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Aluminum Phthalocyanine on Silica Nanoparticles: Aggregation and 
Excited States
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Aluminum phthalocyanines (AlClPc) adsorbed on the surface of silica nanoparticles with diameter of 60 nm in 
aqueous solutions have been found to form H-aggregates, which possess characteristic absorption spectra with bands 
(having  maximum at 640 nm) in a shorter wavelength region with respect to the main Q-band of the monomer (having 
maximum at 670 nm). For AlClPc on the surface, J-aggregates of two types (long-wavelength bands with maxima at 
740 and 770 nm) are also observed. Using nanosecond laser photolysis (with the excitation wavelength of 337 nm) in 
deoxygenated solutions of AlClPc on the surface, the formation of the triplet excited states of J-aggregates has been 
detected. Triplet excited states of J-aggregates are characterized by a broad absorption spectrum in the region of 
600–800 nm and a lifetime of 360 µs.
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Обнаружено, что фталоцианин алюминия (AlClPc), адсорбированный на поверхности наночастиц кремнезема 
диаметром 60 нм в водных растворах, формирует Н-агрегаты, характеризующиеся полосой поглощения 
в коротковолновой области электронного спектра (при 640 нм) по сравнению с Q-полосой мономера (при 
670 нм), а также J-агрегаты двух типов с полосами поглощения в длинноволновой области при 740 и 770 нм. 
Методом наносекундного лазерного фотолиза (с длиной волны возбуждения 337 нм) было зарегистрировано 
образование триплетных состояний J-агрегатов AlClPc на поверхности наночастиц кремнезема в 
обескислороженных водных растворах. Триплетные состояния J-агрегатов AlClPc характеризуются широким 
спектром поглощения в интервале 600–800 нм и временем жизни 360 мкс.
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Introduction

Complexes of tetrapyrrole macrocycles (phthalocya-
nines (Pc) and chlorins) with metals having filled d-orbital 
shells (e.g. Mg, Zn, Al, Sn) are capable of forming long-
lived (0.1–1 ms) triplet electronically excited states with 
high quantum yields and possess intense electronic absorp-
tion bands in the long-wavelength region of 640–700 nm. 
By their properties, these complexes form a group of com-
pounds promising for photocatalysis[1-3] and photomedicine.
[4-7] Frontier molecular orbitals HOMO and LUMO of the 
metal complexes are located on the macroheterocyclic ligand 
only (Figure 1).[8] So the consideration of the pp* elec-
tronic transitions in d0- and d10-metal complexes provides 
important information about the aggregation or coordination 
interaction with the environment and the ability to regulate 
the physical and chemical tetrapyrrole properties changing 
environment.

At present, particular attention is given to studies 
of the photochemical properties of Pc in nanosystems 
used in photodynamic therapy of cancer. Nanostructured 
Pc can have potential applications in modern technology, 
in particular, in production of artificial light-harvesting 
antennas, molecular wires, etc.[9] The particular interest 
is photochemical and photophysical processes occurring 
in aggregates of Pc in nano-assemblies. In respect to 
orientation of molecules, the main types of nano-structured 
Pc can be recognized: H-aggregates, in which molecules 

are aligned following the “sandwich” pattern, J-aggregates, 
which follow the “head-to-head” pattern, and aggregates 
with intermediate “brickwork” structure, which can form 
J-type species if θ < 54.7° (Figure 2).[9] It is supposed that 
H-aggregates of Pc, which are most often formed in many 
systems, are not photoactive, in contrast to J-aggregates, 
which could be photoactive, but are formed much more 
rarely.[10,11]

Figure 2. Energy level diagram of AlClPc for its monomer 
(a), H-aggregate (b), aggregate with intermediate structure of 
H-type for 54.7° < θ < 90° or J-type for 0° < θ < 54.7° (c), and 
pure J-aggregate (d). Arrows show the allowed (solid line) or 
forbidden (dash line) electron transitions for light absorption (abs) 
and fluorescence (em).

First of all the studies of nanostructured Pc are mainly 
focused on the development of the method of preparation of 
the aggregate with a necessary structure. However, the study 
of nanostructured Pc was not concerned with a research of 
their photochemical features whereas they could be used in 
photodynamic therapy, fluorescent diagnosis of pathologic 
states, and as vectors for targeted drug delivery.[12] It is 
known that a combination of phthalocyanine with a carrier 
often promotes improved dye accumulation in actively 
proliferating cells, especially in pathological states.[13,14]

In this work, for the first time, we describe the spectral 
and kinetic characteristics of short-lived intermediate 
products formed during photolysis of aluminum 
phthalocyanine (AlClPc) and its aggregates on the surface 
of silica nanoparticles in aqueous media by nanosecond laser 
photolysis.

Experimental

Silica with particles of 60 nm in diameter was synthesized 
at ISPM RAS.[15] A transparent aqueous solution of silica (1 wt. 
%) was used in the experiments. Aluminum phthalocyanine with 
chloride extraligand of the spectroscopic grade was obtained from 
Acros Organics, Belgium. Structure and purity of AlClPc was 
further confirmed by MALDI mass-spectrometry method using 
device Thermo DSQ II. Content of AlClPc in DMF and silica 
solution was 1×10-5 M. Aqueous solutions of AlClPc supported 
on silica nanoparticles were prepared by addition of 1 % (by 

Figure 1. The nature of the frontier orbitals of AlClPc: HOMO (a) 
and LUMO in the singlet (b) and triplet (c) states.
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volume) of the corresponding AlClPc solution in DMF into the 
starting silica solution stirring. Because AlPc is quite insoluble in 
water, it should be assumed that AlClPc is present on the surface 
of nanoparticles only in silica solutions. No precipitation was 
observed within a few days.

The absorption spectra and the formation and decay kinetics 
of transients were measured on a nanosecond laser photolysis set-
up.[16] A nitrogen laser (PRA LN 1000, with 1 ns pulse duration 
and 337 nm radiation wavelength), operating in the frequency 
mode of ≤10 Hz was used as an excitation source. Rate curves 
were averaged (by ≥16 laser pulses) with a UF258 high-speed 
digitizer (Sweden) connected to a Pentium 4 computer. Each rate 
curve contained 12–14 bits of points with a distance between points 
of 4–400 ns. The data presented in the work are average values 
obtained by processing of no less than ten rate curves measured 
under the mentioned conditions.

Dissolved oxygen was in vacuo. All measurements were 
carried out at 20 °С in a quartz cell with an optical path length of 
8 mm. Electronic absorption spectra were measured on a UV-VIS-
NIR spectrometry using Shimadzu UV-3101PC spectrophotometer. 
To allow for light scattering in AlPc absorption measurements in 
solutions of silica nanoparticles, the corresponding silica solution 
was used as a reference. Emission spectroscopic measurements 
were performed with Shimadzu RF-5000 fluorimeter in a 1 cm 
quartz cell.

Quantum chemical calculations were performed using the 
procedure 6-31G** in the DFT-approximation with the exchange-
correlation functional PBE1PBE in the program Gaussian 03.[17]

Singlet oxygen quantum yield (ФD) was determined using 
chemical trapping method based on diphenylisobenzofuran (DPBF) 
bleaching.[9] Experiments was performed in standard quartz cuvettes 
(1 cm) under irradiation by halogen lamp (150 W) with lens, con-
denser and filters for selection of different radiation range. Light 
power was 10 mW/cm2.

Accumulation and photodynamic activity of AlClPc supported 
on silica nanoparticles were studied in the mesenchymal stromal 
cells by the method described elsewhere.[18]

Results and Discussion

Figure 3 shows the electronic absorption spectra of 
AlClPc in DMF and silica aqueous solution. The absorption 
spectra of Pc in aqueous silica solutions are significantly 
broadened with respect to the relevant bands in DMF. The 
absorption spectrum of AlClPc supported on silica surface 

is different from AlClPc spectrum in DMF by slight shift 
(ca. 5 nm) of Q-band to longer wavelengths due to changes in 
the solvation shell of the metal complex. Also there are new 
absorption bands at both longer and shorter wavelengths with 
respect to the Q-band. These new absorption bands indicate 
the formation of H-aggregates (in the short-wavelength 
region) and J-aggregates (in the long-wavelength region) on 
the silica nanoparticles surface (Figure 3).

It is known that phthalocyanines are able to form 
dimers[19] and organized H- or J-type aggregates.[9] The band 
in the short-wavelength region (about 640 nm) of the absorp-
tion spectra of AlClPc indicates the presence of H-aggregates 
on the surface. The new bands in the absorption spectrum 
of AlClPc in the regions of 705, 740, and 770 nm indicate 
the formation of J-aggregates on silica nanoparticles, whose 
molecules are aligned following the “brickwork” pattern, 
which leads to an appearance of absorption bands in the 
long-wavelength region with respect to the monomer absorp-
tion.[9-11]

Earlier the formation of J-aggregates in a mixture of 
DMF and water was observed with the appearance of the 
absorption maximum at 740 nm.[9] Evidently aluminum 
phthalocyanine molecules on silica surface, in addition 
to J-aggregates analogous to those formed in solutions, 
also form previously not described J-aggregates of other 
type with absorption band much stronger shifted to longer 
wavelengths (maximum at ~770 nm). Note that fluorescence 
of novel aggregates AlClPc on the silica surface is observed 
at 720 and 750 nm (Figure 4). This emission belongs to the 
J-aggregate with the absorption bands at 705 and 740 nm 
apparently.

Figure 4. Normalized fluorescence spectra of AlClPc (1·10-5 M) in 
DMF solution (1) and on silica nanoparticles surface in water (2).

The formation of H-type aggregates of tetrapyrrols 
occurs spontaneously and is the most common case under 
the local concentration in multicomponent systems and 
solubilization. H-aggregation leads to the strengthening of 
non-radiative channels for all excited states. Consequently, 
H-type aggregates of tetrapyrrols possess no photosensitizing 
activity carried out on the mechanism of triplet-triplet 
energy transfer to oxygen. Also, tetrapyrrole H-aggregates 
do not fluoresce. J-aggregation of tetrapyrrols is rarely 
observed. It was found that porphyrin ions and zwitter-ions  

Figure 3. Absorption spectra of AlClPc (1·10-5 M) in DMF 
solution (1) and on silica nanoparticles surface in water (2).
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are capable to form J-aggregates followed by the formation 
of porphyrin nanotubes even.[20,21] However J-type 
aggregates of phthalocyanines were only reported in a few 
cases.[9-11] Quantum chemical calculations show that when 
two AlClPc molecules are near, they spontaneously assume 
two configurations of H-type aggregate (Figure 5), while 
attempts to place them on the J-type aggregate do not 
succeed. It can be concluded that to obtain aggregates on 
the surface in addition to requirements for the structure of 
the metal complex it requires special conditions favorable 
for the formation of the structure type. Apparently, it may 
be defects or specific pores on the surface of nanoparticles. 
Photophysical properties of J-aggregates of phthalocyanines 
are not studied practically. It is known from a few data in 
the literature that phthalocyanine J-aggregates retain such 
photophysical properties of monomeric phthalocyanines 
as the ability to generate fluorescence and triplet states. 
Important characteristic of J-aggregate is the significant 
bathochromic shift of the absorption band to 740–750 
nm and more. Data on the photochemical activity of non-
covalent supramolecular complexes of J-aggregates of 
phthalocyanines are absent in the literature.

Flash photoexcitation of solutions of non-aggregated 
(monomeric) AlClPc in DMF leads within the laser flash 
time to the appearance of the triplet states 3AlClPc (Tm), 
which is characterized by a broad difference spectrum with 
a maximum at ~490 nm and bleaching in the region of the 
AlClPc ground state absorption bands as well as it was 
previously observed in solutions of phthalocyanines.[9]

Figure 5. The structure of the AlClPc dimers with outwardly 
oriented chloride ligands (a) and on one side (b). Al-Al distances 
are 4.95 and 5.46 Å respectively.

In air-saturated solutions, the decay kinetics of Tm 
is described by the first order law with rate constants of 
1.1·106 s–1 (Figure 6). Rate constant of Tm quenching in 
DMF molecular oxygen is ~3·109 M–1·s–1 (concentration of 
dissolved oxygen in air-saturated solution of DMF was taken 
as 1·10–3 M[22]). This value is typical for the rate constants of 

quenching of triplet states of organic molecules by molecular 
oxygen (usually (2–5)·109 M–1·s–1) via energy transfer to form 
singlet oxygen.[23-25] It is known that the quantum yield of 1О2 
upon photolysis of Pc can be in the range of 0.1–0.7.[5,6]

In deoxygenated solutions, the kinetics of decay of 
Tm is described by the first-order rate constant of 7.8·103 s-1 
(Figure 6). The obtained value is in good agreement with the 
lifetime of the triplet state of phthalocyanines in DMSO.[26] 
Flash photoexcitation of deoxygenated aqueous solutions of 
AlClPc on the silica surface leads to the appearance of differ-
ence absorption spectrum with maximum at 465 and 720 nm 

Figure 6. Decay kinetics of the intermediate products absorbing 
at 520 nm obtained upon laser photolysis of deoxygenated AlClPc 
solutions (1·10-5 M) in DMF (1) and on silica nanoparticles 
surface (2). The lines represent the results of approximation in 
terms of the exponential model.

Figure 7. Difference absorption spectra of the intermediate 
products obtained upon laser photolysis of AlClPc (1·10-5 M) 
on the silica nanoparticles surface in deoxygenated water within 
0.1 (1), 50 (2), and 200 μs (3) after the laser flash (a) and in 
deoxygenated DMF solution (b).
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(Figure 7a). This absorption spectrum is markedly different 
from the absorption spectrum of Tm in solution (Figure 7b) 
in the absence of bleaching of the absorption bands of the 
ground state of the monomer AlClPc and the presence of in-
tense absorption in the longer wavelengths. Apparently, this 
spectrum belongs to the triplet states of J-aggregates on the 
surface of silica (TJ).

The decay kinetics of this intermediate obeys the first 
order law with a rate constant in deoxygenated solutions of 
about 2.5·103 s–1, which noticeably less than the decay rate 
constant of 3AlClPc in DMF. It should be noted that the TJ 
formation is not observed in air-saturated solutions of silica 
due to static quenching of TJ by molecular oxygen adsorbed 
in close proximity to the aggregates. Aggregation of organic 
molecules to silica surfaces generally proceeds in defects in 
which oxygen molecules appears to be concentrated also.

Comparing Tm quantum yields and TJ shows that the 
yield of triplet state of J-aggregates on the surface of silica 
is less than that of the triplet state of monomer in DMF. A 
similar regularity was found in solutions and attributed 
the appearance of charge transfer processes in the singlet 
electronic excited states of phthalocyanine J-aggregates, 
competing with intersystem crossing.[27]

Singlet oxygen quantum yield was determined for 
monomer and J-aggregate of AlClPc (1·10-5 M) on the 
silica nanoparticles surface in DMF-water (50/50, v/v). The 
ФD values are 0.24 and 0.10 respectively. For comparison, 
calculated values of ФD for AlClPc in the same DMF-
water mixture is 0.17. Thus AlClPc (1·10-5 M) on the silica 
nanoparticles surface is effective photosensitizer with broad 
spectral range of excitation.

Experiments with mesenchymal stromal cells[18] have 
shown that the immobilization of AlClPc on silica nanopar-
ticles leads to increase of AlClPc accumulation in the cells 
by 8 times. Thus a risk of toxic effects was reduced. At ac-
cumulation of 40–50 ng per 1 ml of culture medium the ef-
ficiency of photodynamic activity was higher by one order of 
magnitude than that of water-soluble sulfonated aluminum 
phthalocyanine with an absorption maximum 678 nm.

Conclusions

In summary, the laser photolysis study of AlPc 
aggregates on the nanosized silica surface permitted us to 
reveal the presence of two intermediate products, presumably 
triplet states of J-aggregated AlPc, which absorb in the 
long-wavelength region at λ ≥ 700 nm and are efficiently 
quenched by molecular oxygen. Yield of the triplet states of 
the aggregated AlPc is significantly below the value for the 
monomer AlPc, which could be explained by the appearance 
of the competing process of charge transfer in the singlet 
excited state. The presence of absorption of photoactive 
aggregates in the 740–770 nm allows the use of medical 
lasers with larger light penetration. Knowledge of the kinetic 
characteristics of the intermediates produced during the 
photolysis of Pc makes it possible to regulate mechanisms of 
photodynamic processes.
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