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Unusual Temperature Dependence of Excited State Proton Transfer Rates in Alcohols
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The reversible proton dissociation and geminate recombination of photoacids is studied as a function of
temperature in alcohols. For this purpose we used a strong photoacid 5,8-dicyano-2-naphthol (OGN2) (p

~ —4.5 in water) that is capable to transfer a proton to alcohols. The experimental data are analyzed by the
Debye-Smoluchowski equation solved numerically with boundary conditions to account for the reversibility

of the reaction. We propose a qualitative model to describe the unusual temperature dependence of the proton-

transfer rate constant in alcohols in the liquid phase.

Introduction

The study of excited-state proton transfer (ESPT) reactions
in solutions is fundamental to the understanding of the nature
of the reactions of acids and bases in solution. These studie

were conducted on a photoacid molecule that dissociates upornI

excitation to produce an excited anion and a prétdnEven
though this subject has been studied for more than thirty years
56 the exact nature of ESPT reactions is still not completely
clear, and neither is the dual role played by the solvent
molecules: (1) as proton acceptors and (2) solvation of the
parent molecule§.®

Experimental and theoretical studies of ESPT processes in
solution have led to the development of a two step mi§dél
(Scheme 1).

SCHEME 1
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The first step is described by back-reaction boundary conditions
with intrinsic rate constantky and k.. This is followed by a
diffusional second step, in which the hydrated proton is removed
from the parent molecule. This latter step is described by the
Debye-Smoluchowski equation (DSE). In the continuous
diffusion approach, one describes the photoacid dissociation
reaction by a spherically symmetric diffusion equation (D'SE)

in three dimension¥11 The boundary conditions at= a are
those of back reaction (Scheme &j.andk; are the “intrinsic”

dissociation and recombination rate constants at the contact

sphere radius. Quantitative agreement was obtained between
theory and experimenf;!* and as a result, it was possible to

make a closer study of the ESPT process itself, and also the

dynamic and static properties of the solvent.

Lee et af studied the temperature dependence of the excited-
state proton-transfer reaction in aqueous solutions of 1- and
2-naphthols. They were unable to find a temperature dependenc
for the stronger photoacid, 1-naphtholK{p~ 0.5) in the
temperature range €80 °C. The proton-transfer rate for

* Corresponding author: Raymond and Beverly Sackler Faculty of Exact
Sciences, School of Chemistry, Tel Aviv University, Tel Aviv 69978, Israel.
E-mail: huppert@chemosfl.tau.ac.il. Fax: 972-3-6407012.

10.1021/jp9932416 CCC: $19.00

2-naphthol K ~ 2.7) was found to be temperature dependent
with an activation energy of 2.6 kcal/mol. The proton-transfer
rate constant for 1-naphthol is more than 2 orders of magnitude

Jarger than for 2-naphthol. They conclude that the difference

n the activation energy between 1-naphthol and 2-naphthol fits
a free energy relationship.

Recently3 we have studied the proton-transfer rate of DCN2
in methanol as function of. We have noticed that the activation
energy of the process is temperature dependent. The aim of this
study is to extend the previous one and to characterize the
temperature dependence of photoacid dissociation in several
alcohols in the liquid phase. We propose a qualitative model to
describe the unusual temperature dependence. As a photoacid,
for this study, we have chosen 5,8-dicyano-2-naphthol (DCN2).
The solvents for the proton transfer study are linear monols, at
the temperature range of 6C (333 K) to—110°C (163 K).

Using the above-mentioned model, see Scheme 1, the
temperature dependencies of proton dissociation and recombina-
tion rates were determined by fitting the time-resolved fluores-
cence curve of ROH* and RO with the DSE computer model
simulationl®~12 The temperature dependence of the proton-
transfer rate is discussed and compared with the proposed
proton-transfer model and solvent properties.

Experimental Section

Time-resolved fluorescence was measured using time-cor-
related single-photon counting (TCSPC) technique. As an
excitation source, we used a cw mode-locked Nd:YAG-pumped
dye laser (Coherent Nd:YAG Antares and a 702 dye laser)
providing high repetition ratex(1 MHz) of short pulses (2 ps
at full width half-maximum, fwhm). The (TCSPC) detection
system is based on a Hamamatsu 3809U, photomultiplier,
Tennelec 864 TAC, Tennelec 454 discriminator, and a personal
computer-based multichannel analyzer (nucleus PCA-II). The
overall instrumental response was about 50 ps (fwhm). Mea-
surements were taken at 10 nm spectral width. Steady-state

Fluorescence spectra were taken using SLM AMINCO-Bow-

man-2 spectrofluoremeter.

DCN2 was synthesized by Tolbert and co-workérghe
samples concentrations were betweer 2074 and 2x 107°
M. Solvents were reagent grade and were used without further
purification. The solution’s pH was about 6.
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1 insensitive to the geminate recombination process. We estimate

[ that the error in determination d§y is 5%. The long time
behavior (the fluorescence tail) seen in the ROH* time-resolved
emission is a consequence of the repopulation of the ROH*
species by reversible recombination of RQvith the geminate
proton. The reprotonation is an adiabatic process and therefore
the excited ROH* can undergo a second cycle of deprotonation.
The overall effect is a nonexponential fluorescencefail.

The comparison of the numerical solution with the experiment
involves several parameters. Some are adjustable parameters
such asky and k;, others, like the contact radiug, have
acceptable literature valug! The static dielectric constaat
is known as a function of the temperature for the solvents used.
There may be uncertainties concerning the values of the mutual
diffusion constanD at low temperatures. Thus, we are facing
a multi parameter problem in adjusting a solution of a partial
differential equation to fit experimental data. As mentioned
above, the estimated uncertainty in the determinatiokya$
5%, while the uncertainty in the determination lofis much
larger,~20%. The relative large uncertainty in the valueg.of
arises from the complex relation between the above-mentioned
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0 5 10 5 parameters which determine the ROH* fluorescence tail.
The asymptotic expression (the long time behavior) for the

Ti S
ime [ns] fluorescence of ROH*(t) is given BY
Figure 1. Time-resolved emission of DCN2 in ethanol solution of
the protonated form (ROH*) measured at several temperatures in the k.
range 166-325 K (top to bottom: 160, 173, 185, 197, 210, 222, and [ROH*] = T2 eprD/a)—mt’3’2 1)
325 K). 2 k(D)

The DCN2 fluorescence spectrum consists of two structurelessin the above equatioRy is the Debye radius, given by
broad bands<{40 nm fwhm). The emission band maximum of
the acidic form (ROH*) emits at 450 nm in water and in |2122|e2
alcohols. The emission band maximum of the alkaline form = T (2)
RO * is at 600 nm in water and in alcohols. At 450 nm the ek
overlap of the two luminescence bands is rather small and the
contribution of the RO* band to the total intensity at 450 nm
is less than 0.5%. To avoid overlap between contributions of
two species, we have mostly monitored the ROH* fluorescence
at 450 nm.

The temperature of the irradiated sample was controlled by R
placing the sample in a liquid Nryostat with thermal stability
of approximately+1 K.

wherez; andz are the charges of the proton and anienthe
static dielectric constant of the solvent, and the absolute
temperaturd. eis the electronic charge arkg is Boltzmann’s
constant.
2. The Temperature Dependence of the Proton-Transfer
ate. A semilog plot of the dissociation rate constakt,of
DCN2 in methanol, ethanol, and propanol solutions velslis
is shown in Figure 2aky in methanol and ethanol is almost
independent of the liquid temperature in the rarggd °C to
420 °C. The temperature dependencekgfn propanol at the
Proton Dissociation and Geminate Recombination in the high-temperature range is larger than that in methanol and
Liquid Phase. 1. General Considerations.An important ethanol. At lower temperaturekg in all the alcohols used in
parameter in our model is the mutual diffusion coefficiBnt this study decreases rapidly as the temperature decreases.
Dy+ + Dro. The temperature dependence of the proton The temperature dependence kf is quite unusual for
diffusion constanDy+ for various alcohols was deduced from chemical reactions. In general, chemical reactions obey a
the proton conductance measurements as a functidn'of® constant exponential (Arrhenius) decrease of the reaction rate
The anion diffusion constarbro-, as a function ofT was constant as a function df/T in a large temperature range. As
estimated from the solvent viscosity dafaThe temperature  described before, the value &f is almost insensitive to the
dependence of the dielectric constant and the dielectric relaxationsolvent temperature at > 10 °C, while below—20 °C, kg
of neat alcohols data were taken from refs—P®. Figure 1 decreases with the decrease in the sample temperature with a
shows, on a semilog scale, the time-resolved emission intensityrelatively large activation energy.
of DCN2 in ethanol solutions measured at 450 nm at various The activation energies d¢& of DCN2 in liquid methanol,
temperatures in the range of 16825 K. Using Scheme 1 and  ethanol and propanol solutions as a functiorlf are shown
the numerical solution of the DSE,we fit the experimental in Figure 2b. The activation energies are obtained by dif-
data and extract both the intrinsic proton dissociation and ferentiating a polynomial fit to the data of Figure 2a. At the
recombinationKy andk;) rate constants. Typical chi-squares of low-temperature range10 °C the activation energy dfy in
the fit range from 1.2 to 2. We determine the proton-transfer all the three alcohols increases monotonicallyTadecreases
rate constarky from the fit to the initial fast decay of the ROH*  and approach a constant value similar to the one of the dielectric
fluorescence~150 ps for DCN2 in ethanol at room tempera- relaxation time. The literature valdg€sf the activation energies
ture). The initial fast component of the fluorescence decay is of 7p are 12, 16, and 21 kJ/mol for methanol, ethanol, and
mainly determined by the deprotonation process and is almostpropanol, respectively. For the proton-transfer activation energies

Results and Discussion
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Figure 2. (a) Arrhenius plot of the proton-transfer rate constant of
DCNZ2 in methanol M), ethanol @), and propanol4) as a function of

1/T. (b) The activation energies of the proton-transfer rate in methanol

(m), ethanol @), and propanol 4) as a function oflL/T.

at low temperatures we obtained 13, 15.5, and 20 kJ/mol for

methanol, ethanol, and propanol, respectively.

3. The Temperature Dependence and the Free Energy
Relationship. Pines and co-worke¥s23correlated the value of
the proton dissociation rate, of many photoacids with their
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Figure 3. Temperature dependence of the proton-transfer rate of DCN2
in methanol; free energy model withtd/as preexponential (solid line),
experimental results (full circles).

andn* is the location of the reaction barrier along the proton
coordinaten® = 0 (reactant like) for the endothermic limit, and
n* = 1 (product like) for the exothermic onat is given by

1+ ex p(—AG In(2))

. -1
n" = 0 (6)
a

From the data analysis correlating the rate in water with qf

many acids Pines et & foundk =3 x 10" s 1 andG. = 2.9

kcal/mol. This places the activationless limit of proton-transfer

reactions between Debye relaxation timg & 7 ps for water

at 25°C) and the longitudinal relaxation time = (e./eg)Tp ~

(2 £ 1) ps, wheree,, andeg are the dielectric constants of the

solvent at “infinite” and zero frequencies, respectively.
Robinson et af® have suggested that moderately strong

photoacids dissociate with an Arrhenius behavior given by

ky = 74" eXp-AGTkgT) (7)
where1y is the collective dipole correlation timg = 7p and

AG* is the activation free energy of the dissociation that is
mainly determined by the change in the solvent entropy

K value. They used a procedure published by Agmon and fg|iowing the proton solvation by wat@f.

Levine?* Recently Solntsev et &b used the free energy

The solid line in Figure 3 shows a computer fit to the

correlation for 5-cyano-2-naphthol in several solvents. The basic temperature dependence at the temperature range ef3B80

assumption in such a correlation is that within a family of similar

reactions the intrinsic free-energy barrier for the reaction is

modified by the total free energy change following the reaction.
In our case we have

AG = —RTIn K} 3)
for the total free-energy change.

The free-energy barrier for the reacti@y is assumed to
depend on some intrinsic barrié}g, defined for a symmetric
(AG = 0) proton transfer and oAG. The measured rates may
be correlated according to an Arrhenius plot

w=ex]- oo

G,= AG — G In(n")/In(2)

(4)
where,

()

K of the proton-transfer rate of DCN2 in ethanol, predicted by
equations 46 usingkg = 1hp as the preexponential factor,
pK’= —0.33 andG. = 3.0 kJ/mol.

The calculated activation ener@, for DCN2 in ethanol is
~2 kJ/mol. The relative large temperature dependence of the
computed signal ofy arises mainly from the large temperature
dependence afp and only partially from the activation energy
of the reaction. Using 1) as the preexponential in the free
energy relationship model increases the temperature dependence
by a factor of 20 over the temperature range. The actual change
in the experimental proton transfer rate of DCN2 to ethanol is
only a factor of 2. Thus the use of as a preexponential factor
at the high-temperature range is not a good choice for the proton-
transfer reactions.

4. A Qualitative Model for the Temperature Dependence
of Excited-State Proton-Transfer Reactions.We present a
qualitative model that accounts for the unusual temperature
dependence of the excited-state proton transfer.The proton-
transfer reaction depends on two coordinates; the first one
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depends on the solvent configuration. A plausible coordinate 24-
can be the relative orientation of the hydrogen bonded solvent
molecule with respect to the OH bond of the photoacid molecule.
For simplicity we assume that the relevant solvent coordinate
is the angle of the hydrogen bond

RO/<—) s

coordinate, where S denotes a solvent molecule. When the
proton lies on the straight line connecting the two oxygen atoms
the energy is minimal. This assumption is not critical for the
model and is used for its description only. For the alcohols used
in this study the solvent coordinate characteristic time is within

=
In (k,)

) ; e o 6.5

the range of the dielectric relaxation timgand the longitudinal

relaxation .. The second coordinate is the actual proton 1000/T

translational motion along the reaction path. Figure 4. Two step model calculations (see text) of the temperature

dependence of the proton-transfer rate in methanol (solid line), ethanol
_ + broken line), and propanol (dotted line), along with the experimental
RO-H:S—RO +-H-S Sesults: met)hanol (F;ql?ares),(ethanol (ci)rcles),gand propanoFI)(triangIes).
The solvent coordinate dictates the barrier height for the actual @ctual proton-transfer coordinate.
proton transfer movement. We used an oversimplified model H
calculation for the qualitative description of the temperature _10 G,
dependence of the experimental proton transfer rate constant K = ky ex;{— ﬁ')
DCN2 in monols. The model restricts the proton transfer process
to be stepwise. The proton moves to the adjacent hydrogenwherekﬂ is the preexponential factor determined by the fit to
bonded solvent molecule only when the solvent configuration the experimental results an@{;' is the activation energy.
brings the system to the lowest energy barrier of the proton The activation energy’GZ is determined from the excited-
coordinate. This simple model excludes parallel routes for the state acid equilibrium constaKt. It is calculated from the rate
ESPT in which many solvent configurations permit the reaction parameters derived from the time-resolved emission 320
to take place with a distribution of reaction rates, while in a K, assuming thaky ~ kq, according to
two-dimensional model these parallel routes are permitted and
contribute to the overall effective rate. In the stepwise model K= 1027kd exp(—Ry/a)/(N,k) (10)
the overall proton-transfer time is a sum of two timess 71
+ 1,, where 1; is the characteristic time for the solvent where Ny is Avogadro’s number andk, = 4ma%,. The
reorganization and, is the time for the proton to pass over the electrostatic contribution toKd is eliminated from eq 10.
barrier. The overall rate constaky(T) at a givenT is

9)

KZ(ROH) = pKZ,chem+ pK;,eI (11)
ka(Mky(T)
ky(T) zm 8 where (K} yonis the chemical part of the equilibrium and
PK3 ¢ is the electrostatic part given by
whereks is the solvent coordinate rate constant &nds the PK: o= Ry/2.30% (12)

proton coordinate rate constant.

Similar expressions for an overall rate constant are used for wherea is the initial separation between the ion-pair following
several important phenomena, like the overall rate constant forthe complete dissociation of the bound state. Finally the
electron-transfer raté and a diffusion assisted chemical reac- activation energy is calculated from egs 5 and 6 and using
tion 28.29 achem= 1077Ka/(Naka)

Equation 8 provides the overall excited-state proton-transfer ~ Figure 4 shows the experimental rate constant of DCN2 in
rate constant along the lines of a stepwise process similar tomethanol, ethanol, and propanol as a functiofi/gfalong with
the processes mentioned above. As a solvent coordinate ratéhe computer simulation using our simplified qualitative model.
constant we usks = b(1/rp), whereb is an adjustable empirical ~ As seen from the figure, our model calculation is in agreement
factor determined from the computer fit of the experimental With the DCN2 measurements. The model accounts for both
data. We find that the empirical factor lies between 2 and 5. the low and the high-temperature regime as well as the
For the alcohols is usually smaller thanp by a factor of intermediate regime between them. The parameters for the fit
2-6. Thus the solvent characteristic time= 1/ks for monols ~ Of Figure 4 using eqs-38 are given in Table 1. There are three
lies between the dielectric relaxation and the longitudinal time adjustable free parameters in the computer fits shown in Figure
7. < s < 7p. It is worth to note that in a Debye solvent the 4. These parameters deky,, andG), whereb is an empirical
orientational diffusion constant is related to the dielectric factor,k, is the preexponential in eq 9, a@] is the intrinsic
relaxation timé° Dr = 2/zp(T). The reaction rate constaky activation energy. For methanol the parameters are as follows:
along the proton coordinate is expressed by the usual activatedk);, = 3 x 10° s~ andks = 2.1/rp. From Table 1, we find that
chemical reaction description given by eq 4. At high temperature the preexponentiakﬂ is solvent dependent and its value is
the solvent relaxation is fast and the rate determing step is thesimilar to 1£p at room temperature arfiranges from 2 to 4.
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TABLE 1: Relevant Parameters for Model Calculations

K at298 K kyat298K  k.at298 K o[ps]
Kichem  PK:ichem  Gh [kd/mol] G2 [kd/mol] [s1]10°%0 [s1] 10710 [s]10°%0 at 298 K (o

MeOH 2.3 —0.37 2.0 3.0 2.9 1.25 4.3 48 2.1
EtOH 21 —0.33 2.1 3.0 15 0.63 17 132 2.3
propanol 2.1 —0.33 2.2 3.0 0.80 0.33 1.4 341 4.0

apK* is calculated by eq 11. The estimated error in the determinatiorkdfigp8%. b is an empirical factor used in the determination of the
proton-transfer rate at the low-temperature ranige=(b/tp, see text).
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