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The reversible proton dissociation and geminate recombination of photoacids is studied as a function of pressure
in liquid propanol. For this purpose we used a strong photoacid, 5,8-dicyano-2-naphthol (DE&N2)p

—4.5 in water), capable of transferring a proton to alcohols. The time-resolved emission data are explained
by the reversible diffusion-influenced chemical reaction model. At low pressure, the proton-transfer rate slightly
increases with pressure whereas, at high pressure, the rate constant decreases significantly as the pressure
increases. The pressure dependence is explained using an approximate stepwise two-coordinate proton-transfer
model. The model is compared with the Land&ener curve-crossing proton tunneling formulation. Decrease

of the proton-transfer rate at high-pressures reflects the solvent-controlled limit, and the increase in rate at
low-pressures reflects the proton tunneling nonadiabatic limit. The results are compared with our recent studies
of the pressure dependence of proton transfer from 2-naphthol-6-sulfonate (2N6S) to water and DCN2 to
ethanol. Though in 2N6Swater, the proton transfer is controlled by proton tunneling, in our current work

we find that, at high pressure, the solvent controls the rate of the process.

Introduction methods that incorporate nonadiabatic transitions between the
proton vibration and/or electronic states. The advantages of

moleculé~® was used in studies of proton-transfer reactions in MDQT are Fhat it.accuratgly describes brgnching processes (i..e.,
liquids and solids. Recent studies on the proton-transfer rate toPr0cesses involving multiple pathways), is valid in the adiabatic

the solverft13 emphasize the dual role played by the solvent and nonadiabatic limits and the intermediate regime, and

molecule (1) as a proton acceptor and (2) as a solvating mediumProvides real-time dynamics information.
of both the reactant and the proddt16 The theory for nonadiabatic proton transfer is very similar

Theoretical studies revealed that tunneling is the dominant to the theory for nonadiabatic electron transfer in its treatment
reaction mode for proton transfer, even at ambient temperaturesOf the involvement of the solvent. In the modélwhen the
The theory of the proton-transfer reaction in solution was polar solvent is equilibrated to the reactant (the bottom of the
developed by Dogonadze, Kuznetzov, Ulstrup, and co-work- potential well) the proton will not be transferred due to an energy
ers7.18and then extended by Borgis and Hynes, Cukier, Voth, mismatch in the reactant and product states. Upon solvent
and Hammes-Schiffé€-22 These theories show that the pres- fluctuation, the energy of the reactant and product states
ence of a potential energy barrier in the proton-reaction becomes equal and it is in this solvent configuration that the
coordinate causes tunneling through the barrier in the reactionproton tunnels from one side of the well to the other. Finally,
pathway, as opposed to passage over the barrier. upon solvent relaxation, the product state is formed.

Ando and Hyne¥ studied the acid ionization of HCI in water If the pretunneling and posttunneling configurations are
via a combination of electronic structure calculations and Monte regarded as real transient chemical intermediates, the process
Carlo computer simulations. The mechanism is found t0 can be described by a set of three consecutive chemical
involve: first, an activationless (or nearly so) motion in a solvent equationd* denoted as (a), (b), and (c) in Scheme 1. We also

coordinate, which is adiabatically followed by the quantum piot the potential surface diagram for the particular chemical
proton, produces a “contact” ion pair CHzO*, which is equation.

stabilized by~7 kcal/mol; second, motion in the solvent with

a small activation barrier, as a second adiabatic proton transfer AH is the protonated photoacidg @ single solvent molecule
B ’ e . p .. to which the proton is transferredg $1e solvent configuration
produces a “solvent-separated” ion pair from the “contact” ion

L to stabilize the reactants, ang te solvent configuration of
pair in a nearly thermoneutral process. the products. Sis the solvent configuration to equally stabilize
The Landau-Zener model is well studied for microscopic P ’ 9 quaty

- e HSat i i i
treatment of proton transfer. Hammes-Schi#éf and co- AH. Se and A" --HSg" . The f'r.St equation descrlbe_s the
workers developed a method to calculate the rate of proton motion of the solyent configuration to TeaCh the_ activation
transfer based on molecular dynamics with quantum transitionssowent configuration. The second equation describes the wn-

(MDQT), which are mixed quantum/classical surface hopping neling process in the proton coordinaf®,. This process occurs
when the energies of the reactant and product states become

* Corresponding author. E-mail: huppert@tulip.tau.ac.il. Fax/phone: equal. _The third equation describes the solvent configuration
972-3-6407012. relaxation toward the bottom of the product well.

Excited-state proton transfer (ESPT) from a photoacid
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SCHEME 1 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

C(Qu) = Coexp(= adQy) 1)

The decay parameten,'819 is very large, 2535 AL in
comparison with the corresponding decay parameter for the
(b) AH-S,+S* %A—.Hsﬁﬁsﬁ electronic coupling in electron transfer, TR It is this feature
k2 that makes the dynamics of proton transfer so sensitive to the
internuclear separation of the two heavy atoms, and hence,
pressure can be used to gradually change the intermolecular
distance. For many liquids, pressure is known to change the
liquid and solid density. The volume decreases by approximately
25% at about 10 kbar. Therefore the intermolecular distance
changes with pressure.

As a first-order approximation, the change in intermolecular
distance,dQy, is related to the change in volumayV, as
PN JAV. In the strong coupling limit, the tunneling matrix
e S element,C, varies much less rapidly with changi, and is

approximately linear. Proton tunneling occurs only when the

In previous paper&; 13 we described our experimental results energies of the_reactant and product states become equ_al. Thus,
of the unusual temperature dependence of the excited-statesowem fluctuation brings the reactant to the crossing point step
proton transfer from several photoacids to liquid water, monols, @) In Scheme 1. . .
diols, and glycerol. For DCN2 in methanol and ethanol at Time-resolved fluorescence studies of the photoacid 8-hy-
temperatures above 285 K, the rate of the proton transfer isdroxy-1,3,6-pyrenetr|sulf0nate (HPTS) in water as a function

. of pressure have been carried out at pressures up to the ice
almost temperature independent whereasl at 250 K, the o . !
b b 3 ’ ansition point of HO .33 The proton-transfer rates derived from

rate exhibits great temperature dependence. The rate ConStantt{wese studies exhibit an increase with pressure from 5P
is similar to the inverse of the longest component of the s1at1 atm and 294 K to 2.5 1051 at the liquid-ice VI

dielectric relaxation time of a particular protic solvent. We éransition point at 9 kbar and 294 K.

proposed a simple stepwise model to describe and calculate th L
In a more recent studif, we measured, using time-resolved

temperature dependence of the proton transfer to the solventemiSSion techniques. proton dissociation from a strong photo-
reaction. The model accounts for the large difference in the ques, p gp

. cid, DCN2, and the reversible geminate recombination pro-
temperature dependence, the proton-transfer rate at high an h : -
: cesses as a function of pressure in ethanol. The experimental
low temperatures and the solvent dependencies. We further

studied the temperature dependence of the proton-transfer raté'me'rGSOIVEd fluorescence data were analyzed by the numerical

in water using 2-naphthol and 2-naphthol-6,8-disulfonate. The \S/\?Luﬁ!gﬂnog tphilir?ajlT)r;f)g)ibﬁggi:%g%wf;f2322?;;&[)ifE )
temperature dependence was explained using the same StePVViseexcited DCNZ2 in neat ethanol at relatively low pressurés (upto
model. . 10 kbar) increases slightly with pressure, whereas at higher
The unusual temperature dependence studies can also b@ressure up to the freezing point of ethanol, about 1.9 GPa, the
explained using proton-transfer theory, based on the Landau ,roton-transfer rate decreases with pressure and its value in the
Zener curve crossing formulation. The high-temperature be- high pressure regime is similar to the inverse of the dielectric
havior of the rate constant denotes the nonadiabatic limit, ja|axation time. The stepwise two-coordinate model was used

whereas the low-temperature behavior denotes the adiabaticsyccessfully to fit the unusual pressure dependence of the proton-
limit. We used an approximate expression for the proton-transfer yansfer rate.

rate, which bridges the nonadiabatic and the solvent-controlled Recently3® we also studied the proton-transfer rate from the
adiabatic limit to fit the temperature dependence curve of the photoacid 2-naphthol-6-sulfonate to water as a function of
experimental proton-transfer rate constant. pressure. We found that the proton dissociation rate constant,
Pressure is known to influence the rate of chemical reactions ke, of excited 2-naphthol-6-sulfonate in water up to the pressure
in the condensed phade3° External pressure changes such of the freezing point{10 kbar), increases with pressure by a
properties of the medium and reactants as the reaction freefactor of about 8. This large rate increase with pressure is about
volume, potential energy profile along the reaction path, 3 times larger than that found for HPP&We compared these
compressibility, viscosity, and the reorganization energy of the results with our previous pressure work on DCN2 in ethanol.
medium. The absolute value of the reaction rate constant andWe used the stepwise two-coordinate model to qualitatively fit
its temperature dependence may depend on all these parameterthe pressure dependence of the proton-transfer rate. Analysis
The pressure influences both the characteristics of classical over-of the experimental data by the model shows that the pressure
barrier reactions and the tunneling transfer of the proton. The affects both steps but in opposite directions. The main pressure
pressure influence on tunneling in the solid state is discussedeffect is the decrease of the distance between the proton donor
in refs 31 and 32. In solids, the tunneling reaction depends and acceptor. The increase in rate, as a function of pressure,
exponentially on both the equilibrium distance between the denotes the nonadiabatic limit and also manifests the strong
reactants and the frequency of intermolecular vibrations, which dependence of proton tunneling on the distance between the
varies with compression. two heavy atoms which decreases with an increase of pressure.

(a) AH+S,+S, :ﬁAH -S,+5"
—1

(0) A -HS;+S*—B 5 A+HS+S,
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In this paper we further explore the effect of pressure on Results
excited-state intermolecular proton-transfer (ESPT) dynamics.

For this purpose we chose a strong photoacid, DCN (p vious studies of reversible ESPT processes in solution led to

—4in Walte_{_)k,] and thefgo(lj\_/ent V‘f'ﬁ.a Slfvé re_la>§::19t F:LOUC Ilthd, the development of a reversible diffusion influenced two step
propanol. The main finding of this study is that the proton- modef142 (Scheme 2).

transfer rate at low pressures increases slightly. At higher
pressures, the proton transfer decreases appreciably as a functiogcheme 2

of pressure. We used our qualitative stepwise two-coordinate y

model to explain the strong pressure effect on proton transfer. ROH* == [RO_*"’H+]r=a£ RO * + H"
The model can be related to theories of proton trah&fébased k

on the LandauZener curve crossing formulation.

Reversible Diffusion-Influenced Two Step Model.Pre-

In the continuous diffusion approach, the photoacid dissociation
reaction is described by the spherically symmetric diffusion
equation (DSE in three dimension$:42The boundary condi-

Pressurized time-resolved emission was measured in ations atr = a are those of the back-reaction (Schemekg}.
compact gasketed diamond anvil é&([DAC) purchased from andk; are the “intrinsic” dissociation and recombination rate
D’Anvil 37:38with 0.3 carat low-fluorescent high-UV transmis- constants at the contact sphere radiuQuantitative agreement
sion diamonds. was obtained between the model and the experirfi¢ftA

To provide a larger volume of the sample for sufficient detailed description of the model, as well as the fitting procedure,
fluorescent intensity, a 0.45 mm hole was drilled in the 0.8 mm is given in references 8, 41, and 42.
thick stainless gasket. The low-fluorescence-type diamonds For the numerical fit, we used the user-friendly graphic
served as anvils. The anvil seats were with suitable circular program, SSDP (Ver. 2.63), of Krissinel and Agnfrirhe
apertures for the entry and exit of the exciting laser beam and comparison of the calculated signal with the experimental results
the excited fluorescent intensity. With this cell, pressures up to involves several parameters. Usually, the adjustable parameters
30 kbar were reached without detriment to the diamond anvils. are the proton-transfer rate to the solvéaf, and the geminate
The pressure generated was calibrated using the well-knownrecombination ratek.. The contact radiusa, has acceptable
ruby fluorescent techniquié. literature valued? The proton dissociation rate constakis,

Time-resolved fluorescence was measured using the time-is determined from the exponential decay at early times of the
correlated single-photon counting (TCSPC) technique. As an fluorescence decay. At later times, the fluorescence decay is
excitation source, we used a continuous wave (cw) mode-lockednonexponential due to the reversible geminate recombination.
Nd:YAG-pumped dye laser (Coherent Nd:YAG Antares and a AN important parameter in our model that strongly influences
702 dye |ase|'), providing a h|gh repetition ratel( MHz) of the nonexponential decay is the mutual diffusion CoeﬁiCia'lt,
short pulses (2 ps at full width half-maximum, fwhm). The = Dn* + Dro~. We are not aware of a pressure dependence
(TCSPC) detection system is based on a Hamamatsu 3809ustudy of the proton diffusion constarid.+ for propanol. The
photomultiplier, Tennelec 864 TAC, Tennelec 454 discriminator, anion diffusion constanDro-, as a function of pressure, was
and a personal computer-based multichannel analyzer (nucleugstimated from the propanol viscosity dependence on pressure
PCA-Il). The overall instrumental response was about 50 ps data*® The proton conductivity in neat propanol and water
(fwhm). Measurements were taken at 10 nm spectral width. Propanol mixtures at atmospheric pressures was studied by
Steady-state fluorescence spectra were taken using a SLMErdey-Gruz'> The prototropic conductance of propanol is small

Experimental Section

AMINCO-Bowman-2 spectrofluorometer. compared with water, methanol, and ethanol. We therefore
DCN2 was synthesized by Tolbert and co-workér3he assume that the proton diffusion constant decreases with pressure
sample concentrations were betweex 404 and 1x 10~ and the overall diffusion constant is an adjustable parameter in
M. Solvents were of reagent grade and were used without furtherthe fitting procedure. Figure 1 shows the viscosity dependence
purification. The solution’s pH was approximately 6. on pressure of propanol at 303 K taken from refereficehe

The DCN2 fluorescence spectrum consists of two structureless€MPY symbols denote an extrapolation of the experimental data
broad bands~¢40 nm fwhm). The emission band maximum of to higher pressures. For comparison we also display the viscosity
the acidic form (ROH*) in water and alcohols emits at 450 nm, dépendence on pressure in water and ethtfln water, at
The emission band maximum of the alkaline form (RDin 20°C, the viscosity decre_ases _sllghtly at low pressures. At high
water and alcohols emits at 600 nm. At 450 nm, the overlap of Pressuresx2 kbar), the viscosity increases slightly. At higher
the two-luminescence bands is rather small and the contribution!€MpPeratures, the minimum of the viscosity at low-pressure

of the RO* band to the total intensity at 450 nm is about 1%. diSappears and the viscosity increases with pressure. The
In addition, we find some fluorescent impurity in the DCN2 viscosity of ethanol exhibits a larger pressure dependence than

compound that emits in the UV and blue part of the emission that of water. As seen in Figure 1, the pressure dependence
spectrum. At 1 atm the impurity emission level is about 1% of viscosity of propanol is the largest of. the three solvents. It
the peak intensity at 450 nm and increases to 4% at 20 kbar.iNcréases by about 3 orders of magnitude at about 20 kbar.
The pressure dependence of the background luminescence cafi"other important parameter in the model is the Coulomb
arise from dimerization of DCN2 to a nonproton emitting dimer. POtential between the anion ROand the geminate proton.
Therefore, in the time-resolved analysis, we add to the calculated 2

signal an additional component with an exponential decay of V() = — Ro _ lazle @)
about 10 ns, with an amplitude of about 2% at 1 atm, which r ekgT

increases with pressure up to 4% at 20 kbar to account for the

impurity fluorescence. To avoid ambiguity, due to the overlap Rp is the Debye Radiug; andz are the charges of the proton
between the fluorescence contributions of ROH* and RO and aniong is the static dielectric constant of the solvent, and
and to minimize the impurity fluorescence, we mainly monitored T is the absolute temperatuseis the electronic charge, arkg

the ROH* fluorescence at 480 nm. is Boltzmann’s constant. The dielectric constant of ethanol and
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P[kbar] Figure 2. Steady-state emission of DCN2 in propanol at several
Figure 1. Viscosity dependence on pressure of propam) éthanol pressures: W) 0.77 GPa; @) 1.68 GPa; 4) 1.95 GPa.
(@), and water 4) at 303 K taken from ref 46.

14
other polar liquids increases with presstfr§Ve are not aware
of literature-published values for the dielectric constant as a
function of pressure for propanol at higher pressures. We assume
that the pressure dependence of the dielectric constant is similar

to that of ethanol, which scales as the volume changes with '§
pressure. R
The asymptotic expression (the long time behavior) for the 2 0.1+
fluorescence of ROH*(t) is given By S
=
[ROH*] = Za? expRy/a) Ko 3) :
=2 PRo kPT(nD)w 4
Equation 3 shows that uncertainty in the determinatiob @) 0.01 4

causes a larger uncertainty ik. Also, the fluorescence
“background”, due to a fluorescent impurity and the band
overlap, prevents us from accurately determining the recombina-
tion rate constant. We estimate that the error in the determination . .
of ket is 10%. This error is due to (1) the signal-to-noise ratio 3 6 9 12
of the experimental signal, which affects the quality of the Ti
. . . ime [ns]
fluorescence signal over longer times and (2) the interplay ) ) S )
betweerierand (see 2 2) ovr longertimes, The nceriainy FLELS, Peseriime shen misteo ponly e ool
in the det_ermlnatlon ok is estlmat_ed to be much Iar_geFSO%. in the range 8.08117 kbar along with the computer fit (solid IFi)nes).
The relatively large uncertainty in the valueslofarises from From top to bottom: 2.2, 1.7, 1.03, 0.75, and 0.0001 GPa.
the relation betweek,, D(P) ande(P). In this paper, we focus
our attention on the pressure dependence of the proton dis-fit by solid lines. We determined the proton-transfer rate
sociation rate constankpr(P), which is measured quite ac- constantkpr, from the fit to the initial decay of the ROH*
curately. fluorescence 500 ps for DCN2 in propanol at 1 atril, =
Figure 2 shows the steady-state emission of DCN2 in 298 K). The initial decay is mainly determined by the depro-
propanol at 0.77, 1.68, and 1.95 GPa. It is clearly seen that, astonation process and is almost insensitive to the geminate
the pressure increases, the relative intensities of the ROH* recombination process. The long time behavior (the fluorescence
emission band at 450 nm increases whereas the*R@nd at tail) seen in the ROH* time-resolved emission is a consequence
600 nm decreases with pressure increase. The changes in thef the repopulation of the ROH* species by the reversible
emission spectra as a function of pressure are in qualitative recombination of RO* with the geminate proton. As seen in
agreement with the decrease of the proton-transfer rate constanthe figure, over the high-pressure range22 kbar, the emission
ket(P), as a function of pressure. decay rate of the fluorescence decreases as the pressure increases
Figure 3 shows, on a semilog scale, the experimental time- and, from the computer fit, we find that the proton-transfer rate
resolved emission intensity data of DCN2 in propanol, measured constant, kpt, decreases with pressure. The time-resolved
at 480 nm at various pressures in the range of G-&2Lkbar. emission also shows that above 10 kbar, the radiative lifetime
The experimental data are shown by symbols and the computerincreases with pressure.
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1.0 TABLE 1: Pressure Dependence of the Kinetic Parameters
for the Proton-Transfer Reaction of DCN2 in Propanol
Pt 10%er®  10%S  10°D°  Tpos  Trops
0.8 (GPa) (sH As?) (s (s  (ns)h
0.0001 1.90 2.4 14.0 0.47 0.33
0.18 2.00 24 9.0 0.50 0.34
= 0.28 2.30 25 8.0 0.50 0.34
& 0.6 0.36 2.20 25 75 0.50 0.34
] 0.57 1.90 25 5.0 0.50 0.34
T 0.75 1.50 2.6 4.5 0.50 0.34
'TE 1.03 0.95 24 3.0 0.47 0.34
E 04 1.30 0.80 2.3 2.0 0.43 0.32
5 1.68 0.43 2.3 0.9 0.40 0.30
z 2.20 0.08 2.3 0.7 0.40 0.25
20N a1Gpa~ 10 kbar.” The error in determination of the pressure is
0.2- +0.075 Gpat ket andk; are obtained from the fit of the experimental
data by the reversible proton-transfer model (see téxthe error in
the determination ok; is 50%; see text Values at high pressure
obtained by best fit to the fluorescence decay.
0'0 - T T T T T

2 3 4 5 6 tion andry is the time for the proton to pass to the acceptor.
The overall temperature and pressure dependent rate constant,
ke(T,P), at a givenT andP is

Time[ns]

Figure 4. Time-resolved emission of a DCN2 R® species in a

propanol solution measured at 640 nm at atmospheric pres3jand

at 1.36 GPa4). o (TP) = k(T,P) ko(T,P) @
"7 ky(T,P) + ks(T.P)

Figure 4 shows the time-resolved emission of the DCN2

_y o .
RG™ species in propanol measufed at 640 nm at .atmo.Sphe”there ks(T,P) is the solvent-coordinate rate constant &nel
pressure and at 1.3 GPa, along with the computer fit (solid Ilne)o(.l. P) is the proton-coordinate rate constant
using the reversible proton-transfer model. The parameters use lEquation 4 provides the overall excited-state proton-transfer

. . " . )
't?] tr;le fit of RO” (Ijumlnescence ?rti eggaaed fro_m the fit of ate constant along the lines of a stepwise process. As a solvent-
e fluorescence decay curves of the Species, measureq. | - qinate rate constant, we use

at 480 nm. The emission intensity at 640 nm has a growth time,

which corresponds to the proton-transfer rate from the DCN2 1

ROH* species to water. The radiative decay time of the excited- ky(T,P) = b—=— exp(—BAGY) (5)
state RO™* depends only slightly on pressure (see Table 1). 7o(T.P)

where § = 1kgT and b is an adjustable empirical factor
determined from the computer fit of the experimental data. We
In the following section, we first present our stepwise two- find that the empirical factor for monols lies between 2 and 4
coordinate proton-transfer model accounting for both the whereas for water it is larger and lies between 4 and 8. For the
temperature and pressure dependence of the proton-transfer raténonols,z. is usually smaller thamp by a factor of 2-6 and,
We then correlate our model for proton transfer with the theory for water, by about a factor of 10. Thus, the solvent characteristic
of nonadiabatic and adiabatic proton transfer. time, 7s = 1/kg(T,P), for water and monols lies between the
A Qualitative Model for the Temperature and Pressure ~ dielectric relaxation and longitudinal times, < 7s < 7p. The
Dependencies of Excited-State Proton-Transfer Reactions. ~ activation gnergyAG*, is usually determined by the Marcus
Previously, we used a qualitative model that accounts for both rélation using eq 16. Thus, one needs to know the excited-state
the temperatufel! and, recently*35 pressure dependences of acid equilibrium co_nstanKa*, a_md the solvent reorganization
the excited-state intermolecular proton transfer to the solvent, enerdy. An altenative expression #8G* can be evaluated from
We shall use the same model to explain the large pressurethe structure reactivity relatlc_)n_of Agmon and Levit¥én our _
dependence of the proton-transfer rate from DCN2 to propanol réatment, we assume th&6* is independent of the hydrostatic
(Table 1). The proton-transfer reaction depends on two coor- Pressure and hence the pressure solely affects the preexponential
dinates, the first of which depends on a generalized solvent factor. In a previous study on the temperature dependence of
configuration. The solvent-coordinate characteristic time is the proton-transfer rate from DCN2 to alcoh#isye found that
within the range of the dielectric relaxation time, and the ~ the activation energy for DCN2 to propanol &G* = 5 kJ/
longitudinal relaxation time,r. = (ew/e9ro. The second MOl This value agrees qualitatively with the Marcus expression
coordinate is the actual proton translational motion (tunneling) for the activation energy (see eq 16). Th¢*value of DCN2
along the reaction path. In our case the proton moves away fromin Water is estimated from the Forster cycte be~—4.
the oxygen, belonging to the hydroxyl group of DCN2, toward Th_e reaction rate constari,, along_the proton cpordlnate,_
the oxygen of the propanol hydroxyl group. Qw, is expressed by the usual activated chemical reaction
The model restricts the proton-transfer process to a stepwisedescnpt'on given by
one. The proton moves to the adjacent hydrogen-bonded solvent

Discussion

_ 10 +
molecule only when the solvent configuration brings the system ky(P) = ky(P) exp(=pAG’) (6)
to the crossing point (Scheme 1). In the stepwise model, the
overall proton-transfer time is the sum of two timess s + Wherekﬂ(P) is a pressure dependent preexponential factor and

74, Wherers is the characteristic time for the solvent reorganiza- AG is the activation energy. The proton transfer occurs between
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the hydroxyl group of DCN2 and the adjacent oxygen of a
hydrogen-bonded propanol molecule. In alcohols, at high
temperatures, or water with relatively large relaxation ratgs (

= 8 ps, at 293 K), the actual proton transfer along the proton
tunneling coordinateQy, is the slower process, and hence the
rate determining stepk’(p) depends strongly on pressure
because tunneling in the intermediate coupling case depends
exponentially on the intermolecular distance between the two
heavy atoms. In propanol, the solvent relaxation is slow and
also depends strongly on the pressure. The overall proton-
transfer rate at high pressures is determinedkfywhich
decreases with pressure.

As we shall show in the next sectioky(P) is related to the
nonadiabatic limit rate expression. In the nonadiabatic limit, the
preexponential factor, is related to the tunneling coupling matrix
element (see eq 14). The coupling matrix element depends
strongly on and increases with, pressure.

The effect of pressure and temperature on the photoinduced
hydrogen-transfer reaction in a mixed crystal of acridine in
fluorene was studied by Bromberg ef&lThe room temperature
hydrogen-transfer rate increases exponentially with pressure. On

Genosar et al.

1.00 4

0.80 1

0.75 1

0

P[kbar]

the b_asi_s of p_roton tunneling _concepts, Trakhtenberg and Figure 5. Pressure dependence ofid/= ViV, of propanol W),
Klochikhin®! derived an expression for the pressure and tem- ethanol ®), and water 4).

perature dependence of the tunneling rate of proton transfer in

the solid state: In our treatment, we neglected the contribution to the pressure

dependence of the third term rate constant in eq 7, which we
estimate to be significantly smallét.

Figure 5 shows the dependence aid# Vp/Vp On pressure,
for propanol and, for comparison, we also added the pressure
dependence of &b for ethanol and water, where th&'s of
both liquids are taken from ref 46. The empty symbols denote
an extrapolation of the experimental data to higher pressures.
In water, alcohols and many other liquids, the change in volume
with pressure over a pressure range up to 10 kbar is very similar.

The compressibility
\_1/(&/)
oPJT

decreases with pressure. In general, it is smaller for water than
for methanol and ethanol. For water and ethanol it changes by
factor of about 3 and 5 between atmospheric pressure and 10
bar, respectively. Figure 6 shows the pressure dependence of
he proton tunneling rate constant, using eq 9, and the following
arameters) = 10.4 A1, Ry = 2.4 A, JRy = 25. ap was
aken from ref 46. As seen, the rate increases as a function of
pressure. Becauseol/is not constant with pressure, but rather
decreases as the pressure incredsg®)/ky(1 atm) does not
increase with the same initial slope.
In previous studie&; 12 we used the longest component of

the dielectric relaxation timegp, for the solvent-coordinate
preexponential factor of the rate consta@t= b/tp exp(—AG*/

K(P,T) = v exp[-JI(Ry) + JRy(1 — atp ) +
J20cn180” cothiQuo’/aksT)] (7)

wherev is the preexponential factoop(P) = Vo/V(P), Qo is
the effective frequency of the intermolecular vibratioay? is
the square of the amplitude of the intercenter-R distance,
andy = —dIn Qy/d In V.

IR = (2h) f[{2mUXR) — BRI} “dx  (8)

En(R) and U(x,R) are the total and potential energies of the
tunneling atom, respectively, depending on the distafe,
between the two heavy atoms (in our case two oxygen atoms).
Ry is the equilibrium distance between the heavy atoms,Jand

is the derivativepJ/aR. The first term on the right-hand side of
eq 7 is the tunneling expression at atmospheric pressure an
does not account for the pressure effect. The second term
accounts for the change in the rate with pressure because o
the change in the equilibrium position between the two heavy t
atoms. The third term takes into account the pressure effect on
the intermolecular low frequency.

For the first approximation, the change in distance between
the oxygen atoms i8Qy = VAV, whereAV is the change in
volume at a particular pressure. Trakhtenberg &tfalund good
correspondence with the experimental results of Bromberg et
al*® when they used a smaller power dependence of the RT), whereb is an empirical factor. For water, we fouror
compressibility op = 0.22, instead of/3, as expected from the 6 ar'1d for all monols studied. the \}alue is Iesé< P <4 We
relation of distance and volume. In our previous pressure study re nét aware of literature- ,ublished values f’or the dielectric
of DCN2 in ethanol, we estimated the pressure dependence of P

. relaxation times as a function of pressure for propanol at higher
the protor_1-coord|nate rate _qonstam(P), from the second term pressures up to the freezing pressure-&0 kbar. In many cases
of eq 6 with a compressibility dependence on a power of 0.22.

In our previous worfé on the pressure effect in 2N6Svater, the viscosity andp have similar dependencies on both pressure

and temperature. As seen in Figure 1, the viscosity dependence
\c/)vfeou;;:d the value of 0.33. In the current work, we used a value on the pressure of propanal at 30 is very large, whereas in

ethanol the dependence is smaller and for water it is very small.
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

ku(P)

' _ ., —0.2%
(L atm)~ expl'Ry(1 —ap )] 9)
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ethanol are also plotted (dotted lines) in Figure-¢arespec-
tively. The explanation for the large difference in the pressure
dependence of the proton-transfer rate from DCNZ2 to propanol,
2-naphthol-6-sulfonate to water, and DCN2 to ethanol is given
along the lines of the two-coordinate model in the next section.
4 Qualitative Comparison of the Pressure Dependence of
Proton Transfer with the Landau—Zener Curve Crossing
Formulation. In this section, we compare our qualitative model,
based on the pressure and temperature dependences of the
proton-transfer rate, with the Landadener curve crossing
formulation.

The reactant is an intermolecular hydrogen-bonded complex
5 between the excited photoacid, AH*, and a solvent molecule,
Sg, that serves as a base, characterized by a hydrogen bond to
the photoacid and also other solvent molecules. In water, this
specific solvent molecule gShas three hydrogen bonds to three
1 water molecules. To form the product; #--HSg*, in water,
one hydrogen bond, ofzs30 a water molecule, must break. Thus,
— T relatively long-range reorganization of the hydrogen bond
0 3 1015 20 2 network takes place upon proton transfer to the solvent. This

H

k,(P)/k (1 atm)
w
1

Pressure[kbar] complex rearrangement, to accommodate the product in water
Figure 6. Pressure dependence of the proton tunneling rate constant,and alcohols, is probably the reason for a slow solvent-
using eq 9. Parameterst = 10.4 A1, Ry=2.4 A generalized configuration motion, which corresponds to a low-

frequency component in the solvent dielectric spectrum. Its time
relaxation originally introduced by Debyg.In general, the  constant is close to the slowest component of the dielectric
viscosity dependence on pressure is larger than that of therelaxation time. According to KuznetsdVBorgis and Hyne$?
dielectric relaxation. Johari and Danhauser studied the pressureBernstein and co-workef8, Syage* and Trakhtenberdt a
dependence of the viscosity and the dielectric relaxation of second important coordinate should be taken into account. This
isomeric octanol8:*2They found good correspondence between second coordinate is the distance between the two heavy atoms,
the pressure dependence of the viscosity and dielectric relaxationn our case @H---O, andQy is the relevant proton coordinate.

times. This distance is modulated by a low-frequency vibrational mode,
We used an approximate relation betweyiP) and #(P) Q193153 (about 200 cm?). The proton tunnels through the
based on the correspondence between dielectric relaxation antarrier from the reactant well to the product well via the
n(P) to estimate the pressure dependence of #h) of assistance of the low frequendo, mode whenever the solvent

propanol. configuration equalizes the energies of the reactant and the
) product. Free energy relatigh?®and temperature and pressure
1an| (P dependence experimefftsndicate that the solvent fluctuation

(P)~ 1o w( latm) exp(=F/P%) (10) rate to equalize the energies is not in the high-frequency range

of the order of 18 s1, (~100-200 cnT?), but slower than
For the best fit to the pressure dependencéegfusing our 10'2s71 (<10 cnl). For monols, diols, and glycerol, it is very

stepwise model, we useet = 6000 bar. close to 17#p, whererp is the slow component of the dielectric
Figure 7a shows a fit to the stepwise two-coordinate model relaxation time. For alcohols, the solvent fluctuation rate is about
of 2—4 times larger than 4.
The proton-transfer rate constakgr, between the reactant
k. (P) ke(P) and product can be expressed as the average one-way flux in
ker(P) = the solvent coordinate, through the crossing point S* of the two
ky(P) + ks(P) free energy curvé8 with the inclusion of the LandatZener

transmission coefficients 7, giving the probability of a suc-
as a function of pressure (solid line) along with the experimental cessful curve crossing:

data (dots). The results of DCN2 in propanol show a slight o ]

increase of the proton-transfer rate with pressure changes up to ko= [BO(9 6(5%) « ,(SS) & (12)
about 5 kbar. At pressures above 5 kbar (0.5 GPa), the rate ]

decreases as a function of pressure. In Figure 7b we also showwhereSis the solvent coordinat&§is the solvent velocity, and
for comparison, the pressure dependence of DCN2 in ethanol®(S) the positive velocity step function. Here the average is
taken from our previous stuéfyand the pressure dependence over the classical solvent distribution, normalized by the partition
of 2NP6S in wateP® The results of DCN2 in ethanol show an  function of the solvent in the reactant region.

initial significant increase of the rate with the pressure. At about  The LZ transmission factor, appropriate for a positive velocity

8 kbar the rate reaches a maximum vakig(8 kbar)= 2kpr(1 approach to the crossing point, is

atm). Further increase of the pressure decreases the rate constant

of the proton transfer to the solvent. This interesting observation Kz =[1-1/2 exp(—y)]’l[l —expy)] (12)
of the pressure dependence of the proton-transfer rate from ) )

DCN2 to ethanol is explained by the opposite pressure depend- y = 2nC”  _ 2aC (13)
encies oky andks and the saturation d¢¢; at medium-pressure A(0AVI09gS  HksS

values. The pressure dependencémaf ky, andks for DCN2
in propanol, 2-naphthol-6-sulfonate in water, and DCN2 in k7 includes multiple pass effects on the transition probability.
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Figure 7. Fit to the stepwise two-coordinate modellef(P) = [ku(P) ks(P)]/[ku(P) + ks(P)] as a function of pressure (solid line) along with the
experimental data®): (a) DCN2 in propanol; (b) DCN2 in ethanol;)(2-nphthol-6-sulfonate in water (semilog scale)(P) andks(P) are shown
as dashed and dotted lines, respectively. Inset: calculated rate constants.

(Note thatk z — 1 is the adiabatic limit). Wher < 1, one the two oxygens (the hydroxyl group and that of the hydrogen

obtains the nonadiabatic limit result bonded solvent moleculey. (eq 13) depends on three param-
eters: the potential surfaces curvatu@\V/aSs:, C%, andS
Kz =2y (14) C? depends strongly on pressure (see eq 7) via the internuclear

distance,Qu, and the intermolecular vibrational modg&,,
qepends, to a lesser extent, on pressure. The solvent velocity,
NA chz( B )1,2 _sact S depends strongly on both the temperature and pressure. On

This leads to

4Egr

R (15) the basis of the experimental data and the qualitative stepwise

model of the pressure and temperature dependence of the proton-
transfer rate constant, we infer that= b/zp, whererp is the
solvent dielectric relaxation time ards a factor of about 6 in
water and between 2 and 4 in monols.

For the alcohols used in the experiments of Ref. 9, the value
of v as a function of the temperature smoothly increases from
In the nonadiabatic limit, the preexponential term depends on a value close to 0, i.ey < < 1 (the nonadiabatic limit) to a
C? C depends exponentially (eq 1) on the distance between valuey > 1 (the adiabatic limit). An illustration of the pressure

in which AG* is the activation free energy

AGH= 4—és(ES + AGY? (16)
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with pressure, but its absolute value is small at all pressures.

1.0 The solvent-controlled limit is not reached even at the highest
pressure, 10 kbar. Therefore tunneling prevails and the rate
increases with pressure.

08 Our stepwise mod&f12 is similar to the expression of Rips
and Jortné¥’ for the overall ET rate constant that bridges
between the two extreme cases: the nonadiabatic and adiabatic

064 ET. The expression that bridges between the nonadiabatic and

’ solvent-controlled adiabatic limit for the proton transfer to the
25 solvent is
" KR(TP) KER(TP)
ker(T.P) =4 5 (18)
7(T.P) + Ko7 (T.P)

02 This equation has a form similar to that of eq 4, which we used
to fit the experimental data. To use the rate constants quanti-

0.0- tatively, 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
0 5 10 15 20 25 coupling matrix element but we can express its pressure
Pressure [kbar] dependence and reformulate (eq 15).
Figure 8. Pressure dependence of the transmission coefficient,
for DCN2 in propanol (solid line), for 2-naphthol-6-sulfonate in a kg?(P) = k§¢(1 atm) expfJRy(1 — Ojd)] (19)

water® (dotted line) solution, and for DCN2 in ethafb{dashed line)

as a function of pressure. where K3+(1 atm) is given by eq 15 and is an adjustable

dependence of the transmission coefficientz, for proton parameter. For the adiabatic limit, Borgis and Hynes fdénd
transfer from DCN2 to propanol, DCN2 to ethadbind also that

2-naphthol-6-sulfonate to a water solution is shown in Figure w

8. We used eqs 12 and 13 and assumed that the pressure KAD = (ﬁ) exD(‘ﬂAGiD) (20)
dependence of the coupling matrix element can be given for

DCN2 to ethanol and propanol by The formal expressions for the pressure dependenl&?cﬁnd

D . A - P

_ BIYR(1 — .02 17 I<ST are given by egs 19 and ZEL‘T is qualitatively parallel to
C = Coexp{ 0.5 Ry( % 7)]} (17) ky in eq 4. Accordingly, the preexponential factor depends on
¢ the pressureks? has a similar form tds in eq 5, but we

Eq 17 is similar to eq 1 and uses the second term o - . :
Trakhtenberg’s pressure dependence of the proton-tunneling rate/éPiace the high frequencyys/2z, in eq 5 with the slow

In Figure 8, we used2Co?hks: = 3 x 10° for three proton- dielectric relaxation timezp. The time scale of the solvent
transfer reactions. For DCN2 in propanelz changes rapidly control is slow and close tep. Using eq 18 to calculatker

with pressure from close to zero at atmospheric pressure to closd |'F) @S @ function of the pressure results in similar behavior to
to 1 at 5 kbar. For 2-naphthol-6-sulfonate to wateg, changes eq 4. Figure 7a shows the fit to the experimental proton-transfer

from close to zero at low pressures to only about 0.15 at 10 'at€ from DCN2 to propanol using eq 4. As seen, the fit is good.
kbar, the waterice VI phase transitionk z, as a function of Fgr DCN2 in propanol at atm?spherlc pressuess comparable
pressure, for DCN2 to ethanol, changes from close to zero atWith k. Whenky = ks ket = “/2ki1. As the pressure increases,
low pressure to a value close to 1 at about 19 kbar the liquid s decreases anky increases at about the same rate. Thus,
solid-phase transition of ethanol. For DCN2 in both propanol according to eq 4, the overall rate will be almost independent
and ethanol, the proton-transfer rate changes as a function of2f Pressure. As the pressure increases further, the solvent
pressure from the nonadiabatic regime, < 1, at low pressures coordinate rate further (_jecreases and the ratg-llmltmg step is
to the solvent control regime at the high-pressure limit. For the the solvent rate ankbr will follow ks. For 2N6S in water, the
three cases discussed, the coupling matrix elei@dntreases tunneling rate constant, in our modkgl increases with pressure,
with pressure. For 2N6S in wateg? increases by about a factor ~ 10mM atmospheric pressure to 10 kbar, by a factor of 10. The
of 10 at 10 kbar. For DCN2 in propanol and ethanG value of th_e solvent-coordlnzat?lrgte constant of wakerat
increases by about a factor of 6. This effect tends to increase atmosph_enc pressurks ~ 181 f‘l Is larger by about 2 orders
with pressure. The pressure dependenceyddffectsy in the of magmtude thark, = 100571, Although ky increases 10-
same direction. The overall effect of pressurejois a rapid fold with pressureks decreases with pressure by only a factor
increase with pressure. In propanol and ethanol, the solventOf 2. Becauses > ki at fall Pressures, the_ value of the overall
dielectric relaxation time is relatively slowp = 340 and 120 rate constant .(eq 4ker, is mainly determined by the slowest

ps at atmospheric pressure, respectively. It decreases strongl)ya,te constant, i.eky. Therefore, the total ratér(T,P), Increases
with pressure ang (see eq 13) increases with pressure. At high with pressure b_y a factor of 8 at about 1 GPa, the weites
pressuress > ~ 1, the proton-transfer rate follows the solvent V! transition point.

relaxation rate and also decreases at the high-pressure limit. |
contrast to alcohols, the proton transfer from 2-naphthol-6-
sulfonate to water is almost a nonadiabatic reaction over the DCN2 is a strong photoacid capable of transferring a proton
entire pressure rangep in water is relatively fastyp = 8 ps, not only to water, but also to other protic solvents. We studied,
and exhibits a relatively small pressure dependenaacreases using time-resolved emission techniques, the proton dissociation

nSummary
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