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The temperature dependence of the reaction of a proton recombination with a photobase is studied ir-glycerol
water mixtures. For this purpose, we used a strong photobase, 7-hydroxy-4-methyl coumarin (4CUOH). The
experimental data are analyzed using the bimolecular irreversible Smoluchowski theory. At high temperatures,
the proton recombination rate is almost temperature independent, whereas at low temperatures, the rate constant
has strong temperature dependence. The unusual temperature dependence is explained using proton-tunneling
theory, based on the Landadener curve crossing formulation. The high-temperature behavior of the rate
constant denotes 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 the solvent
controlled adiabatic limit to fit the temperature dependence curve of the experimental proton-transfer rate
constant.

Introduction with a proton in glycerotwater mixtures. The photoacid and
base properties of 4CUOH have been studied in various solvents

A large experimental and theoretical effort has been made in the pasf—

over the past several decades in order to understand the i d idelv distributed i d ;
dynamics of intramolecular and intermolecular proton transfer _Coumarin dyes are widely distributed in nature, and some o
the derivatives are of great importance in chemistry, biochem-

in the gas phase, in clusters, and in the condensed phtse. | - &hindi )
Studies of excited-state proton transfer (ESPT), from either ISUY, and medicine. Chénindicated that 4CUOH is a useful
indicator for following the pH change induced in the carbonic

a photoacid to the solvent or the transfer of a proton from the hvd vzed hvdrati f .
solvent to a photobase in solution, are fundamental to the &MYdraseé catalyzed hydration of £®Many coumarins are

understanding of the nature of the reactions of acids and basedaturally fluorescent. In the ground state, hydroxy coumarins

in solution. These studies were conducted either on a photoacidIn ar?ueou;s sdolution hr?ve mild ae'rﬁ)ase properti.es,ml N.g'
molecule, which dissociates upon excitation to produce an In the excited state, they are much stronger aefifeotoacids,

excited anion and a proton, or on a photobase molecule thatAPK* = (PKa — pK3) ~ 7. 4ACUOH shows dual photoreactivity
recombines with an excess proton in solutdr2 Even though in the excited state. In its neutral form, ROH*, it can transfer a
this subject has been studied for many yéa#éthe exact nature proton to_ protic solvents. In1 water, the proton-transfe_r _rate
of both ESPT reactions is still not completely clear, nor is the constant is largeks ~ (20 ps)™. In monols and glycerol, it is

dual role played by the solvent molecule (1) as proton acceptor @t least 3 orders of magnitude smaller, ilg.< 10° s, i.e.,
or proton donor and (2) as a solvating medium of both the smaller than the radiative rate. Hence, this process has a low
reactant and the produt2526 quantum yield. The excited state 4CUOH can also react with

In recent paper&-30 we described our experimental results the solvent, SOH, and abstract a proton, ROH*SOH —~
on an unusual temperature dependence of excited-state protofROHz ™ + SO™. It reacts much faster with excess protons in
transfer from a super photoacid (5,8-dicyano-2-naphthol, DCN2) Solutior?? to form ROH,™. Thus, 4CUOH is also a strong
to methanol, ethanol, propanol, diols, and glycerol. In all of photobase an_d can be used to study the recombination process
the solvents at high temperatures, the rate of the proton transfe©f @ proton with a photobase.
is almost temperature independent, whereas at low temperatures,
the rate exhibits large temperature dependence. The values oEXperimental Methods and Data Analysis

the rate constant at low temperatures are similar to the inverse 7-hydroxy-4-methyl coumarin (4CUOH, Kodaks99%
of the dielectric relaxation time. We proposed a simple stepwise hemically pure) was dissolved in glycefc,Water mi’xtures’
model to describe and calculate the temperature dependence o, oncentrated HCIQ (Merck, Darmstadt 70% in aqueoiJs
the proton transfer to the solvent reaction. The model accountssolution) was added to the ’solution. Various glycenohter
for the large difference in the temperature dependence and themixtures with mole fractions of glycerol between 0.1 and 1,

proton-transfer. rate at high and low tempera.tures. with acid concentrations between 0.1 and 1 M, were used.
In the following paper, we extepd the previous study of the 4CUOH sample concentrations were betweern 2074 and 5
temperature dependence dynamics of the transfer of a Proton. 41 5-4 M. In most of the experiments of this study, we used

frﬁn;‘ g phot70ﬁc(ijd to Te S?r:vfzﬁtao to a rec%mlginatioz COLfJ gH glycerowater mixtures containing 60, 70, and 80 vol % of
photobase, 7-hydroxy-4-methyl coumarin (umbeliferon, ): glycerol. All chemicals were used without further purification.
T Part of the special issue “Noboru Mataga Festschrift”. ) Steadyésli[ha;ep\fwmg%egce Spect2ra| of Fhe samples Werte rEC(t)rded
*To whom correspondence should be addressed. E-mail: huppert@ 9N @n - -Bowman 2 luminescence spectrometer
tulip.tau.ac.il. Fax/phone: 972-3-6407012. and corrected according to manufacturer specifications.
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Time-resolved fluorescence was measured using the time-erfc is the complementary error functider is the rate constant
correlated single-photon counting (TCSPC) technique. As an of the reaction at contact.
excitation source, we used a cw mode-locked Nd:YAG-pumped The survival probability of ROH* with finite lifetimer;,
dye laser (Coherent Nd:YAG Antares and a 702 dye laser) surrounded by an equilibrium distribution of excess protons with
providing a high repetition ratex(1 MHz) of short pulses (2 ps initial condition S0) = 1, is
at full width half-maximum, fwhm). The TCSPC detection
system is based on a Hamamatsu 3809U, photomultiplier, S(t) = exp(t/r; — ¢ ftk(t’) dt) (7)
Tennelec 864 TAC, Tennelec 454 discriminator, and a personal 0
computer-based multichannel analyzer (nucleus PCA-Il). The
overall instrument response was about 50 ps (fwhm). Measure-
ments were taken over a 10 nm spectral width. The samples
were irradiated with laser pulses at 310 nm.

The temperature of the sample was controlled by placing the
sample in an oven with thermal stability of approximatedy
K

wherec is the concentration of the excess proté(t) is the
time dependent rate constant, given either by the numerical
solutiorf® or by eq 5% and z; is the effective ROH* life-
time.

We solved eq 3 numerically, using a user-friendly Windows
application for spherically symmetric diffusion problems (SSDP,
ver. 2.61)° There are several input parameters for this model.

q D|ff_Lgsng§ M|Ode:' 'I_'he Smg:u%hf?ws.‘k' Fhﬁory 'Sd usedt_ 0 4 taken as 7 A, the value suggested by Wellder is the
escribe bimolecuiar irreversible difiusion-Influenced reactions, ;10 1ar rate coefficient which, for 4CUOH in 60 vol %

in the pseudounimolecular limit, when one reactant (say, B) is glycerowater solution at room temperature, we find in this
in excess” The initial decay of A is faster than at long times, study to be~6 x 101 M1 L. These parametérs did not vary
becaL_Jse of the excess of B molecules at clos_e proximity tO.A' with the acid concentration. The diffusion constant for the
As this density approaches its steady-state limit, the reaction reaction is the mutual diffusion constabi= Dy* + Dropp. Its
becomes exponential, with adlﬁu5|on-control rate coefﬂugnt, values in glycerotwater mixtures at all temperatures are
ko. Regently, we shoyvéélthat th_e theory f|t_s nonexponential unknown but could be evaluated up to a certain degree of
dynamics, observed in photoacilase reactions. confidence

The reaction of accepting an excess proton from the solvent For 4CUOH, we estimat® from the viscosity according to

. * s . ! R . .

by tlljr? fxmted ACUOH molecule (ROH), ROH® S.O"g the Stokes-Einstein relation, DO 1/y, and known literature
ROH';" + SOH, can be described by a diffusive model. 5,65 ofD of similar compounds. For 2-naphthol in water (
According to the Smoluchowski theofy,the survival prob- = 1cp), Wellef suggested diffusion coefficients of 1x110°5
ability of the proton acceptor (here, ROH"), because of its v &1 According to a more recent compilatiéhthe values

irreversible reaction with a concentratior= [B] of donors, is ¢4 naphthol derivatives in water fall in the range of 0-8565
given by x 1075 cn? s'L. We calculated the value dby+ at room
; temperature for the studied wateglycerol mixtures from
S(t) = exp(-c [ K(t') dt) (1) Erdey-Gruz conductivity measuremerfts.
The temperature dependence of the kinematic viscosity of
wherek(t) is the time-dependent rate coefficient (or, reactive glycerol-water mixtures was studied by Shankar and Kuthar

flux at contact) for the doneracceptor pair in the temperature range 380 °C. They fit the viscosity data

by an empirical correlation
k(t) = kprp(a,t) 2

(Invy=Inv)l(Invy—Inwv,)=

The pair (ROH*/H") density distributionp(r,t), is governed _ 2

by a Smoluchowski equation Xg[l +a Xg)]{a+ bxg T o } 8

20 20 where vy, vy, and vy are the kinematic viscosities of water,
ap(r.t)/ot = Dr o’ gp(r,t) 3 glycerol and the mixtures, respectively, arglis the mass

fraction of glycerol in the mixtures. The empirical constaats
with an initial homogeneous distribution and a “radiation” b, andc depend on temperature and are given in ref 44. The
boundary condition at the contact distance=( a), depicting viscosities, as a function of temperature of neat water and
the occurrence of irreversible recombination upon the binary glycerol, were taken from refs 45 and 46, respectively. For water
collision. above 100C, we extrapolate the values from a polynomial fit.
; The calculated viscosities of the glycerabater mixtures as a
20 _ function of temperature are shown in Figure la. For ions in
4nDa 0 P(rDl-a = kerP(@l) “) solution, the diffusion constant can be calculated via the Stokes
_ ) ) _ Einstein relation from the viscosity data. Protons in aqueous
For this particular case, of no potential between the reacting gg|ution and in alcohols have excess proton conductivity and
particles, it is possible to solve the DSE analytically. Collins diffusivity because of the prototropic mechani&tiThe Walden
and Kimbalf° found an exact expression for the time dependent product for protonsyA is not constant in waterglycerol
rate constant: mixtures* and hence, the proton conductivity is not expected
to follow the same temperature dependence of the viscosity.

K(t) = 4mDakor [ 1+ Ker oot erfc[(yZDt)”Z]} (5) At low temperature, ErdeyGruz* found for glycerol-water
Kot + 47Dal 47Da mixtures at all compositions that the activation energy of the
o conductivity is lower by~25% from that of the viscosity. Thus,
v is given by we expect that the temperature dependence of the proton
conductivity will be significantly smaller from that of the
— al(l + kPTa) (6) viscosity. From the simulations of our data, we find that indeed
4 47D the temperature dependence of fhas smaller from that of
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Figure 1. (a) Arrhenius plot of calculated #/of glycerowater
mixtures as a function of I/ 60 vol % glycerol @), 70 vol % glycerol
(@), and 80 vol % glycerol £). Inset: The Arrhenius plot of the
diffusion coefficients as used in the fit of the time-resolved emission
data. (b) A comparison dD used in the fit and 3 as a function of

temperature for a 70% glycereWwater mixture.

viscosity. Figure 1b shows the comparisondfused in the
fit, and 14 as a function of temperature for a 70% glycerol

water mixture.
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Figure 2. Steady-state emission spectra of 4CUOH at room temper-

ature in a 60% glyceretwater mixture containing various concentra-
tions of HCIQ,.

Results

The excited-state protolytic reactions, involving the addition
and subtraction of protons to the 4CUOH molecule, were studied
by several groups in the p85t33 and more recently by Bardez
et al3* Upon excitation, both the acidity of the phenolic group
and the basicity of the carbonyl group of 4CUOH are increased
relative to the ground state. The steady-state emission of 4ACUOH
consists of three structureless broad bands, the maxima of which
are at 380, 455, and 485 nm. The relative intensity of the
emission bands depends on the solution pH and is assigned to
the excited-state species, ROH* (380 nm, band maximum),
RO™* (455 nm), and ROK™ (485 nm) forms.

The steady-state emission spectra of 4CUOH at room
temperature in 60% glycerelvater mixture, containing various
concentrations of HCIgQ are shown in Figure 2. As the acid
concentration increases, the intensity of the ROH band at 380
nm decreases and the R@Hband intensity increases. The
isoemissive point is at 460 nm, indicating that the ROHH™
= ROH,"™* process takes place in the excited state. The proton-
transfer reaction ROH*~ RO™* + H* is slower than the
photobase reaction when the HCIO4 concentration is larger than
0.1 M. In 60% glycerot-water mixtures containing 1.0 M
HCIO,, about 95% of the ROHs consumed by the photobase
reaction with an excess proton. At low acid concentration (0.25
M HCIQy,), the parallel competitive reaction to produce RO
is quite effective and the R® concentration increases to about
20%.

Figure 3 shows the time-resolved emission measured at 370
nm at several temperatures in the range of-28@3 K of an
80 vol % of glycerot-water mixture containing 0.29 M HCIO
At all studied temperatures, the fluorescence decay was non-
exponential, indicating that the reaction rate constant at contact,
ker, is larger than the diffusion rate constamt. At low
temperatures, the average emission decay is long, indicating that
the proton recombination reaction, as well as the diffusion
rates, are relatively slow in the nanosecond range. The decay
rates at high temperatures are faster, in the hundreds of
picoseconds.
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. . . Figure 5. Calculated fit (solid line) to the time-resolved emission
Figure 3. Time-resolved emission of 4CUOH, at 370 nm and at several results (dots), measured at 370 nm, using the Smoluchowski theory.

temperatures in the range of 29403 K, of an 80% glyceretwater .
mixture containing 0.29 M HCIQ Top to bottom: 297, 313, 333, 343, | 0P [0 bottom: 297, 313, 343, 363, and 383 K.

353, 373, 383, and 393 K. _ _ )
Following Weller, we takea as 7 A. This leaves us with only

two parameters that were adjusted to fit the dakar and

D. The diffusion influenced chemical reaction formalism

separates the diffusion rate from the “true” reaction rate

constantkert. kp depends linearly on the value of the contact

radiusa. We useda = 7 A, the same value suggested by Weller.

We checked the influence of the value afon the quality

of the fit of the model to the experimental results and the

value of kpr extracted from the fit. We got good fits to the

experimental results. When we changdrom 7 to 5 A, D

=21 x 10% cm? s1 (T = 373 K, 60% glycerotwater

mixture, 0.29 M HCIQ), ket changes from 5.% 10°° (a=7

M A)t05.5x 100 ata =5 A (7% of change). We believe that
W such a small change in the value kfy does not affect the

w J temperature dependence kg, which is the essence of this
Uw " paper. The determination of the temperature dependence of the

W’M proton-transfer ratekpr, is the main goal of this study. The
!

15

=
—_
L

Normalized Intensity

dynamics of the process is affected by the transport of the excess
proton toward the 4CUOH molecule, which makes it difficult
0.01 — ! to obtainkpt. The relevant parameters for the fit are given in

0 2 4 6 8 Table 1.

Time [ns] Figure 6 parts a and b shows the time-resolved emission
Figure 4. Time-resolved emission of the R@Hband of 4CUOH, measured at 370 nm of 0.29 and 0.55 M HCED% water-
measured at 530 nm at several temperatures. Top to bottom: 297, 313glycerol mixtures along with the model fit (solid line) at two
333, 373, and 393 K. temperatures, 298 (6a) and 373 K (6b). It can be seen that at a
particular temperature we are able to get a good fit by changing

band measured at 530 nm at several temperatures. Each curv8nIy the acid concentration and keeping all of the other

has a growth period followed by a relatively long exponential parameters constant_. )

decay. For a particular temperature, the growth time fits the "€ nonexponentiality of the decay curves enables us to

decay time of the emission of the ROH* species measured atdifferentiate the contribution déer(T) andko(T) to the dynam-

370 nm. At high temperatures, the rise time is much shorter iCS. The initial decay rate is determined lyr, and the long

than at room temperature, corresponding to a faster recombinaiime behavior is determined Byeo) = kpker/(ko + kpr). When

tion reaction rate. ket > kp, which is the case for the low and medium-temperature
Figure 5 shows a calculated fit, using the Smoluchowski data, k(«) = ko. In such conditions, the decay curves are

theory, to the experimental results of the time-resolved emission, Nonexponential, the proton-transfer rate determines the initial

measured at 370 nm, of 0.29 M HGJB0% glycerot-water fast decay, and the value Dfdetermines the long time behavior

mixture at various temperatures. In the present analysis, theof the decay curve.

model parameters ara, the contact radiusker, and kp = We conducted time-resolved emission measurements at

4xDaN, whereN' = Na/1000 andNa is Avogadro’s number. various wavelengths in the spectral region 3660 nm.

Figure 4 shows the time-resolved emission of the ROH
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TABLE 1: Relevant Parameters for the Proton Transfer Reaction of 4CUOH in water-glycerol binary mixtures

TrRoH = 2.1 NS;Tro- = 1.5 NS Tron,™ = 5ng

60% glycerol 70% glycerol 80% glycerol
T 10° Db 10 0kpre 10°D 10 O kpr T 10°D 10 Okpr
K] [cm?s™ [M~1sT] [cm?s7Y [M~1sT] K] [cm? s [M~1sT]
296 35 2.14 1.2 1.35 298 0.5 0.98
303 4.3 2.63 1.7 1.69 320 127 1.80
313 5.6 3.20 2.3 2.14 323 1.7 1.99
323 7.3 3.57 33 244 328 1.85 2.22
333 9.5 4.14 4.4 3.10 333 2.2 2.56
343 9.7 4.89 5.6 3.38 343 2.9 2.86
353 10 5.34 8.0 3.94 348 3.8 3.12
363 15 5.64 11.0 4.13 353 4.7 3.38
373 21 5.90 14.0 4.58 358 5.0 3.57
383 25 6.02 17.0 4.77 363 6.1 3.80
393 32 6.20 25.0 4.88 373 8.0 3.91
403 37 6.32 28.0 4.96 383 12.0 4.06
393 15.0 4.17
403 18.0 4.25

2The excited-state lifetime of the ROH* form is measured in trifluorethanol where the proton-transfer reaction does not tak® ptate
+ Dron+, €xtracted from the best fit to the experimental data using Celltimball equation (eq 5)¢ ket extracted from the best fit to the experimental
data using CollinsKimball equation (eq 5).

According to the irreversible diffusion model equations photobase to recombine with a proton can be described by a
(egs +-7), the fluorescence intensity at a certain wavelength, set of chemical equatiorfs:
v, and timet, is given by a superposition of two contribu-
tions: + ke

B + "H,0S, + SRk_‘,_f B-"H,0S, + S,
I(v.t) O SHg(v) + (1 — L) (»). 9)

St) is the survival probability of ROH* and + St) is the
survival probability of ROH™. g(v) andd'(v) are the fluores-
cence line shapes of the ROH* and RO respectively. The
spectra were constructed from 18 time-resolved measurements
at different wavelengths. Figure 7 shows the time-resolved where BH' is the protonated photobaséH,OS, is a single
spectra of 4CUOH 60% glycerelwater mixture containing 1.0  protonated solvent molecule (the acid) from which the proton
M HCIO4 at four times (10, 20, 100, 200, and 400 ps). The is transferred, Sis the solvent configuration for stabilizing the
model calculation (eq 9), shown as solid line, fits nicely to the reactants, andSs the solvent configuration of the products.
experimental data (points). The ROH* emission band intensity S. is the solvent configuration to equally stabilize™Bl,0S
decreases with time, and the R@# emission band increases  and BHHOS,.

ks
B-"H,08S, + S, <—BH"-HOS, + S.

ks
BH™-HOS, +S.—BH" +HOS, +S,  (10)

with time. Kuznetso¥’ and later on Borgis and Hyrfeaddressed the
important issue of low-frequency vibrations in promoting proton
Discussion transfer. One important difference between electron transfer and

proton transfer is the extreme sensitivity of the proton tunneling

ré?otrlht(arzafr?gl‘oevrvqaiss?g ?c?llrngéil gnzfgeggrsictrilgr? ;P gutrh;gr)(/v?sfe matrix element to distance. Borgis and Hyhelerived the
P : y P P nonadiabatic rate constaft,It was similar to that of Kuznetsov
model accounting for the temperature dependence of the proton-

i 7 : T
transfer rate. Finally, the correlation of our model of proton ;nod dif(i:;) dw%r]';etrfr’ml;ﬁ:] trt]:rrr:usr;p:rllmlg dtsrr:néz Osn'g;'f'r%amngilm
transfer with the theory will be presented. ’ 9 gly dep P 9

Kuznetsov and his colleagu€sdeveloped the model for wbrauo_n,Q.
nonadiabatic proton transfer, which is very similar in its Q_ualltatlve Model for the Temper_ature Depepde_ncg of
treatment of the involvement of solvent to the model for EXCited-State Proton-Transfer ReactionsThe main findings
nonadiabatic electron transfer. The fundamental assumption isCf the experiments are as follows: (1) 4CUOH recombines with
that, when a barrier is encountered in the proton-transfer €XCess protons in the excited state in protic solvents. (2) In
coordinate, the proton tunnels through the barrier, thus leading 9lycero-water mixtures, at relatively low temperatures, the
to a nonadiabatic process. In the Kuznetsov métiehen the temperature dependence of the recombination rate constant
polar solvent is equilibrated to the reactant, the proton will not follows 1/p whererp is the slow component of the dielectric
be transferred because of an energy mismatch in the reactantelaxation. (3) In contrast to the low temperature behavior, at
and product states. Upon a solvent fluctuation, the energy of relatively high temperatures, the proton-transfer rate constant
the reactant and product states becomes equal, and it is in thids almost temperature independent. (4) Similarly, we find the
solvent configuration that the proton tunnels from one side of temperature dependence for the transfer of a proton from
the well to the other. Finally, upon solvent relaxation, the photoacids to protic solvents 30
product state is formed. Previously we used a qualitative model that accounts for the
If the pretunneling and posttunneling configurations are unusual temperature dependence of the proton transfer from a
regarded as real transient intermediates, the process for gphotoacid to the solvedt 30 The proton-transfer reaction
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Figure 7. Time-resolved spectra of 4CUOH in 60% glycerol-water
mixture containing 1.0 M HCI® measured at room temperature;
experimental dataa, 10 ps;®, 40 ps;H, 100 ps;v, 200 ps; andD,
400 ps; solid lines, model fit using eq 9 (see text).

acceptor. The overall rate constakiz(T), at a givenT is

(1) = DD

ICTOR) “”

whereks is the solvent coordinate rate constant &nds the
proton coordinate rate constant.

Equation 11 provides the overall excited-state proton-transfer
rate constant along the lines of a stepwise process similar to
the processes mentioned above. As a solvent coordinate rate
constant, we usé&s(T) = b(1l/tp), whereb is an adjustable
empirical factor determined from the computer fit of the
experimental data. From our previous studies on ESPT of
photoacids, we found that the empirical factorlies between
0.65 and 4. For the alcohols, is usually smaller thamp by a
factor of 2-6. Thus, the solvent characteristic time,= 1/ks-
Figure 6. Experimental and DSE fit of the time-resolved emission of (T), for monols lies between the dielectric relaxation and the
4CUOH in 60% glycerotwater mixture measured at 370 nm at 0.25 longitudinal time, 7. < 7s < 7p. Pines and co-workef4?
and 0.55 M HCIQ. (2) T = 298 K and (b)T = 373 K. correlated the value of the proton dissociation tgtef many
aohotoacids with their i} value. They used a procedure

published by Agmon and Levirl From the data analysis, they
foundk = 3 x 101! s andG. = 1.6 kcal/mol” This places
the activationless limit of proton-transfer reactions between
Debye relaxation timezh ~ 8 ps for water at 25C) and the
longitudinal relaxation time, = (e./eg)tp ~ (1 & 0.5) ps, where

€ andes are the dielectric constants of the solvent at high and
low frequencies, respectively.

Normalized Intensity

o

ot
-
I

T T T T
0 300 600
Time [ps]

depends on two coordinates. The first coordinate depends on
generalized solvent configuration. The solvent coordinate
characteristic time is within the range of the dielectric relaxation
time, 7p, and the longitudinal relaxatiorny = ed/es tp. The
second coordinate is the actual proton translational motion
(tunneling) along the reaction path, between the two oxygen
atoms in this case.

The model restricts the proton transfer process to be stepwise. i
The proton moves to or from the adjacent hydrogen bonded Robinson et at' have suggested that moderately strong
solvent molecule only when the solvent configuration brings Photoacids dissociate with an Arrhenius behavior giverkby
the system to the crossing point according to the Kuznetsov = 7d * €Xp(-GdksT), wherezq is the collective dipole cor-
model4” This model excludes parallel routes for the ESPT in relation time,zq = 7p, andG, is the activation free energy for
which many solvent configurations permit the reaction to take dissociation, which is mainly determined by the change in the
place with a distribution of reaction rates. In the stepwise model, Solvent entropy following the proton solvation by water.
the overall proton-transfer time is the sum of two times; 7; The reaction rate constat;, along the proton coordinate is
+ 72, where 71 is the characteristic time for the solvent expressed by the usual activated chemical reaction description
reorganization anda, is the time for the proton to pass to the given by eq 12. At high temperatures, the solvent relaxation is
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fast and the rate determing step is the actual proton-transferreactant to th€-vibrational state, m, in the product. They wrote

coordinate
=i e -4
RT

Wherekﬂ is the preexponential factor determined by the fit to
the experimental results amsiG* is the activation energy.

For photoacids, the activation energyG*, is determined
from the excited-state acid equilibrium constalidf, and the
structure reactivity relationK? is calculated from the rate
parameters derived from the time-resolved emissior 820
K, assuming thaky ~ kg, according to

107k y/(NAk)

whereN, is Avogadro’s number anky andk, are the proton
dissociation and recombination rate constédhis this study,

12)

* —
a,chem

(13)

we deal with the reaction of a photobase with excess protons.

The excited-state equilibrium constant is hard to determine

because the dissociation rate of the bound proton*B*?—i B*
+ H* is too slow to compete with the excited-state lifetimes,
ky < k. Thus, we used\G* as an adjustable parameter in our

fitting procedure. We calculated the temperature dependence

an expression fok,y, in a transition state theory form. In
particular,k,m can be expressed as the average one-way flux in
the solvent coordinate, through the crossing p&mt of the

two free energy curves for the n and m vibrational states, with
the inclusion of the transmission coefficiertyn, giving the
probability of a successful curve crossing:

Kom = (Sé(s_ Swn)’(nm(s Snm)gz

whereSis the solvent coordinat&is the solvent velocity, and
O(9 is the positive velocity step function.

To find the appropriate nonadiabatic transmission coefficient
factor, knm, for use in this equation, Borgis and Hyfased
the general LandatZener (LZ) transmission coefficientym,
adapted for the present problem

Kom = [1-1/2 expeynm)] 71[1 - exp(_Vnm)]

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

(14)

(15)

27C,,.2 B

T R OAV, 09 S

27C,, .2

hikeS

(16)

of the overall rate constant of the proton transfer from the solvent yhere AV, is the gapVm — Vi and includes multiple pass

to the photobase using the above-mentioned procedure.
Qualitative Comparison of the Temperature Dependence
of Proton Transfer with the Borgis—Hynes Theory. In this

effects on the transition probability. (Note that, — 1 is the
adiabatic limit.) Wheny,n < 1, one obtains the nonadiabatic
limit result

subsection, we compare our qualitative model, based on the

experimental results, with the Borgislynes theory for the
proton transfer, which uses the Landaiener curve-crossing
formalism?

The reaction of a proton with a photobase can be described

schematically:

B*-"H,0S, — BH*-:-HOS,

The reactant is an intermolecular hydrogen-bonded complex
between the photobase, B*, and a protonated solvent molecule,
*tH,0S,, that serves as an acid, characterized by a hydrogen
bond to the photobase and also to other solvent molecules. It

was found that this hydrogen bond in protic solvents shifts the
fluorescence band to the red by about 1000 &R In water,

this specific water moleculé H,OS,, has three hydrogen bonds
to three water molecules. To form the product, BHHOS,,

in water, a hydrogen bond of HQS0 an additional water
molecule must be formed. Thus, relatively long-range reorga-
nization of the hydrogen bond network takes place upon proton
transfer to the photobase. Similar arguments of long-range

rearrangement of the solvent can be said for proton transfer from . 28-30
) : studies?®30 1
a photoacid to the solvent. This complex, long-range rearrange-
ment, to accommodate the product, is probably the reason for

a slow generalized solvent configuration motion which corre-
sponds to a low-frequency component in the solvent dielectric
spectrum. Its time constant is close to the slow component of
the dielectric relaxation time.

Knm = Zynm (17)

This leads to a state-to-state rate constant in the adiabatic limit

27 12
Kom = fcnm2 (4537'[) © ﬁAG*“"‘] (18)
in which AG],, is the activation free energy
AGhy = 7(Es + AG + AE,)’ (19)
S

Esis the solvent reorganization energy, ak@ is the reaction
free energyynm (see eq 16) depends on the potential surfaces
curvature, §AVo/dS)s,, on Cor?, and onS. Cyy? depends on
the Q intermolecular vibrational mode which is independent of
T and S The solvent velocity,S, strongly depends on the
temperature. In factS relates to the solvent relaxation. For
photoacids, we found tha® = blrp, wheretp is the solvent
dielectric relaxation time and is an empirical factor between
0.65 and 4. In all of the solvents used in our previous
depends, nearly exponentially, on the temper-
ure:

Ynm U 7p(T)

FIRT

o =13 (20)

As mentioned above, our previous experiments indicate that y,m assumes a low value at high temperature and a high value
the solvent fluctuation rate, to equalize the energies of reactantat low temperature. For the solvents used in this experiment,

and product at the crossing point, is not of the order df 0
but slower than 1% s~1. For monols, diols, and glycerol, it is
very close to I, wherep is the slow component of the
dielectric relaxation time.

Borgis and Hynésderived an expression for the rate constant,
knm, for the transition between thH@-vibrational state, n, in the

the value ofy,n as a function of the temperature smoothly
increases from a value close to 0, i< 1 (the nonadiabatic
limit, high temperature), to a value> 1 (the adiabatic limit,
low temperature). In our previous stifflyon photoacids for
ESPT in neat glycerol and diols, we used eq 15 to calculate
knm and y = 2aCnntg/hks = 1CPrs, wherets = tp/b. The
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transmission coefficienk,m, changes from close to zero at high 25.0
temperatures (above 400 K) to close to 1 at low temperatures
(below 325 K).

Borgis and Hynes have also theoretically examined the
situation of the Gadiabatic limit, which leads to the rate
expression

ko = (0d27) exppAG’) (21)

wherews is the solvent frequency amtiG* is the free energy =
of activation. In regular theoretical considerations, in the =
adiabatic limit,C,2 is large, the gap is large,m ~ 1, and the

reaction rate proceeds on an adiabatic potential surface. In our

approachC,? is an unknown and approximately constant over 23.54
the studied temperature range, Wtthe solvent velocity,

appearing in the denominator pfeq 16) depends exponentially

on the temperature. Thus, at slow solvent velocity (low

temperature)y > 1 andk.,m &~ 1, the proton-transfer reaction

proceeds adiabatically; that is, the rate-limiting step is the solvent BOt+—T—— 711 s
velocity. According to Borgis and Hynggeq 21), the preex- 24 26 28 30 32 :
ponential factor will be of the order of 3®s™1 or greater. This 1000/T [1000/K}

expression sets an upper limit of the fastest proton-transfer rateFigure 8. Arrhenius plot of the proton-transfer rate constant of 4CUOH
of about (100 fs)'. Such a high rate has only been found this in glycerol-water mixtures and 0.29 M HClfas a function of I;
far in intramolecular proton transféf18 This rate is almost 60 vol % glycerol M), 70 vol % glycerol @), and 80 vol % glycerol
larger by a factor of 100 than the one found experimentally for (a). The calculated fit to the lké1) using the stepwise model is shown

: as solid lines.
the fastest intermolecular proton transfer.

Our expression for the stepwise madet® (eq 11) is similar  djelectric relaxation time varies linearly with the mole fraction,
to the expression of Rips and Jorttefor the overall ET rate  x, of the mixture constituents for watemethanol and water
constant that bridges between the two extreme cases, thesthanol.
nonadiabatic and the adiabatic ET. McDuffie et al®” measured the dielectric relaxation time of

If we qualitatively use the BorgisHyne$ formulas for water—glycerol mixtures in the low-temperature range from
nonadiabatic and adiabatic proton-transfer rate constants in a—7.5 to —19.5°C. The logarithm of the dielectric relaxation

similar form as suggested by Rips and Jorthtar the overall  time of the mixtures obeys a linear relation with the mole
expression of the electron-transfer rate constant (eq 3.38 in reffraction of the constituents. We estimatg(T) for glycerol-
50), we get water mixtures using the following procedure. We assume that
7p, at low and medium-temperature ranges for the studied
N@(‘r);@?(‘r) mixtures, follows the same dependencexg(the mass fraction)
ke(T) = & 5 (22) as the viscosity. We assume that Kumar's empirical correlation
r(T) + I¢T (M for the temperature dependence of the viscosity (eq 8) is also
valid for 7p

The formal expressions fdg; andkA? are given by eqs 18

and 21.K¥ is qualitatively parallel toky in eqs 11 and 12.  (In7g —In7p)/(In 73 — In 7p) =

Accordingly, the prefactork’, depends on the thermally x[1 + (1 — x){a+ bx,+ %2} (23)

average square coupling matrk‘é? is similar toks in eq 11.

The time scale of the solvent control is slow and is closato  wheret), 13, andzj are the dielectric relaxation times of the

Using eq 22 to calculatie-1(T) as a function of the temperature  mixture, neat glycerol, and neat water, respectively. Thus,

results in qualitatively similar behavior to that in eq 11. estimation ofr7)(T) from room temperature up to about 16D

o ) ) ) ) is evaluated. The next step is to estimate the temperature

Estln_watlon. of the Dielectric Relaxation Time of the dependence of! at high temperaturedT(> 100 °C). At these

Studied Mixtures temperatures;(T) for neat glycerol deviates slightly from the
In the process of calculation of the overall proton transfer by viscosity temperature dependence. When the viscosityrgnd

eq 11, we need to know the value of the solvent coordinate are normalized, atf; = 310 K, the deviation af, = 400 K of

rate constantks(T) = b/zp(T). wo(T) is the solvent dielectric  the ratiozd(T2)/z3(T1)/md(T2)/m3(T1) equalsl/,. We therefore

relaxation time, and is an empirical factor. We were unable correct the estimate af}(T > 370K) obtained from eq 23 by
to find in the literature the dielectric relaxation times of the above ratio.

glycerowater mixtures as a function of temperature. Figure 8 shows the calculated fit (solid line) of kaf) as a
The dielectric relaxation of neat glycerol was studied by function of 17T for three glycerol water mixtures, using the
Schneider et d* The temperature dependence of bethand stepwise proton-transfer model, along with the experimental

the viscosity is almost the same in the temperature range ofdata. As can be seen, the model accounts for the change in the

20—100°C. Above 100°C, the temperature dependencergf slope of the proton-transfer rate constant verstisTlie relevant

is slightly smaller. parameters for the fit are given in Table 2. As seen from the
The dielectric relaxation of watemlcohol mixtures was  figure, the model calculation is in agreement with the measure-

studied by Bertolini et at> and Mashimo et & The longest ments. The model accounts for the low and high-temperature
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TABLE 2: Relevant Parameters for Model Calculations

ky at ks at
298K 298 K
AG* KQIs]  [s] [s]  wolpsFat
glycerok glycerob [kJ/mol] 1070 1010 1010 298K bd
27 60% 2.0 115 5.2 2.2 173 3.8
37 70% 2.0 9.1 4.1 1.3 230 3.0
49 80% 2.0 8.0 3.6 0.75 288 2.2

aMole percent of glycerol® Volume percent of glycerofrp is
calculated by eq 23 (see text)b is an empirical factor used in the

determination of the proton-transfer rate at the low-temperature range

(ks(T) = bltp), see text).
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