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OPTICAL STUDIES OF STABILITY AND AGGREGATION STATE
OF PORPHYRINS IN ACID AQUEOUS SOLUTION ∗
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Stability and aggregation state of aqueous solution of meso-tetra (4-sulfonatophenyl) porphine were studied by measur-
ing the absorption spectra in UV–VIS range. Long-duration temporal variations of the optical features were examined and
interpreted as being induced by the change of the forms of porphyrin. The observed effects were explained by the variation
of acidity of the aqueous solution induced by the change of the composition of solution and due to the possible influence of
photodegradation. It was also concluded that J-aggregates are most favourably adsorbed on the solid substrates from aqueous
solution of porphyrin.
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1. Introduction

The porphyrins and their solutions were widely
investigated mainly as therapeutic drugs, targeting
agents, and photosensitizers in photodynamic therapy
[1]. Various solutions of porphyrins were studied tak-
ing into account the characteristics of biological media.

Recently, organic compounds have also attracted at-
tention as perspective materials for molecular electron-
ics (see, e. g., [2] and references therein). In addi-
tion, it is well known [3] that due to spontaneous self-
aggregation, large molecular assemblies form in the
aqueous/organic solutions of porphyrins. In the solid
state the resulting structure with large channels can act
as a host for solvent molecules and can be used as mi-
croporous molecular material for sensors and chemical
separation. From this point of view, the studies of time
stability and deposition regularities of porphyrins from
aqueous solutions, which are the most promising for
technical applications, are of a great interest.

The formation of supramolecular organizations was
indicated and investigated by several optical methods
like absorption, circular dichroism, fluorescence, and
resonance light scattering. As a result of experimen-
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tal investigations, characteristic bands of various por-
phyrin formations were revealed [3–10].

The aggregation kinetics of porphyrins was also ex-
tensively studied. It was found that J-aggregate forma-
tion of a water-soluble dilute (1.5·10−5 M) porphyrin in
acid aqueous media saturated at several hours [8]. The
large-scale aggregates of protonated porphyrin dimers
were formed in water-organic solutions in a time period
exceeding 68 h at porphyrin concentration 1.5 ·10−5 M
[9], and a green precipitate was noticed after several
days [10]. The formation of homoassociations of dipro-
tonated porphyrins in acid solutions was indicated [11]
by measuring the signal of circular dichroism which in-
creased strongly during the first few days and asymp-
totically varied after 2–3 months. It should be noted
that in the porphyrin system the delay or lag period of
up to 1 h was found [3].

The task of the present work was twofold. On
the one hand, long-duration temporal changes were
noticed and investigated in pure aqueous solution of
meso-tetra(4-sulfonatophenyl) porphine (TPPS4). On
the other hand, the investigated aqueous solution con-
tained porphyrin in various aggregation states. There-
fore, it was possible to examine the change of aggrega-
tion state during several experimental runs under con-
ditions similar to those, which could be used in
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Fig. 1. AFM image of TPPS4 deposited on mica from aqueous
solution 10 days after preparation. The image was obtained in a

contact mode.

fabrication of electronic devices at deposition of liquid
precursors on substrates.

2. Experimental

The samples studied were prepared from meso-
tetra(4-sulfonatophenyl) porphine dihydrochloride
(Frontier Scientific, Inc., Logan), which had been dis-
solved in a purified water. The acid solution of TPPS4

with pH value equal to 2.5 was obtained. The solution
was stored in dark at room temperature for 10 days, the
time assumed to be sufficiently long to complete the ag-
gregation process. However, successive long-duration
changes were still observed in the optical absorption
of aqueous solution of porphyrin. The TPPS concen-
tration in aqueous solution was evaluated spectroscop-
ically and the results will be discussed in the next sec-
tion.

Figure 1 shows the AFM micrograph of initial aque-
ous solution of TPPS deposited on mica substrate 10
days after the preparation. As it is seen, the stick-
like structures of 0.1–1.0 µm in length, 50–100 nm in
width, and 20–25 nm in height have been formed.

Experimental series of 6 runs of optical measure-
ments started 12 days after preparation of aqueous so-
lution and was completed in the next 12 days. Each ex-
perimental run was carried out using the cuvette with
a newly refilled aqueos solution. The optical spec-
tra were measured by means of a spectrophotome-
ter SPECORD UV–VIS using quartz cuvettes of 0.1–
2.0 mm in length. The absorption coefficient of the

samples of solid solutions was calculated neglecting the
scattering effects. The position and halfwidth of sep-
arated and deconvoluted overlapping bands were de-
termined with accuracy of ±2 − 3 nm assuming the
Lorentzian-type lineshape. In the fitting procedure the
band characteristics and background were treated as
adjustable parameters. It should be noted that the con-
centration values determined below were just the ap-
proximate values for the amounts of porphyrin of a par-
ticular form in a mixture of various forms.

3. Results and discussion

The long-duration temporal changes of the spectra
are illustrated by Fig. 2. The examples of the convo-
lution of the spectra in the vicinity of Soret and some
Q-bands are presented in Figs. 3 and 4, respectively.
The fine structure of the absorption spectra shows that
porphyrins of various forms have been present in the
initial aqueous solution (Fig. 2(a)). The locations of
strong absorption bands observed at 437, 590, and
643 nm (Figs. 3 and 4) were in agreement with those for
monomer of diprotonated porphyrin [11]. It is known
that in aqueous diluted (∼1·10−6 M [6]) acidic (pH<4)
solutions porphyrin in a dianion form (H4TPPS4)2− is
monomeric with Soret band at 432 nm [12], 434 nm
[4, 5], or 437 nm [13], depending on the pH values
and concentration of aqueous solution. The Q-bands
Q(1, 0) and Q(0, 0) corresponding to D4h symmetry
are located at 594 nm and 644 nm [4, 5] (or 642 nm
[12]), respectively. The relative intensity and lineshape
of the Q-bands (Figs. 2(a), 4(a)) was similar to those
observed in [12] for monomeric dianionic H2+

4 TPPS4−
4

in aqueous solution of concentration 5 · 10−5 M, pH
4.5. In the investigated samples the concentration of
porphyrin in diprotonated form ∼ 1.5·10−4 M was esti-
mated spectroscopically using the molar absorption co-
efficient values for developed B (4.42·105 cm−1/M for
434 nm) and Q-bands (4.60 · 104 cm−1/M for 644 nm)
[4].

The porphyrin molecule in diacid form has a pos-
itive charge that interacts with sulphonatophenyl an-
ionic groups of other molecules and tends to aggre-
gate. Monomers of (H4TPPS4)2− assemble to form the
J-aggregates of diprotonated porphyrin due to edge-to-
edge interaction [14] exhibiting an intense Soret band
BJ at 490 nm [3]. At high porphyrin concentrations
(∼ 1 · 10−4 M [6]) another band BH at 420 nm [6, 7]
was observed which has been assigned to the mani-
festation of H-type face-to-face aggregates. In this
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Fig. 2. Spectra of aqueous solution of TPPS4 at (a) 290 h (1st run) and (b) 550 h (6th run) after preparation.

Fig. 3. Experimental data (points) and deconvolution of Soret band (curves) in the spectra of aqueous solution of porphyrins after (a) 290 h
(1st run), (b) 360 h (2nd run), (c) 430 h (4th run), and (d) 550 h (6th run).

case three bands at 625, 668, and 707 nm were indi-
cated [6]. The bands at 490 and 706 nm are
characteristic for the aggregated monomeric dianionic
species [12] observed in acidic aqueous solution and
develop at increasing the acidity and ionic strength as
well as the concentration of (H4TPPS4)2− [15]. As
seen from Figs. 2(a) and 4(a), the sharp band at 490 nm
and the separated band at 705 nm were well resolved
and together with the observed though masked BH and
Q-bands indicated the presence of J-aggregates in the

initial solution. It should be noted that coexistence
of monomers (H4TPPS4)2− and J-aggregates has been
observed previously [16] and most favourably has oc-
curred at moderate temperatures of 37.5 ◦C [17]. The
self-aggregation model based on spectroscopic data
was confirmed by the X-ray scattering studies [7].

In the next 12-day period, the changes in the opti-
cal spectra were still significant (Fig. 2(b)). In par-
ticular, the relative intensity inside the complex Soret
band (Fig. 3) was redistributed over the com-



178 I. Šimkienė et al. / Lithuanian J. Phys. 45, 175–181 (2005)

Fig. 4. Experimental data (points) and deconvolution of Q-bands (curves) in the spectra of aqueous solution of porphyrins after (a) 290 h
(1st run), (b) 360 h (2nd run), (c) 430 h (4th run), and (d) 550 h (6th run).

Fig. 5. Absorption spectra in the vicinity of (a) 490 nm and (b) 520 nm bands measured at various time after preparation of aqueous solutions
in different experimental runs. (a) 290 h (1st run, 1); 360 h (2nd run, 2), 390 h (3rd run, 3), 430 h (4th run, 4); (b) 390 h (3rd run, 1), 430 h

(4th run, 2), 460 h (5th run, 3), 550 h (6th run, 4).
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ponents. As followed from decomposed spectra in
the region of Soret bands (Fig. 3), the main band at
∼437 nm decreased and disappeared in the next exper-
imental runs. The changes in the intensity of the band
at 422 nm were probably related to those of 414 nm
band. The relative intensity of the band at ∼414 nm in-
creased and it became dominant in the last run in the se-
ries (Figs. 2(b), 3). Simultaneously, the changes in the
region of Q-bands occurred: the longest-wavelength
band at ∼706 nm disappeared and the bands at ap-
proximately 520, 560, 590, and 650 nm were observed.
In addition, the intensity of the band at 490 nm de-
creased in the next experimental runs whereas that of
the 520 nm band increased (Fig. 5). The shift of the
bands presented in Fig. 5 should be also noted.

The observed spectral changes can be correlated
to the spectral properties of porphyrins determined in
aqueous solutions of different acidity [12, 18]. The
spectral features shown in Fig. 2(b) can be ascribed to
the formation of free-base species in the aqueous so-
lutions with high pH values. The spectra are similar
to those observed in [16] for TPPS4 in aqueous so-
lution with pH 5.15 and 6.9. In basic solutions with
pH values 6.3 [8], 7.4 [15], 9.0 [7], and 10.0 [4] the
free-base porphyrin is formed with characteristic in-
tense Soret band at 414 nm. Due to a lower symme-
try D2h, four weak Q-bands were noticed at 516, 552,
580, and 634 nm attributed to Q4, Q3, Q2, and Q1, re-
spectively [7]. As it is known [6], the aggregation in
aqueous solutions leads to an increase in the width of
Soret band but no new bands have been noticed. There-
fore, according to the changes in the optical features of
the investigated samples, the contribution of free-base
porphyrin with D2h symmetry became dominant after
6 experimental runs performed in 12 days. The con-
centration of free-base TPPS4 estimated from the molar
absorption coefficient of 411 nm [4] and 413 nm [19]
bands using the reference data (5.33 ·105 cm−1/M and
5.1 · 105 cm−1/M, respectively) for porphyrin in aque-
ous solutions with corresponding pH values 10.0 and
6.0 was ∼0.7 · 10−4 M. The data allows one to assume
that the acidity of investigated aqueous solution of por-
phyrin decreased in this solution (Fig. 2(b)).

It is worthwhile to note that a mixture of
(H4TPPS4)2− and free-base (H2TPPS4)4− was ob-
served [7] at pH 4.0 due to the close proximity to the
pKa value of 4.52. The aggregation of free-base por-
phyrin in acidic media was indicated both in homoge-
neous solution and in the presence of surfactant [14].

The absorption bands in the UV spectral region have
not changed significantly during the experimental in-

Fig. 6. Absorption spectra in UV region measured in different runs
at various time after preparation of aqueous solution: 290 h (1st

run, 1), 390 h (3rd run, 2), 460 h (5th run, 3), 550 h (6th run, 4).

vestigations though the bands at 260 nm (4.8 eV) and
220 nm (∼5.6 eV) have slightly increased (Fig. 6).

The temporal changes of the optical spectra of inves-
tigated porphyrin solutions were not significant after 12
days of measurements. It should be noted that after
one year the pH value of investigated sample, which
experienced multiple experimental runs, was 7.9 and
it differed from that (pH 2.5) of the control sample of
aqueous solution.

The variations in the fine structure of porphyrins in
aqueous solutions can be explained by the influence
of several factors. Firstly, the long-duration tempo-
ral changes can be related to the increase of the pH
value. The acidity in subsequent experimental runs
could have diminished due to the formation of volatile
HCl and hypochlorous acid HOCl. Decomposition of
HOCl leads to the formation of active molecular oxy-
gen [20]. It should be also noted that 1.27 µm IR radia-
tion, the intensity of which is close to that in sun light,
causes excitation of oxygen molecules dissolved in the
water saturated with air at normal atmospheric pressure
[21]. The influence of oxygen can result in a destruc-
tion of double carbon bonds and opening of the pyrol
ring [1]. Secondly, the relative amount of porphyrins
in different aggregation states can be changed in subse-
quent experimental runs because a certain part of por-
phyrin was presumably deposited on the cuvette walls
and was removed by cleaning. As a result, the total por-
phyrin concentration was reduced. Thirdly, the relative
changes in the band intensities as well as the decrease
of total absorption indicated the decrease of porphyrin
concentration which could be due to photodegradation
[1, 18, 22]. A small though well observable increase of
UV absorption (Fig. 6) indicated the influence of this
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factor. It should be noted that after 12 days of measure-
ments, the cuvette of porphyrin with ∼1 cm3 volume
experienced the ∼2·104 lm·s (∼30 J) dose of light irra-
diation by room illumination. This value is sufficiently
high, though lower than illumination doses usually ap-
plied in photobleaching experiments.

On the basis of experimental observations it can
be concluded that the use of pure water as a solvent
leads to the formation of unstable aqueous solution of
TPPS4. In addition, it is reasonable to predicate that
J-aggregates are firstly adsorbed on solid surfaces from
the aqueous solution of porphyrins present in several
aggregation forms.
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Santrauka

Matuojant sugerties spektrus UV ir regimajame spektriniuose
ruožuose, tirti mezo-tetra(4-sulfonatofenil)porfirino tirpalų vande-
nyje pastovumas ir agregatinės formos. Nagrinėti ypatumų opti-
niuose spektruose ilgalaikiai kitimai, kurie aiškinami porfirinų for-

mos ir agregatinių būsenų pokyčiais. Pastebėti efektai buvo susieti
su vandens tirpalų rūgštingumo kitimu, kurį sukelia tirpalo sudėties
kitimas, taip pat su galima fotodegradacijos įtaka. Padaryta išvada,
kad iš porfirino vandens tirpalų J agregatai greičiausiai įgeriami
ant kietų padėklų.


