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The reversible proton dissociation and geminate recombination of three photoacids, 2-naphthol, 2-naphthol-
7-sulfonate, and 2-naphthol-8-sulfonate, are studied at various pressures in water. The results are compared
with the results of the pressure dependence study we recently conducted for 2-naphthol-6-sulfonate in water
and 5,8-dicyanonaphthol in ethanol and propanol. Our time-resolved experimental data are analyzed by the
reversible diffusion-influenced chemical reaction model. The proton transfer rate increases significantly with
pressure: at∼11 kbar, the rate increases by a factor in the range of 7.5-10. The pressure dependence is
explained using an approximate stepwise two coordinate proton-transfer model. The model is compared with
the Landau-Zener curve-crossing proton tunneling formulation. The increase in rate, as a function of pressure,
manifests, on one hand, the strong dependence of proton tunneling on the distance between the two oxygen
atoms involved in the process, which decreases with an increase of pressure, and, on the other hand, the
small change in the water relaxation rate as a function of pressure.

Introduction

Proton transfer to a solvent (PTTS) is a fundamental process
in chemistry and biology.1,2 In solution, it determines acid-
base reactivity and is connected to factors governing proton
association, solvation and mobility. The phenomenon of excited-
state proton transfer (ESPT) from a photoacid molecule that
dissociates upon excitation to produce an excited anion and a
proton3-6 was used in time-resolved studies of proton-transfer
reactions in liquids and solids. Recent studies7-14 emphasize
the dual role played by the solvent molecule (1) as a proton
acceptor and (2) as a solvating medium of both the reactant
and the product.15-17

Theoretical studies revealed that tunneling is the dominant
reaction mode for proton transfer, even at ambient temperatures.
The theory of the proton-transfer reaction in solution was
developed by Dogonadze, Kuznetzov, Ulstrup, and co-work-
ers18,19 and then extended by Borgis and Hynes,20 Kiefer and
Hynes,21 Cukier,22 Voth,23 and Hammes-Schiffer.24 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 Hynes25 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
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, and 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.25

Pressure is known to influence the rate of chemical reactions
in the condensed phase. External pressure changes such proper-
ties of the medium and reactants as the reaction free volume,
potential energy profile along the reaction path, compressibility,
viscosity, and the reorganization energy of the medium.26 The
absolute value of the reaction rate constant and its temperature
dependence can depend on all of these parameters. The pressure
influences both the characteristics of classical over-barrier
reactions and the tunneling transfer of the proton. The pressure
influence on tunneling in the solid state is discussed in refs 26
and 27. In solids, the tunneling reaction depends exponentially
on both the equilibrium distance between the reactants and the
frequency of intermolecular vibrations, which varies with
compression.

In previous papers,10-13 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 while, 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, the proton-transfer rate at high
and low temperatures, and the solvent dependencies. The proton-
transfer reaction depends on two coordinates, the first of which
depends on the generalized solvent configuration. The solvent
coordinate characteristic time is within the range of the dielectric
relaxation time,τD, and the longitudinal relaxation,τL )
(ε∞/ε0)τD, whereε0 and ε∞ are the static and high-frequency
dielectric constants, respectively. The second coordinate is the
actual proton translational motion (tunneling) along the reaction
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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.

The unusual temperature dependence of the proton-transfer
rate is explained as follows: the high-temperature behavior of
the proton-transfer rate constant is controlled by the proton
tunneling rate, whereas at low temperature, the solvent motion
controls the rate. We used an approximate expression for the
proton-transfer rate, which bridges the high-temperature proton
tunneling limit and the solvent controlled limit to fit the
temperature dependence curve of the experimental proton-
transfer rate constant at all temperatures, see eq 4.

In recent studies,28,29 we measured, using time-resolved
emission techniques, the proton dissociation from a strong
photoacid, 5,8 -dicyano-2-naphthol (DCN2) as a function of
pressure in both ethanol and propanol. In ethanol, we found
that the proton dissociation rate constant,kPT, of excited DCN2
at relatively low pressures (up to 10 kbar) increases with
pressure. At about 10 kbar, it reaches the largest rate, about
twice the rate at atmospheric pressure. 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.

We applied the stepwise two coordinate model that was
successfully used to fit the temperature dependence of the proton
transfer rate to also fit the pressure dependence. For the ethanol
solution, analysis of the experimental data showed that pressure
affects both the solvent and the proton coordinates, but in
opposite directions. The proton tunneling rate increases with
pressure, whereas the solvent relaxation in ethanol decreases
significantly with pressure.

For propanol, we found that the proton dissociation rate
constant,kPT, of excited DCN2 at relatively low pressures (up
to 5 kbar) increases slightly with pressure. At 5 kbar, the rate
is 20% larger than the value at atmospheric pressure, whereas
at higher pressures up to∼2.5 GPa (25 kbar), the proton-transfer
rate decreases with pressure and its value is related to the inverse
of the dielectric relaxation time. At about 2.2 GPa, the rate is
smaller by a factor of about 20 than that at atmospheric pressure.
The increase in the proton tunneling rate at low pressures,
increases the overall rate,kPT, slightly. The solvent coordinate
rate strongly affectskPT at high pressures. At a pressure above
5 kbar,kPT is mainly determined by the solvent coordinate rate,
i.e., the solvent controlled limit.

In contrast to DCN2-propanol, we found in a recent study
of proton transfer from 2-naphthol-6-sulfonate to water30 that
pressure only mildly affects the solvent coordinate rate of water,
whereas the tunneling rate increases almost 10-fold with
pressure. The overall effect is a strong increase of the proton-
transfer rate,kPT, with pressure.

In this paper, we further explore the effect of pressure on
excited-state intermolecular proton transfer (ESPT) dynamics
in water. For this purpose, we chose four photoacids: 2-naphthol
(2N), 2-naphthol-7-sulfonate (2N7S), 2-naphthol-8-sulfonate
(2N8S), and 8-hydroxy-1,3,6-pyrenetrisulfonate (HPTS). Fox
and co-workers studied the proton-transfer rate in supercritical
water.31 They used pressures up to 300 atm at elevated
temperatures, up to 200°C. As the temperature increases, the
rate decreases. The decrease in the proton-transfer rate at high
temperatures is due to breaking the water structure, which is
manifested by a low dielectric constant of water at 200°C, ε ≈
35. In the past, we studied the pressure dependence of the

proton-transfer rate from HPTS to water.32 The rate increases
mildly with pressure. In this previous study32 we used a streak
camera to time-resolve the luminescence with a relatively small
S/N ratio. In addition, we did not use the reversible geminate
proton recombination model in the luminescence data analysis.
We therefore decided to remeasure the pressure dependence of
the proton-transfer rate from HPTS to water. For all these
photoacids, we found an increase of the proton-transfer rate as
a function of pressure by a factor of between 3 (for HPTS, where
the rates values are the highest) and 9 (for 2N7S). 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,20,18 based on the Landau-Zener
curve crossing formulation.

Experimental Section

Pressurized time-resolved emission was measured in a
compact gasketed diamond anvil cell33 (DAC) purchased from
D’Anvil 34,35with 0.3 carat low fluorescent high UV transmission
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 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
at full width half-maximum, fwhm). The (TCSPC) detection
system is based on a Hamamatsu 3809U, photomultiplier,
Tennelec 864 TAC, 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.

2-Naphthol, 2-naphthol-6-sulfonate, and HPTS were pur-
chased from Kodak. 2-Naphthol-7-sulfonate and 2-naphthol-8-
sulfonate were purchased from TCI. All compounds were used
without further purification. The sample concentrations were
between 1× 10-3 and 3× 10-4 M using deionized water of
10 MΩ resistance. The solution’s pH was approximately 6.

The fluorescence spectrum belonging to 2-naphthol, 2-naphthol-
7-sulfonate, 2-naphthol-8-sulfonate, and HPTS consists of two
structureless broad bands (∼40 nm fwhm). The emission band
maximum of the acidic form (ROH*) of the naphthol and
naphthol sulfonate derivatives in water and alcohols emits at
about 350 nm. The emission band maximum of the alkaline
form (RO-*) in water and alcohols emits at about 420 nm. At
350 nm, the overlap of the two-luminescence 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 analysis of
the time-resolved emission data, we add to the calculated signal
an additional component with an exponential decay of about
10 ns, with 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, due to the overlap between
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the fluorescence contributions of ROH* and RO-*, and in order
to minimize the impurity fluorescence, we mainly monitored
the ROH* fluorescence at 350 nm. For HPTS, ROH*, and
RO-*, bands are located at 440 and 510 nm respectively.

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 (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 9, 37, and 38.

Comparison of the numerical solution with the experimental
results involves several parameters. Usually, the adjustable
parameters are the proton-transfer rate to the solvent,kPT, and
the geminate recombination rate,kr. The contact radius,a, has
acceptable literature values.39 The proton dissociation rate con-
stant,kPT, is determined from the exponential decay at early
times of the fluorescence decay. Over longer times, the fluor-
escence decay is nonexponential due to 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 Osugi.40 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.41 At 20 °C, the viscosity slightly
decreases at low pressures. At high pressure (>2 kbar), the
viscosity slightly increases. At higher temperatures, the viscosity
increases with pressure. Figure 1 shows the viscosity dependence
on pressure of water at 303 K taken from ref 41. For comparison,
we also display the viscosity dependence on pressure in
ethanol and propanol.41,42Ethanol and propanol exhibit 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.

whereRD is the Debye radius,z1 andz2 are the charges of the
proton and anion,ε0 is the static dielectric constant of the
solvent, andT is the absolute temperature.e is the electronic
charge, andkB is Boltzmann’s constant. We are not aware of
published data of the change in the dielectric constant of water
with pressure. In ethanol, it increases with pressure.41 For
calculation purposes ofV(r), we assume that the dielectric
constant changes only slightly with an increase in pressure.

The asymptotic expression (the long time behavior) for the
fluorescence of ROH*(t) is given by38,43

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 prevent 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.

2-Naphthol and 2-naphthol monosulfonate derivatives are
relatively weak photoacids. The rate of proton transfer to water
at atmospheric pressure at room temperature of these photoacids
is relatively slow. For 2-naphthol in water, the excited lifetime
is about 10 ns and the proton-transfer rate constant is of about
the same order 108 s-1. The most frequently cited values for
the deprotonation rate constantkd for 2-naphthol at room
temperature are 7.0-7.5× 107 s-1, although 11× 107 s-1 was
used by Lee et al.,44 and values between 30× 107 s-1 and 5×
107 s-1 have also been reported. Fox and co-workers results31

at room temperature were consistent with the value of 7× 107

SCHEME 1

Figure 1. Viscosity dependence on the pressure of water, ethanol, and
propanol at 303 K taken from refs 41 and 42.9, propanol data;b,
ethanol data;2, water; open symbols are extrapolation to high pressure.
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s-1. We used the value of Lee et el.44 for the proton-transfer
rate at 1 atm.

2-Naphthol and its monosulfonate derivates are incapable of
transferring protons to solvents that are weak bases, like alcohols
(methanol and longer chain monols). To avoid ambiguity
between the pressure effect on proton transfer and its effect on
the excited state lifetime, we measured separately the excited-
state lifetime,τf, of ROH* species as a function of pressure for
2-naphthol in ethanol solutions. Figure 2 shows the time-
resolved emission measured at 360 nm of 2-naphthol in ethanol
at atmospheric pressure and at 1.07 GPa. The measured lifetimes
at various pressures, deduced from the fit of the emission curves,
are given in Table 1. We used a multiexponential fit to the
emission curves. The long lifetime componentτf (see Table 1)
has an amplitude of about 99% and is attributed to the excited
state lifetime. At relatively low pressures,P e 1 GPa, the
measured excited state lifetime increases slightly as a function
of pressure. At high pressures,P > 1.3 GPa, the lifetime
decreases slightly. The solution at atmospheric pressure con-
tained oxygen and the lifetime increase at high pressure in
ethanol solution can be attributed to a decrease in the oxygen
concentration as a function of pressure.

In water solution, proton-transfer reaction occurs within the
excited-state lifetime and the overall affect is a decrease in the

observed emission lifetime of the ROH* band at 360 nm and
the generation of a RO-* band emitting at a maximum of 420
nm. The RO-* time-resolved emission has a growth time which
corresponds to the ROH* emission decay time.

Figure 3 shows, on a semilog scale, the experimental time-
resolved emission intensity data of 2-naphthol, 2-naphthol-7-
sulfonate, 2-naphthol-8-sulfonate, 2-naphthol, and 2-naphthol-
6-sulfonate taken from ref 30, in water, measured at 350 nm at
various pressures in the range of 0.001-11 kbar. The experi-
mental 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 (∼200 ps
for 2-naphthol-8-sulfonate in water at 1 atm, at 298 K). The
initial decay is mainly determined by the deprotonation process
and is almost insensitive 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 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 4
shows, on a semilog scale, the experimental time-resolved
emission measured at 435 nm, at about the ROH* band
maximum (441 nm) of HPTS in water at various pressures,
along with the computer fit (solid line).

Figure 5 shows the time-resolved emission of the 2-naphthol-
8-sulfonate RO-* species in water measured at 450 nm at
atmospheric pressure and at 5.8 kbar, along with the computer
fit (solid line) using the reversible proton-transfer model. The
parameters used in the fit of RO-* luminescence are extracted
from the fit of the fluorescence decay curves of the ROH*
species, measured at 350 nm. The emission intensity at 450 nm
has a growth time, which corresponds to the proton transfer
rate from the 2-naphthol ROH* species to water. Figure 5 clearly
shows the growth time decrease as the pressure increases. The
radiative decay times of the excited-state RO-* are only slightly
dependent on the pressure.

Our fit results for the proton-transfer rate to the solvent,kPT-
(P), as a function of pressure for 2-naphthol, 2-naphthol-7-
sulfonate, 2-naphthol-8-sulfonate, and HPTS are summarized
in Tables 2-5, respectively.

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 to 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,18 when the
polar solvent is equilibrated to the reactant, the proton will not
be transferred due to 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 posttunneling configurations are
regarded as real, transient intermediates, the process can be

Figure 2. Semilog plot of the time-resolved emission intensity versus
time of 2-naphthol in neat ethanol solution at several hydrostatic
pressures.

TABLE 1: Excited State Lifetime of 2-Naphthol in Ethanol
Solution

Pa [GPa] τf [ns]b af
c τS [ns]d aS

e

0.0001 7.8410 0.989 0.4322 0.011
0.516 9.4671 0.986 0.2982 0.014
0.750 9.7350 0.983 0.6298 0.017
1.075 9.3846 0.981 0.4905 0.019
1.770 8.7260 0.966 0.8049 0.034

a 1 Gpa∼ 10 kbar.b τf is the fluorescence lifetime emission.c af is
the amplitude of the long lifetime component.d τS is the short lifetime
component of the emission.e aS is the amplitude of the short lifetime
component.
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described by a set of three consecutive chemical equations45

given in Scheme 2, along with a qualitative description of the
potential surfaces along the solvent coordinate,S, and the proton
coordinateqH, 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. Sq is the solvent
configuration to equally stabilize AH‚‚‚SB and A-‚‚‚HSB

+. The
first equation describes the motion along the solvent configu-
ration coordinate in the reactant potential surface, denoted as

R, to reach the activated solvent configuration. The second
equation describes the tunneling process in the proton coordi-
nate, qH. This process occurs only when the energy of the
reactant and product states becomes equal, atSq. The third
equation describes the solvent configuration relaxation toward
the bottom of the product well, denoted asP.

One important difference between electron transfer and
proton transfer is the extreme sensitivity of the proton tunnel-
ing matrix element to distance. The functional form of the
tunneling coupling matrix element between the reactant and

Figure 3. Experimental time-resolved emission intensity data (symbol) in water solution measured at 350 nm at various pressures in the range of
0.001-11.6 kbar along with the computer fit (solid lines), semilog scale of a. 2-naphthol, b. 2-naphthol-6-sulfonate, c. 2-naphthol-7-sulfonate, and
d. 2-naphthol-8-sulfonate.
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product state, for moderate to weak coupling, is

The decay parameter,R, is very large, 25-35 Å-1, in com-
parison with the corresponding decay parameter for the elec-
tronic coupling in electron transfer, 1 Å-1. 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, the pressure is known to change
the liquid and solid density. For ethanol, the volume decreases
by about 25% at about 10 kbar. As the volume decreases with
pressure, so does the intermolecular distance. Water compress-
ibility is relatively low, at 10 kbar it changes by only 15%.
Figure 6 shows the dependence of 1/RP ) VP/V0 on pressure,
for water. For comparison, we also added the pressure depen-
dence of 1/RP for ethanol and propanol, whereVP values for

Figure 4. Experimental time-resolved emission measured at 435 nm
(symbol) of HPTS in water at various pressures in the range of 0.001-
11.6 kbar along with the computer fit (solid lines), semilog scale.

Figure 5. Time-resolved emission of 2-naphthol-8-sulfonate RO-*
species in a water solution measured at 450 nm (symbol) at atmospheric
pressure and 5.8 kbar along with the computer fit (solid lines), semilog
scale.

C(qH) ) C0 exp(-RPδqH) (3)

TABLE 2: Pressure Dependence of the Kinetic Parameters
for the Proton Transfer Reaction of 2-Naphthol in H2O

Pa,b [GPa] kPT
c [109 s-1] kPT(P)/kPT(1 atm)c kr

c,d [109 Å s-1]

0.0001 0.125 1.00 10.0
0.31 0.26 2.08 10.0
0.77 0.64 0.64 20.0
0.90 0.85 5.12 20.0
1.16 1.00 6.8 10.0

a 1 Gpa∼ 10 kbar.b The error in determination of the pressure is
(0.075 Gpa.c kPT andkr are obtained from the fit of the experimental
data by the reversible proton-transfer model (see text).d The error in
the determination ofkr is 50%, see text.

TABLE 3: Pressure Dependence of the Kinetic Parameters
for the Proton Transfer Reaction of 2N7S in H2O

Pa,b [GPa] kPT
c [109 s-1] kPT(P)/kPT(1 atm)c kr

c,d [109 Å s-1]

0.0001 1.15 1.00 13.0
0.13 2.10 1.83 15.0
0.28 3.70 3.22 16.5
0.54 5.60 4.87 22.0
0.75 6.60 5.74 23.0
0.80 8.45 7.34 23.0
0.88 9.20 8.00 23.0
1.02 9.8 8.52 23.0
1.12 10.3 8.97 25.0

a 1 Gpa∼ 10 kbar.b The error in determination of the pressure is
(0.075 Gpa.c kPT andkr are obtained from the fit of the experimental
data by the reversible proton-transfer model (see text).d The error in
the determination ofkr is 50%, see text.

TABLE 4: Pressure Dependence of the Kinetic Parameters
for the Proton Transfer Reaction of 2N8S in H2O

Pa,b [GPa] kPT
c [109 s-1] kPT(P)/kPT(1 atm)c kr

c,d [109 Å s-1]

0.0001 4.0 1.00 30.0
0.20 6.0 1.33 30.0
0.58 18.0 4.00 30.0
0.67 20.0 4.44 30.0
0.80 24.0 5.33 34.0
1.2 30.0 6.67 42.0

a 1 Gpa∼ 10 kbar.b The error in determination of the pressure is
(0.075 Gpa.c kPT andkr are obtained from the fit of the experimental
data by the reversible proton-transfer model (see text).d The error in
the determination ofkr is 50%, see text.

TABLE 5: Pressure Dependence of the Kinetic Parameters
for the Proton Transfer Reaction of HPTS in H2O

Pa,b [GPa] kPT
c [109 s-1] kPT(P)/kPT(1 atm)c kr

c,d [109 Å s-1]

0.0001 9.3 1.00 7.75
0.28 19.2 2.06 8.40
0.54 22.0 2.37 9.00
0.67 26.0 2.80 10.00
0.96 28.7 3.09 11.00
1.16 32.0 3.44 11.50

a 1 Gpa∼ 10 kbar.b The error in determination of the pressure is
(0.075 Gpa.c kPT andkr are obtained from the fit of the experimental
data by the reversible proton-transfer model (see text).d The error in
the determination ofkr is 50%, see text.
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both liquids are taken from ref 41. The compressibility, 1/V(∂V/
∂P)T, is a function ofP. As seen in Figure 5, the compressibility
decreases with pressure. In general, it is smaller for water than
methanol and ethanol. For water and ethanol, it changes by a
factor of about 3 and 5 between atmospheric pressure and 10
kbar, respectively. As a first-order approximation, the change
in intermolecular distance,δqH, is related to the change in
volume∆V as (∆V)1/3. In the strong coupling limit, the tunneling
matrix element,C, varies much less rapidly with changingqH

and is approximately linear.
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 temperature9-12 and, recently,28-30 pressure dependences of
the excited-state intermolecular proton transfer to the solvents
water, ethanol, and propanol. We shall use the same model to
explain the large pressure dependence of the proton-transfer rate
from 2-naphthol, 2-naphthol-7-sulfonate, and 2-naphthol-8-
sulfonate to water. As described in the Introduction, the proton-
transfer reaction depends on two coordinates, the first of which
depends on the generalized solvent configuration. The solvent
coordinate characteristic time,τS, is within the range of the
dielectric relaxation time,τD, andτL, the longitudinal relaxation
time. The second coordinate is the actual proton translational
motion (tunneling) along the reaction path,qH.

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 the time for the proton
to pass to the acceptor. The overall rate constant,kPT, at a given
temperature,T, and pressure,P, is given by

where kS(T,P) is the solvent coordinate rate constant and
kH(T,P) the proton coordinate rate constant. Equation 4 provides
the overall excited-state proton-transfer rate constant along the
lines of a stepwise process. Our stepwise model10-14 for the
overall proton-transfer rate constant expression (eq 4) is similar
to the expression of Rips and Jortner46 for the overall ET rate
constant that bridges between the two extreme cases: the
nonadiabatic and adiabatic ET. 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.
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 4-8. For the monols,τL 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 longitudinal times,τL < τS < τD. 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 reorgani-
zation energy. An alternative expression for∆Gq can be
evaluated from the structure reactivity relation of Agmon and
Levine.47 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,14 we found the activation energies for 2-naphthol (pK*
) 2.7) and 2-naphthol-6,8-disulfonate (pK* ) 0.4) to be∆Gq

) 10 and 2.5 kJ/mol, respectively. These values agree quali-
tatively with the Marcus expression for the activation energy
(see eq 6) assuming reorganization energies in the range of 0.1-

Figure 6. Pressure dependence of 1/RP ) VP/V0 of water, ethanol,
and propanol.

SCHEME 2

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)

∆Gq ) 1
4ES

(ES + ∆G)2 (6)
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0.3 eV. The pKa
/ value of 2-naphthol-7-sulfonate and 2-naph-

thol-8-sulfonate is between that of the two compounds men-
tioned above, pKa

/ ≈ 1.7 and∼ 1, respectively. We therefore
estimate the activation energy value for those two compounds
to be∆Gq ≈ 6 and 3.5 kJ/mol, respectively. The reaction rate
constant,kH, along the proton coordinate,qH, is expressed by
the usual activated chemical reaction description given by

where kH
0 (P) is a pressure-dependent preexponential factor.

For monols, at high enough temperature or in the case of
solvents with a large relaxation rate (which is the case of water,
τD ) 8 ps), the actual proton transfer along the proton tunneling
coordinate,qH, is the slower process and, hence, the rate
determining step. This rate strongly depends on pressure since
tunneling in the intermediate coupling case depends exponen-
tially on the intermolecular distance between the two heavy
atoms. In this comparative study of naphthol, naphthol mono-
sulfonate derivatives, and HPTS, the proton transfer occurs
between the hydroxyl group of the photoacid and the adjacent
oxygen of a hydrogen bonded water molecule.

As we shall show in the next section,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 6). The coupling matrix element depends
strongly on the pressure and increases as the pressure increases.

Bromberg et al.48 studied the effect of pressure and temp-
erature on the photoinduced hydrogen transfer reaction in a
mixed crystal of acridine in fluorene. The room temperature
hydrogen transfer rate increases exponentially when pressure
increases. Based on proton tunneling concepts, Trakhtenberg
and Klochikhin26 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 ) -∂ ln Ω0/∂ ln V

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′
the derivative,∂J/∂R. The first term on the right-hand side of
eq 8 is the tunneling expression at atmospheric pressure and
does not account for the pressure effect. The second term
accounts for the change in the tunneling rate with pressure due
to the change in the distance between the two heavy atoms.
The third term takes into account the pressure effect on the
intermolecular low-frequency modulationΩ0. Trakhtenberg et
al.26 found good correspondence with the experimental results
of Bromberg et al.48 when they used a smaller power dependence
of the compressibility,RP (0.22 instead of 1/3 as expected from
the relation of distance and volume).

In our previous pressure studies of DCN2 in ethanol and
propanol, we estimated the pressure dependence of the proton
coordinate rate constant,kH(P), from the second term of eq 8

with a compressibility dependence on power of 0.22 for ethanol
and 0.27 for propanol.28,29 For all of the photoacid-water
systems discussed here, we used the value of 0.3330 since, for
the first approximation,δqH ) (∆V)1/3. The contribution of the
third term in eq 8 is rather small. ForΩ0 )5.0 × 1013 s-1,
δO-O

2 ) 0.005 Å2, RP ) 1/3, andγ ) 0.22 (see ref 25), we find
that the third term in eq 8 decreases the tunneling rate as the
pressure increase. 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 since 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
8. Thus, the change in the proton tunneling rate constant as a
function of pressure is given by

Figure 7 shows the pressure dependence of the proton tunneling
rate constant, using eq 10, and the following parameters,J′ )
14.2 Å-1, R0 ) 2.4 Å, andJ′R0 ) 34. RP was taken from ref
41. As seen, the rate increases as a function of pressure. Since
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 previous studies9-14 we used the longest component of
the dielectric relaxation time,τD, for the solvent coordinate
preexponential factor of the rate constant,kS ) b/τD exp(-∆Gq/
RT), whereb is an empirical factor. For water, we foundb ≈
6 and for all monols studied the value is less, 2< b < 4. The
pressure dependence of the dielectric relaxation time up to about
∼1 kbar was measured by Pottel and Asselborn.49

Free energy relation50-52 and temperature dependence experi-
ments11 indicate that the solvent fluctuation rate to equalize the
energies is not in the high-frequency range of the order of 1013

kH(P) ) kH
0(P) exp(- ∆Gq

RT ) (7)

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

J′2δCN
2/8RP

γ coth(pΩ0RP
γ/4kBT)] (8)

J(R) ) (2/p) ∫{2m[U(x,R) - EH(R)]}1/2 dx (9)

Figure 7. Pressure dependence of the proton tunneling rate constant,
using eq 8. parametersJ′ ) 14.2 Å-1, R0 ) 2.4 Å, andRP, was taken
from refs 41 and 55.

kH(P)

kH(1 atm)
= exp[J′R0(1 - RP

-0.33)] (10)
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s-1 (∼100-200 cm-1) but rather slower than 1012 s-1, (<10
cm-1). For monols, diols and glycerol, it is very close to 1/τD,
whereτD is the slow component of the dielectric relaxation time.
For water, the solvent fluctuation rate is higher, about 6 times
larger than 1/τD (water). 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∼11 kbar. In many cases, the viscosity and
τD 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 and propanol,
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 Danhauser studied the pressure
dependence of the viscosity and the dielectric relaxation of
isomeric octanols.53,54They found good correspondence between
the pressure dependence of the viscosity and dielectric relaxation
times.

We used an approximate relation betweenτD(P) and η(P)
based on the correspondence between dielectric relaxation and
η(P) to estimate the pressure dependence of theτD(P) of water

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

Figure 8a 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) of
2-naphthol in water. Figure 8b shows the fit and experimental
results of the proton-transfer rate for both 2N7S and 2N8S. The
results of 2-naphthol and 2-naphthol monosulfonate derivatives

in water show a large increase of the proton-transfer rate with
pressure changes. At about 11 kbar, the rate is 10-fold larger
than the rate at atmospheric pressure. Table 6 gives the fitting
parameters of the model for the proton-transfer rate of these
compounds in water. The values of the parametersJ′R0 (see eq
10) range from 35 to 40. The value of the solvent relaxation
parameterb ) 5 for all calculations. In Figure 8c, we also show,
for comparison, the pressure dependence of DCN2 in ethanol
and propanol taken from our previous studies.28,29 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 pressure increase, decreases
the proton-transfer rate constant to the solvent. This interesting
pressure dependence observation of the proton-transfer rate from
DCN2 to ethanol is explained by the opposite pressure depend-
encies ofkH andkS and the saturation ofkH at medium-pressure
values. The results of DCN2 in propanol show a slight increase
of the proton-transfer rate with pressure changes up to about 5
kbar. At pressures above 5 kbar (0.5 GPa), the rate decreases
as a function of pressure. At 5 kbar, the rate is 20% larger than
the value at atmospheric pressure, whereas at higher pressures,
up to ∼2.5 GPa (25 kbar), the proton-transfer rate decreases
with pressure and its value is related to the inverse of the
dielectric relaxation time. At about 2.2 GPa, the rate is smaller,
by a factor of about 20, than that at atmospheric pressure. The
pressure dependence ofkH andkS for 2-naphthol in water are
also plotted (dotted lines) in Figure 8a. The explanation for the
large difference in the pressure dependence of the proton-transfer
rate from 2-naphthol and the derivatives to water and that from
DCN2 to ethanol and propanol is given along the lines of the
stepwise, two coordinates proton-transfer model.

Figure 8. Fit to the stepwise two coordinate model ofkPT(P) ) [kH(P)kS(P)]/[kH(P) + kS(P)] as a function of pressure (solid line) along with the
experimental data (dots). a. 2-Naphthol in water.kH (P) andkS(P) are shown as dashed and dotted lines, respectively. Inset: calculated rate constants.
b. 2N7S and 2N8S in water, semilog scale. c. DCN2 in ethanol28 and propanol,30 semilog scale.

τD(P) ∼ τD
1atm(η(P)

η1atm) exp(-P/P*) (11)

TABLE 6: Parameters for the Proton Transfer Rate
Fittings

photoacid J′R0 ∆Gq [kJ/mol] kH(1atm) [ns-1]

2-naphthol 36 10 0.012
2N6S 35 6.0 0.9
2N7S 40 6.0 1.15
2N8S 35 3.5 4.5
HPTS 29 3.5 10.5
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Figure 9a shows, on a semilog plot, the proton-transfer rate
constant,kPT, and Figure 9b shows these rates, normalized by
the rate at 1 atm [kPT(P)/kPT(1atm)], as a function of pressure
for 2N, 2N6S (taken from ref 30), 2N7S, and 2N8S. The rela-
tive change in the proton-transfer rate from the four photoacids,
2N, 2N6S, 2N7S, and 2N8S to water as a function of pres-
sure is about the same within the errors involved in the
determination of the pressure and the proton-transfer rate. The
error in the determination of the pressure is(0.075% GPa and
the proton-transfer rate constant,kPT, (5%. The rate increases
with pressure up to about the freezing point. For all proton

emitters at about 10 kbar, the freezing point, it is larger by about
a factor of 8(1 than that at atmospheric pressure. The small
differences shown between the slopes of the various plots in
Figure 9, probably arise from the errors in the experiment.

Unlike the pressure effect on proton transfer from these
compounds to water, HPTS exhibits a much milder pressure
effect. At about the freezing point, the rate is about 3 times
larger than at atmospheric pressure. A plausible explanation for
the milder pressure effect may arise from the large difference
between the ring skeleton structure of the pyrene (compared
with naphthol). Another possible explanation is the large
negative electric charge of the three sulfonate groups of HPTS.
The much larger charge of HPTS may influence the local water
structure around the molecule. A fixation of a local water
network around HPTS, due to electrostatic forces as well as
hydrogen bonding, may decrease the pressure effect on proton
transfer.

Summary

We studied, using time-resolved emission techniques, the
proton dissociation and reversible geminate recombination from
the photoacids 2-naphthol, 2-naphthol monosulfonate deriva-
tives, and HPTS to water as a function of pressure. The
experimental time-resolved fluorescence data are analyzed by
the exact numerical solution of the transient Debye-Smolu-
chowski equation (DSE).

We found that the proton dissociation rate constant,kPT, of
those excited photoacids in water up to the pressure of the
freezing point (∼ 11 kbar), increases by a factor of between 3
and 8 with pressure. We compared these results with our
previous pressure work on DCN2 in ethanol and propanol.

We used a stepwise two coordinates model to qualitatively
fit the pressure dependence of the proton transfer rate. We
previously used this model to successfully explain the temper-
ature and pressure dependences of the proton-transfer rate from
various photoacids to solvents.9-13,28 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 and naphthol monosulfonate derivatives
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 a strong increase of
the rate with pressure.
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