to-noise ratio of the experimental signal, which
affects the quality of the fluorescence signal over longer times
and (2) the interplay betweenkPT andkr (see eq 2) over longer
times. The uncertainty in the determination ofkr is estimated
to be much larger,∼50%. The relatively large uncertainty in
the values ofkr arises from the relation betweenkr, D(P), and
ε(P). In this paper we focus our attention on the pressure
dependence of the proton dissociation rate constant,kPT(P),
which is measured quite accurately.

Figure 2 shows, on a semilog scale, the experimental time-
resolved emission intensity data of 2-naphthol-6-sulfonate in
water, measured at 350 nm at various pressures in the range of
0.001-8.6 kbar. To solve the DSE, we used a user-friendly
graphic program, SSDP (version 2.61) of Krissinel and
Agmon.46 The experimental data are shown by symbols and
the computer fit by solid lines. We determined the proton-
transfer rate constant,kPT, from the fit to the initial decay of
the ROH* fluorescence (∼800 ps for 2-naphthol-6-sulfonate in
water at 1 atm,T ) 298 K). The initial decay is mainly
determined by the deprotonation process and is almost insensi-
tive to the geminate recombination process. The long time
behavior (the fluorescence tail) seen in the ROH* time-resolved
emission is a consequence of the repopulation of the ROH*
species by the reversible recombination of RO-* with the
geminate proton. The reprotonation of the excited ROH* can
undergo a second cycle of deprotonation. The overall effect is

a nonexponential fluorescence tail.37 As seen in the figure, over
the pressure range of 0.001-10 kbar the decay rate of the
fluorescence increases as the pressure increases. The proton-
transfer rate constant,kPT, increases with pressure.

Figure 3 shows the time-resolved emission of the 2-naphthol-
6-sulfonate RO-* species in water measured at 450 nm at four
pressures in the range of 0.001-8.6 kbar along with the
computer fit (solid line) using the reversible proton-transfer
model. The parameters used in the fit of the RO-* luminescence
are extracted from the fit of the fluorescence decay curves of
ROH* species, measured at 350 nm. The emission intensity at
450 nm has a growth time, which corresponds to the proton-

Figure 1. Viscosity dependence on pressure of water and ethanol at
303 K taken from Reference 42. Circles,b, are ethanol data and squares,
9, are water data.

Figure 2. Experimental time-resolved emission intensity data (symbols)
at room temperature of 2-naphthol-6-sulfonate in water solution
measured at 350 nm at various pressures in the range of 0.001-10
kbar along with the computer fit (solid lines). Squares,9, 0.001 kbar,
circles, b, 3.1 kbar, triangles,2, 5.4 kbar, squares,9, 8.6 kbar,
diamonds,[, 10.3 kbar.

Figure 3. Time-resolved emission at room temperature of 2-naphthol-
6-sulfonate RO-* species in water solution measured at 450 nm at four
pressures in the range of 0.001 and 10 kbar. Open circles,O, 0.001
kbar, filled triangles,2 3.1 kbar, open squares,0, 5.4 kbar, and filled
squares,9, 8.6 kbar.

[ROH*] t = π
2

a2 exp(RD/a)
kr

kPT(πD)3/2
t-3/2 (2)
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transfer rate from the 2-naphthol-6-sulfonate ROH* species to
water. Figure 3 clearly shows the growth time decrease as the
pressure increases (faster rise-time of the fluorescence signal
with pressure increase). The radiative decay times of the excited-
state RO-* are only slightly dependent on the pressure. The
proton-transfer rate constants,kPT andkr, at various pressures
and the relevant fitting parameters used in the SSDP program
to fit the time-resolved emission curves are given in Table 1.

Discussion

In the following section, we first present the basic theoretical
concepts related to nonadiabatic and adiabatic proton transfers.
This is followed by a description of our stepwise two-coordinate
proton-transfer model accounting for both the temperature and
pressure dependence of the proton-transfer rate. Finally, we fit
the experimental results with our model for proton transfer.

The theory for nonadiabatic proton transfer is very similar
to the theory for nonadiabatic electron transfer in its treatment
of the involvement of the solvent. In the model,23 when the
polar solvent is equilibrated to the reactant the proton will not
be transferred because of an energy mismatch in the reactant
and product states. Upon solvent fluctuation, the energy of the
reactant and product states becomes equal, and it is in this
solvent configuration that the proton tunnels from one side of
the well to the other. Finally, upon solvent relaxation, the
product state is formed.

If the pretunneling and post-tunneling configurations are
regarded as real, transient intermediates, the process can be
described by a set of three consecutive chemical equations47 as
shown in Scheme 2, where AH is the protonated photoacid, SB

is a single solvent molecule to which the proton is transferred,
SR is the solvent configuration to stabilize the reactants, and Sp

is the solvent configuration of the products. S* is the solvent
configuration necessary to equally stabilize AH‚ ‚ ‚SB and
A- ‚ ‚ ‚HSB

+. The first equation describes the motion of the
solvent configuration to reach the activated solvent configura-
tion. The second equation describes the tunneling process in
the proton coordinate. This process only occurs when the energy
of the reactant and product states becomes equal. The third
equation describes the solvent configuration relaxation toward
the bottom of the product well.

One important difference between electron transfer and proton
transfer is the extreme sensitivity of the proton-tunneling matrix
element to distance. The functional form of the tunneling
coupling matrix element,C(QH), between the reactant and
product state, for moderate to weak coupling, is

The decay parameter,R, is very large,25 25-35 Å-1, in
comparison with the corresponding decay parameter for the
electronic coupling in electron transfer, 1 Å-1. QH is the proton
coordinate,C0 is the value ofC at the equilibrium position at
low pressure,δQH is either the change in the intermolecular
distance with pressure or the distance change between the two
heavy atoms resulting from an intermolecular vibration. It is
this feature that makes the dynamics of proton transfer so
sensitive to the internuclear separation of the two heavy atoms,
and hence, pressure can be used to gradually change the
intermolecular distance. For many liquids pressure is known to
change the liquid and solid density. The volume decreases by
about 25% at about 10 kbar; therefore, the intermolecular
distance changes with pressure.

Water at high pressure and temperature between 25 and 85
°C is still “water-like” in its structure. Its hydrogen bond system
is hardly affected by these pressures, and its dielectric constant
remains high. At high pressures, it support ionization to H3O+

and OH- ions.48 Wu and Whalley49 studied the neutron
diffraction pattern of liquid D2O at pressures up to 9.1 kbar at
25 °C.The main conclusions of the diffraction work can be
summarized as follows:

(1) Increasing pressure greatly increases the correlation of
molecular positions and orientations.

(2) The first-neighbor distances decrease with increas-
ing pressure slower than further neighbor distances, and
the compression of water is mostly due to the bending of
O‚‚‚O‚‚‚O bonds.

As a first-order approximation the change in intermolecular
distance,δQH, is related to the change in volume∆V as3x∆V.

Qualitative Model for the Temperature and Pressure
Dependencies of Excited-State Proton-Transfer Reactions.
Previously we used a qualitative model that accounts for both
the temperature14-17 and, recently,31 pressure dependencies of
the excited-state intermolecular proton transfer to the solvent.
We shall use the same model to explain the large pressure
dependence of the proton-transfer rate from 2-naphthol-6-
sulfonate to water. The proton-transfer reaction depends on two
coordinates, the first of which depends on a generalized solvent
configuration. The solvent coordinate characteristic time is
within the range of the dielectric relaxation time,τD, and the
longitudinal relaxation,τL ) (ε0/εs)τD. The second coordinate

TABLE 1: Pressure Dependence of the Kinetic Parameters
for the Proton-Transfer Reaction of 2-Naphthol-6-sulfonate
in Watera

P [GPa]b,c kPT[109 s-1]d kr [109 Å s-1]d,e D [10-5 cm2 s-1] f

0.0001 0.9 2.5 9.2
0.13 1.55 5.0 7.0
0.36 2.55 12.0 6.5
0.45 3.55 12.0 5.5
0.85 6.3 13.0 4.5
1.03 7.3 15.0 4.0

a For all pressures 1/τROH ) 0.12 ns-1, 1/τRO
- ) 0.1 ns-1. b 1 GPa

∼ 10 kbar.c The error in determination of the pressure is(0.075 Gpa.
d kPT andkr are obtained from the fit of the experimental data by the
reversible proton-transfer model (see text).e The error in the determi-
nation ofkr is 50%, see text.f Values at high pressures were obtained
by best fit to the fluorescence decay.

SCHEME 2

C(QH) ) C0 exp(-RδQH) (3)
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is the actual proton translational motion (tunneling) along the
reaction path.

The model restricts the proton-transfer process to a stepwise
one. The proton moves to the adjacent hydrogen-bonded solvent
molecule only when the solvent configuration brings the system
to the crossing point. In the stepwise model the overall proton-
transfer time is the sum of two times,τ ) τS + τH, whereτS is
the characteristic time for the solvent reorganization andτH is
the time for the proton to pass to the acceptor. The overall
temperature and pressure dependent rate constant,kPT(T, P), at
a givenT andP is

where kS(T, P) is the solvent coordinate rate constant and
kH(T, P) is the proton coordinate rate constant.

Equation 4 provides the overall excited-state proton-transfer
rate constant along the lines of a stepwise process. As a solvent
coordinate rate constant, we use

whereb is an adjustable empirical factor determined from the
computer fit of the experimental data. We find that the empirical
factor for monols lies between 2 and 4, whereas for water it is
larger and lies in the range of 4-8. For the monolsτL is usually
smaller thanτD by a factor of 2-6 and for water by about a
factor of 10. Thus, the solvent characteristic time,τS ) 1/kS-
(T,P), for water and monols lies between the dielectric relaxation
and the longitudinal times,τL < τS < τD. The pressure
dependence of the dielectric relaxation time up to about∼1
kbar was measured by Pottel and Asselborn.50 The dielectric
relaxation only slightly increases with pressure over this limited
range. It is about 15% slower at 1 kbar than at atmospheric
pressure. We are not aware of literature-published values for
the dielectric relaxation times as a function of pressure for
water at higher pressures up to the freezing pressure of
∼10 kbar.

In many cases the viscosity andτD have similar dependencies
on both pressure and temperature. As seen in Figure 1, the
viscosity dependence on the pressure of water at 30°C is very
mild whereas in ethanol the dependence is much larger. The
dielectric relaxation time is often directly proportional to the
shear viscosity. This is a direct consequence of the assumed
viscous-damped rotating sphere model of dielectric relaxation
originally introduced by Debye.39 In general, the viscosity
dependence on pressure is larger than that of the dielectric
relaxation. Johari and Dannhauser studied the pressure depen-
dence of the dielectric relaxation of isomeric octanols51 as well
as the pressure dependence of viscosity in isomeric octanols.52

They found that both the logarithm of viscosity and the
logarithm of the dielectric relaxation have, approximately, a
linear dependence on pressure, but the slope of the viscosity is
slightly larger than that of the dielectric relaxation rate. Figure
4 shows, on a semilogarithm plot, both the viscosity,η(P), and
the dielectric relaxation time,τD(P), of 2-octanol as a function
of pressure. As seen, both viscosity andτD have, approximately,
a logarithmic dependence on pressure. The viscosity for a
particular solvent and temperature has a stronger dependence
on the pressure thanτD(P).

We used an approximate relation betweenτD(P) and η(P)
based on the correspondence between dielectric relaxation and

η(P) (see appendix A) to estimate the pressure dependence of
the τD(P) of water.

For the best fit to the pressure dependence ofkPT using our
stepwise model, we usedP* ) 4500 bar.

The activation energy,∆Gq, is determined by the Marcus
relation

whereEs is the solvent reorganization energy and∆G is the
free energy of the reaction. Thus, one needs to know the excited-
state acid equilibrium constant,Ka

/ and the solvent reorganiza-
tion energy. An alternative expression for∆Gq can be evaluated
from the structure reactivity relation of Agmon and Levine.53

In our treatment we assume that∆Gq is independent of the
hydrostatic pressure, and hence, the pressure solely affects the
preexponential factor. In a previous study on the temperature
dependence of the proton-transfer rate from photoacids to
water,19 we found the activation energies for 2-naphthol (pK*
) 2.7) and 2-naphthol-6,8-disulfonate to be∆Gq ) 10 kJ/mol
and 2.5 kJ/mol, respectively. These values agree qualitatively
with the Marcus expression for the activation energy (see eq
7). The pK* value of 2-naphthol-6-sulfonate is between the two
compounds mentioned above, pK* ) 1.7. We therefore estimate
the activation energy value to be∆Gq ≈ 3.5 kJ/mol. The reaction
rate constant,kH, along the proton coordinate,QH, is expressed
by the usual activated chemical reaction description given by
eq 8

wherekH
0 is the preexponential factor and∆Gq is the activation

energy. At high temperatures and/or a high solvent relaxation
rate (which is the case for water,τD ) 8 ps), the actual proton

kPT(T, P) )
kH(T, P)kS(T, P)

kH(T, P) + kS(T, P)
(4)

kS(T, P) ) b
1

τD(T, P)
exp(- ∆Gq

RT ) (5)

Figure 4. Normalized viscosityη(P)/η(1 atm) (9) and logarithmic fit
(solid line) and the normalized dielectric relaxation time,τD(P)/τD(1
atm) (b) and logarithmic fit (dashed line) as a function of pressure of
2-octanol at 263 K. Data taken from refs 51 and 52.

τD(P) ∼ τD
1atm(η(P)

η1atm) exp(-P/P*) (6)

∆Gq ) 1
4ES

(ES + ∆G)2 (7)

kH(P) ) kH
0 exp(- ∆Gq

RT ) (8)
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transfer along the proton-tunneling coordinate,QH, is the slower
process and hence the rate determining step. This rate strongly
depends on pressure because tunneling in the intermediate-
coupling case depends exponentially on the intermolecular
distance between the two heavy atoms. In this study the proton
transfer occurs between the hydroxyl group of 2-naphthol-6-
sulfonate and the adjacent oxygen of a hydrogen-bonded water
molecule.

As we showed in previous studies,14-18 kH(P) is related to
the nonadiabatic limit rate expression. In the nonadiabatic limit,
the preexponential factor is related to the tunneling coupling
matrix element (see eq 3). The coupling matrix element depends
strongly on the pressure and increases as the pressure increases.

The effect of pressure and temperature on the photoinduced
hydrogen transfer reaction in a mixed crystal of acridine in
fluorene was studied by Bromberg et al.54 The room temperature
hydrogen transfer rate increases exponentially when pressure
increases. On the basis of proton-tunneling concepts,55

Trakhtenberg and Klochikhin7 derived an expression for the
pressure and temperature dependence of the tunneling rate of
proton transfer in the solid state

whereRP(P) ) V0/V(P), Ω0 is the effective frequency of the
intermolecular vibration,δCN

2 is the square of the amplitude of
the intercenter C‚‚‚N distance, andγ ) - ∂lnΩ0/∂lnV.

EH(R) and U(x, R) are the total and potential energies of the
tunneling atom, respectively, depending on the distance,R,
between the two heavy atoms (in our case two oxygen atoms).
R0 is the equilibrium distance between the heavy atoms andJ′
is the derivative,∂J/∂R. The first term on the right-hand side of
eq 9 is the usual tunneling expression and does not account for
the pressure effect. The second term accounts for the change
with pressure of the equilibrium position between the two heavy
atoms. The third term takes into account the pressure effect on
the intermolecular low frequency. Trakhtenberg and Klochikhin7

found good correspondence with the experimental results of
Bromberg et al.54 when they used a smaller power dependence
of the compressibility,RP (0.22 instead of1/3 as expected from
the relation of distance and volume).

In our previous pressure study of DCN2 in ethanol, we
estimated the pressure dependence of the proton coordinate rate
constant,kH(P), from the second term of eq 9 with a compress-
ibility dependence on power of 0.22. In the current work we
used the value of 0.33 because for the first approximationδQH

) 3x∆V. ForΩ0 ) 5.0× 1013 s-1, δO-O
2 ) 0.005 Å2, γ ) 2.2

(the values are taken from ref 7), we find that the third term in
eq 9 decreases the tunneling rate as the pressure increases. The
rate decreases by about 30% at about 10 kbar. At higher
pressures the value of the third term is about the same as at 10
kbar because the volume compressibility is very small at high
pressures. In our treatment we neglected the contribution to the
pressure dependence of the third term in eq 9. Thus, the change
in the proton-tunneling rate constant as a function of pressure
is given by

Figure 5 shows the dependence of 1/RP ) VP/V0 on pressure,
for water, and for comparison, we also added the pressure
dependence of 1/RP for ethanol, whereVP for both liquids are
taken from ref 42. In water, alcohols, and many other liquids,
the change in volume with pressure over a pressure range of
up to 10 kbar is very similar. The compressibility, 1/V (∂V/
∂P)T, decreases with pressure increase. In general, it is smaller
for water than for methanol and ethanol. For water and ethanol
it changes by a factor of about 3 and 5 between atmospheric
pressure and 10 kbar, respectively.

Figure 6 shows a fit to the stepwise two-coordinate model
of kPT(P) ) kH(P)kS(P)/(kH(P) + kS(P)) as a function of pressure
(solid line) along with the experimental data (dots). The results
of 2-naphthol-6-sulfonate in water show a large increase of the
proton-transfer rate with pressure changes. At about 10 kbar
the rate is about 10-fold larger than the rate at atmospheric
pressure. We show the pressure dependence of the proton-
tunneling rate constant, using eq 11, and the following param-
eters: J′ ) 14.2 Å-1, R0 ) 2.4 Å, J′R0 ) 34; RP was taken
from ref 42. As seen, the rate increases as a function of pressure.
The tunneling rate constant, in our modelkH, increases with
pressure, from atmospheric pressure to 10 kbar, by a factor of
8. The value of the solvent-controlled adiabatic rate constant,
kS at atmospheric pressure is larger by about 2 orders of
magnitude thankH. WhereaskH increases 10-fold with pressure,
kS decreases with pressure by only a factor of 2. BecausekS .
kH at all pressures, the value of the overall rate constant (eq 4),
kPT, is determined mainly by the slowest rate constant, that is,
kH. The total ratekPT(T, P) increases with pressure by a factor
of 8 at about 1 GPa, the water-ice VI transition point. Because
1/RP is not constant with pressure, but rather decreases as the
pressure increases,kH(P)/kH(1 atm) does not increase with the
same initial slope. In Figure 6b we also show, for comparison,
the pressure dependence of DCN2 in ethanol taken from our
previous study.31 The results of DCN2 in ethanol show an initial
increase of the rate with the pressure. At about 8 kbar the rate
reaches a maximum value,kPT(8 kbar)) 2kPT(1 atm). Further
increase of the pressure decreases the rate constant of the proton
transfer to the solvent. This interesting observation of the
pressure dependence of the proton-transfer rate from DCN2 to
ethanol is explained by the opposite pressure dependencies of
kH andkS and the saturation ofkH at medium-pressure values.

Figure 5. Pressure dependence of 1/RP ) VP/V0 of water and ethanol.
Squares,9, are ethanol data and circles,b, are water data.

k(P, T) ) ν exp[-J(R0) + J′R0(1 - RP
-1/3) +

J′2δCN
2/8RP

γ coth(pΩ0RP
γ/4kBT)] (9)

J(R) ) (2/p) ∫{2m[U(x, R) - EH(R)]}1/2 dx (10)

kH(P)

kH(1 atm)
= exp[J′R0(1 - RP

-0.33)] (11)
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The pressure dependence ofkPT, kH, andkS for 2-naphthol-6-
sulfonate in water and DCN2 in ethanol are also plotted (dotted
lines) in parts a and b of Figure 6, respectively.

Summary

We studied, using time-resolved emission techniques, the
proton dissociation and reversible geminate recombination from
the photoacid 2-naphthol-6-sulfonate to water as a function of
pressure. The experimental time-resolved fluorescence data are
analyzed by the exact numerical solution of the transient
Debye-Smoluchowski equation (DSE).46

We found that the proton dissociation rate constant,kPT, of
excited 2-naphthol-6-sulfonate in water up to the pressure of
the freezing point (∼10 kbar), increases by about a factor of 8
with pressure. We compared these results with our previous
pressure work on DCN2 in ethanol.

We used a stepwise two-coordinate model to qualitatively
fit the pressure dependence of the proton-transfer rate. We
previously used this model to explain the temperature depen-

dence of the proton-transfer rate from various photoacids to
solvents.15-19 Recently,31 we also employed the model to
account for the pressure dependence of the proton-transfer rate
from DCN2 to ethanol as a function of pressure. The analysis
of the experimental data by the model shows that the pressure
affects both steps but in opposite directions. In the case of proton
transfer from 2-naphthol-6-sulfonate to water, pressure only
mildly affects the solvent coordinate rate,kS. In contrast tokS,
the tunneling rate,kH, increases almost 10-fold with pressure.
The overall effect is the strong increase of the rate with pressure.
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Appendix A

Johari and Dannhauser studied the pressure dependence on
both the viscosity and the relaxation times52 of isomeric octanols
over a range of temperatures and pressures up to 4 kbar. The
results of the viscosity pressure dependence of a certain octanol
isomer at a particular temperature can be approximated by

whereηP andη0 are the viscosity values at pressureP and at
atmospheric pressure, respectively anda is the slope of the linear
dependence on pressure of the logarithm of the viscosity. The
slopea depends on the temperature and the specific octanol
isomer. A similar expression can be found for the pressure
dependence of the dielectric relaxation

which leads toτD(P) ) τD
0 exp(a′P). It was found, experimen-

tally, that for a certain octanol at a specific temperaturea > a′,
that is, the pressure dependence of the viscosity is larger than
that of the dielectric relaxation. Using eqs A1 and A2 and
rearranging the expression, we obtain eq A3:

If we denotea′ - a ) -1/P*, we get eq 6 in the text. From
this relation we can use the literature data of the viscosity
pressure dependence of a certain liquid and hence deduce the
pressure dependence of the liquid dielectric relaxation time,τD-
(P).
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