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We measured the proton-transfer rate constant from a strong and a weak photoacid to water as a function of
temperature. We found that the proton-transfer rate constant for the strong photoacid at high temp&ratures,

> 300 K, is almost temperature-independent, whereas at low temperafureg00 K, the rate constant
exhibits a strong temperature dependence. For the weak photoacid, the rate constant also exhibits a relatively
large activation energy in the high-temperature region. Previously, we found that the temperature dependence
of the proton-transfer rate constant to alcohols is explained as a continuous transition from nonadiabatic to
solvent-controlled limits. The model we used to calculate the proton-transfer rate constant is based on the
diffusive propagation of the solvent configuration along a generalized solvent coordinate from the reactant
potential surface toward the crossing point with the product potential surface. The proton transfer occurs at
the crossing point, and the rate is calculated by a sink term placed at the crossing point. The sink term

includes the solvent velocity and the Landatener transmission coefficient. Both the diffusion constant

and the LandauZener transmission coefficient depend on the dielectric relaxation of the solvent. The
calculations are compared with the experimental data and an interpolation expression that bridges the
nonadiabatic limit and the solvent-controlled limit.

Introduction barrier, as opposed to passage over the barrier. The proton
eiiransfer can be described as quantum tunneling between two
wells formed by two interacting electronic states. The transfer
of the proton from one well to the other is associated with a
change in the electronic state of the system. The crossover
between the electronic states can occur only when the proton
r;unnels through the barrier.
Conventional LandauZener (LZ) theory*1? provides an

accurate description of the process in the absence of interaction

In their excited states, photoacids and photobases are strong
acids or bases, respectively. Excitation of these compounds in
a solution of protic solvents enables the study of the dynamics
of the proton-transfer reactions of acids and bases in soltitfon.

In recent papers,;1® we described our experimental results
of an unusual temperature dependence of excited-state proto
transfer from a super photoacid (5,8 dicyano-2-naphthol, DCN2)

to several monols, diols, and a glycerol. At relatively high . h X . T L
temperatures, the rate of proton transfer is almost temperature-w'th the environment. It IS applicable '.f the motion in the vicinity
' of the crossing point is nearly uniform (ballist#)?6 The

independent, whereas at relatively low temperatures, the rate. . ) . : .
exhibits great temperature dependence, and the rate-constarfpte.racnon of the partlcle. with the en\(lronment causes cqmpll-
value is similar to the inverse of the dielectric relaxation time. S2tons- The curve-crossing problem in the presence of dissipa-

: ) a5 i
We proposed a simple stepwise model to describe and calculatd'" has been studied extensivély*> Expressions for the

the temperature dependence of the proton transfer to the solventransition rate of various physical limits has been derived. When

The model accounts for the large differences in the temperaturethe coupling,V, between the diabatic terms is the smallest

dependence and the proton transfer rate at high and low Parameter of the system, the dynamics in the crossing region

temperatures in this nonadiabaticlimit is fast, the tunneling rate is the rate-

The temperature dependence of the rate constant for proton:'Qm:tmg step, gnd U\ﬁ] reat(r:]tlon rat? IS %Nten by tthhe I;ergn?olttjetn
transfer to the protic solvent is explained as a continuous . uie expression. vwhen the coupling between the diabalic states

transition from nonadiabatic (high temperature) to solvent- is larger tharkgT, the adiabatic representation of the coupled

controlled (low temperature) proton transfer. This phenomenon potent!al energy surfaces IS .adequate, the upper adlabgtlc
can be described by the LandaZiener curve-crossing equa- potential surface plays a negligible role, and the rate expression

tion'12 for the proton-transfer rate constant is given by the standard transition-state theory (TST) equation.

The theoretical analysis for the solution-phase proton-transferfa‘nOther physical limit is realized wheW < keT and the

reaction was undertaken by Dogonadze, Kuznetzov, Ulstrup interaction with the .environme.nt. Is strong enough. In this
and co-worker$-17 and then extended by Bcl)rgis and Hyli]%—go " solvent-controlled limit, the rate is inversely proportional to the
Cukier2122 and Voth?324 These theories suggest that when a solvent relaxation time (friction) and is independent of the
potential energy barrier is present in the proton-reaction COUPIINGV.

coordinate, the reaction pathway involves tunneling through the " this study, we measure the temperature dependence of the
proton transfer from two photoacids to water. We chose two

* Corresponding author. E-mail: huppert@tulip.tau.ac.il. Fax/phone: phOtoaC_idS that differ in their acidity in the excited stati€}p
972-3-640-7012. and their proton-transfer rate constants. The temperature de-
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SCHEME 1 by the Debye-Smoluchowski equation (DSE). In the continu-
ke ous-diffusion approach, one describes the photoacid dissociation
ROH* ———>  [RO™ .H'g-s DSE RO™ +H' reaction by the spherically symmetric diffusion equation (FSE)

in three dimension®3” The boundary conditions at= a are
those of the back reaction (Scheme k). and k; are the

) ) “intrinsic” dissociation and recombination rate constants, re-
pendence of the stronger photoacid (2-naphthol-6,8-disulfonate,spectively, at the contact-sphere radiuuantitative agreement
2N68DS, iK* = 0.4) in water has similar behavior to that which was obtained between theory and experimiéftand as a result,
we found for DCN2 for several alcohols. At relatively high i \was possible to make a more detailed study of the ESPT

temperatures, the rate of proton transfer is almost temperatureycess itself as well as of the dynamic and static properties of
independent, whereas at relatively low temperatures, the rateihe solvent.

exhibits great temperature dependence. The temperature depen- ap important parameter in our model is the mutual diffusion
dence of the proton-transfer rate constant of the weaker coefficientD = Dy* + Dro™. The temperature dependence of
photoacid, 2-naphthol ¥ = 2.7), exhibits different behavior.  he proton diffusion constanBy™, in water was deduced from
The activation energy of the proton-transfer process is abouthe proton conductance measurements as a functian?sf

12 kJ/mol at high temperatures. At low temperatufies, 300 The anion diffusion constanDro~, as a function ofT was

K, the activation energy increases and reaches* = 20 kJ/ estimated from the solvent viscosity d4t#2 The temperature
mol at 250 K. dependence of the dielectric constant and the dielectric relaxation
of water data were taken from refs 39, 43, 44, and 45. Using
Scheme 1 and the numerical solution of the DSE, we fitted the

Time-resolved fluorescence was measured using the time-€xperimental data and extracted both the intrinsic proton
correlated single-photon counting (TCSPC) technique. As an dissociation and recombinatioky@ndk;) rate constants. Typical
excitation source, we used a CW mode-locked Nd:YAG-pumped chi-squares of the fit range from 1.2 to 2. We determined the
dye laser (Coherent Nd:YAG Antares and a 702 dye laser) Proton-transfer rate constar, from the fit to the initial fast
providing a high repetition rate-(1 MHz) of short pulses (2 ps ~ decay of the ROH* fluorescence. The initial fast component of
at full width at half-maximum, fwhm). The (TCSPC) detection the fluorescence decay is mainly determined by the deproto-
system is based on a Hamamatsu 3809U photomultiplier, Nation process and is nearly insensitive to the geminate
Tennelec 864 TAC, Tennelec 454 discriminator, and personal 'ecombination process. The long-time behavior (the fluorescence
computer-based multichannel analyzer (nucleus PCA-II). The tail) seen in the ROH* time-resolved emission is a consequence
overall instrumental response was about 50 ps (fwhm). Mea- Of the repopulation of the ROH* species by the reversible

surements were taken at 10-nm spectral widths. Steady-statd€combination of RO* with the geminate proton. The repro-
fluorescence spectra were taken using an SLM AMINCO- tonation is an adiabatic process, and therefore the excited ROH*
Bowman-2 spectrofluoremeter. can undergo a second cycle of deprotonation. The overall effect

2-Naphthol-6,8-disulfonate (2N68DS) was purchased from iS & nonexponential fluorescence tail. _
Eastman Kodak, and 2-naphthol (2N), from Riedel-De Haen The comparison of the numerical solution with the experi-

ke

Experimental Section

(Hanover). The sample concentrations were betweerl® — mental results involves several parameters. Some are adjustable
and 2x 10 -5 M. Deionized water had a resistaned0 MQ. parameters, such &gandk, and others, such the contact radius
The solution’s pH was about 6. a, have acceptable literature vali€s’ We are facing a

The photoacids’ fluorescence spectrum consists of two multiparameter problem in adjusting a solution of a partial

structureless broad bands40 nm fwhm). The emission-band ~ differential equation to fit the experimental data.
maximum of the acidic form (ROH*) emits at higher energies The asymptotic expression (the long-time behavior) for the

than the emission-band maximum of the alkaline form (RO fluorescence of ROH1 is given by

At the ROH* emission-band maximum, the overlap of the two Kk

Iumllzescence bands is rathe_r small, and the contnbu_tl_on of the | E%OH* expl/t) = T2 expR,/a) — -3/2 1)
RO™* band to the total intensity is about 0.5%. In addition, we 2 ky(7D)

find that a fluorescent impurity in the compounds increases the

fluorescence intensity at long times to the level of-0015% In the above equation;, is the excited-state lifetime, arib is
of the peak intensity. Therefore, in the time-resolved analysis, the Debye radius given by

we add to the calculated signal an additional exponential decay

of about 10 ns with an amplitude in the range of-6015% to |2122|e2
compensate for the impurity fluorescence. =T (2)
The temperature of the irradiated sample was controlled by kg

placing the sample in an oven or a liquid, Nryostat with

thermal stability of approximately-1 K where zz and z are the charges of the proton and anion,

respectively is the static dielectric constant of the solvent,
andT is the absolute temperature.is the electronic charge,
andkg is Boltzmann’s constant. We estimate that the error in
Proton Dissociation and Geminate Recombination in the the determination oky is 5%. The error in the determination
Liquid Phase. Experimental and theoretical studies of ESPT of ky is due to (1) the signal-to-noise ratio of the experimental
processes in solution have led to the development of a two- signal, which affects the fluorescence curve at longer times and
step modée¥P37 (Scheme 1). (2) the interplay betweeky andk; (see eq 1) at longer times.
The first step is described by back-reaction boundary condi- The uncertainty in the determination kf is estimated to be
tions with intrinsic rate constankg andk;. This is followed by much larger,~20%. The relatively large uncertainty in the
a diffusional second step in which the hydrated proton is values ofk arises from the complex relation between the above-
removed from the parent molecule. This latter step is describedmentioned parameters that determine the ROH* fluorescence

Modeling
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tail and the large background due to the fluorescence of the diabatic potentials of mean force at the crossing paiit,=
impurity in the sample. ks, whereks is the parabolic potential-surface force constant.

Wheny < 1, one obtains the nonadiabatic-limit result
Modeling of the Proton Transfer to Water

General Considerations.The reaction of proton transfer to K=2y (6)
the solvent can be described schematically: .
leading to
AfH - -S> AT*e - 'HSQ
27 12
o = SV o) “emt-paciy @)

The reactant is an intermolecular hydrogen-bonded complex
between an excited photoacid, AH*, and a water molecule, S
Sg serves as a base, characterized by a hydrogen bond to th
photoacid and also to other solvent molecules. In water, this
specific water molecule,g5has three hydrogen bonds to three AG, = L(ES + AG)? (8)
water molecules. To form the product & - -HS} in water, 4Es
one hydrogen bond ofg20 a water molecule must be broken.

Thus, a relatively long-range reorganization of the hydrogen The adiabaticity parametey, (see eq 5), depends on the
bond network takes place upon proton transfer to the solvent. potential surfaces curvaturéF, the coupling,|V|?, and the
This complex rearrangement, to accommodate the product, isvelocity in the vicinity of crossingS. |V|? is independent of
probably the reason for the slow solvent-generalized configu- temperature. The solvent velocity,however, depends strongly
ration motion that corresponds to a low-frequency component on temperature. In our previous papér¥ we suggested that

in the solvent dielectric spectrum. Its time constant is close to Sis related to the slow components of the solvent relaxation.
the slow component of the dielectric relaxation time. According On the basis of the experimental data, we infer ®at b/zp,

to Kuznetsov and co-worket$;1” Borgis and Hyne$% 20 wherep is the solvent dielectric relaxation time abds an
Bernstein and co-workefé,and Syagé® a second important ~ empirical factor, dependent on the specific protic solvent, whose
coordinate should be taken into account. This second coordinatevalue is between 1 and 4.

is the distance between the two heavy atomsH>-O in our In the adiabatic limit V¥ > kgT, « &~ 1), the adiabatic rate
case. This distance is modulated by a low-frequency vibrational expression is

mode,Q.1847 The proton tunnels through the barrier from the

reactant well to the product well via the ass.istanqe of the I_ow- Kap = (0d27) eXp(_ﬁAGXD) (9)
frequencyQ mode whenever the solvent configuration equalizes
the energies of the reactant and the product.

Borgis and Hyne'$20 derived an expression for the proton-
transfer rate constank, They wrote an expression férin a
transition-state theory fornk is expressed as the average one-
way flux along the solvent coordinate, through the crossing point
S of the two free-energy surfaces, with the inclusion of a
transmission coefficienk, giving the probability of a successful
curve crossing:

dn which AGF is the Marcus activation free energy

wherews is the solvent high frequency amxiGh, = AGL, —

V is the free energy of activation.

Another physical limit is realized wheX < ksT and the
interaction with the environment is strong enough. In this
solvent-controlled limit, the rate is inversely proportional to the
solvent relaxation time (friction) and independent of the coupling
V. Rips and Jortnéf derived an expression for the resonant
electron-transfer rate in the solvent-controlled limit.

k=050(9 o(S— S) «(S S} ®)

T 1 ES 1/2 -

. . o ksc:T_ 167kgT exp(— BAGK,) (10)
whereSis the generalized solvent coordinagis the solvent L

velocity, and®(S) is the step function. The brackets denote . ]
averaging over the classical solvent distribution normalized by For the nonresonance cases, the prefactor in the rate expression

the partition function of the solvent. (eq 10) changes by only about 20%. is the longitudinal

To find the appropriate nonadiabatic transmission coef- dielectric relaxation timei = (e./es)p, Wheree, andes are
ficient, for use in this equation, Borgis and HyA®ased the the high-frequency and static dielectric constants, respectively.

general LandatiZener (LZ) transmission coefficient, adapted ~ The preexponent depends on the solvent's dynamical proper-
for the present problem. The LZ factor, appropriate for a positive fiés. At low temperatures, we found that the preexponential
velocity approach to the crossing point, is factor in the solvent-controlled limit is related to the slowest
component of the dielectric relaxation time. We also found that
—_m _1 PRSI - the temperature dependence of the proton transfer can be
=1 = TpexpC )] L~ expCy)l ) explained as a continuous transition from the nonadiabatic limit
h at high temperature to the solvent-controlled limit at low
where temperature.
) 5 A number of attempts have been made to bridge these
y = 27T|V|_ — 2~’T|V,| (5) physical limits. Zusmafi derived a rate expression that bridges
RAFS  hksS the nonadiabatic limit and the solvent-controlled limit. Rips and

Jortner have used a simple physical argument to obtain a rate
is the adiabaticity parameter. The expression for the transmissionexpression that bridges all three lim#sThey assumed that the
coefficientx includes multiple passage effects on the transition crossover could be described in terms of a single dimensionless
probability. V is the coupling matrix element between the parameter, the ratio of the mean free path to the root-mean-
reactant and the product, andr is the slope difference of the  square displacement of the reaction coordinate.
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In our previous papers,1° we used the mean-first-passage 23.8
expression to bridge between the nonadiabatic limit and the | oo o
solvent-controlled limit to obtain the rate expression 23.6 o 4
o (T) = Kua(T) ksd(T) 1) ] o
kna(T) + ksd(T) 23.4- °
wherekpt is the overall rate an&ya andksc are given by eqgs 1 °
7 and 10. 23.2 1 o
Numerical Calculation of the Proton-Transfer Rate. We
use two crossing parabolic potential surfaces representing the B
free energy of the reactant and product along the solvent F230=2 T
x

coordinate. For numerical calculation purposes, we focus our g . o,
attention on the reactant single-well parabolic potential surface = 19.0 o
in the generalized solvent coordinate. The numerical calculation . a
is based on the diffusive propagation of the solvent-generalized 18.5 - o
coordinate from the equilibrium position of the reactant well to ]
the crossing point. We solve the Deby®moluchowski equation 18.0 - %o
(DSE) for the specific problem. The probability density function, | ° g
p(S 1), to find a solvent configuratior§, along the generalized 17.5 o
solvent coordinate at timeobeys the DSE49.50 | o

Ip(S1Y — 0 BUe 9 pue 17:0 6 2.8 30 32 34 3.6 3.

o = Dage 92O p(s 1) (12) 26 28 3.0 32 34 36 38

(1000 / T) [K™]
whereD is a diffusion constant and(S) is the potential surface.  Figure 1. Proton-transfer rate constant as a function offf 2N68DS

In the numerical calculation, we used (O) and 2N Q).
U(S = l'k < the sink term at the crossing point between the reactant well
(9= 2°S and the product well. The boundary condition at the crossing
1 point is given by
Up(® = 5k(S~ S° (13) ap
| . | gl = kxS (15)

whereks = 2Es andSis the generalized and normalized solvent S=s=
coordinate. In this solvent coordinate, the reactant and product N o
equilibrium positions are & = 0 andS, = 1, respectivelyEs The boundary condition (eq 15) we chose has similar compo-

is the solvent reorganization energy. For both 2N and 2N68DS, Nents to the expression for the rate constant, expressed in a
we usedEs = 0.3 eV. The calculation’s initial condition is a  transition-state theory form (eq 3). The average solvent velocity,
thermal equilibrium of the probability density functiop(S), S IS proportional to I, k appears in both expressiomsisa
of the solvent coordinate of the reactant and is given by a Numerical factor that is independent of temperature and is

Gaussian distribution centered at the minimum of the reactant determined by fitting the numerical solution to the experimental
well. proton-transfer rate constant at high temperatures.

Finally, the proton-transfer rate constant is obtained from the
1 g
PedS = S p X~ - (14)
T Ayt [( 2[$2EJ

slope of the plot of Ing) versus time.
Results
where [¥[is the mean square displacement with a Gaussian 2-Naphthol-6,8-disulfonate. Figure 1 shows the proton-

width of U((B0) = /2EkK,T. transfer rate constant for both 2N68DS (circles) and 2N (squares)
The diffusion constanD, is related to the dielectric relaxation  as a function of I. The temperature dependence of the proton-

time, 7p, and the widths of the Gaussian initial distributftsp, transfer rate constankpr, of 2N68DS is quite unusual for

= [J21s, s = 1p/b, whereb is an empirical factor. FoEs = chemical reactions. In general, chemical reactions obey a

0.3 eV, = 0.16 at room temperature. constant exponential (Arrhenius) decrease of the reaction rate

The activation energyAG*, to cross between the reactant constant as a function of T/over a large temperature range.
well and the product well is determined from the experimental As described previously, the value lafis nearly insensitive to
activation energy measured at high temperatures (the nonadiathe solvent temperature &t> 300 K, whereas below 300 K,
batic limit). For 2N68DS, we usedG* ~ 2.5 kJ/mol. The kq decreases with the decrease in the sample temperature with

position of the activation barrier is determined AG* = U(S) a temperature-dependent activation energy.
andSF = 0.21. For 2N, we usedG* ~ 12 kJ/mol and calculated Figure 2 shows the activation energy of the proton-transfer
SF = 0.37. rate constant of 2N68DS (circles) in water as a functiof of

The next step in the calculation is based upon solving the In the high-temperature range> 300 K, the activation energy
DSE of a single parabolic potential surface with the relevant is almost constant, with an average value of about 2.5 kJ/mol,
initial and boundary conditions. To solve it, we used a whereas in the low-temperature region, it changes from 4 kJ/
modification of a user-friendly graphic program, SSDP (Ver. mol at about 300 K up to 10 kJ/mol at 265 K.

2.61), of Krissinel and AgmoPt The modification is based on Figure 3a shows the experimental results along with the
using the LandatZener transmission coefficient,(eq 4), in calculated results using the DSE for the proton-transfer reaction
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Figure 2. Activation energy of the proton transfer rate of 2N68DS
(O) and 2N {) as a function of IV.

2.6

from 2N68DS to aqueous solution as a functionTof. Full

circles represent the computed rates; open squares represent the

experimental rates. The solid line is from a calculation based

on the mean-first-passage expression (eq 11). The relevant

parameters for the calculation using the diffusion model are
given in Table 1.

The rate constant calculated using the interpolation equation
(eq 11) (the solid line in Figure 3a) also gives a good fit to the
experimental data. For 2N68DS, we evaluate from the high-
temperature dat¥ ~ 2 cnTl. The free adjustable parameters
in the calculation are’, b, andko:

y=y'tp(T) (16)

We find thaty’ = 1.6 x 109 s from the best fit to the
experimental data for the rate of proton transfer of 2N68DS to
water and thab = 2.5 andk, = 350 A/ns.

2-Naphthol. Figure 1 shows on a semilog scale an Arrhenius
plot of the proton-transfer rate constant for 2N (circles). The
proton-transfer rate constant from 2NKfp= 2.7) to water at
room temperature is relatively smatt {8 s~1), and it exhibits
a relatively strong temperature dependence even at high
temperatures] > 300 K. This behavior is in contrast to our
findings for stronger photoacids such as 2N68BS ¢ 2 x
10 s71) with pK* ~ 0.4 and a previously studied photoacid
8-hydroxy-1,3,6-trisulfonate (HPTS) withkpy ~ 1.7

The activation energy of 2N is not constant (see Figure 2,
squares). At high temperaturég,> 320 K, we find thatAG*
= 10 kJ/mol, whereas at supercooled temperatux&s,~ 18
kJ/mol. The experimental data of kar versus 1T can be fitted
with our model. Figure 3b shows the plot of the proton-transfer
rate constantker, as a function ofl~1; the experimental data

(squares), the computed values (circles), and the solid line are

from the computation based on the interpolation equation (eq
11). For the adjustable parameters, we find= 6 x 10° s71,
b= 1.2, and = 320 A/ns. Both V|2 and the activation energy

J. Phys. Chem. A, Vol. 106, No. 46, 200P1119

(@) 2s
>
£
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3.6
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Figure 3. Semilogarithmic plot of the proton-transfer rate constant
from photoacid to water versu ~* for (a) 2N68DS and (b) 2N.
Experimental datal{), calculations according to our diffusive model
and LZ boundary condition®), and the interpolation equation using
eq 11 ().

T
2.8 3.2 4.0

were determined from the high-temperature dstay 1 cnr!
andAG * ~ 11 kJ/mol.

Discussion

In this paper, we measure and calculate the proton-transfer
rate constant from two photoacida weak photoacid, 2-naph-
thol with pK* = 2.7 and a relatively strong one, 2-naphthol-
6,8-disulfonate with K* ~ 0.4—to water as a function of
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TABLE 1: Relevant Parameters for Model Calculations of 2Es = 0.3 eV, = 0, and S, = 1 A

dpK*  eAG*[kJ/mol]  fAGF[kJ/mol] 9  NKET[s7Y]  Pikg[A/ns] Iy’ ko V[em™]  mb
2N 2.7 17 11.5 039 1910 320 6x 10°  6.6x 10° 0.98 1.2
2N68DS 0.4 9 25 021 1.9109 350 1.6x 101  1.8x 10 2.3 25

a Solvent reorganization energy/For calculations with the SSDP progr&hwe used the solvent coordinate with a length dimension of angstroms.
©We placed the minima of the reactant and product potential surfaces at 0 and 1 A, respetiixelied-state equilibrium constarftActivation
energy as calculated from eq 'Sctivation energy obtained by the best fit to the experimental dafaossing-point position between the two
diabatic potential surface& Experimental values of the PT rate constant at 373K is a numerical factor that is independent of temperature and
is determined by fitting the numerical solution to the experimental proton-transfer rate constant at high tempeyatsi@free adjustable parameter

(see eq 16)¢y" is the calculated value gf according toy"” = 2—”|V|2i % I Evaluated from the experimental high-temperature rate constant.
m Empirical factor used in the determination of the proton transfer rate.

temperature and correlate the results with the correspondingtransmission coefficient (eq 4). The adiabaticity parameter,
values of the dielectric relaxation timep. In our previous (eq 7), is determined by three parameteig?, AF, andS. |V|?
studiest~10 we found that the temperature dependence of the can be evaluated from the experimental high-temperature rate
proton-transfer rate constant from a superphotoacid, 5,8-dicyano-constant. We find that the preexponential factor is .10
2-naphthol (DCN2) (with gz* = — 4.5 in water), to alcohols s and 8x 1(° s™! for 2N68DS and 2N, respectively. From
exhibits non-Arrhenius behavior. We found that, at low tem- the preexponential expression, we evalldt® be~2 and 1
peratures, the proton-transfer rate constant follows the inversecm™ for 2N68DS and 2N, respectivelAF = ks, whereks is
of 7p (i.e., ket = bltp), whereb is an empirical factor and its  the mean force constant, which is related to the solvent
value for methanol is~2. The proton-transfer rate constant of reorganization energks = 2Es. The medium reorganization
the strong photoacid, 2N68DS, exhibits a similar temperature energyEs can be calculated for spherical iof’sThe charge
dependence. Unlike the temperature dependence of the protondistributions of naphthol derivatives and naphtholate derivatives
transfer rate constant of 2N68DS from the weaker photoacid are complex, and it is a difficult task to estimdte For polar
2N, the proton-transfer rate constant also exhibits great tem- liquids, it is customary to usks values in the range of 0-40.3
perature dependence at high water temperature. In the curreneV 1853 For both compounds, we used the same reorganization
paper, we used a similar approach to explain and calculate theenergy,Es = 0.3 eV. To evaluate the adiabaticity parameter
temperature dependence of both 2N68DS and 2N. = v"1p quantitatively, we calculate the value of

Conventional LandauZener (LZ) theory%1? provides an
accurate description of the curve-crossing process if the
motion in the vicinity of the crossing point is nearly uniform
(ballistic) 2>26Rips and Pollak* showed that variational transi-
tion-state theory (VTST) allows for the identification of a for 2N68DS. For 2N, we fing" ~ 7 x 10° s™1.
collective coordinate along which the dynamics in the curve-  |nour previous work? we found the proton transfer rate from
crossing region is maximally separated from the remaining the superphotoacid DCN2 to methanol or glycerol, and at a low
solvent-induced dynamics (quasiballistic). The rate of transition enough temperature (the solvent-controlled limit), the diffusive
from the reactant to the product wells can then be calculated propagation of the solvent configuration toward the crossing
by conventional LZ theory. region is slow compared to the tunneling rate. The LZ

In a recent pape® we used the same model as used in this transmission coefficient is close to 1 since the average solvent
paper to fit the experimental temperature dependence of thevelocity, S, is slow (eq 5) and the rate-determining step is the
proton transfer from DCN2 to methanol and glycerol. The model transport motion of the probability density function of the
is based on a diffusive propagation of the solvent configuration solvent configuration itself, which also appears in the sink term
along a generalized solvent coordinate from the reactant potential(eq 15). The activation energy of the proced&*, remains
surface toward the crossing point with the product potential small, but the diffusion constant, which is related to the average
surface. The proton transfer occurs at the crossing point, andvelocity of the solvent configuration, exhibits a large tempera-
the rate is calculated by a sink term placed at the crossing point.ture dependence. In the solvent-controlled-limit rate expression
The sink term includes the solvent velocity and the Landlau  (eq 10), the preexponential factor of the electron-transfer rate
Zener transmission coefficient. Both the diffusion constant and constant is determined ky . For the analysis and the data fit,
the Landau-Zener transmission coefficient depend on the we use the average generalized solvent configuration velocity
dielectric relaxation of the solvent. Our model calculations show at the crossing poin& = b/zp, whereb is an empirical factor.
that, for sufficiently strong photoacids, at high temperatures (the  From previous studies on alcohbl&*52and also in this study,
nonadiabatic limit), the generalized water configuration motion we find that the solvent characteristic time for proton transfer,
is fast, the activation energy is sufficiently low, and the proton s = 7p/b, is in the rangerp > 7s > 7., wherer. = (e«/€s)p
tunneling rate is the rate-determining step. The LZ transmission is the longitudinal dielectric relaxation time. For methanol, we
coefficient is small and hence limits the rate of population found the value of the empirical factbr~ 2, and for 2N68DS
transfer to the product (in our model, successful crossing of in water, we found a slightly larger value= 2.5, whereas for
population to the product diabatic potential surface). From the 2N, this factor was significantly smallelp, = 1.2. The values
rate constant at high temperatures (the nonadiabatic limit, eqof 7, for water can be estimated from the values of the low-
7), we determine the preexponential factor and the activation and high-frequency dielectric constants of watey,and €.,
energy of the process. which are relevant for the proton-transfer process. The static

The preexponential factor is mainly determined by the value dielectric constant of water ige™® = 78 at 298 K. The
of the coupling matrix element. The transmission coefficient description of the dielectric relaxation literature results for water
from the reactant well to the product well at the crossing point requires a superposition of two Debye proce$4e®. The
(at the top of the barrier) is given by the LandaZener high-frequency dielectric constant of the slower process is about
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2N68DS to water, even under the supercooled condition of 250
K, k .z = 0.3, and hence the reaction-rate constant is mostly
determined by the proton tunneling rate, and the solvent
A dynamics limit the reaction rate to a lesser extent.
From our calculation, it arises that at high temperatures down
0.8 - A to about room temperature;300 K, the proton-transfer rate
constant is nearly independent of the generalized solvent
1 configuration motion since it is faster than the tunneling rate.
a Only at lower temperatures, solvent motion partially controls
0.6 the proton-transfer process, and the value of the rate constant
A o is influenced thereby. The experimental activation energy of
] proton transfer processes from 2N68DS increases by a factor
0.4 of approximately 5 since the relevant water motion that governs
the proton transfer process strongly depends on the temperature
. of supercooled water.
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