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INTRODUCTION

Porphyrins are excellent examples of the versatility of 
the supramolecular organic chemistry [1–4] because, as 
macrocycles of tetrapyrroles with a chemical structure 
of high conjugation and rigidity that can be obtained 
by well-established synthetic methods, they enable the 
creation of a large number of derivatives with diverse 
functionalities [5]. The remarkable photo-, catalytic-, 
electro-, and biochemical properties of porphyrins and  

their metallo derivatives are well-described in the 
literature [6–9], and have been extensively exploited in 
the fabrication of a variety of devices such as solar cells 
[10–12] and optical and electrochemical sensors [13–15].

In fact, porphyrins present structural and chemical 
characteristics that favor self-assembly in different ways, 
by use of intermolecular H-bonding, p–p or electrostatic 
interactions and direct coordination to the central  
metal ion, and these particular properties have been 
extensively used to prepare self-assembled monolayers 
(SAM) and thin films and porphyrin nanoparticles (i.e. 
nanoscale aggregates) [5, 16, 17]. Those nanoaggregates 
can be prepared through the use of several methods, 
such as (1) the rapid exchange of solvent, (2) host/
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guest solvents whereby aggregation occurs by mixing of 
solutions containing porphyrins with miscible solvents 
in which they are not soluble (e.g. CHCl3/H2O) and 
stabilized by surfactants or amphipathic molecules, (3) 
interfacial precipitation, and (4) the rapid expansion of 
supercritical solvents [1]. Besides, porphyrin nanorods 
have been obtained by employing sonication [18].

In general terms, porphyrin aggregates could be of two 
types, depending on the order of the adopted molecular 
arrangement, i.e. H-aggregates, when the arrangement is 
face-to-face and J-aggregates if side-by-side (or edge-to-
edge) [1]. The occurrence of these two types of aggregates 
could be in principle identified by optical spectroscopy, 
since the H-aggregates produce a blue shift in the Soret 
band whereas a red shift is observed if J-aggregates are 
present, both in comparison to the spectra of monomeric 
porphyrin [1, 19, 20]. Once formed, the aggregates 
can favor electron transfer in these supramolecular 
systems, leading to noticeable changes in the optical 
and electrochemical properties that contribute to extend 
the range of possible applications of these materials. 
For example, porphyrin-doped polymer films can be 
prospectively used in optoelectronics and sensor [21].

On the other hand, to obtain stable nanoaggregate 
suspensions of porphyrins in water is also relevant 
because of its possible use in biological applications  
photosensitizer in polymer/porphyrins complex with 
antibacterial activity [22]. However, the preparation of 
hydrophobic porphyrin suspensions could be difficult. 
Due to this it is necessary the search for new methods to 
obtain stable dispersions of hydrophobic porphyrins and 
metalloporpyrins in water [23].

In this work, a series of hydrophobic porphyrins and 
metalloporphyrins substituted by different functional 
groups was synthesized and used to obtain porphyrin 
nanoaggregates in water, through a novel method that allows 
the formation of highly stable hydrophobic porphyrinic 
nanoaggregates dispersed in an aqueous medium. The 
optical, morphological properties and the stability of these 
nanoaggregates suspensions were studied by dynamic light 
scattering (DLS), UV-vis and fluorescence spectroscopies 
and by atomic force microscopy (AFM).

EXPERIMENTAL

Equipments

The porphyrin aqueous microemulsions solutions 
were prepared by use of an ultrasonic probe (Ultrasonic 
Processor Sonics, Vibra.cell), with a regime of 130 watts 
power and 20 KHz frequency. Samples were treated with 
an Ultracentrifuge Hermle Z300.

UV-vis spectra were recorded by using a Varian 
Cary5E UV/vis/NIR spectrophotometer. Fluorescence 
measurement were carried out on an ISS Vinci Model 
PC1 spectrofluorimeter with excitation and emission 

slits at 1 mm and lamp current at 15 A. Particles size and 
z-potential were measured by dynamic light scattering 
using a Zetasizer NanoSeries, Model Nano-ZS290 
(Malvern Instruments). AFM images were recorded with 
a PicoScan 2500 (Molecular Imaging). Nuclear magnetic 
resonance (NMR) spectra were recorded on a Bruker 
100-MHz (AMX 100) FT-NMR instrument and were 
carried out using CDCl3.

Materials

Propionic acid (Sigma-Aldrich, 99%), aldehydes 
(o-methoxybenzaldehyde, o,p-dimethoxybenzaldehyde 
and benzaldehyde (Sigma-Aldrich, 99%)) of analytical 
grade were used. Pyrrole (Sigma-Aldrich, 99%) was 
distilled prior to synthesis.

Synthesis of porphyrins and its metallic derivatives

Porphyins were synthesized according to the procedure 
reported by Adler et al. [24], but with the modification 
in the order of reagents addition suggested by Ortega 
et al. [25] to increase the reaction yield (see Supporting 
information section).

Metallic derivatives were obtained by refluxing the 
corresponding metal acetate together with porphyrin 
in DMF for 20  min, with subsequent precipitation on 
cold water and vacuum filtering. All products were 
characterized by UV-vis, and the nonmetallic derivatives 
by NMR-1H and NMR 13C. The corresponding structures 
of the synthesized porphyrins are presented in Table 1.

NMR -1H and 13C of nonmetallic porphyrins were 
carried out, and the corresponding results were:

Tetraphenylporphyrin (TPP). In 20 mL of propionic 
acid 0.32 mL of pyrrole (5 mmol) and benzaldehyde 
(5 mmol) were added and refluxed by 1 hour. The obtained 
dark solid was vacuum filtered and dried to give 79% yield 
of TPP. 1H NMR (CDCl3): d, ppm 8.89 (s, 8H, Hb), 8.27–
7.79 (m, 20H, H aromatics), -2.73 (s, 2H, NH). 13C NMR 
(CDCl3): d, ppm 142.23 (C1), 134.63 (C2,6), ≈131.3 (Cb), 
127.78 (C4), 126.76 (C3,5), 120.22 (C meso).

o-methoxy-tetraphenylporphyrin (OMTPP). In 20 
mL of propionic acid 0.32 mL of pyrrole (5 mmol) and 
o-methoxy-benzaldehyde (530 mg, 5 mmol) dissolved in 
1 mL of propionic acid were added and refluxed by 1 h. 
The obtained dark solid was vacuum filtered and dried 
to give 56% yield of OMTPP. 1H NMR (CDCl3): d, ppm 
8.74 (s, 8H, Hb), 8.01–7.25 (m, 20H, H aromatics), 3.56 
(s, 3H, OCH3), -2.60 (s, 2H, NH).

o,p-dimethoxy-tetraphenylphyrin (OPMTPP). In  
20 mL of propionic acid 0.32 mL of pyrrole (5 mmol) 
and o,p-methoxy-benzaldehyde (681 mg, 5 mmol) 
dissolved in 1 mL of propionic acid were added and 
refluxed by 1 h. The obtained dark solid was vacuum 
filtered and dried to give 62% yield of OMTPP. 1H 
NMR (CDCl3): d, ppm 8.74 (s, 8H, Hb), 7.94–6.87 (m, 
20H, H aromatics), 3.55 (s, 3H, OCH3), 3.52 (s, 3H, 
OCH3), -2.66 (s, 2H, NH).
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Preparation of hydrophobic porphyrin water 
dispersions stabilized with SDS

Hydrophobic porphyrinic dispersed in aqueous 
solutions were obtained using sodium dodecyl sulfate 
(SDS) as surfactant and after sonication. Initially a pre-
emulsion of the porphyrin dissolved in chlorophorm 
and the SDS aqueous solution (0.1 g in 10 mL) was 
prepared and then stirred for about 1 h. Later, a 
microemulsion was obtained by ultrasonication of the 
pre-dispersion for 3 min at 70% amplitude. Finally, 
the material was rotoevaporated to remove the organic 
solvent, and centrifuged for 30 min at 10,000 rpm, and 
then filtered through a 0.22 mm membrane.

RESULTS AND DISCUSSION

Nanoaggregates suspension: particle size, morphology 
and stability

A stable suspension of porphyrins remained dis
persed in the aqueous medium. Figure 1 shows the  
porphyrin dispersions before, during and after soni
cation. Figure  1(a) shows the pre-emulsion obtained 
after magnetic stirring, but before sonication, where the 
clear layer corresponds to a few porphyrin encapsuled 

into the surfactant (SDS) dispersed in water, whereas 
the greyish layer is the mixing between water, SDS 
and porphyrin dissolved in chloroform. Later, this 
pre-emulsion is sonicated (Fig. 1(b)) to obtain a stable 
suspension of porphyrin nanoaggregates in water, which 
is the dark layer in Fig. 1(c), where the greyish layer is 
the unstable layer produced. Afterwards, this unstable 
layer fully disappears after a rotoevaporing step for 
eliminating chloroform from the suspension.

Although a similar method has been reported to 
produce nanoparticles of water-soluble polymers [26], 
to our knowledge, this procedure had not been used 
before for the preparation of porphyrin nanoaggregates. 
In fact, the method here adopted can be considered as 
a combination of two other procedures independently 
used for the preparation of porphyrinic nanoaggregates: 
while one of them, employs surfactants, the other one 
uses sonication with ultrasonic bath [1, 18]. In our 
case, the use of ultrasonic probe guarantees the full 
introduction of the dissolved porphyrin in the interior 
of the SDS micelles, a factor that leads to highly stable 
suspensions.

To examine the stability of each suspention, we have 
measured the average size of the dispersed particles 
and their z-potential by DLS, and the corresponding 
results are shown in Table 2, where the full width at 
half maximum (fwhm) values are also shown. Figure 2 
exemplifies the size distribution with that of ZnTPP 

Table 1. Structures and abbreviation of the porphyrins synthetized

N

N

N

N

R2

R2R2

R2

R1

R1

R1

R1

R3

R3

R3

R3

M

Abbreviation R1 R2 R3 M

TPP H H H —

ZnTPP H H H Zn

CuTPP H H H Cu

OMTPP -OCH3 H H —

OPMTPP -OCH3 -OCH3 H —

Fig. 1. Pictures of porphyrinic dispersions (CHCl3/SDS/H2O), 
before (a) during (b) and after (c) sonication

Table 2. Particle size and z-potential of water-
dispersed porphyrins

Porphyrins d, nm fwhm, nm z-potential, mV

TPP 64 62 -55.9

ZnTPP 65 41 -70.1

CuTPP 59 53 -68.9

OMTPP 78 55 -70.9

OPMTPP 46 54 -73.6
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nanoaggregate, where it is noticed the distribution skewed 
shape. A similar shape of distribution was obtained 
for all porphyrin nanoaggregates. See the supporting 
information for results of DLS characterization of the 
other studied porphyrins.

In general, average particle sizes for each porphyrin 
change between 46 nm and 78 nm. Fwhm values indicate 
relatively high dispersion in comparison to other reports 
[16], where ZnTPP distribution was the narrowest one. 
However, in all cases, the absolute value of the measured 
z-potential of the suspended particles was higher than 
50 mV, in an indication that the corresponding colloidal 
solutions presented a high stability. As it should be 
expected, these z-potentials had negative values because 
the negatively charged dodecylsulphate ions form the 
most external shell of the aggregates.

On the other hand, morphological studies of the TPP 
nanoaggregates by AFM, employing the drop dispersed 
method to prepared sample. AFM images reveal spherical 
particles with size ranging between 50 nm and 90 nm, as 
shown in Fig. 3.

Characterization of porphyrin nanoaggregates in 
water by UV-vis and fluorescence

In general, porphyrins have very strong absorption bands 
around 400–450 nm (Soret band) with an extinction molar 
coefficient (e) of about 105 M-1.cm-1 and four Q-bands 
between 500 and 700 nm with values of e 10–20 times 
lower. Their metallo-derivatives present only one or two 
Q-bands with similar e, depending on the metal [1]. The 
UV-visible spectrum of each nanoaggregate suspension 
in water were recorded and compared with those obtained 
with chloroform-dissolved porphyrins (see supporting 
information). In order to establish such comparison, all 
samples were adjusted to the same concentration value. 
In Table 3, the Soret and Q-bands of porphyrin dispersed 
in chloroform and water, respectively, are presented. All 
spectra of water-dispersed porphyrins showed that the Soret 
band broadens and the absorbance decreases in comparison 
to non-aggregated porphyrins in chloroform (see Supporting 
information section). In general, no significant shifts were 
observed from the region, and so it was not possible to 
assign them as J- or H-aggregates [5, 19].

However, in the case of the metallic derivatives one 
could observe the existence of small red shifts, which  
were more significant in the Zn substituted porphyrin, 
(see Fig. 4); a fact suggestive of the presence of J-type 
aggregate [1]. On the other hand, in the case of non-metal 
porphyrins, only the methoxyl disubstituted porphyrins 
were the ones to present some variation on absorption 
spectra, with blue-shifts — characteristic of the existence 
of H-type aggregates — on the Soret band.

In Table 4 one can note the shift of the emission 
bands of water-dispersed ZnTPP, which is in agreement 
with the result obtained in the absorption spectrum 
of this porphyrin. The methoxylated products show 
increases in the emission intensity when compared to 
non-functionalized porphyrins, because this functional 
group produces a positive mesomeric effect on the 
porphyrin ring, increasing the average electron density 
and the transition p–p* [27].

Fig. 2. DLS characterization of ZnTPP nanoaggregates, mean 
diameter = 65 nm

Fig. 3. Morphology of porphyrin nanoaggregates as revealed by AFM
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Fluorescence signals in the 600–800 nm region 
were not observed for Cu porphyrin, in agreement 
with previous reports [27]. The fluorescence spectra of 
the water-dispersed nanoaggregates and chloroform-
dissolved porphyrins are compared in Fig. 5. In order 
to attain such comparison, the same concentration  
(c = 1.58 × 10-5 M) and similar instrumental conditions 
were used in all cases. The fluorescence intensity in 
water-suspended porphyrins decreases in comparison 
to those of the chloroform-dissolved ones. Porphyrin 
nanoaggregates usually present a quenching of the 
fluorescence due to several factors, such as non-radiative 
pathways and photoscreening of chromophores. 
Particles with sizes lower than 150 nm are reported to 
present anomalous and depressed fluorescence [5] (see 
Supporting information section).

CONCLUSIONS AND PERSPECTIVES

We have developed a simple modified procedure for 
preparation of porphyrin nanoaggregates that allowed 
us to obtain aqueous suspensions of hydrophobic 
porphyrins with excellent colloidal stability. DLS and 
AFM measurements showed that the aggregates exhibit 
spherical morphology and are nanostructured. UV-vis 
and fluorescence spectroscopic characterization has 
permitted us to discern the dispersed porphyrin particles 
in suspension as of J- or H-type nanoaggregates.

Recently, the light harvesting properties of con
ducting polymers have been exploited in the design of 
(conjugated polymers)/porphyrin complexes that could 
be used in the detection of heavy metals ions [28] or 
as light-activated antibacterial agents [22]. It would be 
of special interest to examine the equivalent properties 
of complexes formed by water-soluble conjugated 
polymers and the porphyrin derivatives described in the 
present work.

Acknowledgements
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Table 3. Comparison of the absorption band maxima between water-suspended nanoaggregates 
and chloroform-dissolved non-aggregate porphyrins (in nm)

Porphyrins Porphyrins in CHCl3 Porphyrins in H2O

Soret band Q-bands Soret band Q-bands

TPP 418 515 549 588 646 419 517 549 590 646

ZnTPP 419 547 581 — — 427 557 599 — —

CuTPP 416 538 — — — 415 540 — — —

OMTPP 419 515 549 590 652 421 515 551 591 652

OPMTPP 422 516 550 592 651 417 517 552 590 646

Table 4. Emission wavelength of porphyrin in organic and 
aqueous media (in nm)

Porphyrins Porphyrins in CHCl3 Porphyrins in H2O

lemission(1) lemission(2) lemission(1) lemission(2)

TPP 653 715 654 715

ZnTPP 597 645 603 654

OMTPP 655 715 655 715

OPMTPP 653 715 654 715

Fig. 4. Absorption spectra of ZnTPP (solid line) and ZnTPP 
nanoaggregate (dashed line)

Fig. 5. Fluorescence spectra of OPMTPP water-suspensions 
(A) and OPMTPP in CHCl3-dissolved (B), c = 1.58 × 10-5 M 
and excited at 420 nm in both case
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Supporting information

The results of UV-visible absorption spectra, fluo
rescent spectra and DLS characterization of porphyrins 
nanoaggregates are given in the supplementary material. 
This material is available free of charge via the Internet at 
http://www.worldscinet.com/jpp/jpp.shtml.
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