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I. INTRODUCTION

The effect of isotope substitution (H/D) on the kinetics of acid–base reactions has long been

a primary mechanistic tool in proton-transfer research.1 – 7 The relative ease with which such

experiments may be carried out in aqueous solutions of strong acids has made this mechanistic

approach very appealing to experimentalists. From the standpoint of theory, the isotope effect on

proton transfer dynamics gives access to the microscopic mechanistic details of the process.

Laser-induced photoacidity has been recognized for decades as the major experimental tool in

the research of bimolecular proton transfer reactions in aqueous solutions. In such experiments,

which were pioneered by Förster and Weller,8,9 one uses suitable organic molecules which are weak

acids in the electronic ground state. Upon optical excitation the acidity of the molecules increases

considerably and rivals the acidity of strong mineral acids. Molecules which undergo such a

transition in their acidity are usually termed photoacids.10 The most commonly used photoacids are

simple hydroxyarenes (phenol-like photoacids) such as the 1- and 2-naphthols which increase their

acidity by more than a factor of a million when excited to their first electronic singlet state.11 – 16

Combining isotope substitution with photoacid research is potentially a very promising avenue

toward unveiling the important mechanistic details of bimolecular proton transfer reactions.

Despite extensive experimental and theoretical efforts many principal questions about bimolecular

proton-transfer reactions in solutions are still open: in particular, is the reaction coordinate in

the transition-state region the hydrogen-bond coordinate or, as expected for sufficiently highly

exothermic and thereby almost barrierless reaction, is it the coordinate of solvent motion? Some

related questions are: (a) what is the rate limiting step of proton transfer in solution; (b) how is proton

motion coupled to the solvation process; (c) how important is proton tunneling; (d) are bimolecular
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proton-transfer reactions between acids and bases in aqueous solutions through-solvents or inner-

sphere processes?

Particularly valuable information about molecular mechanism can be obtained by determining

the influence of the isotopic substitution on the rate constants and the activation energy of proton

transfer. Below we consider the basic kinetic models for acid–base reactions in solutions and apply

them to the proton-dissociation reaction of photoacids.

II. GENERAL KINETIC MODELS FOR ACID–BASE REACTIONS

IN SOLUTIONS

A. THE TWO-STATE PROTON-TRANSFER REACTION MODEL

(THE EIGEN –WELLER MODEL)9,17

To describe the photoacid dissociation rate in aqueous solution one may apply a general two-state

reaction model first explored by Eigen17 and Weller9 in acid–base reactions in the ground state

(Scheme 16.1).

where ROH is the photoacid, kd; kr is dissociation and recombination intrinsic rate constants,

respectively, ks; kdiff are the diffusion controlled rate constants for forming and separating the

reactive (acid–base) complex.

The overall dissociation and the recombination rate constants of an acid (kdis and krec;
respectively) may be found using the steady-state approximation and are given by:

kdis ¼
kskd

ks þ kr

ð16:1Þ

and

krec ¼
kdiffkr

ks þ kr

ð16:2Þ

kdiff ¼
4pDRDN

expðRD=aÞ2 1
ð16:3Þ

is the diffusion-limited rate constant of the recombination reaction18,19 which is approached by krec

when kr q ks: RD is the Debye radius, given by

z1z2e2

1kBT

z1 and z2 are the charge numbers of the proton and the base, e is the electron charge, kB is the

Boltzmann constant, T is the temperature, D is the mutual diffusion coefficient, a is the reaction

radius (contact distance), and

ks ¼
3DRD

a3ð1 2 expð2RD=aÞÞ
ð16:4Þ

is the diffusion limited rate constant of separation of the pair of reactants from their contact distance

to infinite separation.

RO− H+ROH
kd

kr

··· RO− H++
ks

kdiff

SCHEME 16.1
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The overall equilibrium constant of the proton-transfer reaction is given by the multiplication of

the intrinsic (chemical) equilibrium constant, Ki and KF which is the stability (Fuoss) constant of

the pair at contact separation:20

Ka ¼
kdis

krec

¼
kd

kr

ks

kdiff

¼ Ki=KF ð16:5Þ

here,

Ki ¼
kd

kr

; KF ¼
kdiff

ks

¼ 4pNa3expð2RD=aÞ=3 ð16:6Þ

so one can write for Ki and kr;

Ki ¼ KaKF ¼ 102pKa KF ð16:7Þ

kr ¼
kd10pKa

KF

ð16:8Þ

For strong acids in aqueous solutions at room temperature kr p ks; and by Equation 16.1

kdis < kd ð16:9Þ

so for strong acids the apparent dissociation constant is practically equal to the intrinsic proton-

dissociation rate.

The situation is different for weak acids. In this case ks p kr and

kdis ¼
kskd

ks þ kr

ø
kskd

kr

ð16:10Þ

so the apparent dissociation rate of weak acids depends on both the intrinsic equilibrium constant Ki

and ks:
Similarly, for deuterated water one can write,

kD
dis ¼

kD
s kD

d

kD
r

ð16:10aÞ

and the apparent kinetic isotope effect (KIE) of the acid dissociation may be estimated using

Equation 16.11

kH
dis=kD

dis ¼
kH

s kH
d

kH
r

=
kD

s kD
d

kD
r

¼
kH

s KH
i

kD
s KD

i

¼
kH

s KH
a

kD
s KD

a

¼
DH

DD

10DpKa ¼ 1:4 £ 10DpKa ð16:11Þ

here DpKa ¼ pKD
a 2 pKH

a and the ratio DH=DD is calculated for room temperature (<1.4 in

aqueous solutions) and is assumed the only reaction parameter in kH
s =kD

s which is isotope

dependent.

The important conclusion from this simple kinetic analysis is that there is a fundamental

difference in the observed dissociation rates of strong and weak acids. While the actual proton

dissociation stage may be observed directly in strong-acid dissociation, it is impossible to do so in

weak-acid dissociation. In the latter case a multistage reaction rate is the directly accessed

observable which is made of both the chemical and the diffusive stages of the dissociation reaction.
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B. FREE-ENERGY CORRELATIONS OF THE PROTON (DEUTERON) TRANSFER RATES

Brønsted relation21,22 represents the earliest example of a linear free-energy relation between

reaction rates and equilibrium constants:

DG# ¼ aðDG0Þ ð16:12Þ

where DG# is the free energy of activation and DG0 is the standard free-energy change in the

proton-transfer reaction, DG0 ¼ RT lnð10ÞpKa: The curvature of the Brønsted plot, a, determines

how the potential surface of the reactions varies with DG0: Most modern theories treat proton

transfer in aqueous solution as a dynamic process closely coupled with solvent motion and solvent

relaxation.23 – 30 These theories assume that the proton-transfer rate between a proton donor and a

proton acceptor has a general form akin to a transition-state rate constant which may be written as:

kd ¼
w

2p
exp 2

DG#

RT

 !
ð16:13Þ

where w is the frequency factor of the proton transfer reaction which may also depend on solvent

relaxation frequencies.

As early as 1924 Brønsted and Pedersen22 argued that for a highly exothermic proton transfer

reaction DG# ¼ 0; so that at this limit the curvature of the Brønsted plot approaches zero and kd

becomes a constant independent of DG0: These ideas were refined by Marcus using a reaction

model originally developed for outer-sphere (nonadiabatic) electron-transfer reactions. According

to the Marcus theory,23 charge-transfer reactions proceed along the solvent coordinate with an

intrinsic activation energy equal to 1/4 of the total solvent reorganization energy. The potential

energy of such a reaction along the reaction coordinate involves a pair of intersecting parabolas

which gives at their intersection point the activation energy needed for the transfer from the reactant

to the product state:

DG# ¼ 1 þ
DG0

4DG#
0

 !2

DG#
0 ð16:14Þ

where DG#
0 is the intrinsic activation energy of a symmetric transfer where the total free-energy

change ðDG0Þ following the charge transfer is equal to zero. Marcus theory gives solvent

reorganization central role in charge-transfer reactions in polar solvents where solvent

reorganization energy is large. After being developed for weak-overlap electron transfers Marcus

and Cohen,24 subsequently applied it in a semiempiric way to proton transfer reactions by using a

Bond-Energy–Bond-Order (BEBO) model for the proton-transfer coordinate along a preexisting

hydrogen bond. The semiempiric BEBO treatment represents the opposite extreme to nonadiabatic

electron transfer. Here, bond rupture–bond formation is the principal contributor to the reaction

coordinate. In this case the potential energy along the reaction coordinate is initially constant and

then rises to a maximum at the transition state and than falls to another constant value. The

activation energy is given by:

DG# ¼
DG0

2
þ DG#

0 þ
DG#

0

ln 2
ln cosh

DG0ln 2

2DG#
0

 !
ð16:15Þ

Remarkably, the two different approaches (i.e., Equation 16.14 and Equation 16.15) yield almost

identical results in the endothermic branch of the reactions. However, at the exothermic branch the

approaches differ considerably. While Marcus theory predicts an “inverted region” where, because

of the quadratic nature of Equation 16.14, activation energy “reappears” when the driving force of

the reaction becomes very large, it is not so with the BEBO model, Equation 16.15, where the

reaction rate assumes a constant (maximal) value in this limit.
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A nontraditional picture for adiabatic proton-transfer reaction in polar environment was

recently developed by Kiefer and Hynes.29 Proton nuclear motion was treated quantum

mechanically but the proton did not tunnel as the reaction barrier was found to fluctuate because

of solvent rearrangements to below the zero-point energy of the proton. This description of

nonadiabatic proton-transfer strongly differs from Marcus semiempiric treatment of proton transfer

in quantization of the proton and consideration of solvent coordinate as the reaction coordinate.

Remarkably, despite the different treatment, Kiefer and Hynes showed that the reaction path of the

proton transfer characterized by the values of the quantum-averaged proton coordinate is very

similar to the BEBO pathway.

A quadratic free energy relationship resembling that of Marcus was found between the

activation free energy DG# and the reaction asymmetry DG0:

DG# ¼ DG#
0 þ aDG0 þ a0 ðDG0Þ2

2
ð16:16Þ

With a0 ¼ 1=2; the Brønstead coefficient evaluated at DG0 ¼ 0 and a0 the Brønstead coefficient

slope evaluated at DG0 ¼ 0:

C. THE ISOTOPE EFFECT IN A SERIES OF SIMILAR REACTIONS

It was first suggested by Westheimer and Melander31,32 to correlate KIE with the free-energy

change in reaction. They have argued that the KIE, kH=kD; given by Equation 16.17, would have a

maximum value for a symmetrical transition state ðDG0 ¼ 0Þ:

kH

kD

¼ expð2ðDG#
H 2 DG#

DÞ=RTÞ ð16:17Þ

Marcus, assuming that DG #
0 is the only isotope-dependent quantity in Equation 16.14 and

Equation 16.15 derived a relationship between lnðkH=kDÞ and the free-energy change of the proton

transfer. By Equation 16.14, the free-energy dependence of the KIE is given by a symmetric curve

having a maximum at DG0 ¼ 0:

kH

kD

ø exp
DG#

0H 2 DG#
0D

RT

 !
1 2

DG02

16DG#
0HDG#

0D

 ! !
ð16:18Þ

or assuming ðDG#
0Þ

2 ¼ DG#
0HDG#

0D in term of maximal KIE for the symmetric reaction

ln
kH

kD

� �
ø ln

kH

kD

� �� �
max

1 2
DG0

4DG#
0

 !2" #
ð16:18aÞ

The BEBO equation24 (Equation 16.15) results with a more complex relationship:

ln
kH

kD

� �
ø

DG#
0H 2 DG#

0D

RT

 !
1 2

DG0ln 2

2DG#
0

tanh
DG0ln 2

2DG#
0

 !
þ ln cosh

DG0ln 2

2DG#
0

 !

ln 2

0
BBBB@

1
CCCCA

¼ ln
kH

kD

� �� �
max

1 2

DG0ln 2

2DG#
0

tanh
DG0ln 2

2DG#
0

 !
þ ln cosh

DG0ln 2

2DG#
0

 !

ln 2

0
BBBB@

1
CCCCA ð16:19Þ
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This yields a KIE curve with maximum at DG0 ¼ 0 which decreases in a bell-like fashion for

large lDG0l
Kiefer and Hynes30 using the Equation 16.16 have obtained:

kH

kD

¼ expð2ðDG#
0H 2 DG#

0DÞ=RTÞexp ða0
0H 2 a0

0DÞ
ðDG0Þ2

2RT

 !
ð16:20Þ

and in term of maximal KIE for the symmetric reaction

kH

kD

¼
kH

kD

� �
max

exp ða0
0H 2 a0

0DÞ
ðDG0Þ2

2RT

 !
ð16:20aÞ

The decrease from the maximum KIE value is characterized in Equation 16.22 by a symmetricQ1

Gaussian falloff.

Although Equation 16.20 results from quantum mechanical considerations of the proton-

transfer reactions it has a similar functional form to the empiric Marcus treatment of the KIE in

proton transfer. I thus review the available KIE data of photoacids proton-dissociation using the

functional form of Marcus treatment Equation 16.18.

III. THE ISOTOPE EFFECT IN THE EQUILIBRIUM CONSTANT

OF PHOTOACIDS

The isotope effect on the equilibrium constant of acids, KH
a =KD

a ; is directly related to the KIE in

the acid-dissociation rate constant, kH=kD; (Equation 16.11). R.P. Bell summarized in 1959 the

available data at that time on the isotope effect in acids equilibria and concluded in the first edition

of his classic book The Proton in Chemistry1a that a linear correlation exists between the acid

strength ðKaÞ and KH
a =KD

a : Bell retreated from this observation in the second edition of his

book published some 14 years later.1b In Bell’s words “Early results for a number of weak acids

suggested that the value of KH
a =KD

a decreased regularly with increasing acid strength, but when

more extensive experimental data are considered there appears to be no real basis for this

generalization, except perhaps as an ill-defined qualitative trend.” However, after being so decisive

in his judgment Bell relaxes this statement and immediately continues referring indirectly to the

correlation he had published in the first edition of his book: “There is some evidence that such a

relation holds approximately for a closely related series such as the phenols and alcohols.”

In 1991, G. Wilse Robinson33 rediscovered the apparent relation between the equilibrium

constant of phenols and alcohols and the isotope effect in their equilibria and extended it to include

excited-state photoacids of the phenol family. The correlation he found was over 11 pKa units in

acid strength and looked impressively linear.

I have reviewed for this contribution the data appearing in Bell’s book and in Robinson’s paper

and added additional recent data on photoacids that were mainly gathered in the past 10 years

(Tables 16.1–16.3).33 – 40

Figure 16.1 shows that the general trend observed by Bell and Robinson of decreasing isotope

effect with increasing acidity of the acid also appears to exist for very strong photoacids having

negative pKa’s. However the spread in the data points is larger than in ground-state acids

(Table 16.1) and larger than the one found by Robinson in the smaller set of moderately strong

photoacids (Table 16.2). The correlation of the equilibrium constant of the full set of photoacids

(including the data appearing in Table 16.3) with their isotope effect is shown in Figure 16.2. The

observed spread in the data set of the excited-state equilibrium constant of deuterated photoacids

in D2O may be the result of the considerable experimental error in their determination by several

experimental methods of which none is of analytic accuracy.11,15 In comparison, the equilibrium
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TABLE 16.1
pK a

H and pK a
D of Ground-State Acids

Compound pK a
H pK a

D Reference

2,6-Dinitrophenol 3.58 4.03 35

Bromothymol blue 6.15 6.68 35

3,5-Dinitrophenol 6.70 7.31 35

p-Nitrophenol 7.24 7.80 35

Water 15.74 16.55 36

Phenol 10 10.62 34

4-Phenolsulfonate 8.97 9.52 34

2,4-Dinitrophenol 4.06 4.55 34

2,5-Dinitrophenol 5.19 5.70 34

4-Nitrophenol 7.22 7.77 34

4-Bromophenol 9.35 9.94 34

3-Methoxyphenol 9.62 10.20 34

4-Methoxyphenol 10.24 10.85 34

4-Hydroxyphenyltrimethylammonium chloride 8.34 8.90 34

2-Naphthol 9.47 10.06 34

TABLE 16.2
pK a

H and pK a
D of Excited-State Acids Found by Förster Cycle Calculations

Compound pK p
H PK p

D Reference

Phenol 4.1 4.6 34

4-Phenolsulfonate 2.3 2.7 34

4-Bromophenol 2.9 3.4 34

3-Methoxyphenol 4.6 5.1 34

4-Methoxyphenol 5.7 6.2 34

4-Hydroxyphenyltrimethylammonium chloride 1.6 2.0 34

2-Naphthol 3.0 3.5 33

TABLE 16.3
pK a

H and pK a
D of Excited-State Acids Found by Kinetic Measurements

Compound pK a
H pK a

D Reference

5-Cyano-2-naphthol 20.75 20.44 37

6-Cyano-2-naphthol 20.37 20.11 37

7-Cyano-2-naphthol 20.21 0.10 37

8-Cyano-2-naphthol 20.76 20.57 37

1-Naphthol 0.4 0.81 38

1-Naphthol 20.16 0.30 39

2-Naphthol 2.72 3.12 38

1-Naphthol 2-sulfonate 1.58 2.02 38
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constant of deuterated ground-state acids was determined directly by titration in D2O, a much more

reliable method than the methods used for the estimation of excited-state equilibrium constants.

These methods have included Förster cycle calculations and analysis of the reversible deuteron-

transfer kinetics of photoacids in their excited state.11,15

My conclusion is that within the set of phenol-type photoacids that has been investigated so far

the linear correlation between the isotope effect in their equilibria and their acidity constant seems

to be a valid observation. The observed correlation is similar (but not necessarily identical) to the

one observed for ground-state phenols and alcohols. With the aid of Equation 16.11 this apparent

correlation makes a useful experimental tool for predicting the KIE in the dissociation of weak

photoacids which is discussed below.
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FIGURE 16.1 Isotope effects on equilibrium dissociation constants in acid dissociation. Open triangles:

ground-state acids. Circles: excited-state acids, open symbols: Förster cycle calculation. Full symbols, kinetic

calculation. Full line: linear regression DpK ¼ 0:34 þ 0:03pKa
H. R ¼ 0:93:
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FIGURE 16.2 Isotope effects on equilibrium dissociation constants in excited-state acid dissociation. Open

symbols: Förster cycle calculation. Full symbols, kinetic calculation. Full line: linear regression

DpK ¼ 0:32 þ 0:04pKa
H. R ¼ 0:88:
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IV. THE KIE IN PHOTOACID DISSOCIATION

The proton-dissociation reaction of strong photoacids is readily measured directly in aqueous

solutions. For typical time-resolved dissociation profiles of a strong photoacid (1-naphthol

5-sulfonate)41 in water and D2O see Figure 16.3. In this case, the dissociation rate of the strong

photoacid is much faster than its fluorescence decay. The situation changes dramatically for

photoacids having pKa
p . 2, at which the dissociation rate of the phenol-type photoacids becomes

smaller than the decay rate of the excited state which is usually 1–10 nsec. This limits the

observation range of photoacid dissociation to relatively strong photoacids. Until our own recent

observation of the proton dissociation reaction of hydroxypyrene in water,42 there has been no

report on the dissociation rate of a phenol-type photoacid having a pKa
p higher than 3.5. The weakest

photoacid for which the KIE has been reported was 2-naphthol, having a pKa
p of 2.7–2.8 in

H2O. The available data on the KIE of photoacids were recently reviewed by Formosinho, Arnaut,

and Barroso.43 The KIE was analyzed using the intersecting-state model (ISM) of proton transfer

which is an empiric, BEBO-type, reaction model. The fit between the calculated and observed KIE

was found to be only qualitative. Not intentionally, the review also gave an opportunity to examine

critically the experimental KIE values reported by several research groups. The experimental KIE

value given for HPTS (8-hydroxypyrene-1,3,6-trisulfonate), one of the most investigated

photoacids, was 4.71 while the calculated value using ISM correlation was 2.68. However, closer

examination of the literature reveals considerable variations in the reported value of the KIE of

HPTS. Politi et al.44 reported a value of 5.6 while the Huppert group using much more sophisticated

kinetic analysis reported in a variety of experiments extending over a 10-year period KIE values

between 2.4 and 4.1,45 the best value being most probably just in the middle of this range, about 3.2

at 293 K extracted by us from revaluating the kinetic data reported in Ref. 45. The example of

HPTS points to the fact that one needs to be critical when analyzing experimentally found KIE

values even for strong, well-behaved photoacids such as HPTS.

The dependence of the KIE on the pKa values of a family of similarly structured acids is predicted

by Equation 16.18 to be bell-shaped and symmetric about the center given at pKa ¼ 0. Figure 16.4

shows a schematic drawing of the functional form of the KIE using Equation 16.18. Such

a correlation, spanning over a range of 25 pKa units, was shown by Bell in his book (page 265 in

Ref. 1b) for a family of carbon acids. The subject was further discussed in the 1975 symposia of

260 280 300 320 340
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FIGURE 16.3 The isotope effect in the proton dissociation of 1-naphthol-5-sulfonate (1N5S), T ¼ 208C.

Upper decay: 1N5S deuteron dissociation in D2O, t1 ¼ 31 psec (93%). Lower decay: 1N5S proton

dissociation in water, t1 ¼ 15 psec (99%).
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the Faraday Society by Bell and Kresge46 with references to Bell’s1b and Bordwell and Boyle’s

data.47 Several less spectacular examples of the bell-shape dependence of the KIE were discussed

more recently by Sühnel.48 Although the situation is far from being clear-cut, the usefulness of

Equation 16.18 seems to be established for families of closely-related ground-state proton-transfer

reactions. The situation is different for excited-state acids. The limited available data on the KIE of

photoacids (Table 16.4) need to be analyzed with caution. One may start such a kinetic analysis by

using Equation 16.1, assuming the isotope effect on the intrinsic proton-transfer rate, kd; has the

functional form given by Equation 16.15. Assuming that ks q kr up to pKa
p ¼ 0 and that kr q ks from

pKa
p ¼ 4 onward (see Figure 16.5 for details) one may arrive by using Equation 16.10 and Equation

16.11 at a projected profile for the observed KIE in photoacid dissociation. Clearly, the measured KIE

of photoacids having a pKa
p below 1 is expected to drop sharply as a function of increased photoacidity

(Figure 16.4), while the measured KIE of photoacids with a pKa
p above 4 is predicted to increase

monotonously with the isotope effect in their equilibria (Figure 16.1). The experimental data

gathered so far are shown in Figure 16.6 and seem to confirm the first prediction: The isotope effect
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FIGURE 16.4 The functional form of the KIE predicted by the Marcus equation, Equation 16.18.

TABLE 16.4
The KIE in the Observed Proton-Dissociation Rate of Some Phenol-Like Photoacids

Compound kH/kD References

1-Naphthol 5-sulfonate 2 41

5-Cyano-1-naphthol 1.6 46

1-Naphthol 3.2 39

1-Hydroxypyrene 3.9 42

2-Naphthol 2.64 38

HPTS (8-hydroxypyrene-1,3,6-tri-solfunate) 3.16 45

5-Cyano-2-naphthol 2.33 37

6-Cyano-2-naphthol 3.33 37

7-Cyano-2-naphthol 3.06 37

8-Cyano-2-naphthol 2.08 37

2-Naphthol-3,6-disulfonate 3.6 40

1-Naphthol-2-sulfonate 2.8 38
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of phenol-type photoacids having a pK p
a value of about zero has been consistently found to be

between 3 and 3.6, while stronger photoacids of this family exhibit much smaller KIE’s down to

about 1.6.49 At the other limit of the correlation there is only one data point so far, the one for

hydroxypyrene (HP, pK p
a ¼ 4.1–4.3). The apparent KIE of HP is the largest found so far for a

phenol-type photoacid, KIE (HP) ¼ 3.8 ^ 0.1.42 This value agrees well with the KIE value

calculated using Equation 16.11.
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FIGURE 16.5 The correlation between the excited-state dissociation rate constants of phenol-type photoacids

ðkdÞ and their corresponding equilibrium constant values using Marcus (BEBO) correlation, Equation 16.15

with DG#
0 ¼ 2:5 kcal/mol and ðkdÞmax < ð2 psecÞ21 (dashed line).16b The full line is the overall dissociation

rate of the reactions, kdis; (Equation 16.1), as correlated with the experimental data assuming kd is the intrinsic

proton dissociation rate, Equation 16.15. The dashed-dotted line is the calculated proton recombination rate

constants, kr using Equation 16.8. The dotted line is the diffusion controlled rate constant of separation of the

products calculated from the contact distance to infinite separation, ks (Equation 16.4).
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FIGURE 16.6 The KIE of the proton dissociation rate of phenol-type photoacids. Dotted-dashed line: Marcus

equation, Equation 16.18. Dashed line: Marcus BEBO expression, Equation 16.19 with ðkH
d =kD

d Þmax ¼ 3:5:
Full line, the predicted isotope effect combining the two-state model, Equation 16.1 with the experimental

values of the isotope effect on the acid equilibria DpKa (Figure 16.1 and Equation 16.11).
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These findings, although summarizing experimental studies which have been carried out over a

period of roughly two decades, are still not fully decisive. However, these findings allow some

general observations which are discussed below.

V. CONCLUDING REMARKS ON THE KIE IN PHOTOACID

(PHENOL-TYPE) DISSOCIATION

The following conclusions may be drawn from the kinetic data gathered so far on the KIE in

photoacid dissociation:

a. The KIE found in strong photoacid dissociation is relatively small and peaks around

pKp
a ¼ 0:

b. The KIE tends to decrease rapidly below pKp
a ¼ 0:

c. Judging from the measured KIE values and the isotope effect in the photoacid equilibria,

the KIE in the opposite proton-recombination reaction should be close to unity. This

conclusion is supported by the kinetic analysis of reversible excited-state proton-transfer

reactions.50 In all reported cases where such a kinetic analysis was undertaken the KIE in

the proton-recombination rate was found to be between unity and 1.6.37 – 40,45 This

important observation about the significant difference in the KIE of kd and kr still awaits

detailed explanation.

d. Judging from some early measurements on a different class of photoacids, the amine

photoacids, the observed KIE in photoacid dissociation may well depend on the chemical

nature of the photoacid. In the case of amine photoacids a large isotope effect of about

5 was observed and was found, in most cases studied so far, to be independent of the

photoacid pKa
p in the acidity range, 27 , pKp

a , 0:51,52 This behavior contrasts with the

one found for phenol-type photoacid suggesting that proton dissociation from neutral

oxygen acids proceed by a different mechanism than proton dissociation from protonated

nitrogen acids which are positively charged prior to dissociation.16b Currently, there is no

theoretical modeling of these “cationic” proton-transfer reactions. Transient solvation

effects and large inner-sphere rearrangements may be the crucial factor in determining the

pathway of cationic proton-dissociation reaction of amine acids. These observations on the

KIE of amine photoacids draw further attention to Bell’s remarks given in Section III of

this chapter. As Bell pointed out it has indeed become clear that one should be extremely

cautious when trying to generalize processes as sensitive to environment (solvent) and

intramolecular structure as the KIE in photoacids proton dissociation. A similar cautionary

remark may be made about any theoretical modeling (at any level of theory) that suggests

one general mechanistic treatment for the KIE in all proton-transfer reactions. A more

realistic view is to assume that there are several possible pathways leading to proton

transfer and to the observed KIE in proton-transfer. Generalizations should be limited to

specific groups of acids and may become realistic only after extensive data gathering and

after critically examining the various experimental findings. It was the aim of this

contribution to point out that such a goal is probably possible for the phenol-type family of

excited-state acids.
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