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Abstract This article deals with results concerning the study of interacting dyes
which are able to create weak interdimers. Two groups of organic systems: phthalocy-
anines (di-ethanol-amine and di-octane-amine) and pyridyl porphyrins (zinc, copper,
and free-base) covalently linked to polyethylene glycol (PEG) in water and organic
solvents (dioxane, dimethylsulfoxide) were investigated. Absorption, fluorescence,
and photoacoustics were used as experimental methods but particular attention was
paid to light-induced optoacoustic spectroscopy to follow the dye’s triplet population
and triplet thermal relaxation to study intermolecular interactions. It has been shown
that even the weak interactions of the organic dyes under study is not detectable
by absorption and only slightly by fluorescence is it possible to follow interactions
by complementary photothermal methods. The results obtained for selected phthal-
ocyanines and covalent porphyrin–polymer samples evidently show that the light-
induced optoacoustic experiment is a perfect tool in the detection of weakly interacting
aggregates.

Keywords Fluorescence lifetime · Interdimer · Porphyrin derivatives ·
Time-resolved optoacoustics · Triplet thermal relaxation

1 Introduction

Molecular aggregates play very essential roles in many fields: in the physics of molec-
ular crystals [1,2], in non-crystalline molecular systems with van der Waals and hydro-
gen interactions [3], in covalently bonded supermolecular units [4], in modeling of the
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structure of photosynthetic organisms and processes [5], in modern optoelectronics
[6], and in the creation of organic semiconductors [7]. Aggregation of porphyrins has
been shown to have marked effects on catalytic and photophysical properties [8].

One of the first demonstrations of the aggregated structure creation and their spectral
properties was carried out by Kautsky et al. [9], Levison et al. [10], and Szent-Györgyi
[11], and theoretical approaches of aggregate modeling were proposed by Förster in
his quasi-classic vector model [12] and by Kasha et al. [2] in the exciton model.

Usually, in aggregates some changes in photophysical features can be easily demon-
strated by absorption behavior; their modification depends on the type of aggregates
and it results in the appearance of strong shifts (they can reach values up to about
2000 cm−1) or splitting of absorption bands [13]. Also, fluorescence quenching and
changes in thermal deactivation could be associated with aggregate formation due
to enhancement of the triplet state [14,15]. The aggregate structures differ one from
another by the geometrical arrangement of their dipole moments. In the ideal H aggre-
gate, the molecular frames are oriented face-to-face with parallel transition dipole
moments of interacting monomer units and oriented perpendicularly to the line of
the molecular centers. In the ideal J aggregate, the polarization axis of the electronic
transition is directed along the line of the molecular centers. In a double molecule with
the coplanar transition dipoles inclined to the interconnected axis, an angle between
the dipole moment’s directions ranges from 54.7◦ to 90◦ and 0◦ to 54.7◦ in H and
J, respectively [16–19]. The blue and red absorption shifts are expected to appear
in the absorption spectrum of the H and J aggregates, respectively [2,20]. Marked
changes can be also observed in their fluorescence behavior and consequently in non-
radiative processes; thermal relaxation is expected to be changed in aggregated dyes
[21]. The results of an exciton model study [2] show that triplet state population can
be enhanced in aromatic aggregates due to interactions of the component molecules.
Moreover, fluorescence could compete with thermal deactivation and it leads to a
decrease of fluorescence and its lifetime.

However, when weak interactions between molecule species take place and even
that no significant changes in absorption and only slightly in fluorescence are observed,
it is possible to follow weakly interacting molecules by performing enhancement of
the triplet population by the use of complementary spectroscopic methods such as
photoacoustics (PAS) and light-induced optoacoustic spectroscopy (LIOAS) [22–24].

One of the most interesting systems for our studies is an organic dye composed of
π -electron conjugated rings. Organic dyes have been interesting materials for decades
in fields of novel science and technology [25–28]. The great development in novel
photonics, photomedicine, laser techniques, compact discs, environmental protection,
and artificial photosynthesis as well as other applications is also noticed and described
in some papers (e.g., [29–34]).

Very attractive molecular materials such as photoconverters in photonics could
be a family of synthetic phthalocyanines and porphyrins because of their electron
donor–acceptor features, and they can find applications in devices where electron and
energy transfer processes are essential [25–27,35–38]. However, some porphyrins and
phthalocyanines tend to form aggregated species under specific conditions and their
ability to create aggregates depends very strongly on their molecular structure and
environment. Thus, it is important to consider the tendency of organic dyes to create
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molecular aggregates. Firstly, molecular aggregates could be disadvantageous because
their presence can diminish dye photoactivity in photovoltaics [39]; secondly, organic
dyes play an essential role in searching for new materials that can be used as organic
semiconductors and in minimizing the size of electronic devices of low power [7].

The general aim of this article is to follow molecular interactions between phthalo-
cyanine molecules and between porphyrins in systems with a polymer and to present
the results of the systems in which weakly conjugated interdimers can be formed.
In this article we study two groups of organic systems: non-fluorescent metal-free
di-ethanol-amine and di-octane-amine phthalocyanines substituted with a long alkyl
chain in dimethylsulfoxide (DMSO) as well as pyridyl porphyrins (zinc, copper, and
free-base) covalently linked to polyethylene glycol (PEG) in water and organic sol-
vents (dioxane and DMSO). The phthalocyanine samples dissolved in DMSO were
studied in a wide range of dye concentrations to follow the activity of these dyes to
aggregate formation. The porphyrin–PEG systems were studied in organic solvents of
different polarities to follow the conditions for diminishing or even avoiding creation
of aggregates.

This article is a mini-review of the studies and shows how one can take advantage of
the LIOAS method accompanied with the photoacoustic method supported by other
spectroscopic examinations such as absorption and fluorescence to follow weakly
interacting dye molecules in interdimers for the case when absorption spectroscopy
(and/or weak fluorescence) is not fully useful for this purpose [21–24]. Particular
attention was paid on the LIOAS experiments to follow the dye’s triplet population,
triplet thermal relaxation, and intermolecular interactions occurring in the investigated
systems. The fluorescence natural lifetimes and triplet thermal relaxation times were
evaluated, and their values versus those found for monomeric species were analyzed to
follow the creation of intermolecular dimers. We showed that the photothermal exper-
iments (PAS and LIOAS) are particularly useful in studies of interactions between
metal-free phthalocyanine dye molecules which do not fluoresce and porphyrins cova-
lently linked to PEG.

2 Materials and Experimental Methods

Two phthalocyanine dyes: di-ethanol-amine phthalocyanine (designated here as 1) and
di-octane-amine phthalocyanine (designated here as 2) were investigated. The dyes
were prepared according to the procedure described in [40,41]. The dyes were dis-
solved in DMSO (εDMSO = 46.7) and their concentrations were: 10−5 M, 10−4 M,
and 10−3 M; spectroscopic measurements were performed in 1 cm, 1 mm, or 60 µm
quartz cuvettes. The molecular structures of the phthalocyanine dyes are shown in
Fig. 1a.

Three porphyrin dyes: zinc, copper, and free-base 5-(4-pyridyl)-10,15,20-tri(4-
methyloxyphenyl)porphyrins (named shortly as porphyrins) covalently linked to PEG
of different molecular weights (35 000 (n = 800), 20 000 (n = 455), 8 000
(n = 182), 6 600 (n = 150); n—numbers of mers) were also chosen for our inves-
tigations. The polymers and the samples were prepared as described in [42,43]. The
molecular structures of the investigated samples (designated here as 3, 4, and 5) are

123



Int J Thermophys (2012) 33:716–732 719

R

R

R

n

M

Cl

3: M=Zn

4: M=Cu

5: M=2H

OMeR =

n = 150 - 800

N

N

N

N

N
+O

Cl

N

N

N

N N

N

HNHNR

R

R

R

1: R = SO2N(CH2CH2OH)2

2: R = SO2N(C8H17)2

-

A B

Fig. 1 Molecular structure of the investigated systems: (a) Di-ethanol-amine phthalocyanine (1), di-octane-
amine phthalocyanine (2) and (b) porphyrin–PEG (3–5)

presented in Fig. 1b; ZnP-PEG35000 (3I), ZnP-PEG20000 (3II), ZnP-PEG6600 (3III),
CuP-PEG35000 (4I), CuP-PEG20000 (4II), CuP-PEG8000 (4III), CuP-PEG6600
(4IV), H2P-PEG35000 (5I), H2P-PEG20000 (5II), H2P-PEG8000 (5III), and H2P-
PEG6600 (5IV). The samples were dissolved in dioxane (εdioxane = 2.2), DMSO,
and water (εwater= 78.4). The dye species concentrations in the samples are in the
range of 10−6 M and 10−4 M depending on the measurements.

Absorption spectra were monitored with a Carl-Zeiss spectrophotometer Specord
M40 in the range of 350 nm to 800 nm (phthalocyanines) and 380 nm to 700 nm (por-
phyrin–polymer samples). Steady-state fluorescence was excited at λex = 609 nm (1
and 2) or at 421 nm < λex < 431 nm (3, 4, and 5—at the maximum of the proper
Soret band) and collected in the range of 620 nm to 800 nm (phthalocyanines) and
575 nm to 800 nm (porphyrin–polymer samples). The relative fluorescence quantum
yield (ΦF) and fluorescence natural lifetime (τN) of the samples were evaluated on the
basis of the absorption and fluorescence spectra according to the methods described
elsewhere [44,45]

ΦF = ΦR
I

IR

AR

A

n2

n2
R

, (1)

where ΦR is the fluorescence quantum yield of a reference sample (coumarine 510 in
DMSO [44]), I and IR are the integrated fluorescences of the sample and reference,
respectively, A and AR are the absorbances of the sample and reference, respectively,
and n and nR are the refractive indices of the sample and reference, respectively.
Corrections for re-absorption of fluorescence light and secondary fluorescence effects
were taken into account, and the maximal error does not exceed 5 %. The natural
lifetime can be expressed from [44]

1

τN
= 2.88 × 10−9n2

∫ (
F (λ) /λ2

)
dλ

∫
F (λ) × λdλ

∫
ε (λ)

λ
dλ, (2)
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where n is the refractive index of the sample and the integrals of F(λ) and ε(λ) are
the areas under the fluorescence and absorption spectra, respectively.

The photoacoustic measurements in the range of 300 nm to 800 nm were carried
out with a one-beam MTEC photoacoustic spectrometer [46]. Light modulation fre-
quencies of the light beam were (8, 10, 15, 20, and 30) Hz at a constant phase shift.
The sample was embedded in a photoacoustic chamber filled with helium gas, and the
acoustic signal was detected with a very sensitive microphone. A blackbody was used
for correction of the photoacoustic spectra for the device response.

The kinetics of photothermal processes and triplet population were measured with
the use of LIOAS [46,47]. The samples were illuminated by a flash GL-3300/GL301
nitrogen laser (Photon Technology Int.), combined with a dye laser; λex = 415 nm
(1 and 2) or 427 nm (3, 4, and 5) of a pulse duration of 0.2 ns to 0.8 ns. The obtained
waveform is a photothermal signal, and it contains information about fast and slow
non-radiative relaxation of the samples. In our experiments the LIOAS waveform
signals of the samples as well as of the reference dye (bromocresol purple—BCP;
RdH Laborchemikalien) were measured. The LIOAS measurements were carried out
at 20 ◦C in a nitrogen atmosphere. The photothermal data were analyzed using two
methods: Marti et al. and Rudzki et al. which are widely described in the literature
[48,49]. Marti’s approach [48] gives information on a part of the energy changed
into heat promptly (expressed by α parameter) in the time range from 0 µs to 0.4 µs
(resolution of the LIOAS device) with the use of

H = kαEL

(
1 − 10−A

)
, (3)

where H is the maximal intensity of the LIOAS waveform, k is a geometrical and
electrical set-up factor of the device, A is the absorbance of the sample, and EL is the
laser energy. LIOAS data deconvolution (Rudzki et al. [49] approach) can be done
with

y = R (t)
∑

Ki exp (−t/τi ), (4)

(where R(t) is the weight factor of deconvolution, Ki is a pre-exponential factor, and
τi is the lifetime of the i th transient). Equation 4 is used to determine the following
parameters: K1 (part of the energy changed promptly into heat in time duration from
0 µs to 0.4 µs; it is equivalent to α parameter in Eq. 3), K2 (a part of the energy
changed into heat in slow processes in the time range of 0.4 µs to 5 µs), and τ2 (ther-
mal relaxation time). In this experiment, BCP was taken as a reference sample under
the supposition that the whole energy absorbed by this molecule is changed into heat
in prompt processes in a time shorter than 0.4 µs (α = 1) [49].

The triplet population was evaluated on the basis of [48]

ΦT = (1 − α)Ehν

ET
− ΦF EF

ET
, (5)

123



Int J Thermophys (2012) 33:716–732 721

where α is a part of the energy changed promptly into heat, ΦF is the fluorescence
quantum yield, EF and ET are the energies of fluorescence and the triplet state with
respect to the ground state, respectively, and Ehν is the energy of the laser beam.

3 Results and Discussion

In this article we present the results of the study done for two different systems: two
metal-free non-substituted phthalocyanine dyes [21] and covalent porphyrin–polymer
systems [23,24]. We divided our presentation into two parts; in the first we show the
absorption and fluorescence results of our systems—the phthalocyanine dyes and the
porphyrin–polymer samples were examined in the wide range of concentrations in
solvents of different polarities (dioxane, water, and DMSO), in the second part of
our investigations we concentrate on the PAS and LIOAS examinations to show how
one can take advantage from the PAS and LIOAS methods to follow the presence of
weakly interacting aggregates.

3.1 Electronic Absorption and Fluorescence Investigations

Phthalocyanine dyes are the first group of the samples under our studies. The electronic
absorption spectra of (1, 2) are shown in Fig. 2a and b (dye concentrations range from
10−5 M to 10−3 M). The Soret and Q bands (Table 1) are located at about 350 nm and
672/676 nm, respectively, as expected for phthalocyanine dyes in an organic solvent
[25,37,50]. The presented absorption spectra show some changes in the shapes with
increasing concentration—some broadening and increasing band and a small band’s
shift are seen in the Q band. No spectacular changes are observed in the Soret band
and the Q in the range 672/676 nm (only a slight band shift is observed in sample 2);
however, new humps are seen on the “red” part of the spectra. The increasing inten-
sity is also observed in the absorption range of 606/607 nm. All these changes in the
absorption (even the small ones) would suggest creation of some aggregates of dyes 1
and 2 [16,17,19,51]. The appearance of the bands at 703 nm could rather be assigned
to the vibrational mode of the alkyl chains covalently linked to the indole units which
vanish when aggregates are created (in the highly concentrated samples); in the metal-
free non-substituted phthalocyanines, this band is not observed [25]. The presence of
the weakly interacting interdimers (or higher associates) is also supported by observed
diminishing of the extra bands at about 703 nm with increasing concentration; when
the dye concentrations increase, the vibrational modes could be quenched as a result
of the presence of aggregates and changes in conformation of the associates. The fluo-
rescence of 1 and 2 is extremely weak (not shown), and their fluorescence quantum
yields (evaluated versus rodamine 6G) are less than 0.001 (i.e., in the range of the
experimental accuracy). There could be two reasons for poor emission of the dyes: the
presence of aggregates and/or substitution with the long chains [50]. Since the dyes
fluoresce only slightly, the fluorescence examinations are not useful in the study of
weak aggregates. The main absorption and fluorescence parameters are reported in
Table 1.
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Fig. 2 Exemplary absorption spectra (normalized to unity at the maximal band): (a) 1 in DMSO, (b) 2 in
DMSO, (c)–(e): 3–5 in dioxane, DMSO, and water; c = 10−6 M in dioxane and water, c = 10−5 M in
DMSO; based on [21,23,24]

Apart from the small blue absorption band shifts in the Q region, the increase of the
606/607 nm bands and small broadening of the bands are observed. The half-width
of the absorption band evaluated for the phthalocyanine monomers of 1 and 2 are
about 3.0×105 cm−1 (the Soret band) and 1.2×105 cm−1 (the Q band), respectively.
Under high concentration conditions, they are 3.2×105 cm−1 to 3.4×105 cm−1 (1)
and 1.7×105 cm−1 (2), respectively, and they could indicate the presence of a tiny
amount of dye aggregates. Since the absorption bands are slightly blue shifted, we can
suppose the creation of a type of the H-aggregates. DMSO is a polar solvent which
can protect dyes against aggregation due to strong interactions between the dye and
solvent molecules [44]. However, in some cases interactions between dye molecules
could exceed interactions between a dye molecule and solvent. Thus, it is rather diffi-
cult to judge as to the presence or absence of some aggregates particularly when weak
interactions are modestly detectable by absorption and/or weakly by fluorescence even
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Table 1 Selected absorption and fluorescence parameters of the investigated molecular systems in organic
solutions (in DMSO(DMSO), water(w), or dioxane(d))

Sample c (M) λS

(nm)
λQ

(nm)
S	ν1/2

(cm−1)

Q	ν1/2

(cm−1)

λF

(nm)
FR ΦF τN

(ns)

1(DMSO) 10−5 350 606.672 3.1 × 105 1.2 × 105 682 – – –

10−3 348 606.672 3.4×105 1.7 × 105

2(DMSO) 10−5 350 607.676 3.0 × 105 1.2 × 105 682 – – –

10−3 350 606.673 3.2 × 105 1.7 × 105

3I(DMSO) 10−5 430 565.600 0.6×103 610.660 1.77 0.06 8.7

3II(DMSO) 10−5 430 – 0.5×103 610.660 2.12 0.10 8.1

3III(w) ∼10−6 453 569.610 2.6 × 103 619.669 1.66 ∼0.005 1.4

3III(d) ∼10−6 426 558.598 0.6×103 606.655 1.82 0.03 3.9

4I(DMSO) 10−5 421 – 0.8×103

4II(DMSO) 10−5 421 – 0.9×103

4III(DMSO) 10−5 421 – 0.9×103 – – – – –

4IV(w) ∼10−6 442 544 2.3×103

4IV(d) ∼10−6 418 543 0.7×103

5I(DMSO) 10−5 424 520.560, 595.650 1.0×103 653.715 3.32 0.08 24.3

5II(DMSO) 10−5 422 – 0.8×103 652.715 4.10 0.16 9.8

5III(DMSO) 10−5 421 – 0.7×103 – 653.716 4.15 0.11 15.1

5IV(w) ∼10−6 420 518.553, 597.649 2.0×103 656.711 1.31 0.03 2.0

5IV(d) ∼10−6 418 514.549, 593.649 0.1×103 654.719 4.07 0.09 4.2

c Concentration, λ absorption wavelength at the maximal intensity, 	ν1/2 spectral width of the absorption
band, λF fluorescence wavelength, FR fluorescence band intensity ratio, ΦF fluorescence quantum yield,
τN natural lifetime, S Soret band, Q long wavelength band. Based on [21,23,24]
	λ = ±1 nm, 	(	ν1/2) = ±0.1 × 105 (1, 2) or ±0.1 × 103 (3, 5), 	ΦF = ± 0.01, 	τN = ± 0.03 ns

though the fluorescence experiment is more selective and sensitive in monitoring of
weak interacting molecules than the absorption one. Therefore, we also use the PAS
and LIOAS examinations as complementary methods to absorption and fluorescence
(Sect. 3.2).

In the second stage of our studies, we focus our attention on the porphyrin–poly-
mer systems; the samples in dioxane (3III, 4IV, 5IV) are the standard samples for our
further investigations in water and DMSO (selected absorption data are also gathered
in Table 1). Exemplary absorption spectra of 3, 4, and 5 in dioxane, water, and DMSO
are shown in Fig. 2c–e. As observed, the porphyrin dye moieties absorb intensively
in the range from 418 nm to 453 nm (Soret bands) and only modestly in the Q region
from about 500 nm to about 700 nm; in metallic porphyrins 3 and 4, two Q bands are
characteristic for monomeric porphyrins (due to the D4h π -electron symmetry), and
in the absorption spectra of the porphyrin of the D2h symmetry, four Q bands are seen
in 5 [26]. In the investigated porphyrin–PEG samples, no spectacular influence of the
polymer chains is observed [23]. Thus, we will not discuss this problem, but rather we
focus our study mostly on the influence of the solvent polarity on interactions between
the dye molecules. The absorption band’s locations and the values of the half-widths
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of the maxima of the samples in dioxane (solvent of low polarity) are as observed for
porphyrin monomeric species in other organic solvents [52–56].

Occurrence of the monomeric porphyrin species in samples 3, 4, and 5 in dioxane
was evidently shown; the Soret bands are very narrow and their half-widths (	ν1/2)

range from 0.1×103 cm−1 to 0.7×103 cm−1 depending on the metal ion (or its lack)
complexed with the porphyrin subunits [23]. The absorption band’s positions in the
Soret and Q regions in water are changed as seen in Fig. 2c–e. The Soret band
half-widths of samples 3, 4, and 5 in water ranged from about 2.0×103 cm−1 up
to 2.6×103 cm−1. Thus, when the absorption spectra of the samples in water are com-
pared to those in dioxane, the spectacular differences in their spectral characters are
observed; not only shifts and broadening of the bands are observed but also new humps
are well recognized. These results can be interpreted as due to the existence of some
aggregated porphyrin moieties when the samples are dissolved in water [2,26,27].
On the one hand, the absorption results of the samples in water differ from those in
DMSO. For example, the values of the band half-widths in DMSO are much smaller
than those in water and only slightly larger when compared to those in dioxane (see
Table 1).

Creation of some aggregated species could be confirmed by emission examinations,
which compare the fluorescence results of 3 to those of 5 in dioxane, DMSO, and water
(Fig. 3); (sample 4 does not fluoresce [21]). These results clearly show that the solvent
has a marked influence on the fluorescence behavior of the samples; in dioxane the
emission spectra are characteristic for monomeric porphyrins [26,27,42,45], whereas
in water the fluorescence spectrum shapes and band positions are strongly changed
on the wavelength scale. The changes in fluorescence parameters: the fluorescence
quantum yields (ΦF—evaluated with respect to coumarine) and the natural lifetimes
(τN) are also observed. The ΦF values of samples 3 and 5 in water are ∼0.005 and
0.03, respectively, and they are higher in dioxane (up 0.09) [26,52]. Shortening of τN
is also noticed ( the values of the natural life time of the investigated porphyrin samples
versus τN of zinc tetraphenylporphyrin) in DMSO (25 ns) [53,56]. There could be at
least three reasons for the observed changes in the fluorescence parameters: solvent
polarity effect and aggregate formation as well as the presence of PEG [23]. The sol-
vent polarity effect and aggregate formation are closely connected to each other. It is
well known that it is difficult to avoid aggregate creation in water and the presence of
aggregate species seems to be the main reason for our observations [23,25–27,56]

Markedly different absorption and fluorescence spectra of the same porphyrin–
PEG samples are found when the systems are dissolved in polar DMSO. Figure 2c–e
shows exemplary absorption spectra of the samples (3I, 4I, and 5I) in DMSO (Table 1).
Analysis of the absorption parameters of samples 3I, 3II, 4I–4III, and 5I–5III in DMSO
and those of their counterparts 3III, 4IV, and 5IV in water evidently imply some dis-
similarity of the absorption parameters. The changes are also observed in the values
of the half-width parameters; the band half-widths of the porphyrin subunits in the
samples in DMSO are decreased when compared to those of the samples in water,
and they are similar to those of the samples in dioxane (in dioxane monomeric struc-
tures are assumed to be present). However, even though no significant changes are
observed in the electronic absorption spectra, we cannot exclude the appearance of
weakly coupled porphyrin aggregates. The creation of some aggregated structures
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[21,23,24]

is strongly influenced by the dye molecular structure, mainly by the presence of a
metal ion, peripheral groups and also by the dye molecular symmetry. In the free-
base porphyrin the symmetry is changed upon the presence of a metal ion (D2h vs.
D4h) and lead to an asymmetry. In our samples an extra asymmetry is introduced by
the N-phenyl group linked directly to the polymer. A steric effect could protect dye
molecules against aggregation as manifested in some porphyrins and phthalocyanines
[57,58]. Moreover, DMSO can also protect molecules against aggregation [59].

Fluorescence of the porphyrin–polymer samples was excited at the wavelength
matching the proper Soret band maxima. Figure 3a and b is an example of the fluo-
rescence spectra of 3 and 5 in water, dioxane, and DMSO. The fluorescence features
are sensitive to the metal ion within the porphyrin core or its lack [25–27,60] and to
the molecular weights of the polymers [24]. Moreover, variations in the fluorescence
behavior of our systems could be explained by coordination bonding to a metal (Zn,
Cu) and to the presence of oxygen in PEG. Analysis of the fluorescence spectra of
samples 3 and 5 evidently confirms rather weak radiative deactivation of the singlet
excited state of the zinc and free-base porphyrin moieties linked to PEG in DMSO
(ΦF ranges from 0.06 to 0.16). The ΦF values are similar to those of the monomeric
porphyrin moieties in dioxane (0.03 and 0.09) [24,55], whereas for the samples in
water, the quantum yields are declined and they are less than 0.01 [24,55]. Since the
fluorescence quantum yields of the emitting species are not very much influenced by
the presence of the polymer and its molecular weight, we can rather suggest its mod-
est influence. Thus, the changes of the fluorescence spectra in DMSO with respect to
those in water on the one hand and the similarity of fluorescence parameters to those in
dioxane on the other hand led us to conclude about the presence of weakly interacting
interdimers in our samples.
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Two fluorescence bands of the samples in DMSO are observed at 610 nm and 660
nm (3) and 652/653 nm and 715/716 nm (5). For the samples in dioxane and water, they
are shifted as indicated in Table 1. The changes of the band positions of the samples in
DMSO with respect to those in the remaining solvents [23] can be assigned to differ-
ences in electrical susceptibilities of DMSO and dioxane and in universal interactions
between the dye and solvent. Moreover, the values of the fluorescence band intensity
ratios (FR in Table 1) of the samples in DMSO (FR = 1.77−3I, 2.12−3II, 3.31−5I,
4.10 − 5II, and 4.15 − 5III), versus those of the samples in water (FR = 1.66 − 3III,
1.66 − 5IV) and in dioxane (FR = 1.82 − 3III, 4.07 − 5IV) evidently confirm the
presence of some weakly interacting dimers in DMSO. The shortening values of the
evaluated fluorescence natural lifetimes (τN) of the samples in DMSO (8.1 ns and 8.7
ns of 3I, 3II, 9.8 ns to 24.3 ns of 5I–5III) relative to those of the samples 3III and 5IV

in water (about 1 ns to 2 ns) and in dioxane (about 4 ns) with respect to the lifetime of
25 ns of zinc tetraphenylporphyrin in DMSO without any substituents [53,56] could
be assigned to overlapping contributions of intramolecular charge transfer and inter-
actions in molecular aggregates, e.g., processes that could lead to modification of the
singlet-triplet transition in chromophores.

Since the absorption and fluorescence examinations do not give the univocal argu-
ments as to the existence (or not) of aggregated structures in the samples in DMSO, we
have carried out the PAS and LIOAS experiments to follow the generation of triplet
states of the dye moieties.

3.2 PAS and LIOAS Experiments

In an aggregate that does not fluoresce or its fluorescence is rather weak [21], enhance-
ment of its lowest triplet state can occur and thus deactivation processes could be mod-
ified. So, in our further discussion we take into consideration other processes, which
could result in deactivation of the dye excited states. Photoacoustic studies provide
information on non-radiative processes occurring in a dye with participation of the
internal conversion and intersystem crossing transitions resulting in heat liberation
contributed by the singlet and triplet states [61]. The LIOAS waveform is a photo-
thermal signal and its kinetic analysis can distinguish prompt thermal processes from
those which occur in microseconds [25].

First, we concentrate on the results obtained with PAS for the phthalocyanine dyes.
Figure 4a shows an exemplary PAS result of 1 (at ν = 8 Hz). Phthalocyanines 1 and
2 convert partly excited energy into heat. The thermal deactivation parameters (TD)
are evaluated as a ratio of the photoacoustic signal to the absorbance [61] and are
reported in Table 2. The different values of TD of 2 (1.1 and 0.6) confirm the presence
of aggregation effects in the concentrated samples. According to Rosencwaig theory
[61], the PAS signal is expected to increase linearly with 1/

√
ν (ν is the light modu-

lation frequency) provided that one spectral species is involved in thermal processes.
However, it is not the case for samples 1 and 2. The values of the evaluated correlation
factors (lower than 1) between expected theoretical [61] and experimental data indi-
cate that not only one species contributes to non-radiative thermal processes and that
the triplet states are involved in thermal relaxation of the low and highly concentrated
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Fig. 4 Exemplary photoacoustic spectra (normalized to unity at the maximal band): (a) 1 in DMSO (ν = 8
Hz) and (b) 5I in DMSO (ν = 10 Hz); based on [21,24]

dye samples. Therefore, prompt and slow processes and the coexistence of monomeric
and dimeric moieties of different relaxation decays should be considered. Since the
PAS experiment gives information on global thermal processes occurring in samples
without recognition of the prompt ones (with the participation of the singlet states)
and those with a triplet state contribution, we have carried out the LIOAS study to
follow the singlet-triplet transitions and triplet thermal relaxation. The results of 1 are
presented in Fig. 5. The evaluated thermal parameters are compiled in Table 2. The
α and Ki values (evaluated from Eqs. (3) and (4)) are similar as expected [48,49]
and give insight into the fast non-radiative processes occurring in a time range shorter
than 0.4 µs (in the resolution time range of our LIOAS device). As seen, more than
50 % of the absorbed energy in samples 1 and 2 is converted promptly into heat. The
sum of K1 and K2 is less than 1; it indicates the occurrence of other processes with
triplet state participation (it is discussed widely in [21,62–64]). A spin–orbit pertur-
bation enhancement could be neglected since we have used metal-free dyes in our
experiment. The lack of fluorescence of samples 1 and 2 indicates the presence of
very effective non-radiative channels of deactivation. The estimated values of triplet
population (ΦT in Table 2) show some tendency of intersystem crossing increasing
in the concentrated samples (10−3 M vs. 10−5 M). The enhancement of the triplet
population could be expressed as the phosphorescence to fluorescence yield’s ratio [2]
and can occur when some aggregates are formed.

In our further discussion we take also into consideration the values of the decay
time (τ2). The decay times τ2 depend on both a kind of dye and its spectral form; their
values range from 1.18 µs to 1.28 µs (monomeric dyes; c = 10−5 M) and 0.35 µs to
0.98 µs (the samples with monomer minorities and aggregates; c = 10−3 M) (Table 2).
The decay time changes for the concentrated samples are additional confirmation of
the occurrence of some aggregates. Thus, we can assign the lower values of τ2 of
the concentrated samples to the dye aggregated structures which are present in the
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Fig. 5 Exemplary LIOAS waveform signals of 1 in DMSO; BCP—standard sample; based on [23]

Table 2 Photothermal parameters of the investigated molecular systems in organic solutions in DMSO.

Sample c (M) TD α K1 K2
∑

(K1 + K2) ΦT τ2 (µs)

1 10−5 – 0.71 0.75 0.09 0.84 0.76 1.28

10−4 1.0 − − − – – –

10−3 0.9 0.67 0.66 0.01 0.67 0.86 0.98

2 10−5 – 0.68 0.71 0.09 0.80 0.84 1.18

10−4 0.6 − − − – – –

10−3 1.1 0.66 0.68 0.02 0.70 0.89 0.35

3I 10−5 1.0 0.39 0.38 0.03 0.41 – 0.7

3II 10−5 3.3 0.30 0.29 0.02 0.31 – 0.5

4I 10−5 1.4 0.39 0.37 0.09 0.46 – –

4II 10−5 1.1 0.35 0.37 0.14 0.51 – –

4III 10−5 2.9 0.34 0.37 0.04 0.41 – 0.7

5I 10−5 0.4 0.43 0.44 0.04 0.48 – 1.4

5II 10−5 2.7 0.39 0.41 0.28 0.69 – 2.0

5III 10−5 2.8 0.61 0.58 0.21 0.79 – 10.1

TD thermal deactivation parameter; α a part of excited energy changed promptly into heat; K1, K2 decon-
volution amplitudes; ΦT triplet population; τ1, τ2 decay times. Based on [21,23,24]
The TD values were evaluated for the experiments done at 10 Hz light modulation frequency at the Q and
Soret bands of 1, 2, and 3 to 5, respectively. τ1 ≤ 0.4 µs
	TD = ± 0.1, 	α = ±0.06, 	K1, 	K2 = ±0.01, 	ΦT = ±0.10, 	τ2 = 0.01 µs to 0.03 µs

samples. According to [16,17], the decay time shorten by the N factor (N—number
of monomers which constitute aggregates). For samples 1 and 2 the numbers could
be 2 and 4, respectively. Apart from the changes in the decay times, the small “blue”
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wavelength shifts of the absorption bands are observed implying that the H-types of
aggregates can be formed.

The second part of this section deals with samples 3, 4, and 5 and concerns the trip-
let behavior of the porphyrin covalently linked to polymers. The photoacoustic spectra
confirm heat liberation in the samples dealing with internal conversion and intersys-
tem-crossing processes (Fig. 4b presents an example of PAS of sample 5I at ν = 10 Hz).
The TD parameters are compiled in Table 2. In the low concentrated 3, 4, and 5, the TD
values range from about 0.4 to 3.3. The differences in TD’s could result in the dye’s
structure and in the polymer molecular weights; however, the differences in TD’s are
not so drastic. Sample 4 does not fluoresce and most of the energy could be expected
to be changed into heat. However, the differences in TD’s in sample 4 when compared
to its counterparts 3 or 5 are not spectacular as would be expected for the non-fluores-
cent system. The linear regression correlation factors (between expected theoretical
and experimental data) do not reach unity [61]. Thus, we can assume that not only fast
processes in monomers are involved in thermal relaxation but also slow deactivation
with triplet participation contributes to thermal deactivation to the ground state. Thus,
we can expect to have some weakly interacting aggregates in our porphyrin–polymer
samples with triplet state enhancement as expected for weakly fluorescent systems.
The LIOAS data confirm this expectation. On the basis of the LIOAS experiments, we
have evaluated the values of some parameters (reported in Table 2). The values of α

and K1 evaluated on the basis of the Marti et al. approach [48] are in very good accor-
dance with those estimated on the basis of the Rudzki–Small et al. method [49] and
describe how much absorbed energy is dissipated by the systems in prompt processes
at a time shorter than 0.4 µs; these parameters evidently show that about 40 % to 60 %
of excitation is deactivated as a result of thermal relaxation in prompt processes. The
sum of Ki (i = 1, 2) is less than 1 indicating that other processes in the molecules
could also contribute to deactivation [49]. These processes could be phosphorescence
and thermal relaxation processes occurring in microseconds. Moreover, we cannot
exclude processes such as, for example, charge redistribution upon covalent linkage
to the polymer (rather weak on the basis of our absorption and fluorescence examin-
ations), generation of singlet oxygen (almost excluded since our LIOAS experiments
were performed in a nitrogen atmosphere), and deformation of the molecular skeleton
as well as steric effects leading to conformation and aggregation [46].

Intersystem crossing enhancement (expressed as the phosphorescence to fluores-
cence yield’s ratio [2]) will be discussed rather qualitatively in terms of the fluores-
cence data (τN—deactivation time of the singlet states) and the triplet relaxation time
(τ2—thermal relaxation with participation of the long-lived triplet states) since we do
not know the phosphorescence yields of the porphyrin–polymer samples under study.
Table 2 reports the τ2 values evaluated from Eq. (4); the best results of the deconvolu-
tion procedure were obtained for two Gaussian components with τ1 ≤ 0.4 µs and τ2
ranging from 0.5 µs to 0.7 µs for 3 and 4 and up to 10 µs for 5. There could be some
reasons for the differences in τ2. The first one could be charge transfer in the pyridyl
porphyrin–polymer system; constancy of the thermal relaxation times of 3I and 3II

clearly indicates that thermal relaxation is almost unaffected by the presence of the
polymer. In aromatic molecules with the pyridyl units, the intramolecular charge trans-
fer could occur as shown in a classic paper of Levinson et al. [10] for pyridocyanine
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and triplet enhancement can be induced by such interactions [46]. Comparison of the
data presented in Tables 1 and 2 for the samples in DMSO with those for aggregated
porphyrin species in water [23,24] indicates enhancement of intersystem crossing in
these dye–polymer systems. A spin–orbit perturbation in 3 and 5 and creation of weak
aggregates in 3, 4, and 5 should be also taken into consideration. The differences in
the time τ2 of samples 3 and 4 with regard to 5 could be explained by the influence
of spin–orbit perturbation enhancement. Thus, in our discussion we take into account
sample 5IV to avoid consideration of the spin–orbit effect and to make our discus-
sion more transparent. The changes in the relaxation times could have a consequence
in the triplet population changes due to the presence of molecular aggregates. If we
assume that the triplet enhancement effect occurring in 5IV could not be assigned to
spin-orbit perturbation the changes in τN and τ2 of samples 5I, 5II, and 5III in DMSO
(Tables 1, 2) can be considered as due to weakly interacting aggregates. Moreover,
from comparison of the data of 3 and 4 in DMSO to those of the relative sample 5IV

in dioxane (Table 1), we can expect that the changes in τN and τ2 show the effect of
triplet enhancement resulting from the existence of the aggregated porphyrin species.
In samples 5I, 5II, and 5III where spin–orbit interactions do not occur, the enhanced
effect is less evident. The 5I, 5II, and 5III samples differ from those of their metallic
counterparts 3; τN of the former ones are longer than those in their metallic counter-
parts. On the other hand, the values of the thermal relaxation times are comparable
to those found for the monomeric porphyrin species, but a factor of two longer than
those in their metallic counterparts. If we exclude spin-orbit interactions in 5I, 5II, and
5III and compare the data of these samples to those of 3 and 4 on the one hand, and to
those of 5IV on the other hand, we can believe that the observed differentiations in the
decay times could result in the presence of weakly interacting porphyrin aggregates
[23].

4 Conclusions

On the basis of the presented results, we can conclude as follows. Even though weak
interactions of the organic dyes (phthalocyanines and porphyrins) under study are
nearly unnoticeable by absorption and only slightly by fluorescence, it is possible for
them to be investigated by complementary photothermal methods. As shown, the LIO-
AS experiment is a perfect tool for detection of weakly interacting aggregates. Such
an approach could be a great advantage in searching for new materials for their appli-
cations wherever weakly interacting coupled dyes and/or their hybrids with polymers
are required and strong aggregates should be avoided, e.g., in new technologies like
OLED, OFET, photovoltaics, as well as photomedicine and other processes important
in biological sciences.
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62. A. Dudkowiak, E. Teślak, J. Habdas, J. Mol. Struct. 792-793, 93 (2006)
63. A. Siejak, D. Wróbel, R.M. Ion, J. Photochem. Photobiol. A: Chem. 181, 180 (2006)
64. A. Siejak, D. Wróbel, P. Siejak, B. Olejarz, R.M. Ion, Dyes Pigments 83, 281 (2009)

123


	Triplet Thermal Relaxation Study as a Probe of Weak Interdimers of Porphyrin Derivatives
	Abstract
	1 Introduction
	2 Materials and Experimental Methods
	3 Results and Discussion
	3.1 Electronic Absorption and Fluorescence Investigations
	3.2 PAS and LIOAS Experiments

	4 Conclusions
	Acknowledgments
	References


