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The reversible proton dissociation and geminate recombination of photoacids is studied as a function of pressure
in liquid ethanol. For this purpose, we used a strong photoacid, 5,8-dicyano-2-naphthol (DCN2) (pKa

/ ≈ -4.5
in water), capable of transferring a proton to alcohols. The time-resolved experimental data are explained by
the reversible diffusion-influenced chemical reaction model. At low pressure, the proton-transfer rate increases
with pressure, while at high pressure, the rate constant decreases as the pressure increases. 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. Decrease of the proton-transfer
rate at high pressures denotes the adiabatic limit, while the increase in rate at low pressures denotes the
nonadiabatic limit.

Introduction

To understand the dynamics of intermolecular proton transfer
in clusters in the liquid phase1-4 and the solid state,5-9 a large
effort has been made over the past 4 decades. The phenomenon
of excited-state proton transfer (ESPT) from a photoacid
molecule, which dissociates upon excitation to produce an
excited anion and a proton,10-13 was used in time-resolved
studies in liquids. Recent studies1,3,14-17 emphasize the dual role
played by the solvent molecule (1) as proton acceptor and (2)
as a solvating medium of both the reactant and the product.18-20

Theories of proton tunneling in chemistry are based on the
work of Bell.21,22 The evidence of tunneling is taken to be a
large kinetic isotope effect (KIE) and the concave-curved non-
Arrhenius behavior of log(k) vs 1/T, that is, at low temperatures
the proton/deuteron transfer rate constant exhibits a smaller
temperature dependence.

More recent theories have 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-workers23,24and then extended by Borgis and Hynes, Cukier,
and Voth.25-27 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 barrier. The theory of proton-transfer tunneling
in solids was summarized in ref 9.

In recent papers,14-17 we described our experimental results
of an unusual temperature dependence of excited-state proton
transfer from a super photoacid (5,8-dicyano-2-naphthol, DCN2)
to liquid 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 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 denotes the nonadiabatic limit, while the low-temper-
ature behavior denotes the adiabatic limit. We used an ap-
proximate expression for the proton-transfer rate, which bridges
the nonadiabatic and the solvent-controlled adiabatic limit, to
fit the temperature-dependence curve of the experimental proton-
transfer rate constant.

In the condensed phase, pressure is known to influence
chemical-reaction rates. External pressure changes such proper-
ties of the medium and reactants as reaction free volume, the
potential-energy profile along the reaction path, compressibility,
viscosity, and the energy of reorganization of the medium.8 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 those of the tunneling transfer of the proton. The
pressure influence on tunneling in the solid state is discussed
in detail in refs 8 and 9. In solids, the tunneling reaction depends
exponentially on both the equilibrium distance between the
reactants and the frequency of intermolecular vibrations, which
vary with compression.

Time-resolved picosecond fluorescence studies of excited
aqueous 8-hydroxy-1,3,6-pyrene trisulfonate (HPTS) have been
carried out at pressures up to the ice transition point of H2O
and D2O.28 The proton-transfer rates derived from these studies
exhibit a linear increase with pressure from 8× 109 s-1 at 1
atm and 294 K to 2.5× 1010 s-1 at the liquidf ice VI transition
point at 9 kbar and 294 K. In D2O, the deuteron-transfer rate
also increases linearly with pressure from 2.7× 109 s-1 at 1
atm to 1× 1010 s-1 at 8 kbar. The low-pressure isotope effect,
kH+/kD+ = 3, is maintained across the pressure range studied.
From these results, an activation volume,∆V0

q of -6 cm3/mol
is obtained.
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In this paper, we study the effect of pressure on the dynamics
of excited-state intermolecular proton transfer (ESPIT) from
DCN2 to ethanol. The main finding of this study is that at low
pressure (up to∼10 kbar) the proton-transfer rate increases while
at high pressure (10-20 kbar) the proton-transfer rate decreases
with pressure. The experimental data are explained by our
stepwise model that can be related to the Dogonadze-
Kuznetzov23 and Borgis-Hynes25 theories of proton transfer,
both based on the Landau-Zener curve-crossing formulation.

Experimental Section

Pressurized time-resolved emission was measured in a
compact gasketed diamond anvil cell29 (DAC) purchased from
D’Anvil 30,31 with 0.3 carat low-fluorescent high-UV transmis-
sion diamonds. To provide a larger volume of the sample for
sufficient fluorescent intensity, a 1 mmhole was drilled in the
1 mm thick stainless gasket. The low-fluorescence-type dia-
monds served as anvils. The anvil seats had 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.32

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 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.

DCN2 was synthesized by Tolbert and co-workers.33 The
sample concentrations were between 4× 10-4 and 1× 10-4

M. Solvents were of reagent grade and were used without further
purification. The solution’s pH was approximately 6.

The DCN2 fluorescence spectrum consists of two structureless
broad bands (∼40 nm fwhm). The emission band maximum of
the acidic form (ROH*) in water and in alcohols emits at 450
nm. The emission band maximum of the alkaline form (RO-*)
in water and in alcohols emits at 600 nm. At 450 nm, the overlap
of the two luminescence bands is rather small and the contribu-
tion of the RO-* band to the total intensity at 450 nm is about
1%. In addition, we find that some fluorescent impurity in the
DCN2 compound emits in the UV and blue part of the emission
spectrum. At 1 atm, the impurity emission level is about 1% of
the peak intensity at 450 nm, and it increases up to 4% at 20
kbar. The pressure dependence of the background luminescence
can arise from dimerization of DCN2 to a non-proton-emitting
dimer. Therefore, in the time-resolved analysis, we add to the
calculated signal an additional component with an exponential
decay of 10 ns with an amplitude of about 2% at 1 atm, which
increases with pressure up to 4% at 20 kbar, to account for the
impurity fluorescence. To avoid ambiguity due to the overlap
between the fluorescence contributions of ROH* and RO-* and
to minimize the impurity fluorescence, we mainly monitored
the ROH* fluorescence at 470 nm.

Results

Reversible Diffusion-Influenced Two-Step Model.Experi-
mental and theoretical studies of reversible ESPT processes in

solution have led to the development of a reversible diffusion-
influenced two-step model34,35 (Scheme 1). The first step is
described by back-reaction boundary conditions with intrinsic
rate constantskPT andkr. This is followed by a diffusion second
step in which the hydrated proton is removed from the parent
molecule. This latter step is described by the Debye-Smolu-
chowski equation (DSE). In the continuous diffusion approach,
the photoacid dissociation reaction is described by the spheri-
cally symmetric diffusion equation (DSE)36 in three dimen-
sions.34,35 The boundary conditions atr ) a are those of the
back reaction (Scheme 1). The parameterskPT and kr are the
“intrinsic” dissociation and recombination rate constants at the
contact sphere radiusa. Quantitative agreement was obtained
between theory and experiment,34,35 and as a result, it was
possible to make a closer study of the influence of the dynamic
and static properties of the solvent on the ESPT process. A
detailed description of the model as well as the fitting procedure
is given in refs 14, 34, and 35.

The comparison of the numerical solution with the experi-
mental results involves several parameters. Some are adjustable
parameters, likekPT andkr, while others, like the contact radius,
a, have acceptable literature values.34,35The 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 ethanol as a function of pressure is
unknown but can be roughly estimated from the viscosity
dependence on pressure.37 At 1 atm, it was calculated from the
proton-conductance measurements.38 The anion diffusion con-
stant,DRO-, as a function of pressure was estimated from the
solvent viscosity dependence on pressure data.39 Figure 1a shows
the viscosity dependence on pressure of ethanol at 303 K taken
from ref 37. The log of the viscosity increases at low pressures
linearly with the pressure. At high pressure (>8 kbar), the slope
decreases. 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
Boltzmann’s constant. The pressure-dependence data of the
dielectric constant of ethanol are given in ref 40. The dielectric
constant increases with pressure. Figure 1b shows the static
dielectric constant of ethanol at various pressures. The pressure
dependence,∂ε/∂P, decreases as the pressure increases. At 12
kbar, ε ) 33 as compared withε ) 24 at 1 atm and 298 K.

There may be fairly large uncertainty concerning the values
of the mutual diffusion constant,D, as a function of pressure.
Thus, we face a multi parameter problem in adjusting a solution
of a partial differential equation to fit the experimental data.

The asymptotic expression (the long-time behavior) for the
fluorescence of ROH*(t) is given by41

SCHEME 1

V(r) ) -
RD

r
; RD )

|z1z2|e2

εkBT
(1)
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Equation 2 shows that uncertainty in the determination ofD(P)
causes a larger uncertainty inkr. Also, the relatively large
fluorescence “background”, due to a fluorescent impurity in the
DCN2 compound and the band overlap, prevents us from
accurately determining the recombination rate constant. We
estimate that the error in determination ofkPT 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 at longer times, and (2) the interplay between
kPT 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), andε(P), whereD(P) is estimated
and its exact values are unknown. The large background due to
the fluorescence of the impurity in the DCN2 sample increases
the error in estimatingkr. 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 2a shows, on a semilog scale, the experimental time-
resolved emission intensity data of DCN2 in an ethanol solution
measured at 470 nm at various pressures in the range of 0.001-
10 kbar. The experimental data are shown by symbols, and the
computer fit is shown by solid lines. We determined the proton-
transfer rate constant,kPT, from the fit to the initial fast decay
of the ROH* fluorescence (∼120 ps for DCN2 in ethanol at 1
atm,T ) 298 K). The initial fast component of the fluorescence
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*

Figure 1. The viscosity dependence on pressure of ethanol (a) at 303
K taken from ref 37 and the static dielectric constant of ethanol (b) at
various pressures.

[ROH*] = π
2

a2 exp(RD/a)
kr

kPT(πD)3/2
t-3/2 (2)

Figure 2. The experimental time-resolved emission intensity data
(symbols) of DCN2 in ethanol solution (a) measured at 470 nm at
various pressures in the range of 0.001-10 kbar along with the
computer fit (solid lines): (O) 0.001 kbar; (4) 7 kbar; (0) 10 kbar.
Panel b shows the experimental time-resolved emission intensity data
(symbol) of DCN2 in ethanol solution measured at 470 nm at various
pressures in the range of 14-22 kbar along with the computer fit (solid
lines): (O) 14 kbar; (4) 17 kbar; (0) 19 kbar; (1) 22 kbar.
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can undergo a second cycle of deprotonation. The overall effect
is a nonexponential fluorescence tail.34 As can be seen in the
figure, at 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 increase, while
the diffusion constant decreases with pressure increase.

Figure 2b shows the fluorescence decay at the high-pressure
range, 14-22 kbar. In contrast to the low-pressure range, at
the high-pressure range, the proton-transfer rate decreases as
the pressure increases.

Figure 3 shows the time-resolved emission of the DCN2
RO-* species in ethanol solution measured at 650 nm at two
pressures in the range of 0.001-22 kbar along with the computer
fit (solid line) using the reversible proton-transfer model. The
parameters used in the fit are extracted from the fit of the
fluorescence decay curves of ROH* species, measured at 450
nm. The emission intensity has a growth time, which corre-
sponds to the proton-transfer rate from the DCN2 ROH species
to the solvent. The decay times of the excited-state RO- are
only slightly dependent on the pressure. Table 1 provides a
summary of the pressure dependence of the kinetic parameters.

Discussion

The main findings of the experiments are as follows: (1) At
relatively low pressures, the proton-transfer rate constant,kPT,
increases as the pressure increases. (2) At about 10 kbar,kPT

reaches a maximum value, about twice the value at atmospheric
pressure. (3) At pressures above 12 kbar, the pressure depen-
dence ofkPT decreases with pressure and follows approximately
1/τD, whereτD is the slow component of the dielectric relaxation.
In ethanol,τD decreases as a function of pressure, and hence,
the proton-transfer rate at high pressures decreases as a function
of pressure.

In the following section, we first present the basic theoretical
concepts related to nonadiabatic and adiabatic proton transfers.
This will then be followed by a description of our proton-transfer
model accounting for the temperature and pressure dependence
of the proton-transfer rate. Finally, a correlation of our model
of proton transfer with the theory will be presented.

The theory for nonadiabatic proton transfer developed by
Kuznetsov and his colleagues23 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 a 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
described by a set of chemical equations:42

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.

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 between the reactant and product state,
for moderate to weak coupling, is

The decay parameterR is very large, 25-35 Å-1, in comparison
with the corresponding decay parameter for the electronic
coupling in electron transfer, 1 Å-1. In the strong coupling limit,
the tunneling matrix element varies much less rapidly with
changingQ and is approximately linear. It is this feature that
makes the dynamics of proton transfer so sensitive to the
internuclear separation of the two heavy atoms. Pressure is used
in this study to systematically and gradually change the
intermolecular distance.

Figure 3. The time-resolved emission of DCN2 RO-* species in an
ethanol solution measured at 650 nm at two pressures in the range
0.001-22 kbar.

TABLE 1: Pressure Dependence of the Kinetic Parameters
for the Proton-Transfer Reaction of DCN2 in Ethanol

P (GPa)a,b
kPT

(109 s-1)c
kr

(109 Å s-1)c,d εe
DH+

(10-4 cm2 s-1)f a1
g

0.001 6.5 4.5 24 0.20 0.02
∼0.1 9.0 5.0 26 0.18 0.02

0.35 10.5 5.0 28 0.16 0.023
0.45 11.0 5.0 29 0.14 0.023
0.7 12.5 5.0 32 0.12 0.024
0.85 11.5 5.0 33 0.11 0.026
1 9.5 6.0 34 0.09 0.032
1.4 7.5 6.0 35 0.07 0.032
1.7 6.5 6.0 37 0.06 0.032
1.9 5.8 6.0 38 0.05 0.032
2.2 5.0 6.0 40 0.04 0.034

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).e Data taken from ref 40 up
to 12 kbar and extrapolated to higher pressures.f Values at high pressure
obtained by best fit to the fluorescence decay.g Background fluores-
cence relative amplitude; the lifetime of the background is 10 ns.

AH + SB + SR {\}
k1

k-1
AH‚SB + Sq

AH‚SB + Sq {\}
k2

k-2
A-‚HSB + Sq

A-‚HSB + Sq 98
k3

A- + HSB + Sp

c(Q) ) C0 exp(-RδQ) (3)
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Kuznetsov23,24 and Borgis-Hynes25 introduced a low-
frequency vibrational mode,Q, the frequency of which isωQ

and the associated vibrational reorganization energy of which
is EQ. They derived the nonadiabatic rate constant,k. The
tunneling term depends strongly upon a promoting vibration,
Q, and the proton-transfer rate increases with respect to a fixed
equilibrium distance formula.

A simpler one-dimensional model was used by Bernstein and
co-workers to calculate the proton-tunneling rate in gas-phase
van der Waals clusters.2 The model consists of three essential
features: (1) the potential-energy barrier is characterized by a
width and height, (2) the barrier width and height are modulated
by vibrational excitation of the intermolecular cluster modes,
and (3) vibrational energy is distributed statistically among the
vibrational (van der Waals) modes. Tunneling rates can be
calculated as a function of the heavy atom separation based upon
the WKB approximation for particle penetration through a
barrier of assumed functional form.

Calculations of the proton-transfer rate of this simple model
reveal that the stretching mode has a profound effect on the
proton-transfer rate. For a parabolic barrier shape and a barrier
height of 8000 cm-1 and half width of 0.2 Å, and intermolecular
vibrational frequency of∼120 cm-1, the tunneling rate increases
by more than 3 orders of magnitude from 108 to 1011 s-1.

A Qualitative Model for the Temperature and Pressure
Dependencies of Excited-State Proton-Transfer Reactions.
Previously, we used a qualitative model that accounts for the
unusual temperature dependence of the excited-state proton
transfer.14,15We will use the same model to explain the pressure
results. The proton-transfer reaction depends on two coordinates;
the first one 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 is the actual
proton translational motion (tunneling) along the reaction path.

The model restricts the proton-transfer process to be stepwise.
The proton moves to the adjacent hydrogen-bonded solvent
molecule only when the solvent configuration brings the system
to the crossing point according to the Kuznetsov model.23 In
the stepwise model, the overall proton-transfer time is the sum
of two times,τ ) τ1 + τ2, whereτ1 is the characteristic time
for the solvent reorganization andτ2 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

wherekS is the solvent coordinate rate constant andkH is the
proton coordinate rate constant.

Equation 4 provides the overall excited-state proton-transfer
rate constant along the lines of a stepwise process similar to
the processes mentioned above. As a solvent coordinate rate
constant, we usekS(T,P) ) b(1/τD), 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. For the monols,τL is usually smaller than
τD by a factor of 2-6. Thus, the solvent characteristic time,
τS ) 1/kS(T,P), for monols lies between the dielectric relaxation
and the longitudinal time,τL < τS < τD. The reaction rate
constant,kH, along the proton coordinate is expressed by the
usual activated chemical reaction description given by eq 5. At
high temperatures, the solvent relaxation is fast and the rate-
determining step is the actual proton-transfer coordinate.

wherekH
0 is the preexponential factor determined by the fit to

the experimental results and∆Gq is the activation energy. The
activation energy,∆Gq, is determined from the excited-state acid
equilibrium constant,Ka

/, and the structure reactivity relation
of Agmon and Levin.43 For DCN2, pK* ) -4.5, we find for
ethanol solution∆Gq ) 2 kJ/mol.

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.44 The room-temperature
hydrogen-transfer rate increases exponentially with increasing
the pressure. Trakhtenberg and Klochikhin8 derived an expres-
sion for the pressure and temperature dependence of the
tunneling rate of proton transfer in the solid state:

where R(P) ) V0/V(P), Ωp is the effective frequency of the
intermolecular vibration,δCN

2 is the square of the amplitude of
the intercenter C‚‚‚N distance, andγ ) -∂ ln Ωp/(∂ ln V).

EH(R) andU(x,R) are the total and the potential energy of the
tunneling atom, respectively, depending on the distanceR
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. Trakhtenberg et al.8 found good
correspondence with the experimental results of Bromberg et
al.44 when they used a smaller power dependence of the
compressibilityR (0.22 instead of1/3).

We estimated the pressure dependence of the proton coor-
dinate rate constant,kH(P), from the second term of eq 6 with
a compressibility dependence on power of 0.22.

In our treatment, we neglect the contribution to the pressure
dependence of the rate constant of the third term in eq 6, which
we estimate to be smaller.

Figure 4 shows the dependence of 1/R ) VP/V0 on the
pressure, whereVP is taken from ref 37. The compressibility,
1/V(∂V/∂P)T, is a function ofP. In most alcohols, and in many
liquids, the change in volume with pressure at a pressure range
up to 12 kbar is quite the same,VP/V0 = 0.75. The compress-
ibility decreases with pressure. It changes by about a factor of
10 between atmospheric pressure and 12 kbar. Figure 5 shows
the pressure dependence of the proton tunneling rate constant,
using eq 8, and the following parameters:J′ ) 25 Å-1, R0 )
2.4 Å, andR taken from ref 37. As can be seen, the rate increases
as a function of pressure. Because 1/R is not constant with
pressure but decreases as the pressure increases, so tookH(P)/
kH(1 atm) does not increase with the same initial slope. At 20
kbar,kH only increases slightly with the pressure increase.

In previous studies,14-17 we used the longest component of
the dielectric relaxation time,τD, for the solvent coordinate rate
constant,kS ) b/τD, whereb is an empirical factor. For all
monols studied, 2< b < 4. We are not aware of literature-
published values of the dielectric relaxation times as a function
of pressure for ethanol. In many cases, the viscosity andτD have

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

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

kH ) kH
0(P) exp(- ∆Gq

RT ) (5)

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

J′2δCN
2/(8Rγ) × coth(pΩ0R

γ/(4kBT))] (6)

J(R) ) (2/p)∫{2m[U(x,R) - EH(R)]}1/2 dx (7)

kH(P)

kH(1 atm)
= exp[J′R0(1 - R-0.22)] (8)
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similar dependencies on both pressure and temperature. 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.45

Johari and Danhauser studied the pressure dependence of the
dielectric relaxation of isomeric octanols.46 The dielectric
relaxation time,τD, of isomeric octanols decreases with pressure
increase in the range of 0.001-4 kbar. The pressure dependence
of τD of 2-methyl-3-heptanol is close to exponential at the
temperature range of 215-250 K. At 250 K, τD increases by
about 3 orders of magnitude by increasing the pressure to 4
kbar. For 3-octanol,τD exhibits a nonexponential behavior as a
function of pressure. The slope, (∂ ln τD/∂P)T, decreases as the
pressure increases. Johari and Danhauser also studied the
viscosity dependence of isomeric octanols47 and compared it
with the dielectric relaxation pressure dependence. They found
good correspondence between the pressure dependence of the

viscosity and dielectric relaxation times. In general, the viscosity
dependence on pressure is larger than that of the dielectric
relaxation.

Figure 1a shows the viscosity dependence on pressure of
ethanol at 303 K, taken from ref 37. We used an approximate
relation betweenτD(P) andη(P) based on the correspondence
between dielectric relaxation andη(P) to estimate the pressure
dependence of theτD(P) of ethanol.

For best fit to the pressure dependence ofkPT using our stepwise
model, we usedδ ) 0.7.

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
show first a fast 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 is explained by the
opposite pressure dependencies ofkH andkS and the saturation
of kH at medium-pressure values. The pressure dependence of
kH andkS are also plotted (dotted lines) in Figure 6.

Qualitative Comparison of the Pressure Dependence of
Proton Transfer with the Landau-Zener Curve-Crossing
Formulation. In this section, we will compare our qualitative
model based on the pressure and temperature dependences of
the proton-transfer rate with the Landau-Zener curve-crossing
formulation. The reaction can be described schematically:

The reactant is an intermolecular hydrogen-bonded complex
between the photoacid, AH*, and a solvent molecule, SB, that
serves as a base, characterized by a hydrogen bond to the
photoacid and also other solvent molecules. In water, this
specific water molecule, SB, has three hydrogen bonds to three

Figure 4. The pressure dependence of 1/R ) VP/V0 of ethanol.

Figure 5. The pressure dependence of the proton-tunneling rate
constant, using eq 8. The parameterJ′ ) 25 Å-1, R0 ) 2.4 Å, andR
was taken from ref 37.

Figure 6. A 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).kH(P) andkS(P) are shown as dashed
and dotted lines, respectively. The inset shows an extended vertical
scale.

τD(P) ≈ τD
1atm(η(P)

η1atm)δ
(9)

A*H ‚‚‚SB f A-* ‚‚‚HSB
+ (10)
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water molecules. To form the product, A‚‚‚HSB
+, in water, one

hydrogen bond, of SB to a water molecule, must break. Thus,
relatively long-range reorganization of the hydrogen-bond
network takes place upon proton transfer to the solvent. This
complex rearrangement, to accommodate the product, is prob-
ably the reason for a slow solvent-generalized configuration
motion, which corresponds to a low-frequency component in
the solvent dielectric spectrum. Its time constant is close to the
slow component of the dielectric relaxation time. According to
Kuznetsov,23 Borgis and Hynes,25 Bernstein and co-workers,2

Syage,4 and Trakhtenberg,8,9 a second important coordinate
should be taken into account. This second coordinate is the
distance between the two heavy atoms, OsH‚‚‚O in our case.
This distance is modulated by a low-frequency vibrational mode,
Q.2,25 The proton tunnels through the barrier from the reactant
well to the product well via the assistance of the low-frequency,
Q, mode whenever the solvent configuration equalizes the
energies of the reactant and the product. Free-energy relation48,49

and the temperature-dependence experiments16 indicate that the
solvent fluctuation rate to equalize the energies is not of the
order of 1013 s-1 but slower than 1012 s-1. For monols, diols,
and glycerol, it is very close to 1/τD, where τD is the slow
component of the dielectric relaxation time.

Borgis and Hynes25 derived an expression for the rate
constant,k, for a proton transfer between the reactant and the
product. The constantk can be expressed as the average one-
way flux in the solvent coordinate through the crossing point,
S*, of the two free-energy curves with the inclusion of the
transmission coefficient,κ, giving the probability of a successful
curve crossing:

whereS is the solvent coordinate,Ṡ is the solvent velocity, and
Θ(Ṡ) is the positive velocity step function. Here, the average is
over the classical solvent distribution, normalized by the partition
function of the solvent in the reactant region.

The LZ factor, appropriate for a positive velocity approach
to the crossing point, is

κ includes multiple-pass effects on the transition probability.
(Note thatκ f 1 is the adiabatic limit). Whenγ , 1, one obtains
the nonadiabatic limit result

This leads to

in which ∆Gq is the activation free energy

γ (see eq 13) depends on the potential surfaces curvature,
(∂∆V/∂S)S/, on C2 and onṠ. C2 depends strongly on pressure
via the internuclear distance, and theQ intermolecular vibra-
tional mode depends to a lesser extent on pressure. The solvent
velocity, Ṡ, depends strongly both on the temperature and on

the pressure. In fact,Ṡ relates to the solvent relaxation. On the
basis of the experimental data and the qualitative stepwise model
of the pressure and temperature dependence of the rate constant
of the proton transfer, we infer thatṠ ) b/τD, whereτD is the
solvent dielectric relaxation time andb is a factor between 2
and 4 for monols.

For the solvents used in the experiments of ref 16, the value
of γ as a function of the temperature smoothly increases from
a value close to 0, that is,γ , 1 (the nonadiabatic limit), to a
value of γ . 1 (the adiabatic limit). An illustration of the
pressure dependence of the transmission coefficient,κ, for proton
transfer from DCN2 ROH* species to ethanol solution is shown
in Figure 7. We used eqs 12 and 13, and we assume that the
pressure dependence of the coupling matrix element can be
given by

Equation 17 is similar to eq 3 and uses the second term of
Trakhtenberg’s pressure dependence of the proton-tunneling rate.
In Figure 7, we used 2πC0

2/(pkS/) ) 2 × 108. It is clearly seen
that the transmission coefficient,κ, changes from close to zero
at low pressure to close to 1 at high pressure.

Rips and Jortner50 derived an expression for the electron-
transfer (ET) rate that bridges between the nonadiabatic and
the solvent-controlled adiabatic limit. The expression for the
overall ET rate constant that they derived is

where kET
AD and kET

NA are the adiabatic and nonadiabatic rate
constants, respectively. These rate constants have a similar
functional form to the proton-transfer rates given by Borgis and
Hynes.25

k ) 〈ṠΘ(Ṡ)δ(S- S*)κ(Ṡ,S*) 〉R (11)

κ ) [1 - 1/2 exp(-γ)]-1[1 - exp(-γ)] (12)

γ ) 2πC2

p(∂∆V/∂S)S/Ṡ
) 2πC2

pkS/Ṡ
(13)

κ ) 2γ (14)

k ) 2π
p

C2[( â
4ESπ)1/2

e-â∆Gq] (15)

∆Gq ) 1
4ES

(ES + ∆G + ∆E)2 (16)

Figure 7. The pressure dependence of the transmission coefficient,κ,
for an ethanol solution as a function of pressure.

C ) C0 exp[J′R0(1 - R-0.22)] (17)

kET
-1 ) (kET

NA)-1 + (kET
AD)-1 ) τET

AD + τET
NA (18)

kET )
kET

NAkET
AD

kET
NA + kET

AD
(19)
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Our stepwise model15-17 is similar to the expression of Rips
and Jortner50 for the overall ET rate constant that bridges
between the two extreme cases, the nonadiabatic and the
adiabatic ET. The expression that bridges between the non-
adiabatic and the solvent-controlled adiabatic limit for the proton
transfer to the solvent is

To use the rate constants quantitatively, we face some unknown
parameters. The rate constant for the nonadiabatic proton transfer
includes the unknown coupling matrix,C. We do not know the
absolute value of the coupling matrix element, but we can
formulate (eq 17) the pressure dependence and use the classical
Arrhenius expression for the pressure dependence of the
nonadiabatic rate constant

For the adiabatic limit, Borgis and Hynes found25 that

The formal expressions for the pressure dependence ofkPT
NA

and kPT
AD are given by eqs 22 and 23.kPT

NA is qualitatively
parallel tokH in eq 4. Accordingly, the prefactor,kH

0 , depends
on the pressure.kPT

AD is similar tokS in eq 4. The time scale of
the solvent control is slow and close toτD. Using eq 20 to
calculate kPT(T,P) as a function of the pressure results in
qualitatively similar behavior to eq 4. Figure 6 shows such a
fit to the experimental data. As can be seen, the fit is good.
The tunneling rate constant,kPT

NA, increases with pressure from
atmospheric pressure to 20 kbar by a factor of 8, while the
solvent-controlled adiabatic rate constant,kPT

AD , decreases with
pressure by a factor of 4. The total ratekPT(T,P) first increases
with pressure by a factor of 2, and at high pressure, it decreases
as the solvent controls the overall rate.

Summary

We have studied by time-resolved emission techniques the
proton dissociation and the reversible geminate recombination
processes as a function of pressure in ethanol. DCN2 is used as
the excited-state proton emitter (photoacid). The experimental
time-resolved fluorescence data are analyzed by the exact
numerical solution of the transient Debye-Smoluchowski
equation (DSE).

We have found that the proton-dissociation rate constant,kPT,
of excited DCN2 in neat ethanol at relatively low pressure (up
to 10 kbar) increases with pressure, while at higher pressure up
to the freezing point, the proton-transfer rate decreases with
pressure and its value is similar to the inverse of the dielectric
relaxation time.

We used a stepwise model to qualitatively fit the pressure
dependence of the proton-transfer rate. The analysis of the
experimental data by the model shows that the pressure affects
both steps but in the opposite direction. The tunneling rate
increases with pressure, while the solvent relaxation decreases
with pressure.
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