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Two phthalein dyes in agueous polyvinyl alcohol solutions of pH 8.5 have been investigated:
fluorescein and phenol phthalein. Competitive pathways of deactivation of their energetically excited
states have been followed by the use of spectroscopic and photoelectric techniques. Radiative,
nonradiative, and charge separation processes followed by electron transfer have been measured
by absorption, fluorescence, and photoacousti ¢ spectroscopy accompani ed by photovoltage/photocur-
rent generation in a photoelectrochemical cell. It is shown that, despite their being only a slight
difference in molecular structure between the two dyes, their spectral as well as photoelectric

behavior is significantly different.
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INTRODUCTION

Fluorescein and phenolphthalein are well-known
organic dyes of wide application. Fluorescein is used
in the laser technique and as a fluorescent marker for
determination of fluorescence quantum yields of other
dyes[1], whereas phenol phthalein is known as a pH indi-
cator.

Fluorescein and phenol phthalein differ only slightly
in molecular structure as shown in Fig. 1. The difference
isthe O-bridge* which links two benzeneringsin fluores-
cein[1,9]. A relatively simple structural modification can
substantially alter the photophysical behavior of dyes.

1 This paper is dedicated to Professor Danuta Frackowiak on the occa
sion of her 75th birthday.

2 Faculty of Technical Physics, Ingtitute of Physics, Poznan University
of Technology, Nieszawska 13a, 61-022 Poznah, Poland.

3 To whom correspondence should be addressed. E-mail: wrobel @phys.
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4 Abbreviations used: A, absorbance; ®, charge separation yield; @,
fluorescence quantum yield; O-bridge, oxygen bridge; PAS, photo-
acoustic signal/spectra; PVA, polyvinyl alcohol; TD, thermal deactiva-
tion; ®+p;, thermal deactivation yield; ®+, triplet quantum yield.

Although some molecules are capable of absorption
and fluorescence, charge separation processes upon illu-
mination are not observed in a large number of com-
pounds. Such behavior is closely connected with the
molecular structure of the main molecular frame and
the substituents attached to the molecular core. Since
radiative, nonradiative, and charge separation processes
compete with each other, it was deemed interesting to
follow the deactivation pathways of the excited states of
two phthalein dyes which differ insignificantly in their
molecular structures.

Absorption and fluorescence features of some phtha-
lein dyes have been the subject of some papers [9,26].
To date, however, the literature data have not included
the study of thermal deactivation processes in both fluo-
rescein and phenolphthalein. As far as we know, the
charge separation process in phthalein dyes has never
been studied. In the light of our previous spectroscopic
and photoelectric studies of porphine dyes, we indicated
some correlation between the capability for fluorescence
and for charge separation, on one hand, and the molecular
structure of dyes, on the other hand [2—8].

The aim of this paper is to follow the absorption,
thermal, and fluorescence properties of fluorescein and
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Fig. 1. Molecular structure of fluorescein (A) and colored phenolphthalein (B).

phenolphthalein as well as their abilities for charge sepa-
ration. For that reason the absorption and steady-state
fluorescence measurements are accompanied by photo-
acoustic and photovoltaic experiments. Photoacoustic and
absorption spectra provideinformation on thermal deacti-
vation occurring in nonradiative processes. The charge
Separation process was monitored as the photoelectric
response in a sandwich-like photoel ectrochemical cell.

For dyes in the photoel ectrochemical cell the photo-
voltage spectra (the dependence of the photovoltage sig-
nal on the excitation wavelength), photocurrent kinetics
on the second time scale as well as current—voltage char-
acteristics were measured. Due to the structural differ-
ences between fluorescein and phenolphthalein mole-
cules, varying spectroscopic and photoelectric properties
are expected.

MATERIALS AND METHODS

Fluorescein and phenolphthalein were purchased
from Sigma and used without further purification. The
synthesis procedure for these dyes has been described
elsewhere [9]. PVA powder was purchased from Aldrich,
and the agueous PVA solution (15%, v/v) was prepared
according to the procedure described in Ref. 3.

Particular attention was paid to the pH of dye sol-
vents. Fluorescein (Fig. 1A) used in the study does not
show pH sensitivity in the absorbance response. To abtain
colored phenolphthalein, commercial colorless phenol-
phthalein was treated with an agueous KOH solution.
The details of this method are described in Ref. 9. At pH
8.3—-10.0 colorless phenolphthalein turns to violet dye.
There are several reasons for the use of aqueous PVA in
the study. First, the dye is very well dissolved in water
and thus its pH can be easily controlled. Second, a PVA
solution can serve as agood medium for the investigation
of photoelectric properties of dyesimmersed in a photoe-

lectrochemical cell as we have shown previously [4]. At
pH 8.5 dyes are found to be very stable over time (for
days). For these reasons a PVA solution of pH 8.5 was
chosen for the experiment. Dyesof 1 - 1072 M concentra-
tion were dissolved in PVA agueous solutions and used
for spectroscopic and photoel ectric measurements.

Absorption spectra were carried out with a Specord
M40 spectrophotometer (Carl Zeiss, Jena) in the range
of 430-800 nm. Fluorescence spectra excited at e =
485 nm (fluorescein) and at Ao, = 550 hm (phenol phtha-
lein) were monitored by a homemade device in the range
of 490-800 and 560-800 nm, respectively. For the
absorption and fluorescence spectra a dye/PVA solution
was immersed between two glass plates separated by a
spacer (60 pm thick). The 60-pm-pathlength sample
holder was used because of the high dye concentration
used in the experiment. A similar but uncolored holder
was used as a reference sample.

Photoacoustic measurements (in the range of 350—
800 nm) were made with a one-beam spectrometer
described elsewhere [10] at three light modulation fre-
guencies—8, 15, and 30 Hz—at a constant phase shift
(¢ = —80°). The dye in the PVA agueous solution was
immersed in the photoacoustic cylindrical cell. Light
energy absorbed by a molecule is partially changed into
heat and thermal energy reaches the thin layer of gasin
a photoacoustic cell. This thin gas layers acts as a pistol
on the remaining gas and a photoacoustic signal is created
and detected with a very sensitive microphone. A black-
body was used as areference sample to correct the photo-
acoustic spectra (PAS) for the spectra distribution of the
light source. Thermal deactivation (TD) as the ratio of
the photoacoustic signal to the absorption amplitude can
be determined [12].

For photovoltaic and photocurrent measurements,
dyes in agueous PVA were immersed in the sandwich-
like photoel ectrochemical cell constructed with semicon-
ducting (In,03) and gold (Au) electrodes distanced with
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the 60-um Teflon spacer. The details of the arrangement
for photovoltaic measurements are described in Ref. 11.
The following measurements were made with an auto-
matic potenti ostat—gal vanostat (Compex; Poland) device:
photovoltaic action spectra (the dependence of the photo-
voltaic signal on the excitation wavelength), the kinetics
of the photocurrent in the short circuit, and current—
voltage characteristics [1(V)]. The photoelectrochemical
cell was illuminated from the semiconducting electrode
side. For photovoltaic action spectra dyes in the photoe-
lectrochemical cell were excited with a xenon lamp
(Criel) as the light source, and the wavelength was
selected with amonochromator. Photovoltaic action spec-
trawere corrected for a number of incident photons. The
same photoelectrochemical cell with dyes was used for
monitoring of photocurrent Kkinetics. Photocurrent
increases and decreases were measured on the second
time scale (0-100 s). Current—voltage characteristics,
I(V), were monitored with a scan time of 10 mV/sin the
range —100 = 100 V.

RESULTS AND DISCUSSION

Absorption spectrafor fluorescein and phenol phtha-
lein in aqueous PVA are shownin Fig. 2. Each dye shows
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Table!l. Maximum of the Absorption Band and Extinction Coefficient
for Fluorescein and Phenolphthalein-in Aqueous PVA (15%, v/v) of

pH 8.5
1
£-10° (M - cm)’
Dye Amax (NM), wavelength  extinction coefficient
Fluorescein 496 4.6
Phenolphthalein 558 21

a broad absorption band in different spectral regions.
The absorption bands are located at about 496 nm for
fluorescein and 558 nm for phenolphthalein (Fig. 2). This
relative shift in the absorption band position is due to
the difference in the molecular structure of the dyes.
Absorption parameters are listed in Table I, which indi-
cates that the extinction coefficient for phenolphthalein
is about two times lower than that for fluorescein.
Figure 3 presents the fluorescence spectraof fluores-
cein (Ag = 485 nm) and phenol phthalein (A¢, = 550 nm)
and shows the differences in fluorescence behavior of the
investigated dyes. Very intensive fluorescein fluorescence
is observed, whereas ailmost no emission is monitored
for phenol phthalein. From literature datait iswell known
that fluorescein shows a very high fluorescence quantum

Absorption

———fluorescein

= = = phenolphthalein

- m o gmm = m w = = momom

630

Wavelength [nm]

680 730 780

Fig. 2. Absorption spectra of fluorescein and phenolphthalein in an aqueous PVA solution of pH 8.5.
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Fig. 3. Fluorescence spectra of fluorescein and phenolphthalein in an agueous PVA solution of pH 8.5 (Aex = 485 nm and e = 550 nm
for fluorescein and phenolphthalein, respectively).

yield, reaching 92% [1]. This obviously indicates that
fluorescence emission is a dominating process in deacti-
vation of the fluorescein excited state. The investigated
molecules differ from each other by the O-bridge which
links the benzene ringsin fluorescein. The O-bridge leads
to the rigidity of the fluorescein molecular structure and
makes this molecule highly fluorescent [1].

The quantum yields of radiative processes determine
the quantum yields of other deactivative processes, e.g.,
asaresult of the nonradiative transients. Results of photo-
acoustic spectroscopy are shown in Fig. 4. Identical
experimental conditions allow us to compare the PAS
for fluorescein and phenolphthalein directly. The first
observation is atwo times higher photoacoustic signal in
the case of phenolphthalein compared with that for fluo-
rescein.

Taking into account theintensity of absorbance (Fig.
2) and PAS (Fig. 4) results, it is obvious that thermal
deactivation in phenolphthalein is severa times more
effective than that in fluorescein. The photoacoustic
results resemble those of the fluorescence study for the
two dyes and indicate that in phenolphthalein a large
portion of the energy is changed into heat. The kinetics
of thermal dissipation appear to be different for fluores-
cein and phenolphthalein, as different decreases in PAS

signals with light modulation frequency are observed. At
the highest modulation frequency, PAS amost vanishes
in phenolphthalein. Moreover, only for fluorescein isthe
decline of PASin accordance with the Rosencwaig theory
[12]. Analysis of the photoacoustic signal as a function
of light modulation frequency (using linear regression)
gives a correlation factor equal to 1.00, but only in the
case of fluorescein. This observation together with the
change in the PAS shape of phenolphthalein leads to
the conclusion that triplet states can also be involved in
thermal deactivation processes. Relatively high concen-
trations of dyes would give some aggregated forms but
there is some evidence of the existence of monomers:
fluorescence aso occurs at lower concentrations and
shows alinear relation of its intensity with concentration
(not shown), in the absorption spectra no extra band
occurs, aggregated forms are very much involved in ther-
mal deactivation, and we do not observe particular
changes in PAS shape aso at different frequencies [6,8].

The photovoltaic spectra (Fig. 5A) show a good
correspondence with the absorption spectra (Fig. 2). Pho-
tovoltaic bands appear in exactly the same wavelength
position as absorption bands. This confirms the responsi-
bility of dyes for the photovoltage generated as was
observed for porphyrins [2,3], phthalocyanines [4], and
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Fig. 4. Photoacoustic spectraand phenol phthaleinin agueous PVA of pH 8.5 at threelight modulation
frequencies.

other dyes [6,14]. However, the photovoltage signal gen-
erated by phenolphthalein is twice as high as that for
fluorescein. Considering the relation between the
absorbance amplitudes and the photovoltaic responses,
it is obvious that phenolphthalein’s ability for charge
separation predominates over that of fluorescein. It can
be suggested that the process of charge separation fol-

lowed by electron transport on the boundary of the semi-
conductor electrode and the dye layer is more effective
in phenolphthalein than in fluorescein. Photoelectric
properties of the two dyes are also confirmed by the
photocurrent kinetics presented in Fig. 5B. For phenol-
phthalein the photocurrent value is two times higher than
for fluorescein. It reaches 10 nA and is characterized by
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Fig. 5. Photovoltaic action spectra (A) and photocurrent kinetics (B) for fluorescein and phenol-
phthalein in agueous PVA in the photoelectrochemical cell.

aregular course. A similar character of phenolphthalein
kinetics has been observed for porphyrins and phthal ocya-
nines in our previous papers [2—4]. More complex fluo-
rescein kinetics with marked signal increases (“light
stress’) are usually observed for other dyes and their
mixtures[15] and natural photosynthesizing systemssuch
as bacteria [14]. In the light of the results presented in

other papers [15,16] the effect of light stress can be
assigned toion recombination and it can bealso connected
with the superposition of at |east two effects: afast process
occurring immediately after light absorption and a slower
motion of the ions across the photoelectrochemical cell.

This suggestion is consistent with the results on the
current—voltage characteristics shown in Fig. 6. Using
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Fig. 6. Current—voltage characteristics for fluorescein and phenolphthalein in the dark and after
illumination.

ductivity of the photoelectrochemical cell with fluores-
cein after illumination confirms our previous suggestion
about charge recombination.

The results obtained with the photoel ectrochemical

the RC-circuit model proposed in Ref. 7, the electric
parameters of the photoel ectrochemical cell (conductivity
and capacitance) were estimated and are listed in Table
Il. The capacitance of the photoelectrochemical cell

increases under illumination in the case of both dyes,
which indicates changes in the charge distribution and
an increase in the free charged carriers. Decreasing con-

cell filled with the dyes used in our experiments resemble
those of the spectrophotometricinvestigations. According
to Birks [1] and to other papers [17-21], the sum of the
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Tablell. Conductivity and Capacitance of the Photoelectrochemical Cell with Fluorescein and Phenolphthalein Dissolved in Aqueous PVA (15%,
viv) of pH 8.5 in the Dark and After Illumination

o - 1078 (1) C (nF)
Conductivity in Conductivity after Capacitance in Capacitance after
Dye the dark illumination the dark illumination
Fluorescein 1.67 46.8 47.0
Phenolphthalein 1.10 58.4 62.3

fluorescence yield (@) and triplet quantum yield (1)
of fluorescein in agueous solvent is very close to unity
[17]. Dueto theinternal conversion, thermal deactivation
is observed with photoacoustic measurements [12,22].
Evidence presented in this paper also suggests that ¢ +
®; # 1 as shown by our PAS and photovoltaic experi-
ments. An excited molecule gives off heat upon photo-
excitation and this process gives rise to the observed
Stokes shift (24 nm for fluorescein) due to the vibrational
relaxation occurring when the molecule is still in S; and
in S after photon emission. According to Bowers and
Porter [17], @ + 1 = 0.97. Thisindicates the quantum
yields values of the remaining processes: thermal deacti-
vation and charge separation can be estimated at 0.03.

Fluorescence is the predominant decay pathway for
fluorescein but not for phenolphthalein, for which elec-
tronically excited states are deactivated predominantly in
thermal deactivation and in charge separation processes.
Taking into consideration the law of energy conservation
(P + &7 + Orp + Dy = 1, where P isthe thermal
deactivation yield and ® the charge separation yield)
and the competition among radiative (fluorescence), non-
radiative (thermal deactivation), and charge separation
processes as shown by spectrophotometric and photo-
electric results presented in this paper as well as in the
literature [1], we suggest that participation of the phenol-
phthalein triplet state in photothermal processes cannot
be excluded. In the light of our spectroscopic and photo-
voltaic results for phenolphthalein (& = 0; ®1p isabout
10 times higher than in fluorescein, and ®y, is at least
2 times higher than in the case of fluorescein), we can
roughly estimate the value of ®+ for phenolphthalein to
be about 0.70 in agqueous PVA.

Electron photodetachment from fluorescein dyeshas
been the subject of only a few studies. The process of
electron photoejectionin fluorescein was described exten-
sively in Ref. 23. Intensive delayed luminescence and
thermoluminescence of dye in boric acid glass have been
observed [24,25] and they wererelated to the photoioniza-
tion of dyes. In this paper we have shown the capability
of fluorescein and phenolphthalein for charge separation

followed by electron transport in a photoel ectrochemical
cell uponillumination. Onthe basisof our previousresults
from optical and photoelectric investigations of porphy-
rins and phthalocyanines [2—4] as well as on electron
spin resonance (data not published), we have indicated
the participation of w-€electrons in the process of charge
separation. Thus we can suggest that in fluorescein and
phenolphthalein also, mw-electrons could be responsible
for the photovoltaic effects observed in our experiment.
However, fluorescein shows the minority in the charge
separation process, whereas the photocurrent generated
inthe photoel ectrochemical cell based on phenolphthalein
is higher.

CONCLUSIONS

In the light of our spectral and photoel ectric/electric
studies, we can summarize our findings as follows.

® Thedlight differencein themolecular structures of
fluorescein and phenol phthalein leadsto amarked
differencein the spectral and photoelectric behav-
ior of the dyes.

® Fuorescein shows weak deactivation of excited
states by thermal processes but the lack of an O-
bridge in phenolphthalein causes an increase in
PAS for this dye compared to fluorescein due to
the more free oscillation. Participation of thetrip-
let dye state cannot be excluded,

® Phenolphthalein is able to create a photovoltage/
photocurrent (when embedded in a photoel ectro-
chemical cell) whichisgenerated more effectively
than in the case of fluorescein (charge recombina-
tion in fluorescein cannot be excluded).

The results presented though preliminary in nature,
indicate that phenolphthalein can be used in the construc-
tion of optoelectronic photosensors which do not require
large photocurrents.
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