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Abstract. The process of aluminum phthalocyanine chloride (AlClPc) 
aggregation in water and water-organic media was studied both by quantum 
mechanical theoretical calculations and experimental methods of optical 
absorption and fluorescence spectroscopy. The structures of AlClPc in the 
monomeric and dimerized (H- and J-aggregates) states in the gas phase and in 
both N,N-dimethylformamide (DMF) and DMF-water binary solution were 
calculated by the electron density functional theory (DFT) method. The 
absorption and fluorescence spectra of these structures were calculated in 
time-dependent electron DFT approximation. Comparing all data obtained, 
conclusions about the change in the aggregation state of AlClPc were drawn. 
Results demonstrate depending AlClPc photophysical parameters on its 
monomer/dimer ratio in solution, which is determined by concentration of the 
dye and water in the system. The experimental results obtained for water-
organic medium indicate the existence of a critical water concentration 
(~ 7.8 %), at which the ratio of monomers and dimers (J-aggregates) of AlClPc 
changes dramatically. In AlClPc-DMF system the dye is completely in 
monomeric form. The results of the study make it possible to predict the 
aggregation behavior of AlClPc complexes in water-organic media, as well as 
to control and manage their aggregation behavior. © 2023 Journal of 
Biomedical Photonics & Engineering. 
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1 Introduction 

Photodynamic therapy (PDT) is one of the most 

promising methods among the clinical treatments for 

cancer including surgery, radiation therapy, 

chemotherapy, and immunotherapy. PDT involves a 

combination of visible light and a photosensitizer (Ps), 

natural or artificially synthesized photoactive compound. 

Ps can selectively accumulate in target tissues and 

generate singlet oxygen or oxygen-containing free 

radicals when locally irradiated with the light of a certain 

wavelength, usually a red laser beam, corresponding to 

the maximum absorption of Ps. Singlet oxygen 1O2 and 

other active forms of oxygen O2
−•, OH•, and H2O2, 

(cytotoxic reactive oxygen species, ROS) play a key role 

in photodynamic process. They are responsible for 

oxidative biological damage that destroys vital organelles 

of tumour cells and leads to cell death and, as a result, to 

necrosis, apoptosis, or autophagy of the target 

tissue [1–9]. 

Currently, significant efforts are focused on 

advancing PDT by improving drug delivery systems and 

developing new perfect photosensitizers. In this regard, 

phthalocyanines (Pc) discovered by Braun and 

Tcherniac [10] represent a dynamic research field and 

offer great opportunities due to their magnificent 
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photophysical and photochemical properties, structural 

versatility, and stability. All Pc are intensely coloured 

two-dimensional tetrapyrrolic macroheterocyclic 

compounds with particular electronic delocalization of 

the 18-π aromatic system. They display good absorption 

in the UV-Vis region, namely, the B-band region at 

300–400 nm and the Q-band region at 600–700 nm (the 

so-called “therapeutic window” that guarantees 

maximum tissue penetration). They also have a long 

lifetime in the triplet state (0.1–1 ms) and a high quantum 

yield of singlet oxygen ( = 9.1) [11–19]. 

The synthetic Pc molecule, related to 

tetraazaporphyrins (porphyrazines), consists of four 

pyrrole subunits, which are linked by four nitrogen 

atoms, similar to the macrocycle of porphyrazines. It is 

disposed to be integrated with a metal atom (d0- and d10-

configurations) in the central cavity to form metal 

phthalocyanine complexes (MePc) [20–24]. This central 

coordinated metal atom can be one of at least 70 different 

elements of the periodic table [25], and MePc were 

developed similarly to the biologically important class of 

porphyrins and can be synthesized through metal-

template directed cyclotetramerization between a 

phthalocyanine precursor (phthalonitriles) and the 

corresponding metal salt [25]. 

When complexed with metal, the geometries as well 

as the electronic and other desirable properties of Pc can 

be improved. When the central metal atom is diamagnetic 

or a nontransition metal element, MePc are considered to 

be more efficient sensitizers owing to their high triplet 

state quantum yields and long triplet lifetimes [26, 27]. 

MePc are very interesting substances for biomedical 

analysis because of easy detection of their changed 

photophysical properties when treated with biologically 

significant compounds such as volatile organic 

compounds, for example, alcohol and aldehyde 

vapors [28]. Also, the type of central metal ions is a key 

factor affecting the catalytic activity of MePc [29–31]. 

The optical properties of MePc also depend on the 

type of a solvent. For example, the maximum absorption 

wavelength of MePc weakly correlates with the polarity 

of the solvent, but it is sensitive to the very structure of 

the solvent molecules [32]. It is known [33] that 

N,N-dimethylformamide (DMF), a polar aprotic solvent, 

interacts with the central metal cation of Pc macrocycle 

through the double-bonded oxygen atom that can explain 

high DMF solvation. Also, the highest solvation ability 

of DMF to Pc can be caused by its donor-acceptor 

properties [33]. The addition of water to the DMF 

solution changes the absorption spectrum of Pc. The 

aggregation of the metal complex also increases with the 

increase in the percentage of water in the system [34]. 

Moreover, DMF is a hepatotoxic agent with unique 

antibacterial and antiviral properties. It is frequently 

used in safe concentrations as a solvent for 

pharmceutical, biomedical, and chemical applications 

because of its unique solvency parameters, for 

example, when synthesizing sulfadiazine, cortisone, and 

vitamin B6 [35, 36]. DMF-water solution is often used as 

a liquid medium for obtaining platform for drug delivery 

process [37–39] and can be used as a solvent (in small 

doses) when receiving drugs for antibacterial and 

photodynamic therapy. 

It is very critical to have MePc molecules in 

monomeric (isolated) form for their effective functioning 

as photosensitizers for PDT. In this case, there is no self-

quenching of triplet excited states, which leads to 

efficient triplet energy transfer to the oxygen molecule 

and triggering the mechanism of photodynamic 

action [40]. However, for medical diagnostics, it is 

extremely important to use MePc without any adverse 

phototoxic properties [40, 41]. 
Phthalocyanines, like other tetrapyrrolic compounds, 

have a strong tendency to stacking (self-aggregation) 

with the formation of dimers and other types of 

aggregates in water or water solutions, which reduce 

photodynamic activity of MePc. The degree of 

aggregation depends on various parameters such as Pc 

concentration, a central coordinated metal, a solvent type, 

and substituents in the side chain. The self-aggregation 

of Pc occurs due to π-π interactions between the aromatic 

systems of Pc; specific interactions between the 

metal ligand and solvent molecules are also 

possible [17, 42, 43]. Aggregation of MePc in water 

solutions can occur due to hydrogen bonds between the 

atoms of MePc and water molecules [16, 17, 42, 44]. 

Various methods are used to prevent the aggregation 

of MePc complexes in water/biological systems and 

bodily fluids [8, 24, 45–52]. The modification of the Pc 

macro ring by replacing peripheral and/or nonperipheral 

hydrogen atoms with various substituents (alkyl, aryl, 

alkoxy, and aryloxy), the synthesis of one-dimensional 

crystals of MePc nanowires to increase the dispersibility 

of Pc in water, the synthesis of phthalogen conjugates 

with carbohydrates and the formation of related MePc 

complexes with carbohydrates, immobilization of Pc on 

the surface of an inert solid support are among them. 

Various drug delivery systems are also used to transport 

Pc to targets, such as liposomal and micellar media, 

magnetic emulsion with nanostructured colloidal 

particles and biocompatible polymer nanoparticles, etc. 

In order to reduce hydrophobicity and Pc aggregation 

in water and water solutions, the authors recently 

proposed to use a theranostic two-dimensional (2D) nano 

carbon material, oxygen-free graphene, as a part of 

hybrid systems in conjunction with phthalocyanine. The 

synthesis of hybrid structures based on oxygen-free 

graphene and MePc complex – aluminum phthalocyanine 

chloride (AlClPc, C32H16AlClN8) was reported [17, 53]. 

It was found that the coordinating interaction of graphene 

with AlClPc prevents the aggregation of the latter and 

stabilizes it as a chemically active monomer. Moreover, 

AlClPc in combination with oxygen-free graphene 

exhibited a high PD effect.  

Thus, the search for new MePc complexes with low 

aggregation in water and physiological solutions is of 

current interest. An effective search requires an 

understanding of the mechanisms of interchromoform 

interaction in water and water solutions. In this paper in 

the development of the topic and in order to evaluate the 
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possibility of changing the physicochemical properties of 

AlClPc, we carried out the theoretical and experimental 

studies of the AlClPc complex aggregation in DMF and 

DMF-water solution with different concentration of 

water. Aggregation was controlled experimentally by the 

optical absorption and fluorescence spectra. Quantum 

chemical methods were used to evaluate all possible 

AlClPc structures. The adsorption and fluorescence 

spectra of these structures were calculated in time-

dependent electron Density Functional Theory (DFT) 

approximation. By comparing the experimental and 

theoretically calculated spectra, conclusions were drawn 

about the change in the aggregation state of AlClPc 

depending on the water concentration.  

2 Materials and Methods 

2.1 Theoretical Calculations; Methods 

Quantum chemical calculations were performed with 

ORCA 4.2.1 package [54]. All structures, monomer in 

the ground and excited states and dimers in the ground 

state, were optimized with the DFT method based on the 

PBE functional [55] and def2-SVP basis set [56] in the 

gas phase (ε = 1) with empirical Grimme correction 

D3BJ [57]. All the optimizations were confirmed to be 

stationary points by the analysis of the number of 

imaginary frequencies, found – not found for the minima. 

All spectrum calculations were performed in PBE0 

functional [58] with def2-TZVP [56] basis set in DMF 

and DMF/water mixture solvents taken into account in 

the Polarizable Continuum Model (CPCM) [59]. The 

UV-Vis spectra based on the ground states geometry 

were calculated in time-dependent density-functional 

theory (TDDFT) [60] without the Tamm-Dancoff 

approximation. Additionally, absorption spectra based on 

the excited state dynamics were calculated in the 

adiabatic Hessian approximation, where both the ground 

state and the excited state geometries and Hessians are 

calculated in advance. 

2.2 Sample Preparation 

A metal complex AlClPc stock solution (Acros Organics, 

USA) with a concentration of 1.18 × 10-3 mol/l was 

prepared by dissolution of an AlClPc dry sample (weight 

of 0.0152 g) in 20 ml of DMF (Reakhim, Russia, double-

distilled). The resulting concentration was determined 

from the electronic absorption spectra. The purity and 

individuality of crystalline AlClPc were confirmed using 

MALDI mass spectrometry on a Thermo DSQ II device 

(USA). The stock solution was stored in the dark at 4 °C 

and, if necessary, diluted before the experiment: 0.02 ml 

stock solution of metal complex AlClPc per 8 ml DMF, 

then base solution. 

To study AlClPc aggregation behavior in DMF 

depending on different concentration of AlClPc we 

diluted 0.02 ml of stock solution in 1 ÷ 15 ml of DMF. 

Also, to study AlClPc aggregation behavior depending 

on different concentration of water in solution, we placed 

2 ml of AlClPc base solution in a K10 standard quartz 

cuvette with a path length of 1 cm (to perform 

immediately spectrophotometric), and then 0.01 ÷ 1 ml 

of DMF-water solution (the DMF concentration was 

CDMF = 4.7 vol.%) was sequentially added to the cuvette 

with an interval of 0.01 ml, by titration.  

 

 
Fig. 1 Scheme of energy levels of MePc in monomer (a) and dimer (b–d) states with allowed (solid arrows) and prohibited 

(dotted arrows) transitions determined by parallel and antiparallel orientations of dipole transition moments. 
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2.3 Absorption and Fluorescence 

Spectroscopy 

The UV-Vis absorption spectra were measured at room 

temperature in air using a TU-1901 UV-Vis 

spectrophotometer (Beijing Purkinje General Instrument 

Co. Ltd., China). The poorly resolved absorption spectra 

were analyzed by their decomposition into Gaussian 

components. Fluorescence measurements within 

630−860 nm were performed with a Fluorat-02 

Panorama spectrophotometer (Lumex, Russia). The 

excitation wavelength was 610 nm. All spectroscopy data 

were reduced to the initial value of the AlClPc-DMF 

solution volume. 

3 Results and Discussion 

3.1 The Classification of MePc Aggregates 

According to the exciton coupling theory [61], MePc 

aggregates are classified as H-type, J-type and slipped 

cofacial structures depending on the mutual orientation 

of the molecules in MePc aggregates. The classification 

for dimers is illustrated in Fig. 1, where the molecules 

orientation and schematic energy levels are shown. 

The long axis of an individual molecule in 

H-aggregates (Fig. 1(b)) is perpendicular to the axis of 

the aggregate (“face-to-face” stacked centrosymmetric 

structure). The transition between HOMO and LUMO 

levels is prohibited in H-type dimer due to the antiparallel 

orientations of dipole transition moments of individual 

molecules in dimer (see short arrows in ovals).  That is 

why H-aggregate dimers show no detectable 

fluorescence. The lowest-energy allowed transition is 

between HOMO and LUMO + 1 levels. This band is 

blue-shifted and referred to as the H band (“H” for 

hypsochromic). 
The long axis of an individual molecule in 

J-aggregates (Fig. 1(c)) is collinear to the axis of the 

aggregate (“head-to-tail” stacked). In contrast to 

H-aggregates, the transition between HOMO and LUMO 

levels is allowed. That is why J-aggregate dimers 

demonstrate fluorescence. This band is red-shifted and 

referred to as the J band (“J” is presumably for Jelley - 

one of the first researchers who investigate this red-

shifted band). 
Generally (Fig. 1(d)), the angle between the long axis 

of an individual molecule and the axis of the aggregate is 

between 0º and 90º (slipped cofacial structures). All 

transitions with different probabilities depending on the 

tilt angle θ are allowed in these dimers. There are both 

H- and J-bonds with different intensities in absorption 

spectra of slipped cofacial dimers. If θ is close to 90º, the 

H-band intensity is high and the J-bond intensity is low. 

If θ is close to 0º, the situation is vice versa. By 

convention, slipped cofacial structures refer to H-

aggregates if θº≥ 60º, and slipped cofacial structures refer 

to J-aggregates if θ ≤ 60º. 

Due to the structural features, H-aggregates of MePc 

are formed in many systems and they are not photoactive, 

while J-aggregates are formed much rarely and could be 

photoactive [62–65]. There are few works on red- and 

blue-shifted adsorption and red-shifted fluorescent 

spectra of Pc dimers [65–68]. 

3.2 Theoretical Calculations of AlClPc 

Monomer and Dimers Ground State 

The ground state structures of possible types of dimers as 

well as those of monomer were calculated in gas-phase 

and DMF and DMF–water solution to elucidate the 

AlClPc aggregation in water and water-organic solutions.  

 

Fig. 2 Optimized structure of AlClPc monomer  with 

atomic numbers. 

  
 

(a) (b) (c) 

Fig. 3 Optimized geometries of AlClPc dimers with: (a) “back-to-back”, (b) “back-to-face”, and (c) “face-to-face” 

arrangements. 
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Table 1 AlClPc monomer structure parameters obtained by PBE/def2-SVP DFT calculations and X-ray diffraction 

data [69]. 

Parameter 
DFT 

calculation 
X-Ray Parameter 

DFT 

calculation 
X-Ray 

Bond lengths, Å 

Al2–Cl1 2.16 2.18 C15–C16 1.41 1.36 

Al2–N3 2.00 1.98 C15–C23 1.40 1.46 

N3–C11 1.39 1.44 C23–C31 1.40 1.41 

C11–C15 1.46 1.37 C31–C32 1.41 1.41 

N5–C11 1.33 1.36    

Bond angles, degree 

N3–Al2–Cl1 103 103 C11–C15–C16 106 109 

C11–N3–Al2 126 122 C16–C15–C23 121 122 

C11–N3–C12 108 106 C15–C23–C31 117 116 

N3–C11–C15 110 109 C23–C31–C32 121 122 

C11–N5–C19 127 126    

Dihedral angles, degree 

Al2–N3–C11–C15 167 165 N3–C11–C12–C16 179 174 

C11–C15–C16–C24 179 175 N5–C11–C19–N9 177 176 

   
(a) (b) (c) 

Fig. 4 Dimer of AlClPc with two molecules slightly dislocated: a) side view, b) top view, and c) scheme of slipped cofacial 

structures: 0 < θ < 55º in J-aggregates and 55º < θ < 90º in H-aggregates. 

 

Fig. 5 Bounded AlClPc and H2O molecules. 

The AlClPc monomer with atomic numbering is shown in 

Fig. 2. The structure parameters of optimized monomer 

geometry are shown in Table 1, as well as 

X-ray diffraction literature data [69]. Table 1 demonstrates 

a good agreement between the calculated ground state 

AlClPc monomer geometry and the experimentally 

obtained [69] X-ray diffraction results. All geometries 

below are optimized in gas because of good reproduction 

of the experimental molecule parameters when calculating 

in the gas phase at an adequate cost of computer resources. 

It was shown that the spectra calculated on the geometry 

in DMF differ little from the spectra calculated on the gas-

phase geometry. 

Three different confirmations of dimer can be 

constructed for the AlClPc molecule, which have 

(a) “back-to-back”, (b) “back-to-face”, and (c) “face-to-

face” arrangements, as illustrated in Fig. 3. Calculations 

show that “back-to-back” conformation is the most 

favorable. It is 19.7 and 20.6 kcal/mol lower than 

“back-to-face” and “face-to-face” conformations, 

respectively. 

This AlClPc dimer is very similar to that of ZnPc [70]. 

The molecules in AlClPc dimer maintain the monomer 

geometry (Fig. 4), as in the ZnPc dimer. They are shifted 

relative to each other, and the aluminum is located above 

one of the nitrogens of the other molecule. As a result, a 

slipped cofacial aggregation is formed. The geometric 

parameters of each AlClPc in the dimer are similar to that 

in the monomer, and the intermolecular distance is 

ca. 3.7 Å. The energy of the dimer formation is 

ca. −40.7 kcal/mol, calculated as the difference between 

the dimer energy and twice energy of the monomer.  
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(a) 

 
(b) 

 
(c) 

Fig. 6 Optimized geometries of bonded by two H2O 

molecules AlClPc dimers with: (a) “back-to-back”, 

(b) “back-to-face”, and (c) “face-to-face” arrangements. 

These results show that the lone nitrogen pair is 

involved in the formation of the AlClPc dimer, as in the 

case of the ZnPc dimer [70]. The stability of the dimer is 

due to the intermolecular coordination N  Al, since Al is 

partially positively charged in the AlClPc molecule. Thus, 

according to Kasha’s exciton theory, the AlClPc dimer 

belongs to slipped coaficial structure with θ = 85º, i.e. 

AlClPc dimer can be referred to none-fluorescent 

H-aggregates [61]. Below, the AlClPc dimer is denoted by 

[AlClPc]2.  

In water-containing solvents, the AlClPc molecule 

easily binds to one H2O molecule (Fig. 5) with the 

formation of a coordination bond between the Al atom of 

AlClPc and the O atom of the water molecule. The bond 

length is 2.23 Å and the hydration energy is 

−16.84 kcal/mol. 

Hydrated AlClPc molecules can also form dimers 

with (a) “back-to-back”, (b) “back-to-face”, and 

(c) “face-to-face” arrangements, as illustrated in Fig. 6. 

Calculations show “back-to-back” arrangement in dimer 

with the lowest energy (Fig. 6(a)). It is stabilized by four 

bonds between two AlClPc molecules and two water 

molecules. Each water molecule has two bonds, one of 

them is a coordination bond between the O atom of the 

molecule and the Al atom of the AlClPc molecule, and 

one hydrogen bond is between the H atom of the 

molecule and the N atom of the other AlClPc molecule. 

Below, this AlClPc dimer is denoted by [AlClPc_H2O]2. 

[AlClPc_H2O]2 and belongs to slipped coaficial structure 

with θ = 28º, i.e. [AlClPc_H2O]2 can be referred to short-

fluorescent J-aggregates [61]. Side and top views of 

[AlClPc_H2O]2 are shown in Fig. 7. The distance 

between AlClPc molecules in dimer is 3.15 Å. 

3.3 Optical Absorption of AlClPc in DMF and 

DMF-Water Solution 

The linear optical spectra of AlClPc in DMF and 

DMF-water solution in the excited state were analyzed to 

understand the types of interactions between AlClPc 

molecules in solutions. Generally, two strong optical 

absorption regions in the UV-Vis spectra of MePc are 

mainly caused by the π-electron transition on the 

conjugated system of Pc. The central metals have a 

significant effect on the position and intensity of the 

absorption maxima in the MePc UV-Vis spectra since the 

delocalization of the π-bond and d-orbitals of the metal 

in the MePc molecule is influenced by solvent molecules, 

which leads to a change in the shape and position of the 

B-band (or Soret band) and the Q-band [32]. According 

to Davydov’s theory the Q-band splitting, the value is a 

characteristic of interaction energy between molecules 

with different site symmetries [71]. 

 

 
(a) 

 

 
(b) 

Fig. 7 Dimer of AlClPc, with the two molecules linked 

through two H2O molecules: a) side view, b) top view. 

The typical Q-band and B-band absorptions in the 

spectra for AlClPc in DMF and DMF-water solutions 

(Fig. 8) are in good agreement with those in 

Refs. [17, 32, 50, 62, 72]. In the absorption spectrum of 

AlClPc in DMF solution (Fig. 8, curve 1) there are two-

principle π-π* transitions from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied 

molecular orbital (LUMO) of the metal complex: the 

B-band located at 300–450 nm with an absorption 

maximum at 349 nm, attributed to the a2u (π) → eg (π*) 
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transition, which is a characteristic of all MePc, and 

stronger Q-band located at 600–700 nm with an 

absorption maximum at λQI = 673 nm and a shoulder at 

λQII = 640 nm, which is a characteristic of all Pc and it is 

responsible for the colour of the compound. The latter 

absorption maximum at λQI = 673 nm is attributed to the 

а1u(π) → eg(π*) transition, as well as its vibrational 

satellite of low intensity with an absorption maximum at 

λQIII = 607 nm, and it is a characteristic of the monomeric 

form of the AlClPc. At a high Pc concentration, the 

shoulder at ~ 640 nm transforms into a broader band, the 

intensity of which increases with the increase of the Pc 

concentration. The authors [73, 74] attribute this band to 

H-aggregates and explain a growth of the absorption at 

~ 640 nm by dimerization / aggregation of the Pc at 

higher Pc concentrations. The absence of absorption in 

the long-wavelength region of the spectrum at 

λ = 710–850 nm (Fig 8, curve 1) indicates the absence of 

AlClPc J-aggregates in DMF. 

 
Fig. 8 UV-Vis spectra of AlClPc in DMF (1) and DMF-

water mixture (CH20 = 15 vol. %) (2). Inset: UV-Vis 

spectra of AlClPc in DMF-water solution with different 

concentration of water (CH20 = 1.2 ÷ 11.1 vol. %); the 

arrow shows the increase in CH20. 

As expected, the optical absorption of AlClPc in 

DMF-water solution (Fig. 8, curve 2) differs significantly 

from the same in DMF solution. There is a sharp decrease 

in the intensity of the Q-band, a significant broadening of 

the spectrum lines, and a shift of the absorption spectrum 

maximum to the short-wave length region. These 

changes in absorption spectra are related to aggregating 

behavior of AlClPc in the presence of water and a sharp 

decrease of AlClPc monomers, which leads to a reduce 

in quantum yield of singlet oxygen and a decrease in 

photodynamic activity of Pc [17, 33, 73]. Moreover, the 

formation of rather rare J-aggregates of AlClPc is 

observed, as evidenced by the presence of absorption in 

the optical region of λ = 700–850 nm and the appearance 

of small peaks in the region of λ = 705–780 nm (Fig. 8, 

curve 2). An insert describing the behavior of AlClPc in 

the presence of water indicates the aggregation capacity 

of AlClPc in binary DMF-water mixtures. With the 

increase of water concentration, the increase of scattering 

intensity is observed. At higher water amount in system 

(˃ 5 vol. %) the spectra show a complex multiple 

equilibrium between different types of AlClPc 

aggregates. The higher-order aggregates (J-type) are seen 

in a large number. It is known that scattering intensity is 

proportional to the size of aggregates [75]. So, we can 

state that aggregates increase in size with the increasing 

water concentration in system. Moreover, the presence of 

absorption at long wavelength region testifies a loss of 

symmetry in the AlClPc molecule due to the distortion of 

the MePc. This distortion of flat orientation is probably 

associated with the presence of oxygen in water and its 

interaction with Al.  

3.4 Theoretical Calculations of AlClPc UV-Vis 

Absorption Spectra 

The theoretical UV-Vis spectra were also calculated for 

monomer and both dimers in ground-state gas geometry 

for DMF and DMF-water in different proportions for 

better understanding of AlClPc aggregation and 

interpretation of the experimental spectra. It turned out 

that neither the positions of the peaks, nor the oscillator 

strengths are practically independent of the solvent. 

Moreover, the spectra are little sensitive to changes in the 

structural parameters. Also, the position of the peaks 

changes by no more than 0.5 nm at practically unchanged 

oscillator strengths when the optimized in DMF 

geometry is chosen instead of the optimized in gas. 

Fig. 9 presents UV-Vis spectra of monomer and 

dimers in H-aggregate (see Fig. 4) and J-aggregate (see 

Fig. 7) forms normalized to the Q-band of monomer. 

Here, vertical lines present spectrum states and solid lines 

present the Gaussian broadening of the corresponding 

spectrum. The spectra were calculated in DMF for 

ground state geometries of corresponding structures, i.e. 

the spectra were calculated at T = 0 K without taking into 

account the electron-phonon interaction. 

The peak at ~ 670 nm in the monomer spectrum 

corresponds to the Q-band related to the transition from 

the ground state to the first excited state. This is 

HOMO → LUMO transition (see orbitals in Fig. 10). 

The B-band (Soret) is presented by a series of peaks 

around ~ 330 nm.  

 

 

 

Fig. 9 Calculated absorption spectra of AlClPc monomer 

(1) and dimers in H-aggregate (2) and J-aggregate (3) 

forms in DMF.
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(a) (b) 

Fig. 10 HOMO (a) and LUMO (b) orbitals of AlClPc. 

The UV-Vis spectrum of H-aggregates is characterized 

by two high peaks in the spectrum region at ~ 640 nm and 

two low peaks in the spectrum region at ~ 840 nm. Since θ 

in H-aggregates is slightly less than 90 (θ = 85º, see 

Fig. 4), there is a low-intensity J-band (~ 840 nm), in 

addition to the high-intensity H-band (~ 640 nm), in the 

UV-Vis spectrum. The peaks at ~ 640 nm are the 

characteristics of the dimer; they are hypsochromically 

shifted with respect to the peak of the monomer. The peak 

at λ = 641 nm is presented by HOMO → LUMO + 3 

transition with small contribution from 

HOMO − 1 → LUMO transition, and the peak at 

λ = 646 nm is presented by HOMO – 1 → LUMO + 2 

transition with small contribution from 

HOMO → LUMO + 1 transition. The peaks at ~ 840 nm 

(λ = 841 and 842 nm) are the characteristics of the dimer; 

they are bathochromically shifted with respect to the peak 

of the monomer. They are symmetrical to the peaks at 

~ 640 nm but with the inversion in contribution of 

transitions. The Soret band of the H-aggregate is located 

around 380 nm. 

The calculated UV-Vis spectrum of J-aggregates 

differs from that of H-aggregates as the AlClPc 

molecules in J-aggregate are linked by two H2O 

molecules. Since θ in J-aggregates is far from 0 (θ = 28º, 

see Fig. 7), both H-band and J-band in the spectra have 

high intensities. A hypsochromic shift of the absorption 

spectrum (H-band) with the formation of two well-

separated peaks at 615 and 635 nm is observed, where the 

peak at 615 nm is presented by 

HOMO – 1 → LUMO + 3, and the peak at 635 nm is 

presented by HOMO – 1 → LUMO transition with small 

contribution from HOMO → LUMO + 2 transition. In 

the long wavelength spectrum region, the bathochromic 

shift (J-band) is detected with the formation of two peaks 

at ~ 797 and ~ 807 nm, while the peak at ~ 765 nm is low 

intensive. They are symmetrical to the peaks at 

~ 615–635 nm but with the inversion in contribution of 

transitions. The Soret band of the 

J-aggregate is located around 390 nm as that of 

H-aggregates. 

All calculated peaks in the Cope region are wide and 

overlap each other, so it is rather difficult to separate 

them in experimental spectra. Moreover, the peak at 

~ 640 nm can indicate both H- and J-aggregates, since the 

latter have a strongly pronounced hypsochromic peak. 

The spectra in Fig. 9 are superimposed on each other. 

However, in reality, the ratio of peak heights differs due 

to different concentrations of the components in the 

solution. Usually the concentration of J-aggregates is 

small, and concentration of H-aggregates depends on 

AlClPc concentration. Therefore, the intensities of 

J-aggregate peaks at ~ 800 nm are small, and their peaks 

at ~ 630 nm are not visible against the background of the 

peaks of the H-aggregate. Taking into account the 

different concentrations of monomers and H- and 

J-aggregates, Fig. 9 fairly well reflects the general picture 

of the adsorption spectrum in DMF, where the 

concentration of monomers is the largest, a small part of 

dimers is in the form of H-aggregates, and there are no 

J-aggregates. 

According to Fig. 9 we can assume that both AlClPc 

H-aggregates and monomers influence the position of 

peaks and their intensity in the region of ~ 610–640 nm 

of the experimental spectrum (Fig. 8, curve 1). However, 

it is rather difficult to separate their contributions into the 

total absorption spectrum because of their overlap. 

Nevertheless, the presence of H-aggregates is highly 

improbable in the DMF-water system (Fig. 8, curve 2), 

since it is energetically favorable for AlClPc molecules 

to form J-aggregates with the help of two water 

molecules. In this case, the greater the amount of water is 



I.V. Klimenko et al.: Molecular Aggregation of Aluminum Phthalocyanine Chloride in... doi: 10.18287/JBPE23.09.030301 

J of Biomedical Photonics & Eng 9(3) 2023   9 Jul 2023 © J-BPE 030301-9 

in the system, the more AlClPc molecules are in the form 

of J-aggregates. 

Electron-phonon interaction should be taken into 

account for better description of adsorption and emission 

spectra. In order to predict absorption or emission rates, 

including all vibronic transitions, ideally one needs both 

the ground state and excited state geometries and 

Hessians (matrix of the second-order partial derivatives 

of the molecule energy-function). Optimization of the 

excited state requires much more computer costs than 

optimization of the ground state. Therefore, we limited 

ourselves to calculating the most intensive Q-band in the 

monomer, which is of the most important interest from a 

practical point of view. 

Fig. 11 presents monomer experimental and 

calculated absorption spectra in the region of Q-band. 

The theoretical spectrum was calculated in DFT/TDDFT 

without the Tamm-Dancoff approximation (TDA) for the 

first excited state at T = 298 K. The spectrum was 

calculated by the Adiabatic Hessian (AH) method, where 

the Hessians of both the ground and excited states are 

calculated in advance.  

The Fig. 11 demonstrates excellent agreement 

between experiment and calculation. In the AlClPc 

spectrum, as well as in the ZnPc spectrum [65], there are 

two lower bands related to vibronic transitions at 

~ 610 nm (QIII) and ~ 640 nm (QII). The excellent 

agreement between the experimental adsorption 

spectrum in the range of 550–750 nm and the Q-band 

calculated in the adiabatic approximation indicates the 

presence of almost only monomers in DMF at 

experimental AlClPc concentrations of  

CAlClPc = 2.9 × 10-6 mol/l (Fig. 8, curve 1). Thus, the 

calculated data (Fig. 11) fully confirm the conclusion on 

the absence of both H- and J- AlClPc aggregates in the 

DMF solution drawn from the experimental data (Fig. 8, 

curve 1). 

 

Fig. 11 Absorption spectrum of AlClPc monomer in the 

region of Q-band including the vibronic transitions: 

experiment (solid) and TD-DFT calculation (dots). 

3.5 Fluorescence of AlClPc in DMF and 

DMF-Aqua Solution 

Aggregation behavior of metal complex AlClPc in DMF 

was also studied by fluorescence spectroscopy. Fig. 12 

shows the fluorescence spectra of AlClPc in DMF at 

different concentrations of the dye. As seen, AlClPc in 

DMF demonstrates high fluorescence intensity with 

excitation wavelength λex = 610 nm. At high 

concentrations of AlClPc in DMF 

(CAlClPc = 2.3 × 10−5 mol/l), the AlClPc fluorescence 

maximum is at ~ 687 nm. When the concentration of 

AlClPc in DMF decreases (from 

CAlClPc = 2.3 × 10−5 mol/l to CAlClPc = 2.3 × 10−6 mol/l), 

there is a blue shift in fluorescence maximums from 

687 nm to 679 nm, which indicates that the concentration 

of Pc in DMF solution is an essential parameter. 

Moreover, according to Ref. [65], it can be assumed 

that the change in the Pc concentration leads to an 

increase or suppression of fluorescence from different 

emission bands, and, possibly, the form of fluorescent 

curves detects various types of Pc aggregates in solution. 

For example, at higher concentrations of AlClPc in 

solution (~ 10−5 mol/l), pronounced shoulders around the 

main peak are the characteristics of aggregates, probably 

dimers, and at dye concentrations CAlClPc ˃ 5 × 10−6 mol/l 

dimers predominate. However, fluorescence dimers are 

very rare, and they are of J-type aggregate, so, it might 

be supposed that J-type dimers prevail in AlClPc-DMF 

solution with a CAlClPc ˃ 5 × 10−6 mol/l. 

This conclusion is well consistent with the data 

obtained from the calculated optical absorption spectra 

(Fig. 9 and Fig. 11). Thus, this fact suggests that all 

experimentally obtained maxima on the absorption 

spectrum in the Q region can be safely attributed to bands 

characterizing the monomeric shape of the dye. 

 

Fig. 12 The fluorescence spectra of AlClPc in DMF. 

CAlClPc = 2.3 × 10−6 mol/l ÷ 2.3 × 10-5 mol/l. λex = 610 nm. 

The arrow shows the decrease in AlClPc concentration. 

At lower AlClPc concentrations in DMF solution 

(˂ 5 × 10−6 mol/l) a significant amount of the dye is in the 

monomeric form (Fig. 12). However, in our experiments, 

we did not reach the CAlClPc at which the position of the 

fluorescence maximum remains unchanged, indicating 

that all AlClPc molecules are in monomeric form. 

Nevertheless, the position of the fluorescence maximum 

at CAlClPc ˂ 3 × 10−6 mol/l changes insignificantly, which 

indicates the predominance of the monomeric form of the 

dye in the DMF solution.  

It is also known that the spectral position of all 

luminescence bands shifts to the short-wavelength region 

of the spectrum as the particle size decreases. A blue shift 

in fluorescence maximums with decreasing AlClPc 
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concentration also indicates the quantitative reduction of 

dimers and the predominance of monomers at low 

AlClPc concentrations in DMF solution. 

The fluorescence spectra of AlClPc in DMF-water 

solution at different concentrations of aqua are shown in 

Fig. 13.  

 
Fig. 13 The fluorescence spectra of AlClPc in DMF-water 

solution. CH20 = 0 ÷ 12.3 vol. %. λex = 610 nm. The arrows 

show the increase in water concentration: (1) from 0 to 

6.7 vol. %, (2) from 7.8 to 12.3 vol. %. 

Unlike the data in Fig. 12, we observe a red shift of 

the fluorescence maximum AlClPc in DMF-water 

solution (CAlClPc = 2.9 × 10−6 mol/l) with the increasing 

of water concentration in the system from 680 nm 

(CH2O = 0 vol. %) to 684 nm (CH2O = 5.6 vol. %) that 

indicates the aggregation process and the reduction of 

monomers in the system in this water concentration 

region (Fig. 13). Then, up to the water concentration in 

the system of CH2O = 12.3 vol. %., the position of the 

fluorescent maximum does not change. Also, the shape 

of the fluorescence spectrum of AlClPc in a DMF-water 

solution differs from the shape of the dye spectrum in 

pure DMF. 

We did not observe peak splitting at ~ 650–675 nm, 

as in Fig. 12, that indicates that the formation of dimers 

(aggregates) of the same nature occurs immediately, 

without the formation of intermediates. Also, we 

observed a drop in the luminescence intensity with an 

increase in the water concentration in the system from 

(CH2O = 0 vol. %) to CH2O = 7.8 vol. %. Then the 

intensity increases sharply, followed by a fall. 

Consequently, it might be supposed that there is a strong 

influence of the water concentration upon the 

aggregation state of the AlClPc, indicating, also, that 

there is a critical concentration of water when the ratio of 

monomers and dimers (J-aggregates) in the system 

changes dramatically.  

When water is added to the system up to 

CH2O = 6.7 vol. % the decrease in the fluorescence 

intensity and a shift in the fluorescence maximum 

towards long wavelengths testify to decreasing gradually 

the amount of AlClPc monomers and the simultaneous 

appearance of aggregates. It is hard to separate the input 

of monomers and aggregates to the general spectrum. 

However, since the fluorescence intensity sharply 

increases at CH2O = 7.8 vol. %, it can be assumed that the 

amount of monomers in the system has sharply decreased 

due to AlClPc dimerization and formation of fluorescent 

J-aggregates. 

The dependence of the monomeric AlClPc fraction on 

the water content was calculated by the method proposed 

in Refs. [73, 76, 77] based on the Gaussian 

decomposition of the data presented in Fig. 8 and taking 

into account the material balance equations 2Cm ↔ Cd 

and C0 = Cm + Cd, where C0, Cm and Cd are the total 

concentration of AlClPc and the concentration of 

monomers and dimers in the system, respectively. Cd and 

Cm in the mixed solution were determined from the 

equation for the total absorbance of the solution 

D0 = ε0 × С0 = εm × Сm + εd × Сd , where ε0, εm, and εd are 

the observed molar extinction coefficient and molar 

extinction coefficients of monomers and dimers at a 

certain wavelength, respectively. The concentration of 

monomers Cm in the system with water was determined 

from the ratio Cm = C0 × [(ε0 – εd)/(εm – εd)]. Thus, 

assuming that the proportion of monomers in the solution 

fm = Cm/Co, we obtained, that fm decreases when water is 

added to the system and remains substantially unchanged 

up to CH2O = 7.8 vol. %, with an average value of 90%. 

With a further increase in the water concentration there 

is a decrease in fm (for example, at CH2O = 11.2 vol. % the 

fm = 0.7). The data obtained confirm the conclusion 

drawn from the fluorescence data analysis (Fig. 12, 

Fig. 13) and also indicate the presence of a critical water 

concentration in the system, at which the ratio of 

monomers and dimers changes dramatically. 

3.6 Theoretical Calculations of AlClPc UV-Vis 

Fluorescence Spectrum 

The calculated (T = 298 K) and experimental 

(CAlClPc = 2.9 × 10-6 mol/l) fluorescence spectra are 

shown in Fig. 14. In contrast to the adsorption 

spectrum (Fig. 11), the calculated fluorescence spectrum 

does not show exact agreement with the experimental 

one. This is due to the features of the solvent continuum 

model, where the parameters are selected for better 

reproduction of the molecular ground state. Since the 

absorption spectrum is calculated as a vertical transition 

on the ground state geometry, it is quite well reproduced 

with an appropriate choice of functional and basis set. 

 

Fig. 14 Fluorescence spectrum of AlClPc monomer: 

experiment (solid) and TD-DFT calculation (dots). 
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The fluorescence spectrum is calculated on the 

geometry of the excited state. Since the continuum 

solvent model does not take into account the 

reorganization of the solvent under the transition from the 

ground state to the excited state. Moreover, the accuracy 

of the calculation of the fluorescence spectrum is worse 

than the accuracy of the calculation of the adsorption 

spectrum. Nevertheless, the calculated fluorescence 

spectrum reproduces the Stokes shift towards longer 

wavelengths. As the Stokes shift is primarily the result of 

vibrational relaxation and solvent reorganization, and the 

Pc molecule is a dipole surrounded by solvent molecules 

in a specific orientation, so the dipole moment of the 

molecule changes upon absorption of a photon and 

transition to an excited state. Part of the energy gained 

under the photon absorption is spent on rearranging the 

orientation of the solvent molecules. Therefore, the 

emitted photon has a lower energy than the absorbed one, 

and a shift towards longer wavelengths is observed in the 

fluorescence spectrum. 

4 Conclusion 

In this work, we studied the process of AlClPc 

aggregation in order to reveal differences in the behavior 

of the dye in organic and water-organic media. 

Bearing in mind that AlClPc is being investigated as 

an effective Pc for PDT, the intensity of absorption in the 

infrared and visible regions and the ease of controlling 

the fluorescence maximum, achievable by changing the 

concentration of the dye in the solution are the important 

characteristics in the chemistry of Pc. All experimental 

and theoretical studies show the dependence the 

photophysical parameters of AlClPc on its aggregation 

properties and the monomer-dimer ratio in solutions, that 

are determined by the dye concentration in the medium. 

It has been shown that in water-organic media the 

metal cation in the AlClPc molecule becomes six-

coordinated, with two extraligands directed on opposite 

sides of the Pc macrocycle plane. Reduced solubilization 

capacity of the water-organic medium stimulates 

aggregation of MePc. Thus, along with the monomer, the 

spectra contain Pc dimers differing in structure. The 

higher the concentration of Pc in the solution and the 

greater the proportion of water in the water -DMF binary 

system, the higher the degree of Pc aggregation. 

Moreover, the simultaneous existence of AlClPc 

molecules in both forms (monomer/aggregates) is 

observed, as well as transitions between these states 

depending on the water and CAlClPc concentrations in 

system. A critical concentration of water in system 

(~ 7.8 vol. %) when the ratio of monomers and dimers 

(J-aggregates) of AlClPc changes dramatically has been 

determined. 

A different picture is observed when AlClPc is 

dissolved in pure DMF. In this case, Pc is completely in 

monomeric form. This solvatochromic effect also makes 

it possible to predict the aggregation behavior of AlClPc 

complexes in various media in hybrid materials, as well 

as to control and manage their aggregation behavior. 
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