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The chemistry of an electronically excited species of a
molecule may differ markedly from that of its counterpart
ground-state state species. The lifetime of the former is
very short, for example, 107-109 for the first excited sin-
glet state of typical organic compounds; further, the geom-
etry and electronic charge distribution can be quite differ-
ent than in the ground state. For a chemist, however, the
most interesting features of this state are the changes in
chemical properties and the reactivity of these excited spe-
cies. They can take part in various chemical reactions
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Figure 1. Electronic energy levels of an acid AH and its conjugate
base A” in the ground and excited states (the Férster cycle).

(photochemical reactions) different from those in the
ground state; however, they can also take part in the same
type of reactions as can molecules in the ground state. In
this latter case the difference in their reactivity can be ob-
served in the difference in the values of rate constants and
equilibrium constants when the reactions are studied.
Acid-base reactions are interesting example reactions
that can occur both in the ground and excited states for the
same compound.

The acid-base reactions in excited states are some of the
most elementary processes both in photochemistry and
biochemistry and are, therefore, well-suited to form the
basis for an undergraduate physical chemistry experi-
ment. To acquaint our students with this phenomenon, we
have chosen a simple experiment to illustrate the proton
transfer reaction in the excited state.

Acid-Base Reactions in the Ground and Excited States

Let us discuss the following equilibrium in aqueous solu-
tions in the ground state:

AH + Hzo ,::) A+ H30+ (1)

where AH and A~ symbolize acid and conjugated base, re-
spectively. The equilibrium constant for eq 1 in dilute solu-
tion is given by
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Figure 2. Absorption and fluorescence spectra of 2-naphthol in 0.1 M
HCI.
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and is expressed in terms of pK, (pK, = —log;oK,).

The value of pK, depends on the electronic charge distri-
bution. Since electronic excitation can modify charge den-
sities, variations in acidity between the ground and excited
states can be observed. The acid-base equilibrium in the
electronically excited state is expressed as follows:

(AH* + H,0 2 (AD)*+H,0" @
with the equilibrium constant K.* (pKa* = —log;oK,*).
Since proton exchange can be a very fast process, an acid—
base equilibrium between excited (AH)* and (A™)* mole-
cules can be established, in spite of the short lifetime of the
excited species.

Several methods based on fluorescence intensity and
lifetime measurements have been employed to determine
the pK,* values of the lowest excited singlet state (1-3). We
suggest applying a simple and less time-consuming
method based on determination of the energy gap between
the ground and excited singlet states of the conjugated
acid and base. The thermodynamic cycle employed in this
case is known as the “Forster cycle” (4). This method has
been successfully used by various authors for many years
(see refs 1-3). Let us consider a diagram of the electronic
states for equilibria 1 and 2 (see Fig. 1).

The difference in excited-state energies of the the HA
and A~ forms can be expressed as the difference in en-
thalpy changes for reactions 1 and 2:

Eyp—Ej =AH - AH* (3)

Using the relation AG = AH — TAS, one can obtain:
Eya—Ey = (AG + TAS) - (AG™+ TAS") (4)

where AG and AG" are free energy changes of reaction in
the ground and excited states and AS and AS” are entropy
changes of reaction in the ground and excited states.

Assuming that the entropy of dissociation is the same in
both the ground and excited states (AS does not change
appreciably upon excitation, see ref. 5), approximating the
changes of AG, AH, and AS to the standard values, and
using the relation AG = —RT In K, the following equation
can be obtained:

Eya—Ex =AG-AG =-RT(nK,-InK,) (5)

And finally:
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Figure 3. Absorption and fluorescence spectra of 2-naphthol in 0.1 M
NaOH.

Epa - Ep

PKa—PKa =5 3RT ©

where R is the gas constant (8.31 J mol ' K1), T is temper-
ature (K), and Eys and E,- are the energies of the elec-
tronic transitions for the conjugated acid and base
determined as the O-O transition energies.

In the majority of absorption and fluorescence spectra in
solutions it is not so simple to determine the O-O transi-
tion precisely. An estimate may be made by taking the
value from the region where the absorption and fluores-
cence spectra of both acid and base overlap. These values
can be estimated, for example, by averaging the frequen-
cies of absorption and fluorescence maxima of both acid
and base forms:

Vi + Ve
Epp = Nno BT VA
. o + af =
Ey-=Nhe-2 = YA
(7)

where v® and V' are wavenumbers (cm™) for the maxima of
absorption and fluorescence spectra, respectively; N is the
Avogadro constant (6.022 x 10% mol?); A is the Planck con-
stant (6.625 x 10* Js); and c is the speed of light in vac-
uum (3 x 108 ms™).

This method is usually employed for the spectra with
well-resolved vibrational structure and, in this case,
v® and v represent O—O transitions in absorption and flu-
orescence, respectively. When vibrational structure is not
observed in the absorption and fluorescence spectra, the
0-0 transition can be estimated as the wavenumber cor-
responding to the intersection point of mutually normal-
ized absorption and emission spectra. Spectroscopic deter-
mination of O-O transitions in solutions for HA and A~
forms has been recently discussed in reference 5.

In the following experiment, the value of pK,* for the
lowest excited singlet state of 2-naphthol is determined
using, a Forster cycle. This experiment illustrates, in a
simple way, the change of acid-base properties in the ex-
cited state as well as provides some basic knowledge about
absorption and luminescence spectroscopies. It has been
performed for more than five years in our laboratory (un-
dergraduate course in physical chemistry) and has shown
a high degree of reliability in student hands.



Excited Singlet State pKa* Values for 2-Napthol in H20

Forster cycle Fluorescence Kinetic analysis®
titration®
3.1 + 0.3 (this work®) - -
3.0+ 0.1 (this work?) - -
25-3.1 (23 2.8-3.0(23) -
2.8+0.1(8) 2.6+0.1(8) 2.7+0.2(8)

“From the midpoint of fluorescence titration curves.

b0n the basis of dynamic analysis involving proton-induced fluorescence
quenching processes, rate constants of proton dissociation (k1) and association
(k2) were determined (Ka = ki/kz).

°A typical value obtained by students using wavenumbers for maxima of ab-
sorption and fluorescence (eq 7), to estimate Ea-, and Ena.

9A typical value obtained by students using the intersection point of mutually
normalized absorption and fluorescence spectra to determine Ea- and Ena.

Experimental

In this experiment, the absorption and fluorescence
spectra of 2-naphtol solutions can be measured using any
available absorption spectrophotometer and spectrofluo-
rimeter. The results presented here have been performed
using a Specord UV-VIS spectrophotometer (Zeiss) and a
Perkin—Elmer MPF 44A spectrofluorimeter.

Materials

2-Naphthol (Merck) was purified by repeated crystallization
from water and sublimation. HC1 (38%, POCh) and NaOH (POCh)
were used as obtained. Double-distilled water was used to prepare
0.1 M HCI and 0.1 M NaOH solutions.

Solutions

Two solutions of 2-naphthol are prepared in the concentration
range of 1% 10" M: one in 0.1 M HCI and the other in 0.1 M NaOH.
They are used for the measurement of absorption spectra in 1-cm
cells. However, to avoid inner filter and concentration quenching
effects (6) (see also ref 7) the solutions should be diluted for fluo-
rescence measurements. Thus, 1 x 10®® M 2-naphthol in 0.1 M
NaOH is recommended for fluorescence studies.

Procedure

1. Record the absorption spectra in turn for the two 2-naphthol
solutions (¢ ~1 x 10* M in 0.1 M HCI and 0.1 M NaOH, respec-
tively), using a 1-cm cell in the range of 240-400 nm (0.1 M HCl
or 0.1 M NaOH must be used in the reference cell, respectively).

2. Record the fluorescence spectra of 2-naphthol solutions (¢~1
% 10® Min 0.1 M NaOH) using a 1-cm cell in the range of 320-560
nm (excitation wavelength 282 nm).

3. Record the fluorescence spectra of solvents in the same exper-
imental conditions as in point 2.

4. Calculate the maxima of the long wavelength absorption
bands (wavenumbers v{j, and v}~ in em™!) and the maxima of flu-

orescence (wavenumbers v, and vi- in em™),
Ha A

5. Using eq 7, determine Eyy and E-
6. Using eq 6, calculate the value of pK;* (for 2-naphthol pK, =
9.5(3)).

Results and Discussion

The absorption and fluorescence spectra of 2-naphthol
are measured in 0.1 M HCI and 0.1 M NaOH, where only

acid or only base forms were observed. The measured ab-
sorption and corrected (for apparatus response) fluores-
cence spectra are presented in Figures 2 and 3. The sol-
vents used do not show any emission under the
experimental conditions used.

Following the procedure described in the experimental
section, the value of pK,* for the excited singlet state of
2-naphthol was estimated as pK,* = 3.1 £ 0.3. This value
shows that for 2-naphthol the increase in acidity with ex-
citation is very large, ~ 6 pK, units (in the ground state pK,
=9.5).

If the student’s time is not limited, he or she can esti-
mate O-0 transitions for acid and base forms at the inter-
section point of mutually normalized absorption and emis-
sion spectra (Figs. 2 and 3). In this case, however, the
fluorescence spectra must be corrected for apparatus re-
sponse, which can be done automatically (MPF 44A) or by
the “point by point” method (see 6). As is described in ref-
erence 5, this is a better approximation to the O-O transi-
tion for 2-naphthol than the average of the corresponding
absorption and luminescence maxima. The pK,* values ob-
tained by students in our laboratory as well as those taken
from the literature are summarized in the table. The pK,*
values obtained for 2-naphthol in the first excited singlet
state using the Forster cycle are in good agreement with
those measured by different more time-consuming meth-
ods.

Even the results obtained by the approximation of 0O-O
transition as the average value of wavenumbers for the
maxima of absorption and fluorescence spectra (eq 7) are
comparable with the data taken from the literature (see
table).

This experiment can be extended by the determination of
fluorescence spectra of 2-naphthol as a function of pH to
see if the resultant “titration curves” give the same excited
state pK,* value as from the Forster cycle method. The de-
tailed description of pK,* determination by the fluores-
cence titration and kinetic analysis methods including the
case of 2-naphthol, can be found in references 2, 3, and 8.

Finally, a student can also measure the fluorescence
spectra for different excitation wavelengths (e.g., 282 nm
gives excitation to the S; state; 315 nm and 340 nm give
excitation to the S, state for the HA and A~ forms, respec-
tively) and prove that the fluorescence bandshape of 2-
naphthol and 2-naptholate in solution and its position do
not depend on the excitation wavelength.
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