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Effect of Pressure on Proton Transfer Rate from a Photoacid to a Solvent. 3. 2-Naphthol
and 2-Naphthol Monosulfonate Derivatives in Water

Liat Genosar, Pavel Leiderman, Nahum Koifman, and Dan Huppert*
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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 05 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 Pressure is known to influence the rate of chemical reactions
. in the condensed phase. External pressure changes such proper-
. PLotor_\ transfedr tt?' 6} sol\gelnt (PTT.S) IS aéundamental péocessties of the medium and reactants as the reaction free volume,
It? c emlsttr_y.tan dlo' 0gy: In stoolljt;onf, Itt etermines ac N potential energy profile along the reaction path, compressibility,
ase retgc |V|y| aT. 1S cgnneg& T(L achors governlnfg er: (()jn viscosity, and the reorganization energy of the medififhe
association, solvation and mobriity. The pheénomenon of eXCIted- 1, e yalue of the reaction rate constant and its temperature

state proton transfer_(E_SPT) from a photoacu_j molepule that dependence can depend on all of these parameters. The pressure
dissociates upon excitation to produce an excited anion and a;

rotort-6 was used in time-resolved studies of proton-transfer influences both the characteristics of classical over-barrier
protol e . orp ; reactions and the tunneling transfer of the proton. The pressure
reactions in liquids and solids. Recent studiié$ emphasize

the dual role played by the solvent molecule (1) as a proton influence on tunneling in the solid state is discussed in refs 26
acceptor and FEZ)yas aysolvatin medium of both the repactantand 27. In solids, the tunneling reaction depends exponentially
and tF;]e product-17 9 on both the equilibrium distance between the reactants and the

. . _ . frequency of intermolecular vibrations, which varies with
Theoretical studies revealed that tunneling is the dominant compression

reaction mode for proton transfer, even at ambient temperatures. | . 13 . .

The theory of the proton-transfer reaction in solution was n previous papers; ™ we described ourexperlmental results
developed by Dogonadze, Kuznetzov, Ulstrup, and co-work- of an unusual temperature depgnd_ence of the excned-s_tate proton
erd819and then extended by Borgis and HyR@iefer and transfer from a photoacid to liquid water, monols, diols, and
Hynes2! Cukier?2 Voth2® and Hammes-Schifféf. These glycerol. In methanol and ethanol at t_emperatures above 285
theories show that the presence of a potential energy barrier in,K' the rate of 'the proton transfer is almost .te'mperature
the proton-reaction coordinate causes tunneling through theindependent while, a < 250 K, the rate exhibits great
barrier in the reaction pathway, as opposed to passage over thdemperature dependence. The rate constant is similar to the
barrier.

inverse of the longest component of the dielectric relaxation
Ando and Hyne® studied the acid ionization of HCI in water time of a particular pr.otlc solvent.. )
via a combination of electronic structure calculations and Monte ~ We proposed a simple stepwise model to describe and
Carlo computer simulations. The mechanism is found to involve calculate the temperature dependence of the proton transfer to
first, an activationless (or nearly so) motion in a solvent the solvent reaction. The model accounts for the large difference
coordinate, which is adiabatically followed by the quantum in the temperature dependence, the proton-transfer rate at high
proton, to produce a “contact” ion pair CHsO*, which is and low temperatures, and the solvent dependencies. The proton-
stabilized by~ 7 kcal/mol, and second, motion in the solvent transfer reaction depends on two coordinates, the first of which
with a small activation barrier, as a second adiabatic proton depends on the generalized solvent configuration. The solvent
transfer produces a “solvent-separated” ion pair from the coordinate characteristic time is within the range of the dielectric

“contact” ion pair in a nearly thermoneutral procéss. relaxation time,7p, and the longitudinal relaxationg. =
(e«l€0)TD, Whereep and €., are the static and high-frequency
*To whom correspondence should be addressed. E-mail: huppert@ di€lectric constants, respectively. The second coordinate is the
tulip.tau.ac.il. Fax/Phone: 972-3-6407012. actual proton translational motion (tunneling) along the reaction
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path. The model restricts the proton transfer process to aproton-transfer rate from HPTS to waf@rThe rate increases
stepwise one. The proton moves to the adjacent hydrogenmildly with pressure. In this previous stufywe used a streak
bonded solvent molecule only when the solvent configuration camera to time-resolve the luminescence with a relatively small
brings the system to the crossing point. S/N ratio. In addition, we did not use the reversible geminate
The unusual temperature dependence of the proton-transfefproton recombination model in the luminescence data analysis.
rate is explained as follows: the high-temperature behavior of We therefore decided to remeasure the pressure dependence of
the proton-transfer rate constant is controlled by the proton the proton-transfer rate from HPTS to water. For all these
tunneling rate, whereas at low temperature, the solvent motion photoacids, we found an increase of the proton-transfer rate as
controls the rate. We used an approximate expression for thea function of pressure by a factor of between 3 (for HPTS, where
proton-transfer rate, which bridges the high-temperature protonthe rates values are the highest) and 9 (for 2N7S). We used our
tunneling limit and the solvent controlled limit to fit the qualitative stepwise two coordinate model to explain the strong
temperature dependence curve of the experimental proton-pressure effect on proton transfer. The model can be related to
transfer rate constant at all temperatures, see eq 4. theories of proton transféf;'® based on the LandaZener

In recent studie®?® we measured, using time-resolved Curve crossing formulation.
emission techniques, the proton dissociation from a strong
photoacid, 5,8 -dicyano-2-naphthol (DCN2) as a function of Experimental Section
pressure in both ethanol and propanol. In ethanol, we found ) ) o )
that the proton dissociation rate constaat, of excited DCN2 Pressurized time-resolved emission was measured in a
at relatively low pressures (up to 10 kbar) increases with compact gasketed diamond anvil é(DAC) purchased from
pressure. At about 10 kbar, it reaches the largest rate, aboup’Anvn 34.35with 0.3 carat low fluorescent high UV transmission
twice the rate at atmospheric pressure. At higher pressures, ugliamonds.
to the freezing point of ethanol, about 1.9 GPa, the proton- To provide a larger volume of the sample for sufficient
transfer rate decreases with pressure and its value in the high{fluorescent intensity, a 0.45 mm hole was drilled in the 0.8 mm
pressure regime is similar to the inverse of the dielectric thick stainless gasket. The low fluorescence-type diamonds
relaxation time. served as anvils. The anvil seats were with suitable circular
We applied the stepwise two coordinate model that was apertures for the entry and exit of the exciting laser beam and
successfully used to fit the temperature dependence of the protorthe excited fluorescent intensity. With this cell, pressures up to
transfer rate to also fit the pressure dependence. For the ethanoB0 kbar were reached, without detriment to the diamond anvils.
solution, analysis of the experimental data showed that pressurelhe pressure generated was calibrated using the well-known
affects both the solvent and the proton coordinates, but in ruby fluorescent technigué.
opposite directions. The proton tunneling rate increases with  Time-resolved fluorescence was measured using the time-
pressure, whereas the solvent relaxation in ethanol decreasesorrelated single-photon counting (TCSPC) technique. As an
significantly with pressure. excitation source, we used a cw mode-locked Nd:YAG-pumped
For propanol, we found that the proton dissociation rate dye laser (Coherent Nd:YAG Antares and a 702 dye laser),
constantker, of excited DCN2 at relatively low pressures (up Pproviding a high repetition rate-(1 MHz) of short pulses (2 ps
to 5 kbar) increases slightly with pressure. At 5 kbar, the rate at full width half-maximum, fwhm). The (TCSPC) detection
is 20% larger than the value at atmospheric pressure, whereasystem is based on a Hamamatsu 3809U, photomultiplier,
at higher pressures up4e2.5 GPa (25 kbar), the proton-transfer Tennelec 864 TAC, Tennelec 454 discriminator and a personal
rate decreases with pressure and its value is related to the inverseomputer-based multichannel analyzer (nucleus PCA-Il). The
of the dielectric relaxation time. At about 2.2 GPa, the rate is overall instrumental response was about 50 ps (fwhm). Mea-
smaller by a factor of about 20 than that at atmospheric pressuresurements were taken at 10 nm spectral width.
The increase in the proton tunneling rate at low pressures, 2-Naphthol, 2-naphthol-6-sulfonate, and HPTS were pur-
increases the overall ratiyr, slightly. The solvent coordinate  chased from Kodak. 2-Naphthol-7-sulfonate and 2-naphthol-8-
rate strongly affect&pr at high pressures. At a pressure above sulfonate were purchased from TCI. All compounds were used
5 kbar keris mainly determined by the solvent coordinate rate, without further purification. The sample concentrations were

i.e., the solvent controlled limit. between 1x 103 and 3x 104 M using deionized water of
In contrast to DCN2propanol, we found in a recent study 10 MQ resistance. The solution’s pH was approximately 6.
of proton transfer from 2-naphthol-6-sulfonate to wéte¢hat The fluorescence spectrum belonging to 2-naphthol, 2-naphthol-

pressure only mildly affects the solvent coordinate rate of water, 7-sulfonate, 2-naphthol-8-sulfonate, and HPTS consists of two
whereas the tunneling rate increases almost 10-fold with structureless broad bands40 nm fwhm). The emission band
pressure. The overall effect is a strong increase of the proton-maximum of the acidic form (ROH*) of the naphthol and
transfer rateker, with pressure. naphthol sulfonate derivatives in water and alcohols emits at
In this paper, we further explore the effect of pressure on about 350 nm. The emission band maximum of the alkaline
excited-state intermolecular proton transfer (ESPT) dynamics form (RO *) in water and alcohols emits at about 420 nm. At
in water. For this purpose, we chose four photoacids: 2-naphthol350 nm, the overlap of the two-luminescence bands is rather
(2N), 2-naphthol-7-sulfonate (2N7S), 2-naphthol-8-sulfonate small and the contribution of the R®band to the total intensity
(2N8S), and 8-hydroxy-1,3,6-pyrenetrisulfonate (HPTS). Fox at 350 nm is less than 1%. At 1 atm, the impurity and dimer
and co-workers studied the proton-transfer rate in supercritical emission level is about 0.2% of the peak intensity at 350 nm
water3l They used pressures up to 300 atm at elevated and increases up to 1% at 10 kbar. Therefore, in the analysis of
temperatures, up to 200. As the temperature increases, the the time-resolved emission data, we add to the calculated signal
rate decreases. The decrease in the proton-transfer rate at higan additional component with an exponential decay of about
temperatures is due to breaking the water structure, which is 10 ns, with amplitude of about 0.2% at 1 atm, which increases
manifested by a low dielectric constant of water at 2G0¢ ~ with pressure up to 1% at 10 kbar to account for the impurity
35. In the past, we studied the pressure dependence of thdluorescence. To avoid ambiguity, due to the overlap between
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SCHEME 1
. ket * DSE - .
ROH ” > [RO* ... ](Fa) c > RO™*+H

T

the fluorescence contributions of ROH* and RQand 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 ModelPrevious
studies of reversible ESPT processes in solution led to the
development of a reversible diffusion influenced two step
modef7-38 (Scheme 1).

In the continuous diffusion approach, the photoacid dissocia-
tion reaction is described by the spherically symmetric diffusion
equation (DSEY in three dimension¥’ 38 The boundary condi-
tions atr = a are those of the back reaction (Schemekgy.
andk; are the “intrinsic” dissociation and recombination rate
constants at the contact sphere radiuQuantitative agreement
was obtained between the model and the experiffeéftA
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 solkentand

the geminate recombination rate, The contact radiuss, has
acceptable literature valué$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 geminat

recombination.

An important parameter in our model that strongly influences
the nonexponential decay is the mutual diffusion coefficient,
= Dy*+ + Dro . The pressure dependence of the proton diffusion
constantDy, for water as a function of pressure was measured
by Nakahara and Osuffi. The proton conductivity slightly
increases with pressure. The anion diffusion consgs,, as
a function of pressure, was estimated from the water viscosity
dependence on pressure d&tat 20 °C, the viscosity slightly
decreases at low pressures. At high pressar2 kbar), the
viscosity slightly increases. At higher temperatures, the viscosity
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Figure 1. Viscosity dependence on the pressure of water, ethanol, and
propanol at 303 K taken from refs 41 and 4. propanol data®,
ethanol dataa, water; open symbols are extrapolation to high pressure.

The asymptotic expression (the long time behavior) for the

fluorescence of ROHt] is given by843

[ROH*] = gaz exp(RD/a)Lt‘y2 )

kor(7D)¥2

Equation 2 shows that uncertainty in the determinatiob @)
causes a larger uncertainty ik. 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 ket is 10%. The error in the determination kdr is due to

increases with pressure. Figure 1 shows the viscosity dependencél) the signal-to-noise ratio of the experimental signal, which

on pressure of water at 303 K taken from ref 41. For comparison,

affects the quality of the fluorescence signal over longer times

we also display the viscosity dependence on pressure inand (2) the interplay betwed@r andk; (see eq 2) over longer

ethanol and propandt:#2Ethanol and propanol exhibit a much

times. The uncertainty in the determinationkpfis estimated

stronger pressure dependence of the viscosity. Another importanto be much larger;~50%. The relatively large uncertainty in

parameter in the model is the Coulomb potential between the
anion RO™* and the geminate proton.

@)

whereRp is the Debye radius; andz are the charges of the
proton and aniongg is the static dielectric constant of the
solvent, andT is the absolute temperatureis the electronic
charge, andkg is Boltzmann’s constant. We are not aware of

the values ok; arises from the relation betwedén D(P), and
€(P). In this paper, we focus our attention on the pressure
dependence of the proton dissociation rate constastP),
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 £Gs~1. The most frequently cited values for
the deprotonation rate constak§ for 2-naphthol at room

published data of the change in the dielectric constant of water temperature are 7-67.5 x 10" s71, although 11x 107 s 1 was

with pressure. In ethanol, it increases with presétreor
calculation purposes o¥/(r), we assume that the dielectric
constant changes only slightly with an increase in pressure.

used by Lee et af} and values between 30 10’ s~ and 5x
10’ st have also been reported. Fox and co-workers redults
at room temperature were consistent with the value af 707
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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

14

1.07GPa

E‘J 0.1 various pressures in the range of 0.6a1 kbar. The experi-

g mental data are shown by symbols and the computer fit by solid

8 0.0001GPa lines. We determined the proton-transfer rate conskantfrom

= the fit to the initial decay of the ROH* fluorescenceZ00 ps

§ for 2-naphthol-8-sulfonate in water at 1 atm, at 298 K). The

-4 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*

0.01
] time-resolved emission is a consequence of the repopulation of

the ROH* species by the reversible recombination of R®ith
the geminate proton. The reprotonation of the excited ROH*
can undergo a second cycle of deprotonation. The overall effect
is a nonexponential fluorescence tilAs seen in the figure,
over the pressure range 0.6010 kbar, the decay rate of the
fluorescence increases as the pressure increases. The proton-
transfer rate constankpr, 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-

0 3 6 9 12 15 18

Time [ns]

21

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 8-sulfonate RO* species in water measured at 450 nm at
Pa[GPa] 7 [nsP ac 7s [ns]* as atmospheric pressure and at 5.8 kbar, along with the computer
0.0001 78410 0.989 04322 0011 fit (solid line) using the r_everS|bIe pr_oton-transfer model. The
0.516 0.4671 0.986 0.2982 0.014 parameters used in the fit of R®luminescence are extracted
0.750 9.7350 0.983 0.6298 0.017 from the fit of the fluorescence decay curves of the ROH*
1.075 9.3846 0.981 0.4905 0.019 species, measured at 350 nm. The emission intensity at 450 nm
1.770 8.7260 0.966 0.8049 0.034

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 R@re only slightly
dependent on the pressure.

o Ouir fit results for the proton-transfer rate to the solvépi;

s 1. We used the value of Lee et ®lfor the proton-transfer (P), as a function of pressure for 2-naphthol, 2-naphthol-7-

rate at 1 atm. _ _ ) sulfonate, 2-naphthol-8-sulfonate, and HPTS are summarized
2-Naphthol and its monosulfonate derivates are incapable of;;, Taples 2-5 respectively.

transferring protons to solvents that are weak bases, like alcohols

(methanol and longer chain monols). To avoid ambiguity piscussion

between the pressure effect on proton transfer and its effect on

the excited state lifetime, we measured separately the excited- In the following section, we first present the basic theoretical
state lifetime g, of ROH* species as a function of pressure for concepts related to nonadiabatic and adiabatic proton transfers.
2-naphthol in ethanol solutions. Figure 2 shows the time- This s followed by a description of our stepwise two coordinate
resolved emission measured at 360 nm of 2-naphthol in ethanolproton-transfer model accounting for both the temperature and
at atmospheric pressure and at 1.07 GPa. The measured lifetimepressure dependence of the proton-transfer rate. Finally, we fit
at various pressures, deduced from the fit of the emission curvesthe experimental results to our model for proton transfer.

a1 Gpa~ 10 kbar.? z; is the fluorescence lifetime emissidie is
the amplitude of the long lifetime componefts is the short lifetime
component of the emissiofas is the amplitude of the short lifetime
component.

are given in Table 1. We used a multiexponential fit to the
emission curves. The long lifetime componen(see Table 1)

The theory for nonadiabatic proton transfer is very similar
to the theory for nonadiabatic electron transfer in its treatment

has an amplitude of about 99% and is attributed to the excited of the involvement of the solvent. In the mod&lwhen the

state lifetime. At relatively low pressure®, < 1 GPa, the

polar solvent is equilibrated to the reactant, the proton will not

measured excited state lifetime increases slightly as a functionbe transferred due to an energy mismatch in the reactant and
of pressure. At high pressureB, > 1.3 GPa, the lifetime product states. Upon solvent fluctuation, the energy of the
decreases slightly. The solution at atmospheric pressure con+eactant and product states becomes equal and it is in this solvent
tained oxygen and the lifetime increase at high pressure in configuration that the proton tunnels from one side of the well
ethanol solution can be attributed to a decrease in the oxygento the other. Finally, upon solvent relaxation, the product state

concentration as a function of pressure.
In water solution, proton-transfer reaction occurs within the

is formed.
If the pretunneling and posttunneling configurations are

excited-state lifetime and the overall affect is a decrease in theregarded as real, transient intermediates, the process can be
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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.

described by a set of three consecutive chemical equétions R, to reach the activated solvent configuration. The second
given in Scheme 2, along with a qualitative description of the equation describes the tunneling process in the proton coordi-
potential surfaces along the solvent coordin&tend the proton nate, gq. This process occurs only when the energy of the
coordinategy, where AH is the protonated photoacid; S a reactant and product states becomes equa§.alThe third
single solvent molecule to which the proton is transferred, S equation describes the solvent configuration relaxation toward
is the solvent configuration to stabilize the reactants, gnd S the bottom of the product well, denoted Rs

the solvent configuration of the productst B the solvent One important difference between electron transfer and
configuration to equally stabilize At++Sg and A‘---HSJBr. The proton transfer is the extreme sensitivity of the proton tunnel-
first equation describes the motion along the solvent configu- ing matrix element to distance. The functional form of the
ration coordinate in the reactant potential surface, denoted astunneling coupling matrix element between the reactant and
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TABLE 2: Pressure Dependence of the Kinetic Parameters

| for the Proton Transfer Reaction of 2-Naphthol in H,O
0.001 kbar P*b[GPa] ker°[10°57]  ker(P)ker(latm}  ko4[10°A s
e 0.0001 0.125 1.00 10.0
0.31 0.26 2.08 10.0
— 2.8 kbar 0.77 0.64 0.64 20.0
g 0.90 0.85 5.12 20.0
oo 1.16 1.00 6.8 10.0
wn
- 6.7 kbar a1 Gpa~ 10 kbar.? The error in determination of the pressure is
;N ’ +0.075 Gpa’ ket andk; are obtained from the fit of the experimental
'i data by the reversible proton-transfer model (see téxthe error in
E 11.6 kbar the determination ok: is 50%, see text.
2 ¢ TABLE 3: Pressure Dependence of the Kinetic Parameters
o for the Proton Transfer Reaction of 2N7S in H,O
o Pab[GPa] ke [10°SY]  ker(P)ker(latmy  k&4[10°A s
014 R 0.0001 1.15 1.00 13.0
] 0.13 2.10 1.83 15.0
o e 0.28 3.70 3.22 16.5
. 0.54 5.60 4.87 22.0
o0 o, ¢ 0.75 6.60 5.74 23.0
(
» ® 0.80 8.45 7.34 23.0
o, 0.88 9.20 8.00 23.0
° 1.02 9.8 8.52 23.0
T T
0 200 400 1.12 10.3 8.97 25.0
. a1 Gpa~ 10 kbar.b The error in determination of the pressure is
time [ps] +0.075 Gpaf ket andk; are obtained from the fit of the experimental

data by the reversible proton-transfer model (see t€xthe error in

Figure 4. Experimental time-resol mission m r 435 nm -~ .
igure xperimental time-resolved emission measured at 435 the determination ok is 50%. see text.

(symbol) of HPTS in water at various pressures in the range of 6.001

11.6 kbar along with the computer fit (solid lines), semilog scale. TABLE 4: Pressure Dependence of the Kinetic Parameters
for the Proton Transfer Reaction of 2N8S in H,O

Pab[GPa] kerP[10°SY]  ker(P)ker(Latmf  ked[10°A s

1 N A
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

Tg a1 Gpa~ 10 kbar.b The error in determination of the pressure is
o0 +0.075 Gpac ket andk, are obtained from the fit of the experimental
© e data by the reversible proton-transfer model (see té€xthe error in
E 0.001 kbar the determination ok, is 50%, see text.
TE‘ TABLE 5: Pressure Dependence of the Kinetic Parameters
£ for the Proton Transfer Reaction of HPTS in H,O
4 P2b[GPa] ke*[10°S™Y]  ker(P)ker(1 atmf  kS4[10°A s
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
1 ' 2' ' é ' 4'1 21 Gpa~ 10 kbar.> The error in determination of the pressure is
Ti +0.075 Gpaf ket andk; are obtained from the fit of the experimental
ime[ns] data by the reversible proton-transfer model (see tésthe error in

Figure 5. Time-resolved emission of 2-naphthol-8-sulfonate RO  the determination ok: is 50%, see text.

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 internuclear Separation of the two heavy atoms, and hence’
scale. pressure can be used to gradually change the intermolecular
distance. For many liquids, the pressure is known to change

product state, for moderate to weak coupling, is LS X )
the liquid and solid density. For ethanol, the volume decreases

C(a,) = C, exp(—a00q,) () by about 25% at about 10 kbar. As the volume decreases with
pressure, so does the intermolecular distance. Water compress-
The decay parameteg, is very large, 2535 A1, in com- ibility is relatively low, at 10 kbar it changes by only 15%.

parison with the corresponding decay parameter for the elec-Figure 6 shows the dependence afd~ Vp/Vo on pressure,
tronic coupling in electron transfer, 17A It is this feature that ~ for water. For comparison, we also added the pressure depen-
makes the dynamics of proton transfer so sensitive to the dence of 1dp for ethanol and propanol, wheké values for
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SCHEME 2

(@) AH#Sy+S, e = AH Sy +5°
1

(b) AH-S,+S* :ﬁA' -HS}+8*
2

%

() A -HSp+S*—8 A+HS{+S)

both liquids are taken from ref 41. The compressibility/(2X/
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the temperatufe2 and, recently?®-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 times, is within the range of the
dielectric relaxation timegp, andz, the longitudinal relaxation
time. The second coordinate is the actual proton translational
motion (tunneling) along the reaction patiy.

In the stepwise model, the overall proton-transfer time is the
sum of two timesg = ts + 74, Wherers is the characteristic
time for the solvent reorganization angthe time for the proton
to pass to the acceptor. The overall rate conskamtat a given
temperatureT, and pressure?, is given by

ku(T.P)kg(T.P)
ku(T.P) + ks(T,P)

where kg(T,P) is the solvent coordinate rate constant and
ku(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 mdd#l for the
overall proton-transfer rate constant expression (eq 4) is similar
to the expression of Rips and Jortffefior 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

ker(T.P) = (4)

_p L _A_G*)
ks(T,P)—bmeXl{ =T (5)

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-8. For the monolsy, is usually
smaller thanep by a factor of 2-6 and, for water, by about a
factor of 10. Thus, the solvent characteristic timg~= 1/ks-
(T,P), for water and monols lies between the dielectric relaxation
and longitudinal times7. < 7s < 7p. The activation energy,
AG*, is determined by the Marcus relation

AGH = 4—ES(ES + AGY? ©6)

whereEs is the solvent reorganization energy anG is the
free energy of the reaction. Thus, one needs to know the excited-

aP)r, is a function ofP. As seen in Figure 5, the compressibility ~state acid equilibrium constarit,;, and the solvent reorgani-
decreases with pressure. In general, it is smaller for water thanzation energy. An alternative expression faG* can be
methanol and ethanol. For water and ethanol, it changes by aevaluated from the structure reactivity relation of Agmon and
factor of about 3 and 5 between atmospheric pressure and 10Levine” In our treatment, we assume th&G* is independent
kbar, respectively. As a first-order approximation, the change of the hydrostatic pressure and hence the pressure solely affects

in intermolecular distancejqu, is related to the change in
volumeAV as AV)Y3. In the strong coupling limit, the tunneling
matrix elementC, varies much less rapidly with changiog
and is approximately linear.

Qualitative Model for the Temperature and Pressure
Dependencies of Excited-State Proton-Transfer Reactions.

the preexponential factor. In a previous study on the temperature
dependence of the proton-transfer rate from photoacids to
water4 we found the activation energies for 2-naphthd{p

= 2.7) and 2-naphthol-6,8-disulfonateK{p = 0.4) to beAG*

= 10 and 2.5 kJ/mol, respectively. These values agree quali-
tatively with the Marcus expression for the activation energy

Previously, we used a qualitative model that accounts for both (see eq 6) assuming reorganization energies in the range-of 0.1
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0.3 eV. The [} value of 2-naphthol-7-sulfonate and 2-naph-
thol-8-sulfonate is between that of the two compounds men-

7
tioned above, K} ~ 1.7 and~ 1, respectively. We therefore
estimate the activation energy value for those two compounds
to be AG* ~ 6 and 3.5 kJ/mol, respectively. The reaction rate
constantky, along the proton coordinatey, is expressed by 6]
the usual activated chemical reaction description given by
(P = 10(P) ex{ - A% ™ N
H RT
where kﬂ (P) is a pressure-dependent preexponential factor. 44

For monols, at high enough temperature or in the case of
solvents with a large relaxation rate (which is the case of water,
7o = 8 ps), the actual proton transfer along the proton tunneling
coordinate,qgu, 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 21
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 1+
oxygen of a hydrogen bonded water molecule.

As we shall show in the next sectioky(P) is related to the — r T T T
nonadiabatic limit rate expression. In the nonadiabatic limit, the 0 2 4 6 8 10
preexponential factor, is related to the tunneling coupling matrix Pressure[kbar]
element (see eq 6). The coupling matrix element dependsFigure 7. Pressure dependence of the proton tunneling rate constant,
strongly on the pressure and increases as the pressure increasasing eq 8. parameted = 14.2 A1, Ry = 2.4 A, andap, was taken

Bromberg et af® studied the effect of pressure and temp- from refs 41 and 55.

erature on the photoinduced hydrogen transfer reaction in aWith a compressibility dependence on power of 0.22 for ethanol
mixed crystal of acridine in fluorene. The room temperature and 0.27 for propand®2® For all of the photoacidwater

hydrogen transfer rate increases exponentially when pressure :
yarog P y P ystems discussed here, we used the value ofOs%ce, for

increases. Based on proton tunneling concepts, Trakhtenber . S e
oo . : he first approximationggy = (AV)*3. The contribution of the
6
and Klochikhirt® derived an expression for the pressure and rd term in eq 8 is rather small. Fa2o =5.0 x 103 sL,

. hi
temperature dependence of the tunneling rate of proton '[ransfelI 5 1 _ )
i the solid state do-0% = 0.005 &, ap = Y3, andy = 0.22 (see ref 25), we find

that the third term in eq 8 decreases the tunneling rate as the
_ ' —1/ ressure increase. The rate decreases by about 30% at about 10
k(P.T) = v exp[~J(Ry) + JRy(1 — ap 3) + Ebar. At higher pressures, the value of tﬁe third term is about
J’26CN2/80L;/, cothiQu0/4kg T)] (8) the same as at 10 kbar since the volume compressibility is very
small at high pressures. In our treatment, we neglected the
where ap(P) = Vo/V(P), Qq is the effective frequency of the  contribution to the pressure dependence of the third term in eq
intermolecular vibrationgca? is the square of the amplitude of 8. Thus, the change in the proton tunneling rate constant as a

k (P)/k, (1 atm)

the intercenter €-N distance, angy = —9 In Q¢/d In V function of pressure is given by
_ P)
IR) = (2h) [{2mUXR) - E(RI}2dx  (9) KPR — 00

En(R) and U(x,R) are the total and potential energies of the
tunneling atom respectively, depending on the distafte, Figure 7 shows the pressure dependence of the proton tunneling
between the two heavy atoms (in our case two oxygen atoms).rate constant, using eq 10, and the following paramegers,
Ro is the equilibrium distance between the heavy atomsJand  14.2 A1, Ry = 2.4 A, andJRy, = 34. op was taken from ref
the derivative dJ/aR. The first term on the right-hand side of 41. As seen, the rate increases as a function of pressure. Since
eq 8 is the tunneling expression at atmospheric pressure andl/op is not constant with pressure, but rather decreases as the
does not account for the pressure effect. The second termpressure increasels;(P)/ky(1 atm) does not increase with the
accounts for the change in the tunneling rate with pressure duesame initial slope.
to the change in the distance between the two heavy atoms. In previous studi€s?* we used the longest component of
The third term takes into account the pressure effect on thethe dielectric relaxation timegp, for the solvent coordinate
intermolecular low-frequency modulatid®,. Trakhtenberg et preexponential factor of the rate constaat= b/zp exp(—AG*/
al28 found good correspondence with the experimental results RT), whereb is an empirical factor. For water, we fourdx
of Bromberg et at® when they used a smaller power dependence 6 and for all monols studied the value is lesssd < 4. The
of the compressibilitype (0.22 instead of 1/3 as expected from  pressure dependence of the dielectric relaxation time up to about
the relation of distance and volume). ~1 kbar was measured by Pottel and Asseld8rn.

In our previous pressure studies of DCN2 in ethanol and  Free energy relatiéf>52 and temperature dependence experi-
propanol, we estimated the pressure dependence of the protomentd! indicate that the solvent fluctuation rate to equalize the
coordinate rate constarky(P), from the second term of eq 8 energies is not in the high-frequency range of the order &f 10
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Figure 8. Fit to the stepwise two coordinate modellef(P) = [ka(P)ks(P))/[kn(P) + ks(P)] as a function of pressure (solid line) along with the
experimental data (dots). a. 2-Naphthol in wakar(P) andks(P) are shown as dashed and dotted lines, respectively. Inset: calculated rate constants.
b. 2N7S and 2N8S in water, semilog scaleDEN2 in ethand® and propanot’ semilog scale.

51 (~100-200 cnt?) but rather slower than 1®s1, (<10 TABLE 6: Parameters for the Proton Transfer Rate

cm™2). For monols, diols and glycerol, it is very close tad,/ Fittings

whererp is the slow component of the dielectric relaxation time. photoacid JRo AG¥ [kd/mol] ka(1atm) [ns]
For water, the solvent fluctuation rate is higher, about 6 times  2-naphthol 36 10 0.012
larger than I/, (water). The dielectric relaxation only slightly 2N6S 35 6.0 0.9
increases with pressure over this limited range. It is about 15% 2N7S 40 6.0 1.15
slower at 1 kbar than at atmospheric pressure. We are not aware ZI\F{% gg gg 1‘(‘)-2

of literature-published values for the dielectric relaxation times

as a function of pressure for water at higher pressures up to thejn water show a large increase of the proton-transfer rate with
freezing pressure of11 kbar. In many cases, the viscosity and pressure changes. At about 11 kbar, the rate is 10-fold larger
7p have similar dependencies on both pressure and temperaturethan the rate at atmospheric pressure. Table 6 gives the fitting
As seen in Figure 1, the viscosity dependence on the pressurgyarameters of the model for the proton-transfer rate of these
of water at 3C°C is very mlld, whereas in ethanol and propanol, Compounds in water. The values of the parame]’m(see eq
the dependence is much larger. 10) range from 35 to 40. The value of the solvent relaxation
The dielectric relaxation time is often direct'y prOpOftiOﬂa' parameteb = 5 for all calculations. In Figure 8c, we also ShOW,
to the shear viscosity. This is a direct consequence of the for comparison, the pressure dependence of DCN2 in ethanol
assumed ViSCOUS-damped I’Otating Sphere model of dielectriCand propanol taken from our previous Studﬁ%@The results
relaxation originally introduced by Deby&.In general, the  of DCN2 in ethanol show an initial increase of the rate with
viscosity dependence on pressure is larger than that of thethe pressure. At about 8 kbar, the rate reaches a maximum value,
dielectric relaxation. Johari and Danhauser studied the pressurq, (8 kbar)= 2ke1(1 atm). Further pressure increase, decreases
dependence of the viscosity and the dielectric relaxation of the proton-transfer rate constant to the solvent. This interesting
isomeric octanol8*>They found good correspondence between pressure dependence observation of the proton-transfer rate from
the pressure dependence of the ViSCOSity and dielectric relaXatiOfDCNZ to ethanol is exp|ained by the opposite pressure depend_

times. encies oky andks and the saturation d§; at medium-pressure
We used an approximate relation betwegy(P) and 7(P) values. The results of DCN2 in propanol show a slight increase
based on the Correspondence between dielectric relaxation an(bf the pro’[on-transfer rate with pressure Changes up to about 5
1(P) to estimate the pressure dependence of () of water 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
7o(P) ~ Téam(%) exp(—P/P¥) (11) the value at atmospheric pressure, whereas at higher pressures,
N up to ~2.5 GPa (25 kbar), the proton-transfer rate decreases

with pressure and its value is related to the inverse of the
For the best fit to the pressure dependencépgfusing our dielectric relaxation time. At about 2.2 GPa, the rate is smaller,
stepwise model, we usdet = 4500 bar. by a factor of about 20, than that at atmospheric pressure. The

Figure 8a shows a fit to the stepwise two coordinate model pressure dependence lgf andks for 2-naphthol in water are

of ket(P) = [ku(P)ks(P)]/[ku(P) + ks(P)] as a function of also plotted (dotted lines) in Figure 8a. The explanation for the
pressure (solid line) along with the experimental data (dots) of large difference in the pressure dependence of the proton-transfer
2-naphthol in water. Figure 8b shows the fit and experimental rate from 2-naphthol and the derivatives to water and that from
results of the proton-transfer rate for both 2N7S and 2N8S. The DCN2 to ethanol and propanol is given along the lines of the
results of 2-naphthol and 2-naphthol monosulfonate derivatives stepwise, two coordinates proton-transfer model.
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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 Deb$enolu-
chowski equation (DSE).

We found that the proton dissociation rate constigi, 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 solverfts!®?® 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 tdks, the tunneling rateky, increases almost
10-fold with pressure. The overall effect is a strong increase of
the rate with pressure.
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