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Solvent Assisted Photoacidity
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12.1
Introduction

Proton transfer [1–33] and electron transfer [33–38] are among the most common
classes of chemical reactions in nature. Similar to electron transfer, the main out-
come of a proton transfer reaction is the net transfer of a charge. However, unlike
electron transfer, proton transfer reactions involving large organic molecules are
usually localized between two donor and acceptor atoms. Proton transfer reactions
are inherently reversible in the ground electronic state of the proton donor and
proton acceptor molecules. The inherent reversibility of the proton transfer reac-
tion is usually maintained in the electronic excited-state of photoacids and photo-
bases in aqueous solutions. Most proton transfer reactions involve relatively small
changes in the backbone structure of the proton donor and proton acceptor mole-
cules. These ensuing changes fully reverse upon back-transfer of a proton, either
by the back-recombination of the dissociated (geminate) proton or following
recombination with a proton coming from the bulk solution [39–62].
Proton transfer is very sensitive to the environment, which usually affects both

the yield and the rate of the proton transfer reaction. Aqueous solutions are the
most common environment accommodating proton transfer reactions due to the
high dielectric constant and extensive hydrogen-bond interactions of the aqueous
medium which act both to stabilize charged products and to establish the reaction
coordinate along which the proton is transferred. Following the pioneering work
of Brønsted and Lowry it has been customary to define proton donors as Brønsted
acids and proton acceptors as Brønsted bases [1, 2]:

AH (acid) + B (base) . A– (conjugated base) + BH+ (conjugated acid) (12.1)

where the acid and base molecules prior to proton transfer may either be charged
or neutral species.
The pKa and pKb scales in aqueous solutions (B=H2O, BH+”H+ in Eq. (1)) serve

to define the extent of acidity and basicity of the proton donor and the proton
acceptor, respectively, Eqs. (12.2) and (12.3).
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Ka = [A–][H+]/[AH] (12.2)

Kb = [AH][OH–]/[A–] (12.3)

with KaKb = Kw, Kw = [H+][OH–] = 10–14 at room temperature. The self-concentra-
tion of water [H2O] = 55.3 M at room temperature is usually included in the
respective equilibrium constants.

12.2
Photoacids, Photoacidity and F�rster Cycle

12.2.1
Photoacids and Photobases

Photoacids [5, 9, 17–20, 24–28] and photobases are organic dyes which become
stronger acids or stronger bases in the electronic excited-state (Figs. 12.1–12.3).
They have been used extensively in the past 50 years to study the kinetics and
mechanism of proton-transfer reactions in aqueous solutions [3–28, 39–81] and as
very efficient means of creating rapid change in the pH of a solution, the so called
pH-jump [82–86]. Unlike excited-state electron transfer reactions, proton transfer
reactions are usually reversible on the potential surface of the excited-state of the
photoacid and the photobase [39–62]. For that reason excited-state proton transfer
reactions are very useful for modeling ordinary ground state acid–base reactions.
Research into photoacids and photobases mainly originated with the seminal

studies of FJrster [3–6] and Weller [7–11]. FJrster correctly assigned the large
Stokes shift in the fluorescence emission of several hydroxy- and amine-substi-
tuted dyes to very fast excited-state proton transfer reaction to the solvent [3]. The
unit charge change upon proton transfer results in the fluorescence emission
originating from a new fluorescing chromophore, the conjugated photobase. It
was FJrster who suggested that the acidity of photoacids in the excited state may
be estimated by using a thermodynamic cycle, the so-called “FJrster cycle” [5].
FJrster’s assumption was that electronic excitation of a photoacid acts to shift its
ground state equilibrium constant Ka to a new value K*

a, where K*
a > Ka and may

be defined thermodynamically similarly to Ka,

K*
a = [(A–)*][H+]/[A*H] (12.4)

Where an asterisk on a concentration symbol indicates that the species is in the
electronic excited state. In Eq. (10.4) A*H is the excited photoacid and (A–)* is the
excited (conjugated) photobase.

12 Solvent Assisted Photoacidity378



WILEY-VCH K�hn & Weyh Satz und Medien
Schowen Freiburg
1. UK l:/Vch/Schowen/3b2/c12.3d
N. Denzau 30.6.2006

12.2.2
Use of the F�rster Cycle to Estimate the Photoacidity of Photoacids

The K*
a of a photoacid may be estimated by combining the FJrster cycle (Fig.

12.4) [5] with the equilibrium constant of the photoacid in the ground state, which
should be independently known to facilitate the calculation.
Arguably, of even greater importance than the ability to estimate the absolute

photoacidity when the ground state acidity is accurately known, the FJrster cycle
provides a general thermodynamic cycle for estimating the relative change in the
acidity of a chromophore upon electronic excitation, DpK*

a = pKa – pK*
a, indepen-

dent of prior knowledge of the ground state pKa. One may, thus, distinguish be-
tween the FJrster photoacidity, DpK*

a, and the absolute photoacidity of a molecule
when in the excited state as defined by its K*

a (or pK*
a) value. Furthermore, it is

often correct to assume that, while the absolute photoacidity depends on intramo-
lecular properties of the photoacid as well as on solvent properties, FJrster photo-
acidity depends mainly on intramolecular rearrangements in the electron density
of the photoacid and its conjugated photobase upon electronic excitation.
The FJrster acidity, DpK*

a, may be found with the aid of the FJrster cycle (Fig.
12.4) and is given by Eq. (12.5)

DpK*
a = pKa – pK*

a = N (DGFEG – DG¢FEG) / (log RT) (12.5)

where N is the Avogadro constant and DGFEG and DG¢FEG are the two FJrster ener-
gy gaps which are the free-energy gaps separating the ground state and the stable
(thermodynamic) energy levels of the photoacid and photobase while in their elec-
tronic excited states, respectively.
Clearly, the FJrster cycle bears a sound physical meaning when excited-state

proton transfer is inherently reversible so the two thermodynamically stable ener-
gy levels of the photoacid and the photobase in the excited state could have equili-
brated, providing that they lived long enough in the excited state. Assuming inher-
ent reversibility of the proton transfer reaction in the excited state, one may pro-
ceed and define the equilibrium constant of such an excited-state process indepen-
dent of the system actually reaching equilibrium populations during the finite
(ns-short) lifetime of the excited state. In the following discussion we refer to the
thermodynamically stable states of the photoacid and photobase while in the elec-
tronically excited state as the “FJrster levels” and the free energy gap that sepa-
rates them from their respective ground-state (thermodynamic) energy levels as
the FJrster energy gap (FEG, DGFEG, DG¢FEG, respectively). It is worth pointing
out that the FJrster cycle does not constitute by itself proof for its physical validity.
It rather defines a general thermodynamic cycle for estimating the change in the
equilibrium constant, DpK*

a, of a photoacid upon electronic excitation, assuming
the acid–base equilibrium is shifted from the ground electronic state to the excited
electronic state of the photoacid.
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Figure 12.1 (a) Molecular structure of
1-naphthol (1N), 1-naphthol-2-sulfonate
(1N2S), 1-naphthol-3-sulfonate (1N3S ),
1-naphthol-4-sulfonate (1N4S), 1-naphthol-5-
sulfonate (1N5S ), 1-naphthol-3,6-disulfonate
(1N3,6diS), 1-naphthol-4-chlorate (1N4Cl),
1-naphthol-5-cyano (1N5CN),

and 1-naphthol-5-tetrabutyl (1N5tBu).
(b) Molecular structure of 2-naphthol (2N),
2-naphthol-5-cyano- (2N5CN), 2-naphthol-8-
cyano (2N8CN), 2-naphthol-6,8-disulfonate
(2N6,8diS) 2-naphthol-6-methyl- (2N6Me),
2-naphthol-5,8-dicyano (2N5,8diCN ) and
2-naphthol-3,6-disulfonate (2N3,6diS).
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Figure 12.2 Molecular structure of 1-hydroxypyrene (1HP),
8-hydroxypyrene-1,3,6-dimethylsulfamide (HPTA) and
8-hydroxypyrene 1,3,6-trisulfonate (HPTS).
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Figure 12.3 Molecular structure of protonated amine photo-
acids: 1-aminopyrene (1AP), N-methyl-1-aminopyrene (MAP),
N,N-dimethyl-1-aminopyrene (DMAP), 8-aminopyrene-1,3,6-
trisulfonate (APTS).
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12.2 Photoacids, Photoacidity and F�rster Cycle

The situation is not straightforward when the acid–base equilibria take place in
solution. Unlike the schematic gas-phase situation (Fig. 12.4) vertical electronic
transitions of large molecules in solution are followed by various intramolecular
relaxation processes and by solvent relaxation around the excited photoacid and
photobase. As a result, the location of the FJrster levels with respect to their corre-
sponding ground state levels may only be estimated from the corresponding verti-
cal transition energies. There are several methods for determining the respective
FEG energies of a photoacid and a photobase which have been reviewed by Gra-
bowski and Grabowska [71]. The method which is usually recommended is to
average the transition energies from and to the ground electronic state of the
photoacid and the conjugated photobase [9, 19, 27, 71–76]. The transition energies
are usually taken from the location of the peak absorption and peak fluorescence
spectra of the photoacid and conjugated photobase, hmAb and hmEm and hm¢Ab and
hm¢Em for the photoacid and the photobase, respectively. The averages of the optical
transition energies thus found are considered the FEG energies of the FJrster
cycle. Thus, the transition energies in the photoacid and conjugated photobase
sides are calculated independently of each other, from their respective absorption
and emission spectra. The procedure of averaging between the energies of the
absorption transition, hmAb, and the fluorescence transition, hmEm, is mainly aimed
at minimizing the effect of solvent relaxation on determining the final (relaxed)
location of the energy level of the acid (and base). The difference in free energy
between the directly accessed electronic level and the thermodynamically relaxed
FJrster level generally depends on both intramolecular and intermolecular relaxa-
tion processes. For the electronic excited state one may denote the total free ener-
gy of relaxation following the absorption of a photon by DGs and DG¢s for the
photoacid and photobase, respectively. Similarly, DGg and DG¢g denote the excess
free energy of the vertically accessed level in the ground state of the photoacid and
photobase, respectively, following the emission of a photon from the correspond-
ing FJrster levels of the photoacid and the photobase. The energy levels and aver-
aging procedure appropriate for solutions of photoacids are depicted in Fig. 12.5.
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Figure 12.4 F;rster cycle of photoacids in the gas phase. Energy levels are for a
general photoacid A*H and its conjugated base (A–)*. S1> is the first singlet excited
state and |g> is the ground-state. DGFEG and DG¢FEG (the F;rster energy gap) are the
free energy gaps separating the vibronically relaxed ground state and the vibronically
relaxed excited state energy levels of the photoacid and photobase, respectively.
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12 Solvent Assisted Photoacidity

Using the symbols of Fig. 12.5 one has for the average of the absorption and
emission transitions of the photoacid (AH):

(hmAb + hmEm)/2 = (DGFEG+DGs +DGFEG–DGg)/2 = DGFEG + (DGs–DGg)/2 (12.6)

Similarly, averaging the energies of the optical transitions of the photobase (A–)
yields:

(hm¢ Ab + hm¢ Em)/2 = (DG¢FEG +DG¢s +DG¢FEG–DG¢g)/2
= DG¢FEG +(DG¢s–DG¢g)/2 (12.7)

In Eqs. (12.6) and (12.7) DGFEG and DG¢FEG are the FJrster energy gaps (FEG) in
the photoacid and photobase side, respectively. DGs and DGg are the total free en-
ergy of relaxation in the target electronic state following absorption and emission
of a photon, respectively. It follows that averaging between the absorption and
emission energies results in cancellation of errors, which usually results in better
estimation of the FEG energies as compared to either using the absorption or
emission energies alone. Furthermore, the total error in determining, DGFEG and
DG¢FEG is only half that of the difference in the relaxation energies in the ground
and the excited state, thus reducing the residual error by half, Eqs. (12.6) and
(12.7).
The total error in carrying out the FJrster cycle with the averaged transition

energies of the photoacid and photobase rather than with the thermodynamic
DGFEG and DG¢FEG values may be estimated by the following simple algebraic con-
sideration, Eq. (12.8).
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Figure 12.5 F;rster cycle of photoacids in
solution. Energy levels are for a general
photoacid A*H and its conjugated base (A–)*.
|S1> is the excited-state of the acid and |S¢1> of
the base, |g> is the ground-state of the acid
and |g¢> of the anion, respectively. hmAb and
hm¢Ab are the energy of the absorption transi-
tion. hmEm and hm¢Ab are the energy of the fluor-
escence transition of the acid and base,
respectively. DGFEG and DG¢FEG (the F;rster

energy gaps) are the free energy gaps separat-
ing the thermodynamically relaxed ground
state and the thermodynamically relaxed
excited state energy levels of the photoacid
and photobase, respectively. DGg and DGS are
the relaxation free energies of the acid imme-
diately following the electronic transition in
the ground and excited state respectively and
DG¢g and DG¢S are the corresponding free
relaxation of the base.
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12.2 Photoacids, Photoacidity and F�rster Cycle

DGFEG–DG¢FEG = (hmAb+hmEm)/2 – (hm¢Ab +hm¢ Em)/2
+ (DGs–DGg –DG¢s+DG¢g)/2 (12.8)

The difference between the ground-state and excited-state equilibrium constants
of the photoacid as defined thermodynamically by the FJrster cycle, DpK*

a

(therm), is given by:

DpK*
a(therm) = (DGFEG–DG¢FEG )/(ln 10RT)

= ((hmAb–DGs)–(hm¢A– DG¢s))/(log RT) (12.9)

So relaxations in the excited photoacid side to below the vertically accessed level
act to decrease photoacidity while corresponding relaxations in the excited photo-
base side act to increase it.
The difference between the calculated value DpK*

a (cal) when using averaged
transition frequencies and the thermodynamic value, DpK*

a (therm) may be found
by the following procedure:

DpK*
a (cal) = [(hmAb+hmEm)/2 – (hm¢Ab+ hm¢Em)/2]/ (log RT) (12.10)

The error in DpK*
a when applying Eq. (12.10) rather then Eq. (12.9) is given by:

DpK*
a (therm) – DpK*

a (cal) = [N (DGg – DGs + DG¢s – DG¢g)/2 ] / (log RT) (12.11)

It is not immediately clear which of the relaxation free energy terms appearing in
Eq. (12.11) are more important than the others. In conditions where there is little
electronic rearrangement in the excited states of the photoacid and photobase DGs

and DG¢g are likely to be larger than DG¢s and DGg. The former transitions involve
solvent relaxation following vertical electronic transitions to the electronically
excited photoacid which is the more polar form of the photoacid and transition to
the ground-state photobase which is more charge localized than the excited-state
photobase and hence undergoes stronger interactions with the solvent. This is the
situation for electronic transitions which only involve modest changes in the elec-
tronic structure both in the photoacid and photobase sides. Photoacids where exci-
tation to the relatively nonpolar 1Lb state (see below) takes place may conform to
this scenario. One such example is the So–S1 transition of 2-naphthol. A useful
classification of the electronic levels of aromatic molecules was given by Platt. The
two lowest electronic levels common to all cata-condensed hydrocarbons are,
according to Platt’s notation [7, 88] the 1La and 1Lb levels. In Platt’s notation the
subscripts a and b refer to the direction of the electronic polarization. In general,
a refers to an electronic state whose eigenfunction nodes pass through the carbon
atoms forming the aromatic ring, and b refers to a state whose eigenfunction
nodes pass through the carbon–carbon bonds. For the naphthalene ring system
the a band is polarized along the short axis of the molecule in a transverse polar-
ization and the b band is polarized along the long axis.
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12 Solvent Assisted Photoacidity

The two lowest-energy electronic absorption bands of 2-naphthol in various sol-
vents are shown in Fig. 12.6. These are assigned to transitions to the 1Lb state (S1)
and to the 1La state (S2). In cases where the vertically accessed excited state level of
the photoacid and the relaxed excited state level of the photoacid are both the rela-
tively nonpolar 1Lb state the difference between the calculated value and the ther-
modynamic value of pK*

a is expected to be small. It has indeed been found that
FJrster cycle with average transition frequencies is a very good approximation for
calculating DpK*

a values of photoacids in the 1Lb electronic excited state [75].
The situation is more complex when two different singlet states are involved in

the photon-absorption and photon-emission processes of the photoacid [76, 89–
96]. Following Baba and Suzuki [89–91], we have suggested that the blue-side in
the absorption band of 1-naphthol belongs to the 1La transition and the red-side of
the absorption band of 1-naphthol belongs to the 1Lb transition [92, 93] (see Fig.
12.7). The level structure of such a photoacid is congested and is portrayed in Fig.
12.8. Here the full Eq. (12.11) should be considered with potentially much larger
deviations from the energies of the true FJrster cycle transitions.
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Figure 12.6 (a)Absorption spectra of 2-naphthol in several
solvents of different polarity: 1- c-hexane, 2- ethanol, 3- form-
amide, 4-DMSO, 5-water. (b) La/Lb scheme for naphthalene.
Adapted from Ref. [95].
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12.2 Photoacids, Photoacidity and F�rster Cycle

12.2.3
Direct Methods for Determining the Photoacidity of Photoacids

In certain cases of well-behaved photoacids, typically having pK*
a values in the

range of 0–3, FJrster cycle predictions may be tested against pK*
a values found by

two direct experimental methods. The first is titration of the excited photoacid
with a stronger mineral acid until an “end–point” is reached [9]. The titration of
the excited photoacid is monitored by following the change in the relative quan-
tum yield of the photoacid or the photobase as a function of the solution pH. Tak-
ing the steady-state fluorescence spectra of the photoacid at each titration point is
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Figure 12.7 Absorption spectra of 1-naphthol in several
solvents of different polarity: 1 – c-hexane, 2 – ethanol,
3 – formamide, 4 – DMSO, 5 – water. The spectral range is
identical to that of Fig. 12.6. Adapted from Ref. [95].
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Figure 12.8 F;rster cycle of photoacids in
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Fig. 12.5.
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sufficient for this purpose [7–11]. The value of K*
a is found by analyzing the inflec-

tion point of the titration curve. This method is reliable when the acid–base equi-
librium is not affected by proton quenching and when the photoacidity of the
photoacid is not very large or not too small for the excited state dissociation to be
appreciable.
The second independent method for finding K*

a is by direct time-resolved mea-
surements of the proton-dissociation and proton-recombination reaction rates of
the excited photoacid. These measurements have traditionally utilized time-
resolved fluorescence and absorption spectroscopy. They were originally devel-
oped by Weller [7–11] and FJrster [3–6] and have been widely in use in photoacid
research [17,18, 27].
Assuming homogenous proton recombination and unidirectional dissociation

reaction one has, for the excited-state equilibrium constant:

pK* a = – log(k*d/k*r) (12.12)

where k*r and k*d are the bimolecular (homogeneous) proton recombination and
the unimolecular proton dissociation rate constants of the excited photoacid,
respectively.
Recently, the usefulness of fs-resolved mid-IR measurements of some vibra-

tional markers of the photoacid and the photobase was demonstrated by Nibber-
ing et al. [97–100]. Direct mid-IR absorption spectroscopy has thus proved to be
an additional tool for directly monitoring the proton-transfer kinetics of photo-
acids while in the excited state.
The main disadvantage of the direct methods for the determination of K*

a val-
ues is that these methods are usually cumbersome and are only feasible for a lim-
ited range of photoacidities of well behaved photoacids. This is due to limitations
imposed by the short lifetime of the excited state and/or competing excited-state
reactions and also due to either a very large or a very small K*

a value of the photo-
acid. These complicating conditions are very common and put limits on the use-
fulness of the time resolved measurements of any observable that depends on
monitoring the actual progress of the proton dissociation and proton recombina-
tion reactions of the photoacid. When the limitations on the time-resolved mea-
surements are considerable, FJrster cycle calculations do not usually agree well
with the directly estimated pK*

a value of the photoacid. Such discrepancies have
been attributed many times to limitations inherent to the FJrster cycle and have
even have led to questioning of its general validity. In comparison, it has been
much less often suggested that the source of the discrepancy lies in difficulties
associated with the time resolved measurements. Below we review in detail the
evidence for the general validity of the FJrster cycle concept and the various
experimental limitations imposed on its practical use.
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12.3
Evidence for the General Validity of the F�rster Cycle and the K*

a Scale

Because of its general applicability, relative ease of the steady-state measurements,
and the simplicity of the thermodynamic cycle, the FJrster cycle has become the
main tool for the initial determination of the extent of photoacidity [9, 27, 71–78].
However, this has not been done without considerable debate about the validity of
a thermodynamic approach to short-lived excited-state species. Additional concern
has been with the correct identification of the thermodynamically stable excited-
state energy levels using conventional steady-state optical spectroscopy in solution
[16, 71, 75, 76]. Chief among the arguments against the routine use of FJrster
cycle has been the short ns-lifetime of the singlet state of most photoacids which
many times does not allow even a partial establishment of a chemical equilibrium
in the straightforward thermodynamic sense. In particular, the situation becomes
unclear when either one of the two excited-state proton transfer reactions (proton
dissociation and proton recombination) is much slower than the fluorescence life-
time of the excited photoacid. In the extreme situation, the photoacid may appear
to be completely nonreactive within the lifetime of the excited state. Such situa-
tions prevent the observation of the excited-state proton transfer process and
render impossible the determination of the excited-state K*

a by any of the direct
methods of measurement.
The general validity of the FJrster cycle approach is undoubtedly linked first of

all with the reality of the assumed microscopic reversibility of excited-state proton
transfer reactions. Secondly, the reliability of the K*

a scale should be checked,
when possible, against directly determined K*

a values of well behaved photoacids.
Furthermore, for the general validity of the K*

a scale to hold as defined by the
FJrster cycle its validity should not depend on the photoacid actually reaching
equilibrium conditions or even on observing at all an excited-state proton transfer
reaction within the finite lifetime of the excited state. These assertions should be
carefully tested and checked before establishing the general applicability of the
FJrster cycle.

12.3.1
Evidence for the General Validity of the F�rster Cycle Based on Time-resolved and
Steady State Measurements of Excited-state Proton Transfer of Photoacids

Arguably, the first evidence for the general validity of the pK*
a scale came from

steady-state fluorescence titrations of well behaved photoacids such as 2-naphthol
[27]. As already indicated, this method was largely developed by Weller [9] and
resulted in K*

a values which were in general agreement with the FJrster cycle pre-
dictions (see below).
More direct evidence for the inherent microscopic reversibility of an excited-

state proton transfer reaction was found in ps-time-resolved measurements of a
strongly reactive photoacid, namely HPTS (Fig. 12.2). With its conjugated-base,
fourfold charged, the observation of the back (geminate) recombination of the pro-
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ton following the photoacid dissociation has become feasible. Pines and Huppert
were first to report on the geminate recombination reaction of an excited photo-
acid [39–42]. They found that, following the dissociation of excited HPTS (also
commercially known as pyranine), proton recombination occurred reversibly so
that the ultimate fate of the so-formed excited photoacid was to dissociate again.
Over relatively long times of observation, the repeated cycles of dissociation–
recombination were found to occur in the excited state without quenching and to
cause the populations of the reacting species to converge into a pseudo-equilibri-
um situation while being in the excited state. The equilibrating system was found
to be continuously perturbed by the diffusion of the two geminate reactants away
from each other. This gradual separation of the ion pair by diffusion away has
been found to monotonically decrease the average concentration of the dissociated
proton with respect to its geminate photobase anion. Following the initial series
of observations and their correct physical modeling by Pines and Huppert [39–43]
Pines, Huppert and Agmon [43–48] arrived at an analytic expression describing
the decaying amplitude of the photoacid at long times:

[A*H]t � K* a (4pDt)–3/2 (12.13)

where t is the time elapsed from the moment of the initial dissociation of the
photoacid and D is the mutual diffusion coefficient between the proton and the
conjugated photobase.
Equation (5.12) was verified over relatively long observation times in conditions

where only diminishing small concentrations of the photoacid remained in the
excited state, down to about 10–4 of the initial population. (Fig. 12.9). The experi-
mental verification of Eq. (12.13) was carried out after normalizing the decaying
photoacid population with the observed fluorescence lifetime of the conjugated
photobase, s¢0, Eq. (12.14):

[A*H]t exp(t/s0¢) � K*
a (4pDt)–3/2 (12.14)

Equation (12.14) was found to be exact by Gopich and Agmon when the nonreac-
tive lifetime of the photoacid equals that of the photobase. Reviews of the exten-
sive kinetic analysis done over the past 20 years in order to refine the basic gemi-
nate-recombination model have been recently published by Pines and Pines [25]
and by Agmon [48].
A further step to establish the validity of the K*

a has been undertaken by Pines
and Fleming [49] and was extended by Pines et al. [50, 51] and by Solntsev et al.
[52, 53]. These authors have shown that the concept of an excited-state equilibri-
um constant holds in the more kinetically demanding (and more general) situa-
tion of proton quenching in parallel to reversible geminate rocombination.
1-Naphthol exemplifies such a situation when, in addition to undergoing revers-
ible proton dissociation, the population of the excited photoacid has been shown
to be self-quenched by the dissociated geminate proton as well as by bulk protons.
In such cases irreversible recombination (quenching) of the proton competes with
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reversible recombination of the proton at the original site of the dissociation,
Scheme 12.1.
To account for the additional proton quenching reaction, the long time decay of

the photoacid population, Eq. (12.14), should be corrected and take the form of
Eq. (12.15) [50–52].

[A*H]t exp(t/s¢) � K* a [A –*]8 2 (4p Dt) –3/2 (12.15)

where [A–*]8 is the surviving fraction of the unquenched geminate pairs from the
initial excited-state population. The normalized fraction of the surviving pairs is
equal to the ultimate escape probability of the pair, while avoiding self-neutraliza-
tion, X8. In the case of infinite lifetimes X8 = 1 for reversible recombination reac-
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Figure 12.9 Semi-logarithmic plot of normal-
ized fluorescence decay of HPTS. Points are
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slope is –1.50. Adapted from Ref. [60].
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tions without quenching and is less than unity when a parallel quenching reaction
takes place. Gopich and Agmon [54–57] have extended the above analysis even
further to include conditions when the excited-state lifetimes of the photoacid dif-
fer from that of the conjugated photobase. The effect of unequal excited-state life-
times of the photoacid and the photobase was originally considered by Weller in
order to correct for pK*

a values found by direct fluorescence-titration of the photo-
acid while in the excited state. He showed that the relative kinetic effectiveness of
the proton dissociation reaction from the photoacid and the back-protonation reac-
tion of the photobase depends on the ratio of their respective excited-state life-
times [7, 9], Eq. (12.16).

f=f0

f¢=f¢0
¼ 1

kds0
þ ðk*rÞs¢0

k*ds0
ðc–Þ

2½Hþ� (12.16)

where f=f0 and f¢=f¢0 are the relative fluorescence quantum yields of the photo-
acid and photobase, respectively, which change upon titration and serve to moni-
tor its progress as a function of the concentration of the mineral acids. s0 and s¢0
are the fluorescence lifetime of the photoacid and photobase, respectively, in the
absence of proton transfer. c– is the mean activity coefficient of the strong mineral
acid used to titrate the photoacid. Equations (12.12) and (12.16) serve to demon-
strate the macroscopic reversibility of the proton transfer reaction in the excited
state while Eqs. (12.13)–(12.15) describe the microscopic reversibility of the same
reaction. The observation that over long times the time dependence of the popula-
tion of the photoacid followed Eq. (12.13) (or Eq. (12.15)) in the case of self-
quenching [49–53, 58]) have demonstrated the general microscopic validity of K*

a,
even in a most demanding situation where the excited state is rapidly quenched
back to the ground state.
The final stage of this yet unfinished saga has been to directly demonstrate the

establishment of an actual excited-state (acid–base) equilibrium by performing
time-resolved titration of the photoacid while in the excited-state (Fig. 12.10). This
was done in conditions where proton dissociation was initiated by short laser
pulse excitation in the presence of strong mineral acids [59–61]. Following the ini-
tial dissociation of the excited photoacid the population of the photoacid relaxed to
its equilibrium concentration with the photobase. The relaxation-to-equilibrium
process was carried out with the excited photobase reversibly reacting with both
the dissociated proton and the large excess of bulk protons introduced by the
mineral acid. At long times the reaction was predicted to follow Eq. (12.17) [62],

[A*H]t – [A*H]8 � K*
a (4pDt)–3/2 / (1+cKeq)3 (12.17)

Equation (12.17) was verified by Pines and Pines [60] who were able to demon-
strate the predicted analytic dependence of the relaxation kinetics on the bulk con-
centration of the mineral acid (HClO4) used to titrate the excited photoacid.
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The advantage of Eqs. (12.13)–(12.15) and (12.17) was that they allowed the
direct determination of the excited-state equilibrium constant by a single kinetic
measurement. The proton dissociation rate constant and hence also the proton
recombination rate constant may also be found from the same measurement. Al-
though this method has been applied successfully in only a few cases [60, 61], the
K*

a values thus found have been in very good agreement with K*
a values indepen-

dently estimated from the FJrster cycle or by steady-state titrations.

12.3.2
Evidence Based on Free Energy Correlations

More subtle methods for verifying the validity of the FJrster cycle for estimating
the K*

a of weak photoacids have been successfully used, even in cases of very
weak photoacids where no apparent dissociation of the photoacid has been ob-
served. These methods rely on measuring the reactivity of photoacids toward
stronger bases than water. It was demonstrated that the reactivity of excited photo-
acids follows general structure–reactivity laws, photoacids having similar struc-
tural features but different excited-state acidities can be grouped and correlated
[101–103] (Fig. 12.8). Once the reactivity of a photoacid has been correlated within
a family of similar photoacids according to its K*

a (either the FJrster cycle value or
a directly measured one), its reactivity toward strong bases could be estimated and
then verified experimentally (Fig. 12.11). Such procedures using for example
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Eq. (12.18) for the correlation between the proton transfer rate, kp, and K*
a (the

dependence on K*
a enters through the free energy of activation term DGa , see

below) usually result in very good agreement between the observed reactivity of
the photoacid and its FJrster cycle K*

a value.

kp� k*oexp(–DG*
a/kT) (12.18)

where (k*o)–1 is the frequency factor of the specific family of reactions, DG*
a is the

effective activation energy of the proton transfer reaction in the excited state which
may be estimated using the Marcus BEBO equation [104], Eq. (12.19)

DGa = DGo/2 + DGo
# + DG o

# cosh[DGoln2/( 2DG o
#)] /ln2 (12.19)

or alternatively assuming the reaction takes place in the “normal” region of the
celebrated Marcus charge-transfer theory (MCT) (as opposed to “inverted” reaction
conditions when the activation energy increases although the reaction becomes
increasingly favored thermodynamically) where the activation energy decreases
when the reaction is more favorable thermodynamically. The MCT theory was
originally developed for the activation free energy of electron transfer reactions in
solution [34–36], Eq. (12.20)

DGa = (1+DGo/4 DGo
# )2 DG o

# (12.20)

DGo
# is the solvent-dependent activation energy of the charge-exchange reaction

when the total free energy change (DGo = RT log pK*
a ) in the proton transfer is

equal to zero. Eqs. (12.19) and (12.20) are practically equivalent in the photoacidity
range that has been studied so far which seems to display only “normal” reaction
behavior where the proton transfer rate increases monotonically as a function of
the increase in the relative strength of the base compared to the acid (see Fig.
12.12).
A very convincing support for the existence of solvent controlled proton disso-

ciation reactions in aqueous solutions has risen from the theoretical studies of
Ando and Hynes [105–108] who have studied the proton dissociation of simple
mineral acids HCl and HF in aqueous solutions. The two acids seem to follow a
solvent-controlled proton transfer mechanism with a Marcus-like dependence of
the activation energy on the acid strength. Recently, a free energy relationship for
proton transfer reactions in a polar environment in which the proton is treated
quantum mechanically was found by Kiefer and Hynes [109, 110]. Despite the
quite different conceptual basis of the treatment the findings bear similarity to
those resulting from the Marcus equation Eq. (12.19) which has been used to cor-
relate the proton transfer rates of photoacids with their pK*

a [ 101, 102 ] .
The case of 1-hydroxypyrene is illuminating in this respect. Being one of the

first photoacids studied by Weller [9], its pK*
a = –log (K*

a) was estimated by Weller
using the FJrster cycle, pK*

a = 3.7, but the photoacid was not observed to dissoci-
ate in water [111]. Several explanations were offered for this apparent lack of con-
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The free energy barrier, 2.9 kcal mol–1, found
for the total set of proton transfer reactions is
0.5 kcal higher than that found for the sub-set
of the proton-dissociation-to-water reactions
(Fig. 12.11).
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sistency of the FJrster cycle. These invoked the inadequacy of the FJrster cycle for
describing the photoacidity of very weak photoacids and the idea that weak photo-
acids may differ kinetically from strong photoacids by not dissociating so readily
in the excited state. The reason given for the latter behavior invoked the electronic
structure of weak photoacids which has been suggested to be inherently less polar
and less reactive than that of strong photoacids [132–134]. The first singlet state of
weak photoacids has been suggested to be the 1Lb state while strong photoacids
like HPTS have been thought to undergo solvent-influenced level crossing to a
more polar 1La state [135–137]. However, several reports have shown that 1-hydro-
xypyrene behaves as a proper photoacid in so far as the strengthening of its hydro-
gen-bonding interactions in the excited state and its ability to transfer a proton to
stronger-than-water bases both in aqueous and nonaqueous solutions [9]. Using
the correlation shown in Fig. 12.12 Pines et al. were able to show that in fact the
reactivity of excited 1-hydroxypyrene toward acetate bases is consistent with a pK*

a

value of about 4.1, which agrees very well with the FJrster cycle estimation of its
pK*

a, (Fig. 12.13). Finally, it has been demonstrated recently (Fig. 12.14) [112–114]
that about 1% of the population of 1-hydroxypyrene does dissociate at room tem-
perature (k*p = 5 S 106 s–1) which is in good agreement with predictions based on
correlating the pK*

a (FJrster cycle) value by the BEBO model of Marcus (Fig.
12.11). It thus seems that the FJrster cycle calculation does provide a reliable way
of estimating K*

a even when the proton transfer reaction is two orders of magni-
tude slower than the excited-state decay rate. One may also conclude from Fig.
12.12, which correlates both 1Lb and 1La, acids that the proton transfer rate within
a family of photoacids is uniquely determined by the K*

a value of the photoacid,
regardless of whether it is in the 1Lb or 1La state. This means that internal changes
in the electronic structure of excited photoacids leading to changes in the fluores-
cing level of the photoacid may not constitute a significant kinetic control for the
rate of the proton transfer from weak photoacids. However, these electronic
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changes should result in a change in the K*
a value of the photoacid, which in turn

would affect the proton dissociation rate by means of Eqs. (12.18)–(12.20), see also
the discussion in Section 12.5 below.

12.4
Factors Affecting Photoacidity

12.4.1
General Considerations

What are the important intramolecular and intermolecular factors affecting photo-
acidity? Clearly, photoacidity by itself is the result of some intramolecular changes
in the electronic structure of the excited photoacid and its photobase enhancing
its Brønsted acidity as compared to the situation existing in the electronic ground
state. By the same token, acidity and basicity largely depend on the chemical and
physical properties of the solvent in which the acid–base reactions take place. Jud-
ging by the available literature it seems that FJrster cycle calculations are very use-
ful in predicting the relative change in the Ka, i.e. DpK*

a of most photoacids upon
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electronic excitation, independent of the photoacid being a strong or a weak acid
in the ground state. However, the absolute value of K*

a, which determines the
actual strength of the photoacid depends on the corresponding ground-state equi-
librium constant which in turn is a solvent-dependent property. It follows that it is
possible that the absolute acidity of an excited photoacid may be very low, depend-
ing on the solvent, while still exhibiting considerable FJrster photoacidity.

12.4.2
Comparing the Solvent Effect on the Photoacidities of Neutral and
Cationic Photoacids

Similar to the situation prevailing for uncharged ground-state acids, uncharged
photoacids which exhibit strong acidity are most commonly found in water which
is, arguably, the best overall solvent-medium for solvating free ions produced by
the photoacid dissociation. This situation dramatically changes upon moving to
less polar solvents where neutral photoacids become much weaker acids. This is
essentially due to a decrease in their ground-state acidity and not because of a
large decrease in their photoacidity. Some relevant data on the pK*

as is collected
in Tables 12.1 and 12.2 where the FJrster cycle photoacidity of 1-naphthol and
2-naphthol is listed in several solvents where the ground-state acidity of the photo-
acid is known. In comparison with the considerable decrease in the ground-state
acidity on moving from aqueous solutions to the less polar solvents, the FJrster
acidities, as judged by the DpK*

a values in the same solvents, DpK*
a = pKa – pK*

a,
do not change by much and even seem to increase with decreasing solvent polar-
ity. The extent of the marked decrease in the ground state acidity of neutral photo-
acids on moving from water to less polar solvents has been so overwhelming as to
identify photoacidity with actually observing excited-state proton transfer which
occurs almost exclusively in an aqueous environment. The term “enhanced photo-
acids” has been introduced by Tolbert [22–24] to describe neutral photoacids being
strong enough to still appreciably dissociate in nonaqueous (albeit still polar)
solvents. However, the situation becomes much more blurred when cationic
photoacids (Fig. 12.3), which undergo an acid–base equilibrium of the form
AH+ . A + H+, are considered. In such cases proton dissociation does not cause
the formation of an ion pair so the proton-dissociation reaction is isoelectric. Here
the polarity of the solvent does not play a dominant role as with neutral-acid disso-
ciation, while other factors such as solvent basicity toward the proton may become
more important. Not surprisingly, cationic photoacids may even increase their
acidity and their photoacidity in less polar but more basic solvents than pure
water. An example is the proton dissociation reaction of protonated aminopyrenes
RN*H3

+ (Fig. 12.3) [19, 25, 101, 115, 116]. The K*
a values of this family of cationic

photoacids are very large with some pK*
a values approaching the acidity of strong

mineral acids (Fig. 12.15). The proton transfer rate of these photoacids (and their
pKa values) increases in mixtures of water/organic solvent solutions until it
reaches a maximum rate at water compositions of about 50–70% (M/M) [101].
Further decrease in the water content causes the proton transfer rate to decrease
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again until it reaches its value in the pure organic solvent. (Fig. 12.16). For tertiary
amine photoacids, RN(CH3)2H+ the maximum rate of proton transfer may be
more than an order of magnitude greater than the corresponding rate in pure
water. Such a complex dependence on solvent composition reveals the complex
role that the solvent has in proton transfer reactions. Not only does the solvent
need to stabilize the dissociating proton and its conjugated base, it also provides
the hydrogen-bonding network necessary for the proton to transfer efficiently by
the Grotthuss mechanism, i.e. along hydrogen-bonding networks of water [117–
124]. The complex dependence of the proton transfer rate on the solvent composi-
tion is once more not a unique property of the excited photoacid–solvent system.
It is rather similar in both ground-state and excited-state proton transfer reactions
of cationic acids.

Tab. 12.1 pKa, pKa* and DpK*a values of 1-naphthol in water, methanol and DMSO.

Solvent pKa DpK*
a

1La/1Lb 1)

1La/1Lb[a]

water 9.3 10.3/6.9 –1.0/2.4

methanol 13.9 11.1/8.4 2.8/5.5

DMSO 17.1[b] 12.3/9.7 4.8/7.4

a DpK*
a values when calculated by the FJrster cycle using either

the S0fiS2 (
1La) absorption energy or the S0fiS1 (

1Lb) absorption
energy. b Ref. 139.

Tab. 12.2 pKa, DpK*a and pKa* values of 2-naphthol in water,
methanol and DMSO from F;rster cycle calculations.

Solvent pK0
a DpK*

a pKa*

water 9.6 6.3 3.3

methanol 14.2 6.6 7.6

DMSO 16.2 10.0 6.2

pK(meth) – pK(water) 4.6 0.3 4.3
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12.4.3
The Effect of Substituents on the Photoacidity of Aromatic Alcohols

The situation considered so far has been of the solvent affecting ground-state acid-
ity while intramolecular changes in the charge density of the chromophore upon
electronic excitation determine the extent of the photoacidity of the photoacid rela-
tive to its corresponding ground state acidity. The relative contribution of the

400

Acetonitrile

                      base

350 400 450 500 550 600

0.2

0.4

0.6

0.8

1.0

1.2

1.4

base

acid

In
te

n
s
it

y
 (

a
.u

.)

Wavelength (mm)

400 450 500 550 600

0.0

0.2

0.4

0.6

0.8

1.0

1.2

In
te

n
s
it

y

acid

70%HClO4

Wavelength (mm)

Figure 12.15 Dissociation of protonated APTS in acetonitrile and in 70% HClO4.
About 50% of the photoacid (fluorescence maximum at 395 nm) dissociates to
form the conjugated photobase (fluorescence maximum at 530 nm) in HClO4 and
about 20% in acetonitrile within the excited-state lifetime of the photoacid.
Adapted from Ref. [116].
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FJrster photoacidity to the total (absolute) acidity of photoacids in their electronic
excited state may be estimated directly from the corresponding pKa and pK*

a val-
ues. Additional questions are the extent to which photoacidity may be tuned by
suitable substituents which also affect the ground state acidity of the photoacid
and, alternatively, by the choice of the solvent. Table 12.3 compares the effect of
several substituents on the ground- and excited-state acidities of several photoa-
cids. The first conclusion that may be drawn from this table is that ring substitu-
ents cause the Ka and K*a of aromatic photoacids to change in the same direction.
It follows that one may discuss the effect of various types of substituents on photo-
acidity using arguments and terminology that have been traditionally used for
ground state acids. In particular, Hammett [127, 128] and Taft [129, 131] have con-
tributed much to the discussion of the substituent effect on equilibrium and reac-
tivity of aromatic acids in the ground electronic state. Their arguments seem to be
valid also for the excited state of aromatic acids but with different scaling factors
(i.e., different values in the Hammett Equation) [24].

Tab. 12.3 pKa and pKa* values of some common photoacids in water.

Photoacid pKa Ref. pKa* Ref.

1-naphthol 9.4 125 –0.2 49

1-naphthol 3,6-disulfonate 8.56 126 1.1 79

5-cyano-1-naphthol 8.5 103 –2.8 103

1-naphthol-4-sulfonate 8.27 74 –0.1 74

2-naphthol 9.6 125 –2.8 23

5,8-dicyano-2-naphthol 7.8 23 –4.5 23

5-cyano-2-naphthol 8.75 23 –0.3 23

8-cyano-2-naphthol 8.35 23 –0.4 23

2-naphthol-6,8-disulfonate 8.99 126 0.7 78

1-hydroxypyrene 8.7 27 3.6 27

HPTS 8.0 45 1.4 45

HPTA 5.6 116 –0.8 116

Finally, the observed net effect of substituents on either increasing or decreas-
ing photoacidity is less than 3 pK*

a units, even in the most extreme cases studied
so far [24, 69]. This only constitutes about one third of the total acidity change
upon electronic excitation. Apparently, in most cases, one may treat the substitu-
ent effect as a perturbation to the electronic structure of the unsubstituted chro-
mophore even when the aromatic acid is in the electronic excited state [69].
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Figure 12.13 compares the photoacidities of 1-hydroxypyrene and HPTS. The
considerable effect of the 3 sulfonate groups that are located on the 3, 6, 8 posi-
tions of the pyrene system of HPTS is evident. The difference in the ground state
acidity of the two photoacids is about 0.9 pK*a units, HPTS being the stronger
ground-state acid. In the excited state the difference in acidity increases to about
2.3 pK*

a units, again HPTS being the stronger photoacid. It follows that the FJr-
ster photoacidity of HPTS is larger than the FJrster photoacidity of 1-hydroxypyr-
ene by about 1.4 pK*

a units. As the position of the OH group is the same for the
two photoacids most of the change in photoacidity is likely to originate from the
combined inductive effect of the 3-sulfonate groups. Apparently, the inductive
effect is about three times larger in the excited state of HPTS than in the ground
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state. Plotting the FJrster cycle levels of the two photoacids on a normalized ener-
gy scale shows the increased photoacidity of HPTS to be the result of greater
photobase stabilization, presumably because of the greater charge transfer away
from the negatively charged oxygen atom to the substituted pyrene system. The
enhanced charge transfer process from the OH group to the aromatic system of
HPTS makes the photoacid considerably more acidic and its photobase a much
weaker base as compared to the situation prevailing in the acid–base equilibrium
of 1-hydroxypyrene. The net result of the two effects is to increase the acidity of
HPTS over that of 1-hydroxypyrene, indicating larger sensitivity to the electronic
excitation of the photobase side [69, 136, 137]. The effect of the three substituents
in stabilizing the FJrster level of the photoacid is nevertheless considerable. This
may indicate a change in the nature of the FJrster level of the photoacid, from 1Lb
in 1-hydroxypyrene to more polar S1 level in HPTS which has some charge-trans-
fer character [100].
As a final example we compare the photoacidities of 1-naphthol-5-sulfonate and

1-naphthol 5-tetrabutyl. The FJrster cycle of the two photoacids was measured in
methanol. The 5-position of the 1-naphthol system is considered the most sensi-
tive to substituents (Table 12.4). As discussed in the HPTS case the sulfonate
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Tab. 12.4 DpK*a values of some common hydroxyarene
photoacids from F;rster cycle calculations in methanol.

Photoacid DpK*
a

1
La/

1
Lb

[a]

1-naphthol 11.1/8.4

1-naphthol-2-sulfonate 11.0/7.4

1-naphthol-3-sulfonate 11.3/8.0

1-naphthol-4-sulfonate 8.2/6.5

1-naphthol-5-sulfonate 8.5/7.4

1-naphthol-4-chlorate 9.4[b]

1-naphthol-5-tetrabutyl 11.1/8.4

1-naphthol 3,6-disulfonate 12.6/9.5

2-naphthol 6.6 [b]

2-naphthol-6,8-disulfonate 7.3 [b]

HPTS 6.9 [b]

HPTA 7.1 [b]

a DpK*
a values when calculated the FJrster cycle using either the

S0fiS2 (
1La) absorption energy or the S0fiS1 (

1Lb) absorption
energy.

b Calculated with the S0 « S1 transition.
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group enhances charge transfer from the oxygen atom to the aromatic system
(Hammett rp value = 0.09). The situation is reversed with the tetrabutyl group
which is an electron-withdrawing group (rp= – 0.197) [128]. Figure 12.17 is very
illuminating in showing the large difference in the effect of the two types of sub-
stituents on the location of the FJrster levels of the photoacids. Interestingly, in
this case the photoacid side and the photobase side are almost equally affected by
the change in substituents so the photoacidity of the two photoacids in methanol
is almost equal. It follows that 5-sulfonate-1-naphthol is a much stronger photo-
acid, mainly because it is already a much stronger acid in the ground state having
pKa = 8.4 compared to the pKa = 9.8 of 1-naphthol-5-tetrabutyl. Also shown in
Fig. 12.17 is the substituent effect on the energy of the S0–S2 transition. Clearly,
the more charge-transfer promoting substituent lowers the energy of the vertically
accessed S2 level more than the corresponding relative stabilization of the S0–S1
transition, presumably because the S0–S2 transition of 1-naphthol derivatives is to
the polar 1La state.

12.5
Solvent Assisted Photoacidity: The 1La,

1Lb Paradigm

A more complex situation may arise when polar interactions with the solvent not
only stabilize the FJrster levels of the photoacid and photobase but also select it.
In such cases FJrster acidity may depend to a large extent on the solvent. In par-
ticular, the possibility of the solvent determining the nature of the first singlet
state of the photoacid has been of considerable interest and a matter of debate in
recent years [132–137]. It was suggested that in polar solvents 1La-type singlet
states comprise the photoacidity states, while in less polar solvents less-polar
1Lb-type singlet states make up the photoacidity states. This so-called “level inver-
sion” in polar solvents has been suggested to be an additional, and sometimes the
dominant mechanism which is responsible for neutral photoacids being so much
less reactive in solvents other than water [132–137]. It has been argued that in
water proton dissociation occurs from polar 1La-type states which exhibit a negligi-
ble barrier for proton dissociation, while in less polar solvents proton dissociation
occurs from relatively nonpolar 1Lb-type states by an activated process which may
involve a slow (solvent activated) internal conversion to the more reactive 1La state.
The difference in reactivity between the two close-lying singlet states of 1-naphthol
was suggested to be so large that level crossing from the 1Lb to the more polar 1La
state was considered the rate determining step for proton dissociation [132–134].
A support for this reactivity model was found in molecular dynamics simulations
of the proton dissociation reaction of excited 1-naphthol in solvent clusters [131–
134]. However, this model finds limited support in measurements of photoacids
in liquid solutions.
More recently, a modified 1Lb–1La scenario was suggested to be a dominant fac-

tor in the photoacidity of HPTS in the liquid phase [135–138]. Based on sub-ps
measurements of HPTS, proton dissociation was argued to consist of two acti-
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vated processes. In the first stage, the local excited state of the photoacid converts
to a charge transfer state from which proton dissociation occurs. However, the
experimental evidence was not conclusive and this reactive model of HPTS
remains under debate.
A recent time-resolved absorption study of HPTS carried out in the mid-IR

range with sub-150 fs measurement did not find support for relatively slow inter-
nal conversion to a charge transferred state in the time range studied. It was ob-
served, rather, that the patterns of the ring vibrations of excited HPTS change
with the change in solvent but with no apparent time-resolved dynamics, thus
suggesting solvent-influenced modification of the first singlet state of HPTS
which occurs faster than the time resolution of the experiment (150 fs) [100].
As mentioned above, the extent by which the solvent influences the FJrster

photoacidity may be checked using the FJrster cycle with the transition energies
of the photoacid and the conjugated photobase measured independently in the
solvent in question. However, the estimation of K*

a values by FJrster cycle in sol-
vents where no proton transfer was observed has been a questionable practice
over the more than 50 years of photoacid research. In such cases FJrster cycle cal-
culations may be carried out when it is possible to generate the conjugated photo-
base by deprotonating the photoacid in the ground state. This is usually done by
introducing a strong proton-base to the photoacid solution. The gap between the
ground-state and excited-state energy levels of the conjugated photobase may then
be found by direct excitation of the ground-state photobase. Such measurements
are independent of whether the photoacid dissociates appreciably in the excited-
state to form the photobase. The energy gap between the two pairs of energy levels
needed to complete the FJrster cycle may thus be found and the value of DpK*

a

compiled.
Below we carry out a survey of the FJrster cycle photoacidity of several well

known photoacids in order to examine the 1Lb –1La paradigm. Arguably, the best
examples are 1-naphthol which is considered to be a 1La photoacid, 2–naphthol
(1Lb acid), 1-hydroxypyrene (1Lb) and HPTS ( S1).
Tables 12.1 and 12.2 compare the DpK*

a values for 1 and 2-naphthols in water,
methanol and DMSO solvents. It is clear that the FJrster acidities of the photoa-
cids do not diminish on moving from water to the less polar solvent but, rather,
tend to increase in the less polar solvents. The observation that FJrster cycle
photoacidity increases on moving from water to less polar solvents was first made
by a research group headed by Hynes [138]. The increase in the photoacidity in
these solvents is more than compensated by the decrease in the ground-state acid-
ity of the photoacid. Estimation of the ground state pKas in the same solvents
show the considerable decrease in the overall acidity of the photoacids in nonaqu-
eous solutions to be a ground-state effect (i.e., originating from a process also
occurring in the ground state of the photoacid, so it cannot be uniquely associated
with the excited electronic level of the photoacid). In addition, one may try to ana-
lyze the photoacidity behavior according to the nature of the first singlet state of
the photoacid, being either 1Lb or, presumably, the more polar 1La state. Important
conclusions may be drawn simply by comparing between photoacids having
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known excited-state level structure. Figures 12.13 and 12.17–12.21) portray the
FJrster cycle levels of several photoacids in different solvents as found by the spec-
tra-averaging procedure discussed in this chapter. The figures are drawn to scale
with the FJrster energies of the different states shown with respect to the FJrster
energy of the photoacid in the ground state, which is considered the reference en-
ergy level. The energy separating between the ground state and the various excited
state levels of the photoacid and the photobase is given in pKa (pK*

a) units.
The first general observation drawn from Tables 12.1 and 12.2 and Figs. 12.17–

12.21 is that photoacids in 1La-like levels are generally stronger than photoacids in
1Lb-like levels by several pK*

a units.
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Figure 12.18 compares the locations of the FJrster levels of the two isomers of
naphthol, the 1-naphthol and 2-naphthol photoacids in water. The level structure
of 1-naphthol is more congested than that of 2-naphthol which results in some
uncertainty about the nature of the electronic level accessed from the ground state
and the nature of the excited FJrster level. Comparing the level structure of the
two isomers reveals that the increased acidity of the 1-isomer over the 2-isomer is
due to better stabilization of 1-naphtholate as compared to 2-naphtholate. This
indicates a larger charge transfer process in the 1-isomer of the photobase than in
the 2-naphtholate case.
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When assuming the excitation to be directly to the 1La state the calculated FJr-
ster photoacidity increases by 3.4 pKa units. The observation that the S0 to 1Lb tran-
sition of 1-naphthol results in calculated FJrster acidities considerably smaller
than the experimental ones, while the S0 to 1La transition of the same molecule
results in calculated FJrster acidities being only slightly larger than the experi-
mental photoacidity was made by Schulman [77] and discussed by Harris and
Selinger [76]. This observation was put forward as an argument in favor of calcu-
lating the FJrster cycle in cases of suspected 1Lb to 1La level crossing with the
S0–S2 transition energy instead of the S0–S1 transition. However, level crossing in
the acid side of 1-naphthol is unlikely to be the main reason for the FJrster cycle
failing to predict the extent of the photoacidity of the molecule so the better fit
with experiment using the S0–S2 transition should be considered accidental. The
improved correspondence between the FJrster cycle and the experimental value of
K*

a is likely to be the result of cancellation of errors (Eq. (12.11)). The relative fail-
ure of the FJrster cycle in the case of 1-naphthol is probably due to abnormally
large reorganization energy in the excited photobase side of 1-naphthol and due to
a large horizontal shift between S1 and S0 potential wells. This results in a vertical
down-transition from the FJrster level to high vibronic levels in the ground state.
The resulting two large reorganization-energy terms apparently do not cancel out
by the two other reorganization terms appearing in Eq. (12.11). The situation is
different with 2-naphthol. In this case there is only a small Stokes shift between
the absorption wavelength and the fluorescence wavelength in the photoacid side,
pointing to an S1 level resembling more the ground-state level than in the case of
the 1-naphthol isomer.
Moving to less polar solvents usually increases the photoacidity of 1La photo-

acids. This implies the destabilization of the FJrster level of the photoacid with
respect to the FJrster level of the conjugated photobase on-going from aqueous to
nonaqueous solutions, (Figs. 12.18–12.21). 1-Naphthol and 2-naphthol are again
of particular interest. The two photoacid isomers differ by the position of the OH
substituent and by the character of their first singlet state. Which of the two is
more important in determining the extent of photoacidity? Comparison between
the pKa of 1-naphthol and 2-naphthol in water reveals that 1-naphthol is already
the stronger acid in the ground state by about 0.3 pKa units. In the excited state
the difference in the acidity of the two naphthols isomers increases by about
150-fold, to about 2.5 pKa units.
The increased acidity of 1-naphthol over 2-naphthol has been attributed to the

first singlet state of 1-naphthol being in the more polar 1La state. However, the
effect of a photoacid being in the 1La state rather than being in a 1Lb state is to
stabilize the FJrster level of the exited photoacid and so to decrease its photoacid-
ity and not to increase it (Figs. 12.18–12.20). If level crossing in the acid side were
the only process to occur then the photoacidity of 1-naphthol should have been
less that that of 2-naphthol. To explain the overall increased photoacidity of
1-naphthol one has to invoke the anion side (base) of the photoacid, i.e. to assume
much larger stabilization of the 1-naphtholate anion than that of the 2-naphtho-
late anion, which more than compensates for the changes occurring on the photo-
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acid side. A conclusion may be drawn that the increased photoacidity of
1-naphthol over that of 2-naphthol must be due to much larger rearrangements in
the electronic structure in the photobase side of 1-naphthol.
It is still a matter for further research to decide which process is dominant in

making the basicity of the excited 1-naphtholate anion considerably smaller than
the basicity of the 2-naphtholate anion. Is it because the a-position in the naphtha-
lene ring is more susceptible to charge transfer than the b-position or is it because
1-naphtholate is in an altogether different (more polar) electronic state akin to the
1La state of the photoacid side? Whatever the answer, it is clear that 1-naphthol is a
stronger photoacid than 2-naphthol because of much greater intramolecular stabi-
lization of the anionic charge of 1-naphtholate. These assumptions are verified
when the FJrster cycle of the two isomers is compared. Figures 12.18–12.20 show
the level structure of the two naphthol isomers both normalized to the energy of
the ground state of the 2-naphthol molecule. Clearly evident is the effect of greater
stabilization of the excited 1-naphtholate as compared to excited 2-naphtholate.
The difference in the stabilities of the two anions increases in methanol, Fig.
12.19. The effect of assuming direct absorption to S2 in the case of 1-naphthol is
to bring the FJrster level of 1-naphthol above that of 2-naphtho, which contradicts
the starting point of this discussion, namely that the 1La level may become the
FJrster level only in cases where solvent relaxation brings it down to below the 1Lb
level. Making the same assumption of direct excitation to 1La in the less polar sol-
vents DMSO and methanol only makes this inconsistency worse, Figs. 12.19 and
12.20).
Figure 12.21 compares the FJrster cycle of 1-naphthol in water and in DMSO.

DMSO is a polar aprotic solvent which is unable to stabilize the naphtholate anion
by hydrogen-bonding interactions. This results in very large destabilization of the
naphtholate anion in the ground state and a very large decrease in the ground-
state acidity in DMSO, pKa = 17.1, compared to 9.3 in water [139]. The situation is
reversed in the excited state, where the photoacidity of 1-naphthol is much larger
in DMSO than in water, DpK*

a (FJrster cycle) = 9.7 and 6.9 assuming 1Lb transi-
tion, for DMSO and water, respectively. It is evident from Fig. 12.21 that the
increased photoacidity in DMSO is due to a decrease in the destabilization of the
excited naphtholate anion as compared to the situation in the ground state. The
observation, that being in the excited state levels out the effect of the strong (spe-
cific) hydrogen-bonding interaction existing in the ground state of 1-naphtholate
is important. It shows that 1-naphthol is a much weaker base in the excited state
than in the ground state so it becomes insensitive in the excited state to whether
the solvent is a strong hydrogen-bond donating one (water) or a very weak one
(DMSO). A similar conclusion may be drawn by performing the Kamlet–Taft anal-
ysis [140–142] on the spectral shifts of 1-naphtholate in different solvents [143].
Indeed, such an analysis has shown that 1-naphtholate does not form hydrogen
bonds in the excited state. Similar analysis on 2-naphtholate derivatives yielded
the same conclusions [144].
As a final note we point out that proton transfer may involve a more complex

mechanism than that implied by the Brønsted model for proton transfer between
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acid and base. One such model was recently discussed in connection with photo-
acidity in the gas phase. In this reaction model excited state hydrogen transfer
(ESHT) occurs [145–149]. This model has been recently described by Sobolewski
and Domcke [145, 146] and used in excited state dynamics studies of gas phase
phenol clustered with ammonia or water molecules of the Jouvet group [147]. In
this model it is argued that a level crossing between the initially excited 1pp* state
and a 1pr* state facilitates the migration of an electron from the photoacid to the
solvent. The electron transfer reaction is followed by proton transfer with a net
transfer of a hydrogen atom. Modeling photoacidity as ESHT has also been used
as in an experiment where donor and acceptor groups are connected through a
wire of ammonia molecules [148]. A conical intersection of the 1pr* state with the
S0 state leads to an efficient internal conversion pathway for phenol–ammonia
clusters. Net proton transfer on the other hand should involve at least one more
step with an electron back transfer to the photoacid, producing the photobase and
solvated proton as separate species. Conical intersections connecting the locally
excited 1pp* state and the ground state with a 1pp* charge transfer state strongly
stabilized by the transfer of a proton is the mechanism of the enhanced excited-
state decay of hydrogen-bonded aromatic dimers in the experiments of Hertel
group [149]. However, Brønsted photoacidity as described by the FJrster cycle has
been found to be the major mechanism of proton transfer from photoacids in
aqueous solutions. However, parallel reactive routes which involve electron trans-
fer apparently do exist in aqueous solutions of photoacids where proton and elec-
trons are both detected following photoexcitation with extra energy over the S1
excitation energies.

12.6
Summary

Photoacids have been consistently proven to be important research tools in solu-
tion chemistry over the past 50 years. Understanding photoacidity is a basic
requirement for this field to develop further and to expand behind its traditional
boundaries of acid–base research in aqueous solutions.
Photoacidity is affected by intramolecular charge rearrangement which is initi-

ated by optical excitation and also by intermolecular interactions with the solvent.
The FJrster cycle is the primary tool for estimating the photoacidity of an aromatic
dye. Important insight has been gained on the factors affecting photoacidity using
direct time-resolved measurements and FJrster cycle considerations:

1. Photoacidity may be defined regardless of proton dissocia-
tion occurring or not during the finite lifetime of the photo-
acid in the excited state. Photoacidity may also be defined in
nonpolar solvents using the FJrster cycle.

2. Generally speaking, photoacids behave similarly to ground-
state acids as far as the solvent effect and the substituent
effect on acidity and photoacidity is concerned.
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3. Marked photoacidity is mainly the result of large rearrange-
ments in the anion (photobase) side of the photoacid equilib-
rium.

4. Structural factors of an intramolecular process increasing
the stability of only the photoacid side will decrease photoa-
cidity. It follows that the reasons for the increased photoacid-
ity of 1La photoacids which undergo internal conversion
from the locally excited, less polar 1Lb state to the polar 1La
state should be found in the photobase side of the photo-
acid–photobase equilibrium rather than in the photoacid
side.

5. Partial charge transfer to the aromatic ring may be important
both in the photoacid and the photobase side. In the acid
side this process is usually of a smaller magnitude than in
the photobase side and will make the acidic proton more pos-
itively charged and more susceptible to hydrogen bonding.
In the photobase side charge transfer to the aromatic ring is
considerable and acts to increase the total photoacidity of the
photoacid.
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