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Abstract

The spectral properties of tetrapyridyl porphyrin covalently linked to polymer and copolymer of porphyrin–viologen in dimethylfor-
mamide solutions were compared. Many more viologen groups than tetrapyridyl chromophores were linked to polymer.

The viologen is an electron acceptor. The processes of deactivation of the excitation energy with and without addition of electron donors
(ethylendiaminetetracetic acid or triethanolamine) to the solution were investigated. In order to establish the fate of the absorbed energy
the absorption, fluorescence, fluorescence excitation, as well as steady state and time-resolved photothermal spectra were measured. The
yield of porphyrin triplet state generation was established. The excitation of reduced monomer of viologen (at 390 nm) was followed by
530 nm fluorescence due to some form of viologen. It is not excluded that this emission could be due to excimeric form of viologen. From
absorption spectra of irradiated samples with the addition of electron donors it was shown that the electron transfer between porphyrin and
methyl viologen units linked to polymer is not efficient. This transfer is more efficient between porphyrin and viologen added to solution.
This shows that for electron transfer, shorter distance between porphyrin and viologen than that between those attached to polymer groups
is necessary.

In samples without viologen the singlet excitation energy can be transferred from the excited state of polymer or from a weakly bound
to a more strongly bound porphyrin state which is responsible for fluorescence emission. Fluorescence emission competes with processes
of intersystem (S1 → T1) transition and thermal deactivation. The laser induced optoacoustic spectra (LIOAS) were measured at various
temperatures in order to establish conditions in which the volume change of the illuminated samples could be neglected and measured
signals were caused only by triplet states thermal deactivation. The addition of the electron donor to the solution has an influence on the
yield and decay time of the triplet states of porphyrin units attached to polymer. Oxygen changed the decay time of triplet states. The
schemes describing the fate of excitation in both types of samples were proposed. The data obtained can be useful in the construction of a
system for conversion of light energy into electrical energy, in hydrogen production and the application of dyes in photodynamic therapy.
The investigated systems can also be treated as a simplified model of photosynthetic apparatus of organisms.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Porphyrin-based covalently linked ensembles containing
an electron donor or acceptor or the systems containing reg-
ularly arranged dye molecules can be used as a model of a
reaction center or antenna system of photosynthetic organ-
isms [1–4], or as a part of the system working as a con-
verter of light energy into electrical energy[5]. The system
which was investigated can also be useful in the establish-
ment of a possible application of porphyrin dyes in the pho-
todynamic diagnosis and photodynamic therapy of cancer
[6,7] as well as in the arrangements for hydrogen production
[8–11]. It was shown that other porphyrin–viologen systems
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can produce hydrogen under steady state irradiation[9]. For
the ruthenium–bisviologen complexes the efficient photoin-
duced hydrogen evolution was also observed[10]. Previ-
ously [11] photoinduced hydrogen evolution for porphyrin,
viologen and EDTA in solution and in Langmuir–Blodgett
films was investigated. In the present work the influence of
the linking of porphyrin and viologen to the same polymer
on their mutual interactions was investigated. Knowledge of
the processes of the transfer of singlet excitation energy be-
tween the investigated dyes, the triplet states generation by
intersystem crossing (ISC) and their decays, as well as the
processes of spontaneous and light generated electron trans-
fer play an important role in all these applications. Ethylen-
diaminetetracetic acid (EDTA) is widely used in the investi-
gations of electron flow in photosynthetic organisms[12,13].
It has been shown that EDTA could have some influence on
the properties of proteins and biological membranes[12,13].
It cannot be excluded that EDTA also has some influence on
porphyrin-polymer interactions, but predominantly it serves
as an efficient electron donor. In order to compare the in-
fluence of the type of electron donor on investigated pro-
cesses a second electron donor triethanolamine (TEA) was
also used. The fate of the absorbed energy can be estab-
lished by the measurement of absorption, fluorescence, fluo-
rescence excitation, as well as steady state and time-resolved
photothermal methods[14,15]. The triplet states are formed
predominantly by intersystem crossing between the excited
singlet state (S1) and the triplet state (T1). The depopula-
tion of the triplet state by delayed fluorescence and phos-
phorescence is less efficient than thermal deactivation (TD)
from T1 to ground singlet state (S0). Therefore, the mea-
surement of TD from the triplet state enables an evaluation
of the efficiency of the generation of these triplet states by
ISC from the excited singlet state[16]. The dynamic of the
triplet states generated in polymer chains was investigated by
flash photolysis and using photoacoustic calorimetry[17].
It was shown that the triplet states can also be photogener-
ated in some polymers[17]. Illuminated polymer can also
be a source of free charge carriers[17,18]. The process of
triplet energy transfer (ET) between various chromophores
covalently connected by different bridges strongly depends
on a bridge electronic structure, and the distance between
donor and acceptor as well as on donor–bridge conforma-
tion [19]. The measurements for the same samples of steady
state photoacoustic spectra (PAS) and time-resolved laser in-
duced optoacoustic spectroscopy (LIOAS) enable us to dis-
tinguish the part of absorbed energy exchanged into heat in
all slow TD processes, occurring in the sample, from this
part of heat which is due to TD of the triplet states.

It is known that dye aggregation changes the penetration
of dye through the biological membrane and dye photo-
chemical properties[20]. The covalent attachment of dyes
to polymer preserves the aggregation of dye molecules. The
macromolecular systems formed out of polymer with cova-
lently linked dyes can be to some extent the model of bio-
logical pigment–protein complexes.

Fig. 1. Structure of investigated samples. PPor-polymer with attached
tetrapyridyl porphyrins, PPorV-copolymer with porphyrin–viologen.

2. Materials and methods

The structures of the investigated macromolecules are
shown inFig. 1. The following abbreviations are used: poly-
mer with tetrapyridyl porphyrins (PPor), copolymer with
terapyridyl porphyrins and viologens (PPorV).

The 5,10,15,20-tetra (4-pyridyl)-21H,23H-porphine (TP-
yP) and poly (vinylbenzyl chloride) (60/40 mixture of three
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and four isomers, averageMn about 55,000, averageMw
about 100,000) were purchased from Aldrich. The 5,10,15-
tris methyl (4-pyridyl)-21H,23H-porphine was synthesized
by refluxing a TPyP dimethylformamide (DMF) solution
for 2 h with a 10-fold excess of methyl iodide as previ-
ously [21] described, and obtained by column chromatog-
raphy (Sephadex LH-20 column, by the elution with water)
[22,23]. The polymer PPor (Fig. 1) was synthesized by
refluxing DMF solution of poly (vinylbenzyl chloride) and
5,10,15-tris (4-N-methylpyridinium)-20-(4-pyridyl)-21H,
23H-porphine for 2 h. After the addition of diethyl ether,
the precipitate was collected and washed by a large amount
of water to remove unreacted porphyrin.

N-Methyl-4,4′-bipyridyl was synthesized according to a
method described in literature[24]. Poly (viologen) was
obtained by refluxing a methanol/acetonitrile solution of
N-methyl-4,4′-bipyridyl and poly (vinylbenzyl chloride).
The polymer PPorV (Fig. 1) was synthesized by reflux-
ing a DMF solution of poly (viologen) and 5,10,15-tris
(4-N-methylpyridinium)-20-(4-pyridyl) porphyrin. The
product was precipitated by adding diethyl ether and washed
by a large amount of water to remove unreacted porphyrin.

According to1H NMR analysis, the ratio ofn:m:k groups
attached to PPorV (Fig. 1) is about 1:30:170. On the ba-
sis of UV spectra the ratio ofn:m groups was estimated to
be 1:40, but because of DMF absorption in the short wave-
length region, the NMR data appear to be more accurate.
The absorption and fluorescence spectra of PPorV suggest
that porphyrin units can not be as scarce as indicated in1H
NMR. Nevertheless, it is certain that many more viologen
than porphyrin groups are attached to PPorV.

The EDTA, TEA and DMF were purchased from POCh.,
Gliwice (Poland) and used without further purification. The

Fig. 2. Absorption spectra of PPor and PPorV just after sample preparation.

DMF was used as a solvent. The concentrations of porphyrin
units in PPor and PPorV samples were established on the
basis of the absorption spectra (Fig. 2). The absorption co-
efficient at Soret band: for PPor at 428 nm and for PPorV at
454 nm was about 1.8 × 105 M−1 cm−1.

The samples at various times after preparation and sam-
ples filtered in order to eliminate long polymer–dyes com-
plexes were also investigated.

The arrangement used for time-resolved photother-
mal signal measurements was a typical LIOAS apparatus
[15,25]. This allow us to distinguish between prompt ther-
mal deactivation effects occurring in a time shorter than the
time resolution of the apparatus (in our case about 0.5�s),
and slow processes which occur in longer times. The sam-
ples were illuminated by a sub-nanosecond flash (0.2 ns).
The concentrations of the investigated sample and the ref-
erence bromocresol purple (BCP) (C21H16Br2O5S) (from
RdH Laborchemikalien, Germany) were such that when
used for flash wavelength (430 nm), they exhibit the same
absorptions. The waveform LIOAS signals for the reference
and for the samples were taken. It is known[15] that BCP
reference exchanges all absorbed energy into heat in a time
shorter than the time resolution of the apparatus. Two meth-
ods of signal analysis were used: the first one, proposed by
Marti et al. [26], is based on a comparison of the signal
maximal amplitude (Hmax) for the sample and the reference.
The second method, elaborated by Rudzki-Small et al.[27]
gives values of decay times of TD by the deconvolution of
the sample and reference LIOAS signals.

It is known[28] that LIOAS signal consists of two parts:
the first one is due to TD of excitation, the second to a
change in the volume of macromolecules, occurring as a re-
sult of the sample illumination. The second part of the signal
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depends much more strongly on sample temperature than
the first one[28]. Therefore, it is possible to distinguish the
contributions from the two effects while measuring LIOAS
at various temperatures[28]. A set of such measurements
was taken. The influence of oxygen on the triplet states of
the samples was established by means of comparison of the
signals for the samples bubbled by nitrogen or by oxygen,
as well as for the sample being in contact with atmospheric
level of oxygen.

The steady state photoacoustic spectra were measured
with a single beam photoacoustic spectrometer[29,30].
The comparison of the PAS and LIOAS results supplied
information about very slow TD processes, for example,
exothermic reactions, occurring in times longer than mea-
sured by our LIOAS apparatus (i.e. in times longer than
5�s).

The absorption spectra of the investigated solutions were
taken using a Specord M40 spectrometer (Carl Zeiss, Jena,
Germany), and fluorescence spectra by means of a Fluores-
cence Spectrophotometer F4500 (Hitachi, Japan). The ab-
sorption of the PPorV samples under Ar atmosphere before
and just after 5 min illumination by a 500 W tungsten lamp
(without filter, light intensity—1.7 kW/m2) was also mea-
sured. The same samples with the addition of a small amount
of free viologen to the solution, without and with illumina-
tion, were also investigated.

Fig. 3. Absorption of investigated samples in DMF solutions. (A) PPor,c = 0.17�M; (B) PPorV, c = 8.4�M; (C) PPor+ EDTA, c = 0.07�M; (D)
PPorV+ EDTA, c = 3.7�M.

3. Results

3.1. Absorption spectra

Absorption spectra of PPor and PPorV solutions, just
after the preparation of the samples, are shown inFig. 2.
The M band of PPor is located at 272 nm, and a very wide
Soret (B) band at 455 nm. In a longer wavelength region,
the vibrational bands characteristic for porphyrins are seen.
Viologen attachment changes the shape of the spectrum: in
the short wavelength region two bands at 285 and 299 nm
are located, in a longer wavelength range the band is at
428 nm. During some hours after the sample preparation,
the spectra slowly change, reaching the shapes maintained
during the time of gathering all spectral results. TheFig.
3A–D shows the absorption of such samples. In PPor spec-
trum the maximum at 415 nm, characteristics of the dye
not attached to polymer, and the maximum at 453 nm, due
to porphyrin interacting with polymer, are observed. The
vibrational maxima are also slightly changed. The PPorV
band exhibits a shoulder at 417 nm, probably due to the dye
molecules which interact more weakly with polymer, and
the main absorption maximum is at 426 nm.

In order to establish why the spectra presented inFig. 3
differ from the spectra inFig. 2, the samples with absorption
such as inFig. 3were filtered through filter paper. As a result
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of filtration, the amount of the free dye and/or small parts of
polymer with only one dye molecule attached, strongly in-
creases. In the latter case, the interaction between� systems
of dye molecules decreases.

The absorption obtained for filtered PPor sample (not
shown) is very similar to previously reported absorption
[16] for a free (not connected with polymer), dye. This sug-
gests that during the sample storage, a small part of the dye
molecules is separated from polymer, and/or that short parts
of polymer with only one dye molecule attached are formed.
After some hours, equilibrium between all forms is reached
and the samples become stable, because the absorption and
fluorescence spectra no longer change, even during the illu-
mination necessary for the measurements.

Investigations of the filtered solutions were carried out for
all samples in order to show the influence of dye attachment
to polymer. These results will be described only in brief in
the text. Most of the results presented concern the samples
with absorption such as inFig. 3.

Based on a comparison of the absorption spectra of PPor
with PPorV we see that the covalently linked viologen
changes the shape of absorption spectra. The amount of
viologen units linked to polymer is much higher than the
amount of porphyrin units. Viologen absorption is located
in a short wavelength region (λ < 200 nm and in the region
of 250–300 nm with the maximum at aboutλ = 285 nm)
[31]. The photoreduced viologen absorbs at 600–605 and
380–399 nm regions and a band at about 490 nm is due to
reduced viologen dimer[9,32]. In a short wavelength region
(250–370 nm), the polymer absorption and two porphyrin
maxima of absorption of higher excited electronic states are
also located. The porphyrin M band is at about 270 nm, and
the L band at 375 nm. The B band is usually in a visible
range (at about 416 nm for monomeric pigment)[16,33].
The linking of the large groups to porphyrin or interaction
of this dye with phospholipids[21,34] causes the shift of
B band to 427 nm. The arrangement in monolayers reaches
even 440 nm[34,35]. The strong differences between PPor

Table 1
Absorption and fluorescence maxima in nm of the samples, short wavelength maxima (SWM), concentration in�M (c)

Sample c (�M) Absorption Fluorescencea

SWM Soret (B) Qy(0,1) Qx(0,1) Qx(0,0) SWM Qx(0,0) Qx(1,0)

PPor 0.17 236 524 ∼579 627 320 639 –
∼272 415

293 ∼455
337

PPor+ EDTA 0.07 271 415 524 578 – 316 638 –
450

PPorV 8.4 236 417 510 ∼560 – 530 618 709
285 ∼428 643

∼300

PPorV+ EDTA 3.7 ∼300 417 510 560 – 532 620 708
426 643

a Concentration as given in legends ofFigs. 6 and 7.

(Fig. 3A) and PPorV (Fig. 3B) may be due not only to the
absorption of viologen as such, but also to the formation of
new forms of porphyrin and viologen as a result of their
mutual interactions[9,10]. In these interactions, the poly-
mer can have an important role[17,18]. The positions of the
absorption spectra maxima are collected inTable 1. In all
samples two maxima in the Soret band are observed. Based
on a comparison with “filtered” samples absorptions (not
shown), one can see that the maxima at 415–417 nm range
are due to forms more weakly interacting with polymer
than forms absorbing at longer wavelengths.

The comparison ofFig. 3A with Fig. 3C as well as
Fig. 3B with Fig. 3D shows that the addition of EDTA to
DMF solutions does not change the shape of the absorption
spectra. The TEA addition also has no influence on the
absorption spectra. It shows that electron donation from
EDTA to ground state of PPor is not observed and electron
transfer from porphyrin to viologen is not efficient. The
samples with EDTA addition were diluted twice, but this
has no influence on the shapes of the absorption spectra.
This shows that aggregation effects can be neglected.

In order to check the interaction of electron donors on ex-
cited states spectra the absorption of PPorV with addition of
EDTA and with TEA under Ar atmosphere before and just
after strong illumination was measured (Fig. 4). As it follows
from Fig. 4 the illuminated spectra of sample TEA electron
donors is followed by the creation of reduced forms of vio-
logen with absorption in 600–750 nm region. Using EDTA
it is difficult to record such changes, may be because of low
solubility of EDTA in DMF. A different situation is observed
when a small amount of free viologen was added to the sam-
ples (Fig. 4). In this case, the irradiation, for the samples
with both electron donors, causes the creation of new max-
ima in a range 550–750 nm and as additional peak at 399 nm.
According to literature[9,32] these peaks correspond to
the reduced viologen monomer, whereas reduced viologen
dimer absorption is located at about 490 nm. The peak at
490 nm is not observed. The weak changes in absorption
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Fig. 4. Absorption of PPorV in DMF with electron donor addition, under
Ar atmosphere. Before (curve 1) and after strong illumination (curve 2).
Curve 3 with methyl viologen addition to solution. (A) electron donor
EDTA, (B) TEA.

Fig. 5. Absorption (A) and fluorescence excitation spectra (B) of polymer in CHCl3 (curves 1 and 3) and in DMF (curves 2 and 4). Fluorescence
emission observed at 320 nm.

spectra of viologen and porphyrin attached to polymer may
be due to the low possibility to be close to each other, thus
the electron transfer from irradiated porphyrin to viologen is
not efficient. Free viologen can interact with porphyrin and
therefore the reduced forms can be more easily observed.

3.2. Fluorescence spectra

In order to check the possibility of excitation energy trans-
fer from polymer to chromophoric groups, the absorption
and fluorescence excitation spectra of polymer alone located
in two solvents were measured (Fig. 5A and B).

Fig. 6 shows the fluorescence spectra of PPor (Fig. 6A)
and PPor+ EDTA (Fig. 6B) and the fluorescence excita-
tion spectra of the same dyes (Fig. 6C and D). The fluo-
rescence maxima at 320 and 316 nm (Fig. 6A and B) could
belong to polymer emission. These emission maxima are
high at the excitation in a polymer absorption region (at
270 nm). The excitation in a porphyrin-polymer absorption
region (at 450 nm) gives emission at 638 nm. The excitations
in the lower absorption band range gives maxima, located
in the same region, but of course with lower intensity. The
excitation in the free dye (Por) absorption range (415 nm)
gives predominantly ET to PPor (followed by fluorescence at
638 nm) and eventually very low emission seen as a shoulder
emission of free Por (located according to[16] at 649 nm).
Some weak long wavelength fluorescence (in 680 nm range)
is also observed, but it is not excited by 415 nm (Fig. 6).

The EDTA addition (Fig. 6B and D) has no influence on
fluorescence and fluorescence excitation spectra. During the
observation of excitation spectrum at 320 nm the maxima
at 277–279 nm (Fig. 6C) or 296–288 nm (Fig. 6D), which
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Fig. 6. Fluorescence (A) and (B) and fluorescence excitation (C) and (D) spectra of PPor without EDTA (A) and (C) and with EDTA (B) and (D).
Excitation wavelengths in (A) and (B): curve 1, 270 nm; curve 2, 415 nm; curve 3, 451 nm; curve 4, 525 nm; curve 5, 578 nm. Intensities for curves 2–5
are multiplied 10 times. Wavelengths of fluorescence observation: in (C) curve 1 at 320 nm, curve 2 at 639 nm; in (D) curve 1 at 316 nm, curve 2 at
638 nm. Concentrations of samples: in (A) and (C) 0.06�M; (B) and (D) 0.04�M.

are very similar to the maxima observed for absorption of
the polymer without dyes in the same solvent (Fig. 5B), are
seen. Observation in the porphyrin range of fluorescence
gives similar but much lower maxima, in fluorescence exci-
tation spectraFig. 6C. This shows that in PPor samples, the
excitation of polymer is transferred to fluorescent porphyrin
chromophores.

The PPorV fluorescence spectra (Fig. 7) are much more
complicated than that observed for PPor (Fig. 6). The EDTA
addition, similarly as in the case of PPor samples, has no
strong influence on the fluorescence (Fig. 7A and B) and on
the fluorescence excitation (Fig. 7C and D) spectra of PPorV.
The emission maxima at 618 and 643 nm are due to the forms
absorbing at 417 and 426 nm, respectively (Fig. 3). How-
ever, a additional strong, wide emission fluorescence band is
also observed at 530 nm region. This emission is effectively
excited at 386 nm absorption (Fig. 7C and D). The monomer
of viologen absorbs at 200 and 250–300 nm regions[31], but
reduced monomer absorption is at about 380–399 nm[32].
This suggests that 530 nm emission is due to such a form.
But one can not exclude other possibilities. The absorption
of viologen attached to polymer can be different from that
of free viologen because some interactions between violo-
gen and polymer can occur even in ground state, as ob-

served for other systems[9,10]. In our samples many violo-
gen groups are connected to polymer (many times more than
porphyrin units). Therefore, the adjacent viologen molecules
may strongly mutually interact. As a result of illumination,
two closely located viologen groups can form excimer (VV∗)
which can go to the ground state by 530 nm fluorescence
emission. One can exclude the emission of reduced viologen
dimers with absorption at about 490 nm[32] because this
spectral region is not effective in 530 nm excitation (Fig. 7).

Viologen is an electron acceptor. Therefore, as a result of
PPorV illumination some ionic forms can be created as a re-
sult of the electron transfer from porphyrin to viologen. It is
very characteristic that in PPorV excitation spectra, the max-
ima of polymer (277 and 296 nm) are not observed. It seems
that polymer strongly interacts with viologen and as a result,
polymer fluorescence is quenched and the polymer excita-
tion energy is not transferred to porphyrin. Excitation in the
short wavelength region (SWR) (270–300 nm) is for PPorV
practically not effective in the excitation of fluorescence of
porphyrin. Irradiation in SWR, which is rather effective in
the case of PPor, is for PPorV much less effective for excit-
ing emission in the 600 nm region, but it gives some emis-
sion at the 530 nm region. This supports our supposition that
530 nm emission is related to viologen. The last emission is
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Fig. 7. Fluorescence (A) and (B) and fluorescence excitation (C) and (D) of PPorV without EDTA (A) and (C) and with EDTA (B) and (D). Excitation
wavelengths: in (A) and (B) curve 1, 280 nm; 2, 410 nm; 3, 417 nm; 4, 426 nm; 5, 510 nm; 6, 559 nm. In (C) and (D) wavelengths of observation: curve
1 at 530 nm, curve 2 at 619 nm, curve 3 at 644 nm, curve 4 at 709 nm. Concentrations of samples are 3.2�M.

excited most effectively at 386 nm. In excitation spectra, the
maxima of polymer alone (such as inFigs. 5 and 6C and D)
are not seen. A form of chromophores absorbing at 386 nm
and emitting at 530 nm region are present. The light energy
absorbed by polymer and by viologen is transferred to this
form emitting the fluorescence in the 530 nm range. There-
fore, polymer excitation less effectively reach the porphyrin
chromophores emitting at 618 and 643 nm regions.

It is not excluded that the 530 nm fluorescence band can
also be to some extent excited by B band of porphyrin (about
410 nm) but it is certain that for the creation of the 530 nm
band, the viologen attachment to polymer is necessary. This
band is very low in the case of filtered PPorV sample (not
shown), which supports the supposition that it is related to
covalently linked viologen.

The excitation at 417 nm gives predominantly 643 nm flu-
orescence, whereas excitation at 426 nm gives emission at
the 618–620 nm range. This shows that in PPorV, both por-
phyrin groups, both weakly and strongly interacting with
polymer, are fluorescent.

From the fluorescence and fluorescence excitation spectra
of PPorV samples (Fig. 7andTable 1) it follows that for such
samples there is not only very efficient excitation at 418 nm
and also at other bands of free porphyrin absorption, but
also excitation at about 430 nm (characteristic for porphyrin
linked to polymer) is efficient. The ratio of these maxima in

the excitation spectrum depends on the wavelength of fluo-
rescence observation. This shows that porphyrine molecules
are present in our samples at least in two different situations,
one part strongly interacting between themselves and/or with
polymer, the second part is almost free, similar to filtered
samples.

3.3. Steady state PAS

As it follows from comparison ofFig. 3(absorption spec-
tra) with steady state photoacoustic spectra (Fig. 8) mea-
sured for the same set of samples, the absorption in the
430–450 nm region is followed by especially efficient ther-
mal deactivation. The absorption in this region is observed
only in the case of dye connected to long polymer. It is ab-
sent in solutions of free dye (“filtered” samples and[16]).
This shows that dye chromophores which are strongly inter-
acting with polymer lose much more excitation by exchange
into heat than those which are weakly interacting.

The comparison ofFig. 8with Fig. 3shows that for most
of the samples, the main maximum of PAS is slightly shifted
with respect to the absorption maximum. The shapes of main
PAS and absorption bands are slightly different. This shows
that in the samples the chromophores are located in various
environments and therefore they exchange their excitation
into heat with different yields. The change in frequency of
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Fig. 8. Steady state photoacoustic (PAS) spectra of (A) PPor, (B) PPorV, (C) PPor+ EDTA, (D) PPorV+ EDTA. Frequency of light modulation: curve
1, 10 Hz; curve 2, 20 Hz; curve 3, 30 Hz.

light modulation causes only a slow shift of the main PAS
band, which suggests that the admixture of a component
with slower decay of thermal deactivation is not very large
[36]. The relative yields of TD, calculated with respect to
the value for PPor, from main maximum of PAS and the
absorption in the same region are collected inTable 2. The
TD is highest for PPor+ EDTA, which exhibits the highest
yield of fluorescence (Table 3). It is not observed a regular
correlation between yields of TD and fluorescence. There
is reasonable because the fluorescence intensity depends
not only on absorption of fluorescent dye at excitation
wavelength, but also on the absorption of other compounds
(polymer, viologen) which can transfer their excitation to flu-
orescent porphyrin with various efficiency and can exchange
their excitation into heat with different yields. At the same

Table 2
The ratios of the thermal deactivation of various samples with respect to
TDR of PPor sample, frequency of light modulation (ν)

Sample TDS/TDR

(ν = 10 Hz)
TDS/TDR

(ν = 20 Hz)
TDS/TDR

(ν = 30 Hz)
TDS/TDR

(average)

PPor 1 1 1 1
PPor+ EDTA 3.78 3.71 3.37 3.62
PPorV 2.42 2.91 2.64 2.66
PPorV+ EDTA 1.31 1.49 1.36 1.39

Measured at 450 nm.

wavelength of excitation the contributions to both processes
from various compounds are different for various samples.
The observation of PAS maximum in a region 370–390 nm,
occurring only in the case of samples with viologen, is very
interesting. In this region, absorption of reduced monomeric
viologen is located[32]. It appears that such a form is ex-
changing a large part of absorbed energy into heat because
it is better seen in PAS than in absorption spectra.

3.4. Laser induced optoacoustic spectra (LIOAS) results

3.4.1. The influence of the volume change of
macromolecules on LIOAS

Fig. 9A shows the LIOAS signals for PPorV sample
and reference measured at various temperatures,Fig. 9B at
various EDTA concentrations and at different times after
sample preparation. Higher EDTA concentration causes an
increase inHmax, which shows that the electron donor added
to the solution causes an increase in the fast TD processes.
Some changes inHmax are observed in time of sample
storage. Therefore, all spectra were measured at a similar
time after sample preparation. The absorption spectra of the
samples and references change as a function of temperature
(for example, inFig. 10). Therefore, the concentrations at
which the absorption of the sample and the reference at the
wavelength of laser light (430 nm) are equal, have to be



268 A. Bartczak et al. / Journal of Photochemistry and Photobiology A: Chemistry 159 (2003) 259–272

Table 3
Values of fluorescence yieldφF, α (formula 1) and values of slow TD yield (φT)

Sample 1 2 3

φF α φT φF α φT φF α φT

PPor 0.062 0.32 1.23 0.062 0.32 1.23 0.062 0.34 1.09
PPor+ EDTA 0.079 0.42 0.93 0.079 0.41 0.95 0.079 0.43 0.91
PPorV 0.013 0.53 0.82 0.013 0.53 0.82 0.013 0.58 0.73
PPorV+ EDTA 0.016 0.65 0.60 0.016 0.64 0.62 0.016 0.67 0.56
PPorV+ TEA 0.027 0.46 0.92 0.027 0.30 1.21 0.027 0.51 0.83

Accuracy:�ΦF = 0.001; �α = 0.04; �ΦT = 0.20. (1) In contact with atmosphere; (2) bubbled by nitrogen; (3) bubbled by oxygen.

established at the temperature used for LIOAS measure-
ments. The measurements must be done at such a tempera-
ture at which the contributions from the volume changes of
the illuminated sample to the measured LIOAS signal can
be neglected[28]. As shown inFig. 9A the ratio of the first
large maximum (Hmax) of the sample and the reference,
as well as the shapes of the next smaller maxima change
strongly between 30 and 15◦C, whereas they undergo much
less significant changes between 15 and 5◦C temperature
of sample. Therefore, we suppose that at 5◦C, LIOAS sig-
nal is predominantly related to thermal effects and that at
such a temperature the volume effect can be neglected. The
difference in LIOAS results obtained for the highest (30◦C)
and the lowest (5◦C) temperatures was about 20%.

Since we are interested predominantly in the efficiency
of triplet states generation the results for 5◦C are the most
important to us.

Fig. 9. LIOAS signals (A) of references (curves 1–3) and PPorV (curves 4–6) at various temperatures. Curves 1 and 3 at 30◦C, curves 2 and 5 at 15◦C,
curves 3 and 6 at 5◦C. (B) LIOAS signals for PPorV; curve 1, reference; curve 2, PPorV+ EDTA in 10 times higher concentration than PPorV; curve
3, PPorV+ EDTA at equal concentrations of PPorV and EDTA; curve 4, PPorV just after introduction into DMF; curve 5, the same sample as in curve
4 but 2 days later.

3.4.2. Analysis of LIOAS results
From the first maximum of LIOAS measured at 5◦C

(Hmax in Fig. 11) using the method elaborated by Marti et al.
[26] the part of light energy exchanged into heat in a time
shorter than the time resolution of apparatus (0.5�s) and the
yield of triplet state generationΦT are calculated.

Hmax was obtained from the following formula:

Hmax = kαElas(1 − 10−A) (1)

whereα is the part of energy promptly deactivated into heat,
Elas the energy of laser light,A the absorption of laser light
at the wavelength of the laser light (430 nm),k the coef-
ficient related to the apparatus optical geometry, electronic
impedance and thermoelastic properties of the solvent. The
k value is the same for the sample and for the reference,α

for reference is in good approximation equal to 1. The val-
ues ofα obtained for the measured samples are gathered in
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Fig. 10. Absorption spectra of PPorV at various temperatures. Inserts: the dependence of main maxima (at B 428 nm) on temperature.

Table 3and introduced into the following formula:

ΦTET = (1 − α)Elas − ΦFEF (2)

whereΦT and ET are the yield of triplet state generation
[26] and the energy of triplet state,ΦF andEF the yield and
energy of fluorescence,Elas is given in kJ/mol.

Fig. 11. LIOAS signals of investigated sample measured at 5◦C, laser light wavelength 430 nm. Curve 1, reference; curve 2, PPor; curve 3, PPor+EDTA;
curve 4, PPorV; curve 5, PPorV+ EDTA.

The yield of fluorescence was measured according to the
method described in[37]. As a reference Rhodamine 6G
was used.

From formula (2) the values of theΦT are calculated
(Table 3). Obtained in such a way the yield of slow TD
concerns not only the triplet states deactivation but also all
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Fig. 12. The dependence of main maximum (Hmax) of LIOAS signal on the energy of laser flash (at 430 nm) for PPorV solution in DMF for sample
bubbled by oxygen (line 1), in contact with atmosphere (line 2) and bubbled by nitrogen (line 3).

exothermic processes delivering heat. Without some infor-
mation about their decay times it is not possible to establish
the source of signals. As one can see fromTable 3, the val-
ues ofα for samples in contact with atmospheric oxygen
and bubbled by oxygen or nitrogen are very similar. The
same result follows fromFig. 12, showing for such three
types of sample, the dependence ofHmax on the energy of
laser flash. The slope of the three lines are similar. EDTA
addition causes an increase in prompt TD, which means a
decrease in slow processes. For PPorV (1−α), which means
contribution to TD from slow processes, is lower than for
PPor, and for the filtered samples (not shown) it is lower
than for the dyes connected with polymer. This shows that
attachment to polymer preserves the quenching of slow pro-
cesses of TD. TheΦT values inTable 3are overestimated
because the slow TD component contains not only the heat
produced by triplet TD but also the heat which can be cre-
ated in exothermic reactions occurring between various pho-
toproducts, even during a very long time. This problem is
solved by LIOAS deconvolution.

The LIOAS signal deconvolution yields the pre-exponential
factors of the “prompt” component (k1) and of the slow
decaying component (k2), as well as the decay of slow
TD componentτ2 (Table 4). About decay time of prompt
component (τ1) it is known only that it is shorter or equal
to time resolution of apparatus. From the decay time of the
slow component it follows that it is predominantly due to
thermal decay of triplet of chromophores. The triplet states
are generated by ISC from the excited singlet states and
deactivated predominantly by the nonradiative transition to
the singlet ground state. The deactivations by phosphores-

cence and delayed fluorescence are much less probable. As
we can see fromTable 4, the measurable triplet decay is for
PPor samples about 2�s, and it is a little shorter for PPorV.
Bubbling of the sample by nitrogen has no strong influence
on τ2, contrary to bubbling by oxygen, which causes its
decrease because of the triplet quenching. This decrease is
especially strong for PPor without EDTA. The presence of
EDTA diminishes the triplet quenching by oxygen for both
PPor and PPorV. The TEA addition has stronger influence

Table 4
Results of the deconvolution of the photothermal signal done according
to [21]

Sample Gas k1 τ1 (�s) k2 τ2 (�s)

PPor Air 0.30 <0.5 0.03 1.96
N2 0.30 <0.5 0.03 1.96
O2 0.31 <0.5 0.02 0.64

PPor+ EDTA Air 0.39 <0.5 0.11 2.17
N2 0.38 <0.5 0.12 2.16
O2 0.42 <0.5 0.09 2.14

PPorV Air 0.49 <0.5 0.08 1.55
N2 0.49 <0.5 0.08 1.55
O2 0.52 <0.5 0.05 0.61

PPorV+ EDTA Air 0.58 <0.5 0.13 1.71
N2 0.57 <0.5 0.13 1.72
O2 0.61 <0.5 0.13 1.69

PPorV+ TEA Air 0.47 <0.5 0.11 >5
N2 0.32 <0.5 0.09 >5
O2 0.54 <0.5 0.18 >5

Pre-exponential factor (k); decay time (τ).
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on τ triplet (Tables 3 and 4). The yields of the triplet for-
mation are rather high. Comparing the values of (1− α)
obtained fromTable 3, with the pre-exponential factorsk2
from Table 4, we can see that besides slow TD in a range
0.5–5�s, characteristic for TD of dye triplets, are some
other slower processes of TD. The apparatus is able to
measure decay times until about 5�s. The processes caus-
ing the generation of heat with decay in longer times (for
example, exothermic photoreactions) are not measurable.
From the sum (k1 + k2) we can evaluate such slow reac-
tions: they must to be approximately (1− (k1 + k2)). We
can compare such values with (1− α) values, obtained on
the basis of data inTable 3, giving contributions from all:
slow and very slow processes. As we can see fromTables 3
and 4, the largest amount of excitation is lost for very slow
reaction for PPor, and the smallest for PPorV+ EDTA.

4. Discussion and conclusions

The fate of energy absorbed in investigated systems can be
in approximation explained by simplified schemes (Fig. 13).
In Fig. 13 higher vibrational bands are not included in ab-
sorption and in fluorescence spectra.

The PPor can be excited on several paths and can also be
deactivated along several competing paths (Fig. 13A). The
polymer (P) can be excited by absorption of 280–290 nm

Fig. 13. The scheme of deexcitation of PPor (A); and for PPorV (B);
P, polymer; Por, porphyrin group weakly interacting with polymer; PV,
polymer with viologen; ISC, intersystem crossing; TD, thermal deactiva-
tion; F, fluorescence; A, absorption;τT, decay time of triplet state.

light and then it can emit fluorescenceF = 320 nm or
transfer its excitation to PPor unit. This unit can also be
excited directly by absorption of 450 nm light, or by ET
from “weakly interacting” (Por) form absorbing at 415 nm.
The excited to singlet Soret state form (PPorS∗) can lose
its excitation as heat (TD 450 nm) or by ISC to triplet state
(PPorT∗). This triplet is deexcitated predominantly thermally
with decay timeτ approximately 2�s (Table 4). Oxygen
causes triplet quenching and as a result the decay time is di-
minished to about 0.6�s. The addition of a electron donor
(EDTA) prevents the oxidation and the decay time becomes
longer.

The PPorV can also be excited and deexcited on various
paths (Fig. 13B). In this case, the ET from excited reduced
viologen attached to polymer (PV+∗) by the absorption at
370–390 nm, deexcited by: (1) 530 nm emission, (2) TD
380 nm or by (3) ET to porphyrins. The character of 530 nm
emission is not quite clear. There are several possibilities.
For such samples ET from the free polymer (P) to PPorV
unit is not observed. The PPorV TD, as it follows from
PAS, occurs predominantly from PPor group. The ISC tran-
sition of PPorV is followed by triplet state decaying in a
slightly faster time than that for PPor and also quenched
by oxygen (Table 4). Both types of porphyrins units, i.e.
PPorV strongly interacting with polymer and viologen
(A = 426 nm,F = 640–710 nm), and weakly interacting
Por (A = 417–420 nm,F = 618–620 nm) exhibit their own
well-resolved absorption and fluorescence bands.

TEA addition (Tables 3 and 4) has stronger influence than
EDTA on TD processes.

From the presented results these conclusions follow:

1. The viologen covalently linked to polymer is creating
new forms of the macromolecule, characterized by new
maxima in the fluorescence and in the excitation of fluo-
rescence spectra. This is in agreement with literature data
[38] reporting that viologen bound to a macromolecular
system acts as sensitizer, for example, in the process of
the DNA oxidation, creating ionic and radical forms as a
result of illumination.

2. The character of 530 nm emission connected with
viologen–polymer system is not yet clear, but we hope
to explain it in the near future on the basis of spectro-
electrochemical investigations[39–41].

3. The attachment of the dye molecules to the polymer
changes their spectral and photochemical properties. The
spectra of the dye strongly interacting with polymer are
different than spectra of almost free dye molecules. The
viologen attachment to PPor quenches the polymer emis-
sion and blocks the excitation transfer from polymer and
from B band of porphyrin toQx(0,0) porphyrin band re-
sponsible for fluorescence.

4. The mutual interactions between viologen and porphyrin
molecules attached to polymer and free viologen dis-
solved in solvent with porphyrin attached to polymer are
different.
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5. The addition of electron donor (EDTA or TEA) to the
solvent (DMF), surrounding the polymer–dye com-
plexes has no measurable influence on singlet states
of attached chromophores, but it changes the yield of
triplet state generation and triplet thermal deactivation
kinetics.

6. Oxygen quenches the triplet state excitations, as it follows
from the decrease in the lifetimes of triplet states.

7. The units linked to polymer, similarly as chromophores
located in biological macromolecules, change the paths
of their deexcitation as a result of changes in their inter-
actions with their surroundings.
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