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Abstract

This paper presents the results of the study of correlation between the molecular structure of photoactive dyes and their
spectroscopic properties with their ability for solar energy in electric energy conversion when immersed in a sandwich-like
photoelectrochemical cell. Two families of dyes were investigated: porphyrins and phthalocyanines. Spectroscopic studies were
accompanied with photoelectric examinations. The influence of metal incorporated into the dye molecular core and of the
peripheral groups on the photoelectric response is described. Improvement of the photocurrent intensity is discussed in terms of
increasing a number af electrons in the molecular skeleton, their delocalization and weakening of their bonding in the
conjugated system and energy transfer between dyedte this article: D. Wrébel, C. R. Chimie 6 (2003).
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Résumé

Cet article décrit les résultats de recherches portant sur la corrélation entre la structure moléculaire et les propriétés
spectroscopiques de colorants photoactifs, d’'une part, et sur la faisabilité de leur utilisation en vue de la conversion de I'énergie
solaire en énergie électrique, d’autre part. Deux familles de colorants ont été étudiées : les porphyrines et les phthalocyanines.
Les études spectroscopiques étaient accompagnées d’études photo-électriques. L'influence de I'ion métallique incorporé au
centre moléculaire et celle des groupements périphériques sont discutées. L'amélioration de la réponse photovoltaique est
discutée en termes d’augmentation du nombre d’électrondans le squelette moléculaire, de leur délocalisation,
d’affaiblissement de la force de liaison dans le systeme conjugué et de transfert d’énergie entre les detoraaitsr cet
article : D. Wrébel, C. R. Chimie 6 (2003).
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1. Introduction

Organic dyesthat contain n—electron systemsin the
molecular structure provide attractive materials for
novel photonics and have the potential to manipulate
light with remarkable precision. Natural candidates for
organic photovoltaics can be found among the porphin
families. The most effective dyes that can serve as
photoconverters are porphyrins and phthal ocyanines
Because a large family of these dyes can be
easily chemically modified by introducing metal ionin
the centre of the molecular core and/or attaching the
peripheral groups to the outer rings of the molecular
skeleton, one can control charge-separation process
followed by electron transfer when dyesareintroduced
in a photoel ectrochemical cell (PEC).

Porphyrins constitute a class of molecules that con-
tain four pyrrole rings linked by the methane carbon
bridges and B). In basic porphyrin (P), four
benzene rings are linked to the methane bridges,
whereas the phthalocyanine (Pc) molecules are com-
posed of four isoindole units (pyrrole rings linked by
nitrogen atoms conjugated with the benzene rings
. Chlorophylls and bacteriochlorophylls
are natural pigments, whose molecular structure is
based on the porphyrin skeleton and which were

a so shown to be promising dyes for photovoltai cs

Thestructural differencesinthe P and Pc lead to the
differentiations in their spectroscopic behaviours and
are also expected to affect the effectiveness of these
dyes in the photoel ectric response.

In the studies concerning the use of natura |[5, 6]
and synthetic porphin dyes [7—11]| in light energy to
electric energy conversion, we focus our attention on
the processes that are involved in photoconversion and
on the determination of its effectiveness. Sincethereis
a competition between the charge separation process
and desactivation processes occurring in the dye mol-
ecules, the study of dye ability for photoconversion is
usually accompanied with the basic spectroscopic in-
vestigations that give information on (non-)radiative
deactivation of the dye excited states.

2. Materials and methods

Pand Pc dyes were purchased (Aldrich) and
used without further purification. Dyes were dissolved

Fig. 1. Molecular structure of dyes: MgTPP (A), MgTNP (B), ZnPc
(C), aromatic ZnPc (D), alkyl ZnPc (E), fluorine ZnPc (F).

in polyvinyl alcohol (PVA)/DM SO solution (15% v/v).
The concentrations of dyeswere: 10 uM and 1 mM for
spectroscopi ¢ measurements (in al-cm quartz cuvette)
and photoelectric studiesin the PEC, respectively. Ab-
sorption spectra were monitored with a spectropho-
tometer Specord 40 (Carl-Zeiss, Jena) and steady-state
fluorescence spectrawere collected with a spectrofl uo-
rometer Hitachi 4500.

The relative fluorescence quantum yields of dyes
were estimated on the ground of the absorption and
fluorescence spectra according to the method de-
scribed in Ref._@ using the following equation:

| ODg 2
R1, 0D 2 D
where @y is the fluorescence quantum yield of the
reference, | and | ; are the areas under the fluorescence
curves of the sample and reference, respectively, OD
and ODy, are the absorption intensities of the sample

D=0
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and the reference, respectively, n and ng are refractive
indices for the sample and reference, respectively.
Rhodamine 6G in ethanol was taken as a standard .
The natural lifetimes of the studied dyes were evalu-
ated from the absorption and fluorescence spectra by
means of the method described elsewhere using
the following equation:

J.—F“)da

12

Ti =28310 °n’ 2 al j) di; [Us]
" J.F(/l) - J.da

2
where nisarefractive index, and integrals of F() and
&(\) are the areas under the fluorescence and absorp-
tion spectra, respectively.

The photoacoustic measurements were done with a
one-beam spectrometer described elsewhere[[14]| One
modul ation frequency (12 Hz) was used at the constant
phase shift (@ =90 grad). The sample was embedded
in aphotoacoustic chamber and the signal was detected
with avery sensitive microphone. The black body was
used to correct the photoacoustic spectra (PAS) for
device response. The thermal deactivation (TD) pa-
rameters was estimated as a ratio of photoacoustic
signal (PAS) to absorbance (A), i.e. TD = PAS/A [15]}

For the photovoltaic and photocurrent measure-
ments the dyes in PVA/DMSO were immersed in a
sandwich-like PEC constructed of semiconducting
(In,O5 or SnO,) and gold (Au) electrodes, distanced
with a 60-um Teflon spacer . The PEC was
illuminated with the white light on the semiconducting
electrode side and the light intensity on the sample
surfacewas 140 mW cm2. The arrangement detailsfor
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Fig. 2. The scheme of a photoelectrochemical cell based on dye
dissolved in organic solvent. Sy and S, S, are the ground state and
excited states of the dye molecule, respectively.

photovoltaic/photocurrent examination are described
in The following measurements were done
with the automatic potentiostat—gal vanostat (Compex,
Poland) device: photovoltaic spectra and kinetics of
photocurrent in short circuit. The photovoltaic spectra
were corrected for a number of incident photons.

The main goal of this paper isto present the current
knowledge on the correlation between the molecular
structure of organic dyesthat are involved in the solar-
energy-to-electric-energy conversion and their abili-
tiesfor photocurrent generation when embedded in the
PEC.

3. Correlation of dye molecular structure and dye
photoactivity in the PEC

3.1. Selection of dyes

In this study, the following Ps and Pcs were investi-
gated:

» metal-free dyes without any substituents;

 non-substituted tetraphenylporphyrin (TPP), tet-
ranaphtylporphyrin (TNP), Pc dyes complexed
with metal ion (Zn, Mg, Mn, Co, Cu, Pt, Pd, Pb)
(Fig. 1A
metal-complexed dyes substituted with the aro-
matic rings (Fig. 1D);

» metal-complexed dyes substituted with the long

organic chains (alkyl or alkyloxy) ;

e metal-complexed  fluorine  phthalocyanine

{Fig. 18).

The choice of such groups of dyes was postulated
for photophysical studiesbecause differentiationinthe
molecular structure of dyesisexpectedtolead to varia-
tions in their spectroscopic and photoelectric behav-
iours.

3.2. Spectroscopy of dyes

3.2.1. Absorption studies

In the first stage of the spectroscopic study, the
absorption spectra of dyes are always monitored and
they provide information on the probability of the
absorption transition between the dye ground and ex-
cited states and the energetic range of solar energy
absorbed by the dye species. presents the
example of the absorption spectrum for MgPc in
PVA/DMSO. All spectral parameters of the investi-
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Fig. 3. Absorption (A) and photovoltaic (B) spectra of MgPc in
PVA/DMSO.

gated dyes are gathered in(Table 1} The intensive ab-
sorption band in the ‘blue’ part of the visible spectrum
(Soret band) and the much less pronounced Q bands
(‘red’ region) are characteristic for Ps. Pcs absorb very
strongly in the ‘red’ region of irradiation. The appear-
ance of the absorption bands in the Soret region is
assigned to the S, - S, transition, and the S, - S, tran-
sition is visualized by the bands that arrive into the
‘red’ part of the spectr. In general, the differences
in the spectrum shapes and in the band positions on the
energetic scale are due to the kind of metal ions, to the
number of 7t electronsinthemolecular systems (14 and
18 nt electronsin P and in Pc, respectively), and to the
existence of the anchored periphera groups|[19, 20]

Table1
Spectral parameters of TPP and Pc dyes[7-9]}

The shape of the dye absorption spectra and ener-
getic position of the bands were shown to be dependent
on akind of central ion in the porphyrin/porphyrazine
rings and on a kind of peripheral group attached the
molecular skeleton . The HOMO-LUMO transi-
tions are influenced by the central metal: the more
reactive of metal is, the larger the bathochromic shift
usually observed in the absorption spectrum is .
The shift of the absorption bands can usually be dueto
the delocalization of n electrons in the conjugated
molecular system and/or to aggregation of dyes. More-
over, the elongated chains (alkyl/alkyloxy) and
substitutes like the benzene or sulfobenzene rings|[9]
can cause asubstantial increaseinthe molar absorption
coefficient of the Q absorption band. For such reasons,
metallic and substituted P and Pc dyes could be prom-
ising photoconverters, sincethey are required to absorb
light energy suitable for the energetic gap of the semi-
conducting electrode and since they absorb intensively
in the visible light region.

3.2.2. Fluorescence properties

The Ps and Pc dyes show intensive fluorescence (at
660—710 nm, depending on the dye) . The
maxima of substituted Ps and Pcs are shifted towards
the long-wavelength region with respect to the non-
substituted dyes. The attachment of the peripheral
groups to the main molecular skeleton leads to ener-
getic lowering of the singlet level of the dye molecule.
On the basis of the absorption and fluorescence data,
the natural lifetimes were evaluated (eq. (2))[[23]]and
fluorescence quantum yields (eq. (1)) [12]] (gatheredin

Dye Jmax (NM) e(10*Mem™) A (NM) [ 7y (NS) D
absorption extinction fluorescence fluorescence fluorescence thermal
wavelength coefficient wavelength quantumyield natural deactivation

lifetime

TPP 419 63.0 648 0.02 16,3 1.10

MgTPP 425 59.0 620 0.08 31.8 1.00

ZnTNP 427 74.0 603 0.07 25.1 1.20

ZnPc 680 1311 694 0.14 14.02 351

aromatic

ZnPc 673 6.81 678 0.11 7.67 3.18

FZnPc 638 6.05 688 0.21 16.47 352

ZnPc akil 748 551 — — — 7.75
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Table 1) were estimated. The Ps and Pcs lifetimes are
of the order of nanoseconds. It means that the electron
transfer should be available for about 10~° s before the
excited molecule decays spontaneously back to its
ground state, provided that the singlet stateisinvolved
in this process. Among the investigated dyes, fluorine
ZnPc shows unique properties: the Stokes shift be-
tween its absorption Q band and the fluorescence
maximum is the largest among the investigated dyes
and is characterized by the long lifetime and the high-
est fluorescence quantum yield. These features indi-
cate that excitation energy transfer (ET) between dye
pairs could be neglected and show also the large par-
ticipation of other (than fluorescence) deactivation
processes of the excited state of the molecule.

3.2.3. Photothermal properties

To date little is known about the photothermal be-
haviour of P and Pc dyes as the potential agents in
photonics. Therefore it is needed to study PAS to get
information about how much energy absorbed by adye
molecule is changed into heat as a result of the non-
radiative proceas& The TD parameters
indicate that all dyes participate in the thermal relax-
ation, but with different effectiveness. Among the in-
vestigated dyes the long-chained Pcs are the most ef-
fective in this process. Unsubstituted MgTNP, ZnPc
and fluorine ZnPc (FZnPc) show rather poor thermal
deactivation. These results evidently show the correla-
tion between the dye molecular structure and their
participation in the photothermal processes. The domi-
nation of the alkyl- and alkyloxy substituted dyes in
photothermal conversion is due to the presence of
mobile long chains that contribute very effectively to
theloss of energy.

4. Photoelectric studies
4.1. Mechanism of photosignal generation

Inthelight of the experiments donein our and other
|aboratories, the mechanism responsible for the photo-
voltage signal generation isthe electron injection from
the excited dye molecul es to the semiconducting elec-
trodeinthe PEC After light absorp-
tion by dye molecule, charge separation can occur,
followed by the electron transfer process. In this pro-

cess, the electronically excited dye molecule acts as a
primary electron donor and the semiconducting elec-
trode is an electron acceptor. The gold electrode plays
therole of asecondary electron donor, and provides an
electron in order to make the dye moleculereturntoits
ground state. In view of the close contact of the thin
layer of semiconducting electrode material and of the
adsorbed dye molecules, the electron transfer from a
dye molecule in its excited state to the semiconductor
electrodeisresponsible for the photovoltaic effect. The
efficiency of photogeneration was estimated by using
the procedure proposed by Garcia et a. [24], The
efficiency of a photoelectrochemical cell based on an
organic dyewasfound to be dightly atered with atype
of solvent and markedly with a kind of dye. In our
experiments it reaches the values of about 0.01 and
0.02 for PEC with porphyrins and phthal ocyanines,
respectively.

4.2. Photovoltaic spectra

shows the example of a photovoltaic spec-
trum (the dependence of the photovoltaic signal inten-

sity as a function of excitation wavelength) for MgPc
in PVYA/DMSO in the PEC. The coincidence of the
absorption and photovoltai ¢ spectraevidently indicates
that the dye molecules are involved into the initiation
of photosignal and that they are responsible for the
observed effects In all our experiments, fluo-
rine ZnPc shows the highest photovoltaic signal. For
the remaining dyes, the generated photovoltage is
much lower. The lowest signal was observed for the
long-chained dyes, although their absorbance is quite
intense. It indicatesthat these dyesare much less effec-
tive than other dye species in light-to-electric-energy
conversion.

4.3. Photocurrent studies

4.3.1. Metal influence

The kinetics of photocurrent rise and declining for
some dyes are shown i n; (intensity of photocur-
rent was estimated per cm?). In our investigations, we
followed the photocurrent in the PEC based on Ps and
Pcs complexed with the following metal ions: Zn, Mg,
Pt, Pb, Cd, Mn, Pd, and others presents the
example of photocurrent kinetics (in the second time
scale) in the PEC filled with metal-free TPP and its
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Fig. 4. Photocurrent kinetics of porphyrins (A) and phthal ocyanines
(B) inthe PEC: TPP -1, Cd TPP — 2, ZnPc -3, fluorine ZnPc — 4,
alkyl ZnPc—5.

metallic analogue. The influence of the metal ion in-
corporated in the molecular dye core on photocurrent
generation is evident. The similar results were ob-
tained for Pcs (Fig. 4B)). It was shown that theintensity
of the photocurrent strongly depends on akind of metal
ion complexed with dye. In all our investigations, Mg
and Zn dyes give the highest photoresponsm
Mg and Zn are chemically very active, whereas the
remaining metals show rather low reactivity. Our ESR
exami naIion showed that a electron in the con-
jugated system rather than in the metal isinvolved in
the charge separation process and thus the former con-
tributes to the photoel ectroactivity of the dye. Thuswe
can claim that the metal ion is able to change the
distribution of the n electron cloud and can affect the
intensity of the observed photocurrent.

4.3.2. Aromatic ring substituted dyes
A metal-free TNP that is not complexed with metal
gives a photoresponse[[8]} Moreover, in this family of

dyes, the highest current was observed for ZnTN P
and for ZnPc substituted with benzene groups
[9]} The obtained results evidently show that
the peripheral aromatic groups can aso influence the
effectiveness of the photoresponse generation. The
substitution of the P and Pc dyes leads to the delocal -
ization of m electrons in the P rings due to the various
structures and symmetry of the dye molecules [26]
Such adelocalization can weaken the el ectron bonding
with the maternal molecules, followed by the enhance-
ment of the dye electronegativity. Thus, in the light of
aboveresults, we have every reason to believe that both
ahigher number of n electronsand their delocalization
lead to the improvement of the photocurrent genera-
tion.

4.3.3. Long-chained Pcs

The ZnPc dyes substituted with the alkyl or alky-
loxy chainsexhibit very low photocurrent intensity|[ 9]}.
Thisresult can be explained in the light of our photoa-
coustic examinations. As said above in the akyl/
alkyloxy ZnPcs, most of the absorbed energy islost in
the non-radiative deactivation pathway. Thus, the long-
chained substituted dyes contribute rather hardly to
photocurrent/photovoltage because of their mobile
long chains; they loose energy predominantly by ther-
mal relaxation rather than by charge separation fol-
lowed by €lectron transferﬁ

4.3.4. Fluorine ZnPc

The most interesting results were obtained for
FzZnPc. The only difference between ZnPc and its
fluorine analogue is the existence of four fluorine at-
oms linked to each isoindole unit FZnPc photo-
current intensity is several times higher than that for
ZnPc @ As showed above (chapter 3.2), FZnPc
shows the highest fluorescence quantum yield. Its
Stokes shift is large ; thus the reabsorption
and secondary fluorescence processes can be ne-
glected. The large value of its lifetime indicates the
high input of other deactivation processes leading the
molecule to its ground state. TD of this dye is low
. Thefluorine atom isthe most el ectronegative
element and it can | ead to the unique spectroscopic and
photoelectric properties of FZnPc. Theindividual fluo-
rine atom has very strong electron-acceptor character
because of its high electronegativity. However, when it
islinked to the conjugated carbon system, this property
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is changed because of the resonance coupling between
the fluorine electron clouds and the carbon bounds. In
consequence, it leads to the FZnPc electron-donating
character and to the enhancement of the photocurrent
in the PEC based on this dye.

5. Dye mixturesin the PEC
5.1. Interaction between dyes

Psand Pcs absorb very significantly, but in different
spectral regions, and their absorption covers only part
of solar spectrum Therefore, absorption of
amixture composed of various dyesinstead of onedye
could cover wider solar spectrum and thus could lead
to the improvement of the photovoltaic effects in the
PEC. Consequently, enhancement of the effectiveness
of solar-energy-to-electric-energy conversion can be
achieved. In this part of our investigation, we show the
results for the mixtures of three different dyes:
MgTNP, MgPc and merocyanine (Me); the spectro-
scopic studies accompanied with photoelectric (and
electric) properties of the dye mixtures were also in-
vestigated

The absorption spectra of these individual dyes
(|Fig. 5A) show that absorbance of these dyes covers
almost the spectral distribution of the visible light.
which presents the PAS for these dyes evi-
dently indicates the contribution of every dye in the
thermal relaxation with domination of the Me dye in
this process. Three mixtures of these species were
investigated: MgPc—Me, MgTNP-Me, and MgPc—
MgTNP. In the absorption spectra of the mixed dyes
the contribution of every dyein absorption isobserved,
but the mixture absorption spectra are not an ideal
superposition of those for the individua dyes, most
probably owing to the creation of some aggregated
forms of the dyes. The changes in the shapes and
in the band positions of the absorption, of fluorescence
[27]and inthe PAS D, F, H) obtained for the
dye mixtures when compared with the spectra of the
individual dyes indicate the interaction between them.
The interaction between dyes can lead to at least two
processes. an aggregation of dyes and energy transfer
(ET) between them. Thus, on the basis of the spectro-
scopic examinations, one can expect the influence of
the dye mixtures on photoconversion. The analysis of

the absorption and fluorescence spectra of the investi-
gated mixtures leads to the conclusions of the possible
ET. Inthe pairs of MgTNP-Me and MgPc—-Methe Me
dye serves as an energy donor; MgTNP and MgPc are
energy acceptors. MgPc is also an energy acceptor in
the MgPc—MgTNP pair. The Forster radium R, was
obtained according to the Forster theory We ap-
plied the same procedure asin ref.[[29]| for chlorophy!|
in the same solvent. For the dye mixturesthe R, values
are as follows: 9.2, 4.4 and 7.1 nm for MgTNP-Me,
MgPc-Me and MgPc—MgTNP, respectively. Such R,
values aretypical for the dye pairsfor which ET can be
described by the resonance Férster mechanism
and arein good agreement with those found previously
in organic solvent for other P-like mol ecul%|[29, 30}
In the light of our results, we can conclude that the
most effective intermolecular ET occurs between Me
and MgTNP. The MgPc—-Me mixture is much less
effective in ET. The comparison of the absorption
spectra and PAS (Table 1| and [Fig. 5B} respectively)
evidently shows that thermal relaxation in the Me dye
is most effective among others investigated dyes.
Theseresultslet usexpect theweak contribution of Me
in photovoltage generation in the PEC. This supposi-
tion was confirmed by the low Me photocurrent inten-
sity (see section 5.2). The effective ET process be-
tween Me and MgTNP is support by PAS examination
(IFig. 5§|, D, F and H). For the MgTNP-Me mixture,
very weak TD 1Fig. SQID is obtained in the range of Me
absorption, athough the individual Me dye shows &f-
fective TD. This observation indicates that energy ab-
sorbed by Meisvery efficiently transferred to MgTNP.
Otherwise, for the MgPc—Me composition, the contri-
bution of Me in thermal relaxation is high ,
because of a rather poor ET to MgPc and to another
effect discussed below (charge separation). The varia-
tion in the effectiveness of theinvestigated dyes and of
their mixtures in the thermal processes was shown to
influence their photoactivities in light-energy-to-
electric-energy conversion.

5.2. Photocurrent generation

The coincidence of the photovoltaic spectra (the
dependence of the photovoltage signal as afunction of
excitation wavelength — not shown) and absorption
spectra for the individual dyes confirms that MgTNP
and MgPc are able for photovoltage generation @
On the other hand Me is a very poor photoconverter
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sinceits photosignal is hardly seen (in the accuracy of
the experiment). These observations were confirmed
by the photocurrent signals; they are as follows: 100,
50 and 10 nA for MgTNP, MgPc and Me, respectively.
Thesevalues are consistent with theresultsfor other Ps
and Pcs monitored under the same conditions.
In the paper dealing with other type of Me this value
was found to be ca. 1 nA[[31]}

E and G shows the kinetics of photocur-
rents of the dye mixtures in the PEC (intensity of
photocurrent was estimated per square centimetre). As
we have already seen, the largest enhancement of the
photocurrent intensitiesis evident for the MgTNP-Me
mixture. The very complexed kinetics is obtained for
the MgPc—MgTNP. Interaction between dyes leads to
the differences in dye photoactivities when dyes are
mixed together. We discuss two dye mixtures, respec-
tively very good and poor photoconverters (MgTNP
and Me), and two good photoconverters (MgTNP and
MgPc). The Me dye itself does not participate (or very
weakly) in the direct charge separation process, as it
was shown for theindividual Medyein the PEC. When
Me is mixed with MgTNP, the intensity of photocur-
rent signal for Me-MgTNP increases severa times
with respect to the individual MgTNP (Fig. 50). In the
light of the absorbance and fluorescence properties
(Mefluorescence and MgTNP absorption overlapping,
see aswell asof PASresults(low MeTD), wecan
claimthat the energy transferred fromMeto MgTNPis
used by thelater dyefor intensive photocurrent genera-
tion. In other words, even if Me does not participate in
direct charge separation, when it isin a company of a
good excitation energy acceptor (MgTNP), energy ab-
sorbed by Me s utilized by the acceptor molecule for
charge separation, owing to the effective ET process
(provided that Me does not loose its exceeding energy
by thermal relaxation, as shown in|Fig. 5D). Thus, it
can be said that a poor photoconverter (Me) can be
indirectly involved in the generation of photosignal by
effective ET.

The unexpected results were obtained for the mix-
ture of two good photoconverters: MgTNP and MgPc.
The value of the photocurrent generated in the PEC
with these blended dyesis much lower than that for the
individual dyes. Moreover, the kinetics is
very complexed and different from that for the indi-
vidual dyes. Although the absorption/fluorescence
overlapping and the estimated Forster radius could

indicate ET between these dyes, aso other intermo-
lecular processes can occur between MgPc and Mg
TNP. The decrease in the photocurrent is due to the
high thermal relaxation of these dyes when they are
mixed together. High thermal deactivation is expected
for the aggregated dye speci &s Theanalysisof the
difference spectra (mixture absorption spectrum minus
the sum of the individual dye spectra — not shown)
shows the existence of MgTNP-MgPc complex in the
dye mixture. Ps and Pcs can create stacked forms as a
result of the strong interaction between their it orbitals,
as found for porphyrin-like moleculesin PVA/DMSO
Even the creation of the aggregated species in
highly concentrated sample in very polar DM SO can-
not be excluded. Thus on the ground of our spectro-
scopic (absorption, PAS) examinations and photoel ec-
tric studies, absorbed energy is lost in thermal
processes rather than used for charge separation.
Moreover, in the kinetics of the MgPc-MgTNP
sample, the drastic jump of photocurrent was observed
under light-off and light-on conditions dFig. SEﬂD be-
cause of alight shock|[17, 27, 33]| The charge separa-
tion process is aways accompanied by the charge
recombination and the later one leads to a decreasing
of the photosignal, as observed for the MgPc—-MgTNP
mixture. We can summarize that non-radiative chan-
nels of the dye excited states, the aggregated species
formation and fast change recombination lead to a
drastic decrease in the light-energy-to-el ectric-energy
conversion. On the other hand, effective excitation ET
can enhance markedly the process of solar-energy-to-
electric-energy conversion.

6. LB dye layers on the solid surface
6.1. Dye interaction and orientation

Inthelight of the recent study it was stated that only
a thin dye layer that is in the direct contact with the
PEC semiconductive electrode isinvolved in the elec-
tron transfer process . Therefore we investigated
the Langmuir—Blodgett dye layers on the semiconduc-
tive (In,O5, SNO,) and conductive electrode surface
(Au) to get information about the interaction between
dyes and between dye and the electrode surface (mu-
tual dye orientation, orientation of dyeswith respect to
the electrode) The example of the absorption
spectra of the dye LB layer for two investigated dyes
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(MgPc, MgTNP) are shown in|Fig. 6A[and B. The
shapes of the dye absorption spectra are significantly
changed after deposition on the solid substrate in the
form of a LB layer owing to the strong interaction
between closely packed dyes and to the interaction
between the dye molecule and the substrate. In the
MgTNP sample, the long wavelength shift of the dye
bands (of about 20 nm) isobserved, but the character of
the spectrum when compared with the spectrum of the
same dye in the organic solvent is not markedly
changed. It indicates the domination of the monomeric
form of this dye (MgTNP). Otherwise, for MgPc the
large ‘red’ shift of the red bands (from 673 nm in the
organic solvent to 825 nmin LB) and band broadening
can be described as dueto the particularly strong inter-
action between the dye molecules; the nt electron struc-
ture of Ps and Pcs favours the creation of dye aggrega-
tion because of the strong interaction between the
closely packed dye molecules|34-39]|.

In energy transfer and electron transfer processes,
the study of both the mutual orientation between the
dye molecules and the molecular arrangement with
respect to the substrate surface are important. On the
basis of the polarized absorption spectroscopy, the
angle between the substrate surface and the dye mo-
lecular skeleton was determined. The details of the
procedure are described in The angle values are
found to be between 22 and 77°, depending on the dye
and on the kind of substrate. The angle values indicate
that the macrocyclic skeletons are in-plane (for
MQTNP) or are tilted off the substrate surface (for
MgPc).

The different dye orientation was al so confirmed by
the (m—A) isotherms. On the basis of the compressive
curves, the areas (A) occupied by one molecule are as
follows: 110 and 40 A for MgTNP and MgPc, respec-
tively Theliterature dataindicate the geometrical
size of the planar Ps and Pcs of about 60-120 A? and
120-190 A?, respectively [[1, 2, 3, 35, 40, 41]| The
highest A obtained for MgTNP (110 A?) confirms the
in-plane orientation; otherwise MgPc (40 A?) isttilted
amost perpendicularly to the surface. The in-plane
orientation of the dye molecular frame does not favour
the creation of the stacked molecular arrangement and
the dye molecule in the layer is kept in @ monomeric
form rather than in the aggregated one . The cre-
ation of the aggregated dye formsis closely connected

with the molecular dye structure[2, 3, 35-39, 42]|, but
also with the mutual dye orientation[[32]|

6.2. AFM image of LB dye layer on the electrode
surface

and E show the examples of AFM images
of the semiconductive substrates of the large grain

(Fig. 63-Sn0,) and for asurface of asmall granularity
(Fig. 6EHN,05) and when coated with LB dye layers
of MgTNP and MgPc, respectively F).The
average roughness parameters R, were estimated and
they are as follows. 2.20 and 0.35 nm for SnO, and
IN,0g, respectively.

After dye deposition the AFM images are more or
less changed, depending on the kind of dye (mono-
meric or aggregated dye form, dye orientation) and the
substrate surface. The change in the AFM images of
the surface morphology without and with LB dye layer
can be correlated with at least the relation between
granularity of the substrate and geometrical size of the
dye, the spectral form of the dye molecules (aggre-
gates, monomers), the orientation of the molecular
skeleton with respect to the surface.

In the case of SnO, surface, the roughness param-
etersR,isonly slightly higher after MgTNP deposition
(R,=2.24). The substrate grains are still well seen and
the small change in the AFM images of semiconductor
without and with MgTNP islikely due to the in-plane
orientation of the monomeric dyethat liesalmost flatly
on the substrate surface — the dye substrate surface is
still smooth. The existence of MgTNP in the mono-
meric form and its in-plane orientation with respect to
the SnO,, surface explain why MgTNP LB layer pre-
serves morphology of the substrate of high granul arity.

For In,O5 (small granularity surface), the increase
of roughness parameters R, is observed after coating
with dyes when compared with the surface without
dyes. The AFM image of 1n,0O; is markedly changed
when MgPc is deposited on the surface (R, increases
from 0.35 to 0.65 nm). The change in AFM images of
In,O5 when coated with MgPc could be explained at
least as due to thefilling of the troughs between 1n,0,
grains by perpendicular oriented dye. In this case, the
AFM image visualizes the morphology of the depos-
ited dye layer rather than the surface structure of the
substrate.
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Fig. 6. Absorption (A, B), AFM images of SnO, (C) and In,0O4 (E) and when coated with MgTNP on SnO, (D) and MgPc on In,O; (F).
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7. Conclusions

The presented results evidently show the correlation
between the dye molecular structure and dye ability for
generation of photocurrent in the PEC. In the light of
our experimental results, we can summarize and con-
clude asfollows:

« study of the dye photoelectric properties must be
accompanied with the spectroscopic measure-
ments, since radiative and non-radiative deactiva-
tions of the dye excited states compete to charge
separation process, which determine the effective
photoconversion of light energy to el ectric energy;
the central atom is pre-required for the effective
solar-energy-to-electric-energy conversion;
the presence of the metal ion upon incorporation
in the molecular skeleton may cause the electron
redistribution; the highest photoresponses were
observed for magnesium and zinc dyes;
aromatic groups (benzene, naphthyl) are able to
improve the photocurrent generation effectiveness
because of their higher number of n electrons and
the enlargement of their delocalization;
the presence of the long organic chains anchored
to the molecul ar skeleton limitsthe photoresponse
owing to the high mobility of the long chains and
the very intensive non-radiative deactivation of
the dye excited states by thermal relaxation that
competes with charge separation;
the unique photoelectric ability of fluorine zinc
dye is due to the change of fluorine electron—
acceptor properties to electron—donor properties
when they are linked to the conjugated carbon
system;
the region of dye absorption is not the only crite-
rion for the effective solar energy conversion, even
when dye absorption bands cover amost the
whole solar spectrum;
increasing the generated photosignal in the photo-
electrochemical cell can be achieved thanks to
effective energy transfer between dyes; when a
poor photoconverter is used in the photoelectro-
chemical cell, itsexcited energy can betransferred
to the energy donor (good photoconverter) and
then can be used in charge separation;
creation of aggregated dye species leads to a de-
crease in the photoconversion process, since in

aggregated dyes the absorbed energy is mostly
changed into heat;

* AFM examinationisneeded for understanding the
dye orientation with respect to, and interaction of
dyes with, the electrode substrate;

« the fina morphology of the substrate after dye
deposition is correlated with the magnitude of
substrate grain and the molecular skeleton size —
the substrates of large grains preserve their own
topography after coating with the dye layer,
whereas the dye layer deposition on the low
granularity substrate leads to the change of the
surface structure and dyes create their own topog-
raphy.

The presented resultsare very essential inthe under-
standing of the mechanisms of photocurrent genera-
tion in the photoel ectrochemical cell and in controlling
some photophysical processes in organic solar cells
based on dyes.
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