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

Introduction In recent papetd~1° 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

lycerol. In methanol and ethanol at temperatures above 285 K
he rate of the proton transfer is almost temperature independent,
whereas afT < 250 K the rate exhibits great temperature
dependence. The rate constant is similar to the inverse of the
aIangest 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 LandZener curve-
crossing formulation. The high-temperature behavior of the rate
constant reflects the nonadiabatic limit, whereas the low-
temperature behavior denotes the adiabatic limit. We used an
approximate expression for the proton-transfer rate, which
bridges the nonadiabatic and solvent-controlled adiabatic limit

Morillo. 25 Voth and co-worker&” and Hammes-Schiffé® to fit the temperature dependence curve of the experimental

. . roton-transfer rate constant.
These theories show that the presence of a potential energ)P ) ved fi di f the oh id 8-h
barrier in the proton reaction coordinate causes tunneling through 1 ime-resolved fluorescence studies of the photoacid 8-hy-

the barrier in the reaction pathway, as opposed to passage ovefl!oxy-1.3,6-pyrene trisulfonate (HPTS) in water as a function
the barrier. of pressure have been carried out at pressures up to the ice

o . s i !
Ando and Hyne& studied the acid ionization of HCI in water transition point of HO.3° The proton-transfer rates derived from

via a combination of electronic structure calculations and Monte trl?set ftu;jles € dxglgg Er: m;r;alsoemwlt[] p:rtehsswe _:‘jr?_m %}T
Carlo computer simulations. The mechanism is found to involve ts a't' atm _art1 9 Kb 0 'd 204 s atthe iquia-ice
the following: first, an activationless (or nearly so) motion in ransition point a aran ’

a solvent coordinate, which is adiabatically followed by the [N part | we measure#f; using time-resolved emission
guantum proton, to produce a “contact’ ion pair GfisO™, techniques, the proton dissociation from a strong photoacid, 5,8-

which is stabilized by~7 kcal/mol: second, motion in the dicyano-2-naphthol (DCN2), and the reversible geminate re-
solvent with a small activation barrier, as a second adiabatic combination processes as a function of pressure in ethanol. The
proton transfer produces a “solvent-separated” ion pair from €xperimental time-resolved fluorescence data were analyzed by
the “contact” ion pair in a nearly thermoneutral proc&ss. the exact numerical solution of the transient Debgenolu-
chowski equation (DSE). We found that the proton dissociation

* Corresponding author: Fax/phone: 972-3-6407012. E-mail: huppert@ 'ate constanker, of excited DCN2 in neat ethanol at relatively
tulip.tau.ac.il. low pressures (up to 10 kbar) increases slightly with pressure,

Pressure is known to influence both chemical equilibrium and
the rate of chemical reactions in the condensed phdse.
External pressure changes such properties of the medium an
reactants as reaction free volume, potential energy profile along
the reaction path, compressibility, viscosity, and the reorganiza-
tion energy of the mediurhThe absolute value of the reaction
rate constant and its temperature dependence can depend on
these parameters.

The phenomenon of excited-state proton transfer (ESPT) from
a photoacid molecule, which dissociates upon excitation to
produce an excited anion and a profo# was used in time-
resolved studies of proton-transfer reactions in liquids and solids.
Recent studiéd1° emphasize the dual role played by the
solvent molecule as (1) a proton acceptor and (2) a solvating
medium of both the reactant and the prodifc#?

Theoretical studies have revealed that tunneling is the
dominant reaction mode for proton transfer, even at ambient
temperatures. The theory of proton-transfer reaction in solution
was developed by Dogonadze, Kuznetzov, and Getfitdand
then extended by Borgis, Hynes, and [22eCukier and
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whereas at higher pressures, up to the freezing point of ethanol SCHEME 1

about 1.9 GPa, the proton-transfer rate decreases with pressure, for ) . DSE _ .
and its value in the high-pressure regime is similar to the inverse ROH* <k,—> [RO™*..H])gy ———=> RO*+H

of the dielectric relaxation time. The stepwise two-coordinate
model that was used to qualitatively fit the temperature
dependence was also used to fit the pressure dependence of thide impurity and dimer emission level is about 0.2% of the peak
proton-transfer rate. In an ethanol solution this analysis of the intensity at 350 nm and increases up to 1% at 10 kbar. Therefore,
experimental data showed that the pressure affects both stepd? the time-resolved analysis, we add to the calculated signal
but in the opposite direction. The tunneling rate increases with an additional component with an exponential decay of about
pressure, whereas the solvent relaxation decreases with pressurd0 ns, with an amplitude of about 0.2% at 1 atm, which increases
In this paper we further explore the effect of pressure on With pressure up to 1% at 10 kbar to account for the impurity
excited-state intermolecular proton-transfer (ESPT) dynamics. fluorescence. To avoid ambiguity from the overlap between the
For this purpose we chose a relatively mild photoacid, 2-naphthol- fluorescence contributions of ROH* and ROand in order to
6-sulfonate, K* = 1.7 in water2 The main finding of this study ~ Minimize the impurity fluorescence, we mainly monitored the
is that the proton-transfer rate increases appreciably as a functiofROH* fluorescence at 350 and 450 nm.
of pressure. Although in previous studigd! the rate increase
was relatively small, in this study the rate increases almost 10- Results
fold at the relatively low pressure of 10 kbar (the phase transition
point of water-ice VI). We used our qualitative stepwise two-
coordinate model to explain the strong pressure effect on proton
transfer. The model can be related to theories of proton
transfer?3:25 based on the LandatZener curve-crossing for-
mulation.

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
modef”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¥’*8 The boundary condi-
tions atr = a are those of the back reactiéh(Scheme 1)kpr

Pressurized time-resolved emission was measured in aandk, are the “intrinsic” dissociation and recombination rate
compact gasketed diamond anvil é&(DAC) purchased from  constants at the contact sphere radiu§uantitative agreement
D’Anvil 3435 with 0.3 carat low fluorescent, high UV trans- was obtained between the model and the experiflé8tA
mission diamonds. detailed description of the model, as well as the fitting procedure,

To provide a larger volume of the sample for sufficient is given in refs 14, 37, and 38.
fluorescent intenSity, a 0.45 mm hole was drilled in the 0.8 mm The Comparison of the numerical solution with the experi_
thick stainless gasket. The low fluorescence-type diamonds mental results involves several parameters. Usually, the adjust-
served as anvils. The anvil seats were equipped with suitablegple parameters are the proton-transfer rate to the sokant,
circular apertures for the entry and exit of the exciting laser and the geminate recombination rate, The contact radius,
beam and the excited fluorescent intensity. With this cell has acceptable literature vall#$8The proton dissociation rate
pressures up to 30 kbar were reached without detriment to theconstantker, is determined from the exponential decay at early
diamond anvils. The pressure generated was calibrated usingimes of the fluorescence decay. At longer times the fluorescence
the well-known ruby fluorescent technigéfe. decay is nonexponential because of the reversible geminate

Time-resolved fluorescence was measured using the time-recombination.
correlated single-photon-counting (TCSPC) technique. As an  an important parameter in our model that strongly influences
excitation source we used a CW mode-locked Nd:YAG-pumped the nonexponential decay is the mutual diffusion coefficibnt,
dye laser (Coherent Nd:YAG Antares and a 702 dye laser), = D+ + Dgo-. The pressure dependence of the proton diffusion
providing a high repetition rate=(1 MHz) of short pulses (2ps  constantpy+, for water as a function of pressure was measured
full width at half-maximum, fWhm) The TCSPC detection by Nakahara and OSL@| and Franck et a‘l The proton

system is based on a Hamamatsu 3809U, a photomultiplier, aconductivity slightly increases with pressure. The anion diffusion
Tennelec 864 TAC, a Tennelec 454 discriminator, and a personalconstant'DRo—, as a function of pressure was estimated from
computer-based multichannel analyzer (nucleus PCA-Il). The the water viscosity dependence on pressure Hafagure 1
overall instrumental response was about 50 ps (fwhm). Mea- shows the viscosity dependence on pressure of water at 303 K
surements were taken at 10 nm spectral width. Steady-statetaken from ref 42. At 20C the viscosity slightly decreases at
fluorescence spectra were taken using a SLM AMINCO- |ow pressures. At high pressures kbar), the viscosity slightly
Bowman-2 spectrofluorometer. increases. At higher temperatures, the viscosity increases with
2-Naphthol-6-sulfonate was purchased from Kodak and used pressure. For comparison, we also display the viscosity depen-
without further purification. The sample concentrations were dence on pressure in ethardf® Ethanol exhibits a much
between 1x 10~ 3and 3x 10~ “M, and the sample solutions  stronger pressure dependence of the viscosity. Another important
were made using deionized water of 1&Mesistance. The  parameter in the model is the Coulomb potential between the

Experimental Section

solution’s pH was approximately 6. anion RO* and the geminate proton.
The fluorescence spectrum belonging to 2-naphthol-6-sul-
fonate consists of two structureless broad bandd0( nm Ry |le2|€2
fwhm). The emission band maximum of the acidic form (ROH?*) V() =—; = (1)
in water and alcohols emits at 350 nm. The emission band r ekgT

maximum of the alkaline form (RT) in water and alcohols

emits at 420 nm. At 350 nm, the overlap of the two lumines- Ry is the Debye radius; andz are the charges of the proton
cence bands is rather small and the contribution of the®RO  and aniong is the static dielectric constant of the solvehis
band to the total intensity at 350 nm is less than 1%. At 1 atm the absolute temperature,s the electronic charge, arg is
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Figure 1. Viscosity dependence on pressure of water and ethanol at Figure 2. Experimental time-resolved emission intensity data (symbols)
303 K taken from Reference 42. Circl@®,are ethanol data and squares, at room temperature of 2-naphthol-6-sulfonate in water solution

W, are water data. measured at 350 nm at various pressures in the range of-61001
kbar along with the computer fit (solid lines). Squarlis0.001 kbar,
Boltzmann’s constant. The dielectric constant of wHtand circles, ®, 3.1 kbar, trianglesa, 5.4 kbar, squaresl, 8.6 kbar,
other protic polar liquids increases with presstire. diamonds#, 10.3 kbar.
The asymptotic expression (the long time behavior) for the _
concentration of ROH* at tim& [ROH*];, is given by® 8.6kbar ;o w L,
0.9 \ " A ‘n“.P‘ J P A:w
kr _ .-.- rdeAlAOA Od,w?g.' -0;;
[ROH¥], = Z a? expRy/a) ———t 2 2) N LA sl -
2 ka(ﬂD)3/2 ] 00%
Equation 2 shows that uncertainty in the determinatioD @) = 3 \
causes a larger uncertainty ik. Als_o, th_e fluorescence Eo 0.6 “Oo 0.001kbar
“background”, due to a fluorescent impurity, and the band 2 A
overlap prevents us from accurately determining the recombina- 2
tion rate constant. We estimate that the error in the determination E y
of ket is 10%. The error in the determination kit is due to z
(1) the signal-to-noise ratio of the experimental signal, which 034
affects the quality of the fluorescence signal over longer times
and (2) the interplay betweder andk; (see eq 2) over longer
times. The uncertainty in the determinationlkpfis estimated
to be much larger;~50%. The relatively large uncertainty in
the values ok; arises from the relation betwedp D(P), and
€(P). In this paper we focus our attention on the pressure 0.0 T " T " T
dependence of the proton dissociation rate constarP), 09 . 18 27
which is measured quite accurately. Time [ns]

Figure 2 shows, on a semilog scale, the experimental time- Figure 3. Time-resolved emission at room temperature of 2-naphthol-

resolved emission intensity data of 2-naphthol-6-sulfonate in 8-Sulfonate RO* species in water solution measured at 450 nm at four
. . ressures in the range of 0.001 and 10 kbar. Open cir€le§,001

water, measured at 350 nm at various pressures in the range 0Ebar, filled trianglesa 3.1 kbar, open squares, 5.4 kbar, and filled
0.001-8.6 kbar. To solve the DSE, we used a user-friendly squaresm, 8.6 kbar.
graphic program, SSDP (version 2.61) of Krissinel and
Agmon?6 The experimental data are shown by symbols and a nonexponential fluorescence tHilAs seen in the figure, over
the computer fit by solid lines. We determined the proton- the pressure range of 0.08010 kbar the decay rate of the
transfer rate constanker, from the fit to the initial decay of  fluorescence increases as the pressure increases. The proton-
the ROH* fluorescence~800 ps for 2-naphthol-6-sulfonate in  transfer rate constarkpr, increases with pressure.
water at 1 atm,T = 298 K). The initial decay is mainly Figure 3 shows the time-resolved emission of the 2-naphthol-
determined by the deprotonation process and is almost insensi6-sulfonate RO* species in water measured at 450 nm at four
tive to the geminate recombination process. The long time pressures in the range of 0.068.6 kbar along with the
behavior (the fluorescence tail) seen in the ROH* time-resolved computer fit (solid line) using the reversible proton-transfer
emission is a consequence of the repopulation of the ROH* model. The parameters used in the fit of the R@minescence
species by the reversible recombination of RQwith the are extracted from the fit of the fluorescence decay curves of
geminate proton. The reprotonation of the excited ROH* can ROH* species, measured at 350 nm. The emission intensity at
undergo a second cycle of deprotonation. The overall effect is 450 nm has a growth time, which corresponds to the proton-
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TABLE 1: Pressure Dependence of the Kinetic Parameters SCHEME 2
for the Proton-Transfer Reaction of 2-Naphthol-6-sulfonate

in Water2
P[GPaPt  ker[10°s ¢ Kk [10°Asde D[105cnms Y’
0.0001 0.9 25 9.2 AHAS.+S. 7= AH .S +5*
0.13 1.55 5.0 7.0 @ 3R B
0.36 2.55 12.0 6.5 IR
0.45 3.55 12.0 55 S 55 s
0.85 6.3 13.0 45
1.03 7.3 15.0 4.0

aFor all pressures tgon = 0.12 ns?, 1hro = 0.1 ns’. * 1 GPa
~ 10 kbar.¢ The error in determination of the pressuretd8.075 Gpa.
dker andk are obtained from the fit of the experimental data by the
reversible proton-transfer model (see tekf)he error in the determi-
nation ofk; is 50%, see text.Values at high pressures were obtained
by best fit to the fluorescence decay.

(b) AH-Sy+S* —J**»(:_A-.Hsys‘
2

transfer rate from the 2-naphthol-6-sulfonate ROH* species to
water. Figure 3 clearly shows the growth time decrease as the  (c) A™-HSj+S8*—%>A +HS}+S,
pressure increases (faster rise-time of the fluorescence signal

with pressure increase). The radiative decay times of the excited-
state RO* are only slightly dependent on the pressure. The
proton-transfer rate constantgr andk;, at various pressures
and the relevant fitting parameters used in the SSDP program
to fit the time-resolved emission curves are given in Table 1.

The decay parameten, is very large®® 25—-35 AL in
comparison with the corresponding decay parameter for the
electronic coupling in electron transfer, TAQy is the proton
coordinate Co is the value ofC at the equilibrium position at

In the following section, we first present the basic theoretical |ow pressurepQy is either the change in the intermolecular
concepts related to nonadiabatic and adiabatic proton transfersdistance with pressure or the distance change between the two
This is followed by a description of our stepwise two-coordinate heavy atoms resulting from an intermolecular vibration. It is
proton-transfer model accounting for both the temperature andthis feature that makes the dynamics of proton transfer so
pressure dependence of the proton-transfer rate. Finally, we fitsensitive to the internuclear separation of the two heavy atoms,
the experimental results with our model for proton transfer.  and hence, pressure can be used to gradually change the

The theory for nonadiabatic proton transfer is very similar intermolecular distance. For many liquids pressure is known to
to the theory for nonadiabatic electron transfer in its treatment change the liquid and solid density. The volume decreases by
of the involvement of the solvent. In the modélwhen the about 25% at about 10 kbar; therefore, the intermolecular
polar solvent is equilibrated to the reactant the proton will not distance changes with pressure.
be transferred because of an energy mismatch in the reactant \ater at high pressure and temperature between 25 and 85
and product states. Upon solvent fluctuation, the energy of the °C is still “water-like” in its structure. Its hydrogen bond system
reactant and product states becomes equal, and it is in thisis hardly affected by these pressures, and its dielectric constant
solvent configuration that the proton tunnels from one side of remains high. At high pressures, it support ionization ®H
the well to the other. Finally, upon solvent relaxation, the and OH ions# Wu and Whalle§® studied the neutron
product state is formed. diffraction pattern of liquid RO at pressures up to 9.1 kbar at

If the pretunneling and post-tunneling configurations are 25 °C The main conclusions of the diffraction work can be
regarded as real, transient intermediates, the process can bgummarized as follows:

described by a set of three consecutive chemical equaiass (1) Increasing pressure greatly increases the correlation of
shown in Scheme 2, where AH is the protonated photoagid, S molecular positions and orientations.

is a single solvent molecule to which the proton is transferred,  (2) The first-neighbor distances decrease with increas-
is the solvent configuration of the products B the solvent  the compression of water is mostly due to the bending of

configuration necessary to equally stabilize AH-Sg and O-+-0O-++O bonds.

A~ - - -HS;. The first equation describes the motion of the  As a first-order approximation the change in intermolecular

solvent configuration to reach the activated solvent configura- distancedQu, is related to the change in volurne/ as3VvAV.
tion. The second equation describes the tunneling process in Qualitative Model for the Temperature and Pressure
the proton coordinate. This process only occurs when the ENeT9Ypependencies of Excited-State Proton-Transfer Reactions.
of the reactant and product states becomes equal. The th”rle?reviously we used a qualitative model that accounts for both
equation describes the solvent configuration relaxation toward 4, temperatufé-17 and, recently’! pressure dependencies of
the bottom of the product well. the excited-state intermolecular proton transfer to the solvent.
One important difference between electron transfer and protonyye shall use the same model to explain the large pressure
transfer is the extreme sensitivity _of the proton-tunneling ma_trix dependence of the proton-transfer rate from 2-naphthol-6-
element to distance. The functional form of the tunneling g ifonate to water. The proton-transfer reaction depends on two
coupling matrix elementC(Qy), between the reactant and oo dinates, the first of which depends on a generalized solvent
product state, for moderate to weak coupling, is configuration. The solvent coordinate characteristic time is
within the range of the dielectric relaxation tims,, and the
C(Qn) = Cy exp(~00Qy) ©)) longitudinal relaxationz. = (eo/es)tp. The second coordinate

Discussion
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is the actual proton translational motion (tunneling) along the

reaction path. 4’5_ _4'5
The model restricts the proton-transfer process to a stepwise 4.0 {40
one. The proton moves to the adjacent hydrogen-bonded solvent ] :
molecule only when the solvent configuration brings the system 3.5+ 135
to the crossing point. In the stepwise model the overall proton- 1 1
transfer time is the sum of two times= 7s + 74, Wherers is 3.01 130
the characteristic time for the solvent reorganization ane '\g ) 5_‘ _ 5 5"5
the time for the proton to pass to the acceptor. The overall £ 177y
temperature and pressure dependent rate conkgaf, P), at g 50 | 2‘03
a givenT andP is ] ]
1.5 {15
ky(T, P)ky(T, P) 1
kor(T, P) (T, P) & k(T P) (4) 1.0-. ] 1.0
0.5 Hos
where kg(T, P) is the solvent coordinate rate constant and . .
ku(T, P) is the proton coordinate rate constant. 0.0 40.0

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

-0I.5 010 015 110 115 2{0 215 310 315
Pressure [kbar]
Figure 4. Normalized viscosity;(P)/7(1 atm) @) and logarithmic fit

1 AGH (solid line) and the normalized dielectric relaxation timg(P)/tp(1
ky(T, P) = b—=— eXF{_ _) (5) atm) @) and logarithmic fit (dashed line) as a function of pressure of
(T, P) RT 2-octanol at 263 K. Data taken from refs 51 and 52.

whereb is an adjustable empirical factor determined from the 77(P) (Sé& appendix A) to estimate the pressure dependence of
computer fit of the experimental data. We find that the empirical the 7o(P) of water.

factor for monols lies between 2 and 4, whereas for water it is ®
larger and lies in the range of-8. For the monols, is usually 75(P) ~ Téatm(%n) exp(—P/P*) (6)
smaller thanrp by a factor of 2-6 and for water by about a n

factor of 10. Thus, the solvent characteristic timg= 1/ks-

(T,P), for water and monols lies between the dielectric relaxation For the best fit to the pressure dependencégefusing our

and the longitudinal timesy. < 7s < 7p. The pressure  stepwise model, we use®t = 4500 bar.

dependence of the dielectric relaxation time up to abelit The activation energyAG*, is determined by the Marcus

kbar was measured by Pottel and Asseld8rithe dielectric relation

relaxation only slightly increases with pressure over this limited

range. It is about 15% slower at 1 kbar than at atmospheric AG = L(E + AG)? (7)

pressure. We are not aware of literature-published values for 4Eg" S

the dielectric relaxation times as a function of pressure for

water at higher pressures up to the freezing pressure ofwhereEsis the solvent reorganization energy ané is the

~10 kbar. free energy of the reaction. Thus, one needs to know the excited-
In many cases the viscosity anglhave similar dependencies  state acid equilibrium constari;, and the solvent reorganiza-

on both pressure and temperature. As seen in Figure 1, thetion energy. An alternative expression #&* can be evaluated

viscosity dependence on the pressure of water &C313 very from the structure reactivity relation of Agmon and Levhie.

mild whereas in ethanol the dependence is much larger. Theln our treatment we assume thAG* is independent of the

dielectric relaxation time is often directly proportional to the hydrostatic pressure, and hence, the pressure solely affects the

shear viscosity. This is a direct consequence of the assumedpreexponential factor. In a previous study on the temperature

viscous-damped rotating sphere model of dielectric relaxation dependence of the proton-transfer rate from photoacids to

originally introduced by Deby#® In general, the viscosity — water!® we found the activation energies for 2-naphthd{p

dependence on pressure is larger than that of the dielectric= 2.7) and 2-naphthol-6,8-disulfonate to A&* = 10 kJ/mol

relaxation. Johari and Dannhauser studied the pressure depenand 2.5 kJ/mol, respectively. These values agree qualitatively

dence of the dielectric relaxation of isomeric octahbds well with the Marcus expression for the activation energy (see eq

as the pressure dependence of viscosity in isomeric oct&hols. 7). The K* value of 2-naphthol-6-sulfonate is between the two

They found that both the logarithm of viscosity and the compounds mentioned abovdS’ = 1.7. We therefore estimate

logarithm of the dielectric relaxation have, approximately, a the activation energy value to Be5* ~ 3.5 kd/mol. The reaction

linear dependence on pressure, but the slope of the viscosity igate constanty, along the proton coordinat@y, is expressed

slightly larger than that of the dielectric relaxation rate. Figure by the usual activated chemical reaction description given by

4 shows, on a semilogarithm plot, both the viscosji{R), and eq 8

the dielectric relaxation timep(P), of 2-octanol as a function

of pressure. As seen, both viscosity agchave, approximately, _.0 AG

a logarithmic dependence on pressure. The viscosity for a ku(P) = ky ex;{— ﬁ)

particular solvent and temperature has a stronger dependence

on the pressure tharp(P). wherekﬂ| is the preexponential factor ards* is the activation
We used an approximate relation betwegy(P) and »(P) energy. At high temperatures and/or a high solvent relaxation

based on the correspondence between dielectric relaxation andate (which is the case for water; = 8 ps), the actual proton

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

As we showed in previous studi&s!8 ky(P) is related to
the nonadiabatic limit rate expression. In the nonadiabatic limit,
the preexponential factor is related to the tunneling coupling

V)Y,

Leiderman et al.

1.00

0.95+

0.90

0.854

matrix element (see eq 3). The coupling matrix element depends . .
strongly on the pressure and increases as the pressure increases. 1
The effect of pressure and temperature on the photoinduced 0.80 - .
hydrogen transfer reaction in a mixed crystal of acridine in
fluorene was studied by Bromberg eP&lhe room temperature ] .
hydrogen transfer rate increases exponentially when pressure 0.75 .
increases. On the basis of proton-tunneling conc®pts,
Trakhtenberg and Klochikhinderived an expression for the 0 2 4 6 8 10 12
pressure and temperature dependence of the tunneling rate of P[kbar]
proton transfer in the solid state

Figure 5. Pressure dependence ofid/= Vp/V, of water and ethanol.
SquaresM, are ethanol data and circle®, are water data.

k(P, T) = v exp[-I(Ry) + JRy(1 — op ) +

J’260N2/80LP” cothﬁQoaP”MkBT)] ©) Figure 5 shows the dependence aid# Vp/Vp on pressure,

for water, and for comparison, we also added the pressure
dependence of & for ethanol, wherd/p for both liquids are
whereap(P) = Vo/V(P), €20 is the effective frequency of the  taken from ref 42. In water, alcohols, and many other liquids,
intermolecular vibrationjcn? is the square of the amplitude of  the change in volume with pressure over a pressure range of
the intercenter €:N distance, ang = — 9InQo/dlnV. up to 10 kbar is very similar. The compressibility V1(3V/
dP)t, decreases with pressure increase. In general, it is smaller
JR) = (2/h) j‘{ 2mU(x, R) — EH(R)]}JJZ dx (10) for water than for methanol and ethanol. For water and ethanol
it changes by a factor of about 3 and 5 between atmospheric

E4(R) andU(x, R) are the total and potential energies of the Pressure and 10 kbar, respectively. _
tunneling atom, respectively, depending on the distaiRe, Figure 6 shows a fit to the stepwise two-qoordlnate model
between the two heavy atoms (in our case two oxygen atoms).0f ke(P) = ku(P)ks(P)/(ku(P) + ks(P)) as a function of pressure
Ro is the equilibrium distance between the heavy atomsdand ~ (Solid line) along with the experimental data (dots). The results
is the derivativepJ/aR. The first term on the right-hand side of ~ ©f 2-naphthol-6-sulfonate in water show a large increase of the
eq 9 is the usual tunneling expression and does not account foProton-transfer rate with pressure changes. At about 10 kbar
the pressure effect. The second term accounts for the changdhe rate is about 10-fold larger than the rate at atmospheric
with pressure of the equilibrium position between the two heavy Pressure. We show the pressure dependence of the proton-
atoms. The third term takes into account the pressure effect ontunneling rate constant, using eq 11, and the following param-
the intermolecular low frequency. Trakhtenberg and Klochikhin  eters: J' = 14.2 A%, Ry = 2.4 A, JRy = 34; ap was taken
found good correspondence with the experimental results of from ref 42. As seen, the rate increases as a function of pressure.
Bromberg et af* when they used a smaller power dependence The tunneling rate constant, in our model, increases with
of the compressibilityge (0.22 instead o#/3 as expected from  Pressure, from atmospheric pressure to 10 kbar, by a factor of
the relation of distance and volume). 8. The value of the solvent-controlled adiabatic rate constant,
In our previous pressure study of DCN2 in ethanol, we Ks at atmospheric pressure is larger by about 2 orders of
estimated the pressure dependence of the proton coordinate ratB'agnitude thaiky. Whereas, increases 10-fold with pressure,
constantky(P), from the second term of eq 9 with a compress- Ks decreases with pressure by only a factor of 2. Becayise
ibility dependence on power of 0.22. In the current work we Kn at all pressures, the value of the overall rate constant (eq 4),
used the value of 0.33 because for the first approximation ker, is determined mainly by the slowest rate constant, that is,
= 3,/AV. ForQy=5.0 x 103571, 6o_02 = 0.005 A, y =22 ky. The total ratekp(T, P) increases Wlth_pressu_re by a factor
(the values are taken from ref 7), we find that the third term in ©f 8 @tabout 1 GPa, the wateice VI transition point. Because
eq 9 decreases the tunneling rate as the pressure increases. TH&Y® iS not constant with pressure, but rather decreases as the
rate decreases by about 30% at about 10 kbar. At higherPressure increase,(P)/ku(1 atm) does not increase with the
pressures the value of the third term is about the same as at 1G@Me initial slope. In Figure 6b we also show, for comparison,
kbar because the volume compressibility is very small at high € pressure dlependence of DCN2 in ethanol taken from our
pressures. In our treatment we neglected the contribution to theP"€Vious study* The resuits of DCN2 in ethanol show an initial

pressure dependence of the third term in eq 9. Thus, the changdncrease of the_rate with the pressurs. At about 8 kbar the rate
in the proton-tunneling rate constant as a function of pressure reaches a maximum valuler(8 kbar)= 2ker(1 atm). Further
increase of the pressure decreases the rate constant of the proton

's given by transfer to the solvent. This interesting observation of the
ky(P) pressure dependence of the proton-transfer rate from DCN2 to
——— ~ expIRy(1 — op > (11) ethanol is explained by the opposite pressure dependencies of
ky(1 atm) ky andks and the saturation déy at medium-pressure values.
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(a) dence of the proton-transfer rate from various photoacids to
8.0x10° solventst>19 Recently3! we also employed the model to
kg ’ '. account for the pressure dependence of the proton-transfer rate

from DCN2 to ethanol as a function of pressure. The analysis
’ of the experimental data by the model shows that the pressure
affects both steps but in opposite directions. In the case of proton
transfer from 2-naphthol-6-sulfonate to water, pressure only
mildly affects the solvent coordinate rate, In contrast tdks,
the tunneling rateky, increases almost 10-fold with pressure.
T~ The overall effect is the strong increase of the rate with pressure.
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Pressure[kbar] Johari and Dannhauser studied the pressure dependence on
both the viscosity and the relaxation tirfesf isomeric octanols

over a range of temperatures and pressures up to 4 kbar. The
results of the viscosity pressure dependence of a certain octanol
isomer at a particular temperature can be approximated by

(b) 3x10°

6x10"

5x10"

! In’? = ap (A1)
Mo

4x10"

3x10"

2x10"
' wherenp andg are the viscosity values at presstiteand at

atmospheric pressure, respectively arislthe slope of the linear
dependence on pressure of the logarithm of the viscosity. The
slopea depends on the temperature and the specific octanol
isomer. A similar expression can be found for the pressure
dependence of the dielectric relaxation

7p(P) _

0
Tp

Rate Constant [s”
1

1x10"
aP (A2)

In

0 5 10 15 20 which leads torp(P) = rg exp@P). It was found, experimen-
Pressure [kbar] tally, that for a certain octanol at a specific temperature &',

Figure 6. Fit to the stepwise two-coordinate model kf(P) = that is, the pressure dependence of the viscosity is larger than

ka(P)ks(P)/ (ku(P) + ks(P)) as a function of pressure (solid line) along  that of the dielectric relaxation. Using eqs Al and A2 and

with the experimental data (dot} (P) andks (P) are shown as dashed  rearranging the expression, we obtain eq A3:

and dotted lines, respectively. The inset shows the calculated rate

constants. (p2-Naphthol-6-sulfonate in water. (b) DCN2 in ethanol. 0(77P)

7p(P) = 7p|—| exp(@ — a)P) (A3)

The pressure dependencel®f, ky, andks for 2-naphthol-6- o

sulfonate in water and DCNZ2 in ethanol are also plotted (dotted If we denotea’ — a = —1/P*, we get eq 6 in the text. From

lines) in parts a and b of Figure 6, respectively. this relation we can use the literature data of the viscosity
pressure dependence of a certain liquid and hence deduce the
Summary pressure dependence of the liquid dielectric relaxation tige,
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