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Spectroscopic and photoelectric studies
of phthalocyanines in polyvinyl
alcohol for application in solar

energy conversion
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Abstract. Phthalocyanines are synthetic dyes which are shown to be good photoconverters which can be
applied in a photoelectrochemical cell constructed of semiconducting and metallic electrodes. By means of
spectroscopic investigation (absorption, fluorescence and photoacoustics) we have followed spectral proper-
ties of phthalocyanines complexed with metals dissolved in polyvinyl alcohol solution in order to determine
the pathways of deactivation of their excited states. Spectroscopic investigations were accompanied with
photovoltaic/photocurrent and current-voltage characteristics of the photoelectrochemical cell with dyes. It
has been shown that there is a correlation between dye fluorescence feature and dye ability to electric pho-
toconversion. The comparison of new data for metallic phthalocyanines with those obtained for porphyrins
is discussed.

Abbreviations: dimethyl sulfoxide (DMSO), infrared
(IR), metallic phthalocyanine (MePc), nematic liquid
crystal (LC), photoacoustic spectra/signal (PAS), ph-
thalocyanine (Pc), polyvinyl alcohol (PVA), thermal de-
activation (TD), ultraviolet-visible (UV-VIS)

1. INTRODUCTION

Phthalocyanines and porphyrins are synthetic dyes
which can find many applications: they can serve as
photosensitizers in photodynamic therapy [1, 2], as flu-
orescence species in laser technology [3], light power in-
dicators [4] and they can be utilised in light energy con-
version into electric energy. Some porphyrins were the
object of numerous investigations [5] and the ability of
porphyrins and phthalocyanines to photocurrent gen-
eration when immersed in a specially constructed pho-
toelectrochemical cell was presented [6, 7, 8]. In our lab-
oratory a lot of attention is devoted to the construction
and development of the photoelectrochemical cell as
well as to the spectroscopic and photovotlaic studies of
organic synthetic dyes as potential molecular material
for application in solar energy devices [9, 10, 11, 12].

In our previous papers we have investigated vari-
ous synthetic porphyrins substituted with peripheral
groups and complexed with metal dissolved in either
nematic liquid crystal [9] or in liquid polyvinyl alcohol
[10]. We have found that the intensity of photocurrent
generated in the electrochemical cell depends on many
factors: delocalization of π -system due to the variation
in molecular structure, the type of metal incorporated
in the centre of porphyrin ring, the peripheral group at-
tached to the main molecular corn and solvent used as
a medium for dyes. Since there is a competition among
deactivation processes, photovoltaic/photocurrent in-
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vestigations were accompanied with the spectroscopic
studies of dyes to follow also the radiative and non-
radiative processes which lead to deactivation of dye
excited states.

The aim of this paper is to follow spectral prop-
erties of metallic phthalocyanine (MePc) dissolved in
polyvinyl alcohol (PVA) with dimethyl sulfoxide (DMSO)
solution in order to determine the pathways of deacti-
vation of their excited states. For this purpose follow-
ing spectroscopic methods have been applied: absorp-
tion and fluorescence spectroscopies and photoacous-
tic spectroscopy. The later one gives information on
thermal deactivation processes occurring in dyes after
light absorption. To our knowledge no previous data on
such non-radiative processes for phthalocyanines has
been reported in the literature. Spectroscopic investiga-
tion was associated with photovoltaic and photocurrent
measurements for dyes embedded in the photoelectro-
chemical cell constructed of semiconducting and metal-
lic electrodes. To characterise the electric parameters
of the photoelectrochemical cell the measurements of
current-voltage characteristics [I(V)] were also done.

The investigated Pc dyes were shown to be able to
generate photocurrent in semiconducting/metal photo-
electrochemical cell and thus they can be used in solar
energy conversion device. The differences in porphyrin
and Pc molecular structures are expected to influence
their effectiveness in photocurrent/photovotlaic gener-
ation. We try to find the correlation between molecu-
lar structure of dyes and their photoactive properties
which can be responsible for their ability to photocur-
rent generation. The comparison of data presented in
this paper for Pc dyes with those for porphyrins [9, 10]
has been discussed.
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Figure 1. Molecular structure of phthalocyanines studied (A) and the scheme of the electrochemical cell (B).

2. MATERIALS AND METHODS

Phthalocyanine dyes have been obtained according to
the methods described in [13, 14, 15, 16, 17, 18, 19, 20]
and their purity was carefully checked by following
methods: IR, UV-VIS and thin layer chromatography.
In this paper following phthalocyanine dyes have been
used: phthalocyanines complexed with various metal
ions inserted into the central ring (CoPc, CuPc, FePc,
MnPc, MgPc and VPc). Molecular structure of phthalo-
cyanines studied are shown in Figure 1A.

For spectroscopic investigation (absorption, fluores-
cence) dyes were dissolved in organic solvent (DMSO).
Spectroscopic measurements were done in a quartz cu-
vette. Absorption spectra have been monitored with
Specord 40 (Carl-Zeiss, Jena) in the range of 450–
850 nm. Steady-state fluorescence spectra were col-
lected with standard home-made apparatus. Photoa-
coustic measurements (in the range of 350–800 nm)
were done with one beam spectrometer described else-
where [21] for one modulation frequency −12 Hz. The
sample was immersed in the photoacoustic cell and the
signal was detected with a very sensitive microphone.
The black body was used to correct photoacoustic spec-
tra for device response.

For photovoltaic and photocurrent measurements
dyes were dissolved in polyvinyl alcohol (PVA) with
DMSO 15% (v/v) which serves as an electrolyte and were
immersed in a sandwich-like photoelectrochemical cell
constructed with semiconducting (In2O3) and gold (Au)
electrodes distanced with 60µm teflon spacer. The
scheme of photovotlaic arrangement is presented in
Figure 1B and details are described in [22, 23]. The fol-
lowing measurements have been done with automatic
Potentiostat-Galvanostat (Compex, Poland) device: sig-
nal of photovoltage in the open circuit, kinetics of pho-
tocurrent in the short circuit, current-voltage charac-
teristics I(V). Current-voltage characteristics were done
with 10 mV/s scanning.

Concentration of dyes was 1 ·10−5 M and 1 ·10−3 M

for spectroscopic measurements in the cuvette and for
photoelectric measurements in the photoelectrochemi-
cal cell, respectively. All dyes show very good solubility
in DMSO and PVA/DMSO used in our experiments.

3. RESULTS

3.1. Spectroscopic studies. Figure 2 shows the set of
absorption spectra of studied phthalocyanine dyes in
PVA/DMSO. The spectroscopic absorption parameters
are gathered in Table 1. For metallic phthalocyanine
(MePc) the absorption bands in the red region occur
between 655–672 nm depending on dyes (Figure 2A).
According to the literature metallic Pcs have only one
major peak in the red region when they are in form
of dimers or monomers [24, 25] thus it is difficult to
judge the forms of dyes in solution. Darwent et al.
[26, 27] indicated that the solvent has rather slight ef-
fect on the spectrum as long as phthalocyanine is in
a monomeric form. On the basis of our earlier inves-
tigation with chlorophyll a and chlorophyll b (which
are magnesium precursors of porphyrins or phthalo-
cyanines) in PVA/DMSO [28] we can suppose that MgPc
dissolved in such an organic solvent and investigated
in this paper is in a monomeric form.

The highest molecular coefficients for studied Pcs
were found for MgPc in PVA/DMSO (Table 1).

Table 1. The absorption parameters of metallic phthalocya-
nines in PVA/DMSO.

Dye
λmax [nm] ε ·104 [1/(M · cm)]

wavelength extinction coefficient
CoPc 657 2.57
CuPc 672 4.07
FePc 672 2.44
MgPc 672 20.35
MnPc 672 0.57
VOPc 679 0.16

Experimental conditions for fluorescence measure-
ments were exactly the same for all investigated
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Figure 2. Absorption spectra of metallic phthalocyanines in PVA/DMSO.
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Figure 3. Fluorescence spectra of MgPc in PVA/DMSO (λex = 610nm).

phthalocyanine dyes thus we can compare directly their
fluorescence behaviour. Among metallic PCs investi-
gated in this paper only MgPc shows very intensive fluo-
rescence as shown in Figure 3. VPc, FePc, CuPc and CoPc
do not fluoresce or show drastically low emission in the
range of accuracy of the experiment (not shown). The
shape of spectrum is in agreement with those found
in the literature—the main band at about 680 nm is ac-
companied with the low-intensive band at about 740–

750 nm [29]. Usually dimeric phthalocyanines do not
show fluorescence. The reason why we do not observed
VPc, CuPc, FePc or CoPc fluorescence might be the low
fluorescence quantum yield of dyes and also the exis-
tence of dimeric forms of dyes in the samples cannot
be excluded. The intensive fluorescence for MgPc sup-
port the idea of the domination of the monomeric MgPc
form in the investigated sample rather than dimers.

Excited state energy can be deactivated in several
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Figure 4. Photoacoustic spectra of MgPc in PVA/DMSO for one modulation frequency −12Hz.

ways: as radiative proceses (e.g. fluorescence as shown
in Figure 3) and/or as a result of non-radiative pro-
cesses in which energy can partially be converted into
heat. These both processes compete with charge sepa-
ration process. For that reason we have also measured
photoacoustic spectrum (PAS) and the result for MgPc
is shown in Figure 4. Other dyes under considaration
have similar spectra both in shape and in intensity
(not shown). The shapes of PAS correspond to the ab-
sorption spectra what confirms that energy absorbed
by the dye molecule is at least partially changed into
heat as a result of non-radiative process. In the case of
monomeric spectral form of dye with the same decay
kinetics the changes in PAS intensities with modulation
frequency are expected to be diminished according to
Rosencwaig-Gersho theory [30]. In our sample no par-
ticular change in PAS shape is observed upon changing
modulation frequency and signal intensity decreases
as expected for monomers (not shown). Similar obser-
vation we have made for metal-free-base porphyrins
[9, 10, 31, 32] when they were in the monomeric forms.

3.2. Photoelectric and electric effects. Figure 5 shows
the photovoltage action spectra (the photovoltage sig-
nal versus excitation wavelength) for studied Pcs. All
Pcs studied in this paper show generation of voltage
upon illumination but with different activity. Among
metallic Pcs the highest signal was observed for the
electrochemical cell with MgPc in PVA/DMSO. Metal-
lic Pcs photovoltage action spectra correspond more or
less to their absorption spectra. This coincidence con-
firms that Pc dyes are responsible for observed effects.

The ability of Pcs to photoconversion and photocur-
rent creation has also been confirmed by the rise and
declining of photocurrent when measured in the short

circuit. The results are shown in Figure 6. The values
of the photocurrent signals depend very strongly on
dye used in the experiment. The most efficient sys-
tem for photoconversion into electric energy as mea-
sured by photocurrent generation was observed for
MgPc. As shown in our previous investigation the pho-
tocurrent generation in the photoelectrochemical cell
in which only uncolered PVA/DMSO is immersed is in
the range of the accurracy of the experiment and can
be neglected.

Current-voltage characteristics for investigated pho-
toelectrochemical cell with Pcs are presented in Fig-
ure 7 (A and B). The similarity of the I(V) loop shapes
indicates that the electric parameters of the electro-
chemical cell are not changed or only slightly with dye
dissolved in PVA/DMSO when embedded between the
electrodes. The I(V) characteristic lets us to determine
the electric parameters of the electrochemical cell (con-
ductivity and capacitance) and the data are gathered in
Table 2. From the point of view of the experiments done
in this paper we have estimated conductivity (σ ) and
not specific resistivity, since the variation of σ under
illumination gives information about the alternation
of carriers number and of type of carriers, rather than
specific resistivity. The small changes in σ (Table 2)
under illumination are connected with the quite fast
scanning used in monitoring of I(V) characteristics of
the photoelectrochemical cell. The comparison of I(V)
characteristics shown in Figure 7 and of the parameters
presented in Table 2 with those obtained for porphyrins
in nematic liquid crystal [9] leads us to the conclu-
sion that the effectiveness of current generation in the
electrochemical cell with porphyrin/phthalocyanine is
enhanced when dyes are dissolved in liquid polymer
matrix instead of in nematic liquid crystal (LC) as we
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Figure 5. Photovoltage action spectra for MePc in PVA/DMSO in photoelectrochemical cell.

observed in paper [10]. The alternation in shape of I(V)
characteristics in PVA/DMSO (this paper) and in LC
[10, 35] can be explained by the difference in electric
properties of the used electrolyte.

4. DISCUSSION

This paper deals with metallic phthalocyanines and
their some spectroscopic properties which are very
closely connected with dyes ability for charge separa-
tion processes followed by electron transfer in an pho-
toelectrochemical cell. This study lets us to make a
proper choice for the best phthalocyanine dye which
can be used as a good photoconverter in the photo-
electrochemical cell. In our previous papers the scheme
of energy diagram of dye excited states and conduc-
tivity band of semiconductor has been presented and
the mechanism of photocurrent generation in the pho-
toelectrochemical cell as due to the electron injection
from excited dye molecule to the semiconducting elec-
trode has been discussed [9, 22].

The new results presented in this paper will be com-

pared with the analoque data obtained in the same type
of the photoelectrochemical cell with porphyrin dyes
when dissolved in LC and PVA/DMSO [9, 10]. Phthalo-
cyanines resamble porphyrins in their structure Pc con-
tains a ring system which is composed of four units
linked by aza nitrogen atoms, whereas in porphyrins
[2,9] four pyrrole rings are linked by methine carbon
bridges. These differences can lead to the different pho-
toelectic behaviour.

In our papers [9, 10] we have shown how the presence
of central metal incorporated in the porphyrin ring and
the type of central metal can influence the ability of the
system for photocurrent/photovoltage generation. In
the light of all our investigations done for a number of
metallic, metal-free and substituted porphyrins [10, 33]
we could indicate that porphyrin complexed with Mg
or Zn showed the highest effectiveness in photocurrent
generation. The same trend is also observed in this pa-
per when phthalocyanine was complexed with Mg. An-
other feature which markedly differs MgPc from other
investigated Pcs is its very good solubility in PVA/DMSO

Table 2. Electric parameters of the electrochemical cell (In2O3/Au) with Pcs dissolved in PVA/DMSO.

Dye
σ ·10−6 [1/Ω] σ ·10−6 [1/Ω] C [nF] capacitance C [nF] capacitance

conductivity in the dark conductivity after illumination in the dark after illumination
CoPc 1,28 1,43 32,3 35,4
CuPc 1,32 1,38 36,2 37,8
FePc 1,46 1,52 33,1 34,7
MgPc 2,26 2,61 38,7 42,1
MnPc 1,25 1,29 31,2 37,1
VPc 1,38 1,53 32,0 32,9
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Figure 6. Photocurrent kinetics for MePc in PVA/DMSO in the photoelectrochemical cell.
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Figure 7. Current-voltage characteristics of the electrochemical cell with metallic Pcs in PVA/DMSO. (A) In the dark, (B) after
illumination
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solution and its high extinction coefficient in this solvent.
Solubility of dyes in PVA/DMSO is very crucial point in the
use of this solvent/solution as a medium for dyes in the
photoelectrochemical cell.

As shown, the characteristics of the electrochemical cell
fulfilled with dye-PVA/DMSO (this paper) and with dye-
liquid crystal (LC) solutions [9, 10] differ from each other
and indicate that polymer matrices can influence the MgPc
photocurrent generation by changing the internal elec-
tric fields most probably due to enhance the charge car-
rier dissociation [10, 35]. Such an observation has also
been done for ZnPc in polycarbonate [29]. Investigation
of the kinetics of photocurrent generation also confirms
suggestion of the use PVA/DMSO instead of LC [9] as a
solvent/electrolyte for dyes in photoconversion process.
Such a suggestion is also supported by the comparison of
the kinetics of photocurrent rise for MgPc in PVA/DMSO
and for porphyrin in LC [9, 10]. The shorter time in pho-
tocurrent increasing for dyes in PVA/DMSO than that in LC
indicates that secondary effects which involve the charged
carrier movements across the electrochemical cell can also
be essential in the photoelectrochemical cell construction.

Comparison of MgPc photoelectric behaviour with that
of magnesium porphyrin investigated previously [10]
shows that the system with Pc is more effective in pho-
tocurrent generation than that with Mg-porphyrin. In-
vestigation of porphyrins presented in [9, 10] indicates
some correlation between dye molecular structure and ef-
fectiveness of photoconversion. It has been shown [10]
that tetranaphthyloporphyrin, even when not complexed
with metal gave higher photocurrent value than non-
substituted tetraphenylporphyrin. It was interpreted as
probably due to the delocalization of π -electrons of the
aromatic rings. The longest wavelength of absorption
band of porphyrins occurs at approximately 620 nm [10]
whereas Pcs have a last red band at about 660–680 nm.
It implies longer conjugated pathway in the ring structure
due to the indoles in Pcs instead pyrroles in porphyrins [4].
This could explain improvement of photocurrent genera-
tion in the electrochemical cell with Pc dyes when com-
pared with porphyrins.

Correlation between spectroscopic behaviour, which is
closely associated with the molecular structure, and with
the photocurrent generation finds the confirmation in this
paper. The competition between radiative/non-radiative
deactivation pathways of excited states and charge sepa-
ration process is well known and obvious. All investigated
dyes show thermal deactivation as we have presented by
our absorption and photoacoustic spectroscopy. However
only MgPc is characterised by intensive fluorescence and
show good ability to photocurrent generation. The remain-
ing dyes show only very weak fluorescence or even they do
not emit at all. In the light of these results it can be under-
lined that those dyes which show fluorescence (as we also
observed for porphyrins [10]) are also active in photocur-
rent generation. The good example of such an observation
is MgPc presented in this paper and other fluorescing por-
phyrins [9]. On the other hand not or weakly emitting dyes
are found to be rather poor photoconverters as we have
shown in this paper and in [34]. These results clearly indi-
cate that even fluorescence competes with charge separa-
tion process it is required for generation of photocurrent
since fluorescence decay time has to be sufficient long for
charge separation to be occured when first excited state is
involved in this process.

Sumarizing we have shown in this paper and in our pre-
vious papers [9, 10] that magnesium phthalocyanine and
magnesium or zinc porphyrins are attractive candidates
for use in solar cell devices as photoconverters.
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