Phthalocyanines Melitooreraotiyirs) Paper

dTanounaHumHbI http://mhc-isuct.ru CraTtbsa

DOI: 10.6060/mhc245851k

Optical Properties of Complexes Based
on Metal Phthalocyanines and Oxygen-Free Graphene

Inna V. Klimenko,®@ Elena A. Trusova,” and Anton V. Lobanov®®

’N.M. Emanuel Institute of Biochemical Physics, Russian Academy of Sciences, 119334 Moscow, Russia

°4.4. Baykov Institute of Metallurgy and Materials Science, Russian Academy of Sciences, 119334 Moscow, Russia
‘Moscow Pedagogical State University, 119991 Moscow, Russia

@Corresponding author E-mail: inna@deom.chph.ras.ru

Dedicated to the memory of Academician of Russian Academy of Sciences Oskar I. Koifman

Two hybrid systems based on oxygen-free graphene and AICI- and Zn-phthalocyanines have been synthesized in
aqueous-organic medium and comparatively studied by optical absorption method. N,N-Dimethylformamide was
used as an organic solvent. It has been shown that the presence of oxygen-free graphene in the systems prevents the
aggregation of phthalocyanines in aqua medium and contributes to their stabilization in monomeric form. The
stability of the resulting hybrid complexes as well as the binding capacity of the components of the systems has been
evaluated. The mechanisms of phthalocyanines and oxygen-free graphene interaction in aqueous-organic medium
have been proposed.
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Jlge ecubpuouvie cucmemvl Ha 0CHOGe Oeckucaiopoonoeo epagena u AlCl- u Zn-pmanoyuanunos Ovlau
CUHME3UPOBAHLL 8 B0OHO-OP2AHUYECKOU Cpede U U3VUeHbl MemoodomM onmudecko2o noziowenus. N,N-/[umemun-
hopmamud UCnOIL306ANIU 8 KAYECMEe OP2AHUYEeCKO20 pacmeopumens. Bullo nokazamo, Ymo npucymcmeue 8
cucmemax 6ecKuciopooOHo2o epagheHa npensimcmseyem azpe2ayui QmaloyuaHuHo8 6 600HOU cpede u CRocobcmeyem
ux cmabuuzayuu 6 MOHOMepHOU @opme. Bvliu oyeHeHbl cmabuirbHOCHb NOIYYEHHbIX SUOPUOHBIX KOMNIEKCO8, d
Makdice CeA3b16AIOWAS  CNOCOOHOCMb  KOMNOHEeHmOo8 cucmem. IIpednodcenvl MexanusMvl  83auUMOOEUCmEUs.
@dmanoyuanuno u 6eckucIopooOH020 epageHa 6 600HO-0PeAHUYECKOU cpede.
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Introduction

The study of photobiological processes, including the
electron and energy transfer, absorption of a quantum of
light by a biological molecule, intramolecular energy
redistribution, formation of a primary photoproduct,
fluorescence and bioluminescence, is the most important
research problem of modern biophysics. Most biological
objects have photosensitivity as a result of absorbing light
quanta by molecules of chromophores, proteins, pigments
and nucleic acids.

Tetrapyrrole compounds (TCs), which include
chlorins, porphyrins, phthalocyanines and their metal
complexes, take special place among compounds capable
of photosensitizing biological tissues. They are
successfully used in photodynamic therapy (PDT) and
diagnostics of cancer tumors as photosensitizers (Ps)
(photoactive natural or synthesized compounds).!"!

The presence of Ps is a key factor in PDT; which
mechanism of action is based on the ability of Ps to
accumulate selectively in target tissues and when irradiated
with light at a wavelength corresponding to the maximum
absorption of Ps generate singlet oxygen 'O, and other
reactive oxygen species (ROS) such as O, ', HO" and
H,0,. 'O, and other ROS play a key role in the
photodynamic process.!""'* The interaction of 'O, and
cytotoxic oxygen species with biological objects leads to
oxidative damage and destruction of vital organelles of
targeted cells and, therefore, to necrosis, apoptosis or
autophagy of the target tissue.

For the productive action of TCs and their metal
complexes in various biomedical applications, including
PDT, it is necessary to solubilize tetrapyrroles in aqueous
media and, secondly, the presence of TCs molecules in the
system in a monomeric form, which allows in the absence
of annihilation processes of triplet excited states to launch
the triplet-triplet energy transfer mechanism to oxygen,
also is required. However, upon contact with aqua and
aqueous physiological solutions, TCs have a stable
tendency to aggregate with the formation of dimers and
other types of aggregates, which reduce the photodynamic
activity of TCs.["!%

Aggregation of TCs is a well-known phenomenon and
is widely discussed in the literature."**”! The photo-
physical properties of TCs strongly depend on the mono-
mer/aggregate ratio in the system; in particular, the pres-
ence of dimers, trimers and other aggregated species of
TCs lead to a significant shift of the absorption bands
compared to the absorption characteristics of the mono-
meric TCs. The presence of aggregates can lead to fluores-
cence quenching, which is usually significant for TCs
monomers. On the other hand, in diagnostics it is important
to use TCs that do not cause phototoxic side effects, which
can be achieved through the targeted formation of the
certain type aggregates with additional solubilizers and
auxiliary macromolecular carriers. The study of the TCs
aggregation behavior, which also includes the using of
optical methods, is important both for understanding the
fundamental physicochemical properties of TCs, and when
developing the possible ways of industrial application,
including the biomedical applications as Ps.

It is known, that phthalocyanines (Pcs) obtained by
Brown and Cherniyak!®" in 1907, as well as Pc metal com-
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plexes, are promising Ps. Pcs are structural derivatives of
porphyrins and, due to their outstanding photophysical and
photochemical properties, stability, structural versatility,
the presence of semiconductor and magnetic properties, are
the objects of numerous studies. Pcs are widely used as
active components of various supramolecular systems,
supramolecular ensembles and nanomaterials.*”

All Pcs (known systematically as tetraazatetrabenzo-
porphyrins) are intensely colored two-dimensional macro-
heterocyclic compounds having four isoindole groups,
linked by four nitrogen atoms. Pc have five conjugating
contours and a special electronic delocalization of the 18-n
aromatic system, reinforced by condensed benzene rings,
which causes a deep Pc color and is related to the
porphyrins. They have good absorption in the UV-Vis
region (in the B-band at ~300—400 nm and the Q-band at
~600-700 nm, (the so-called "therapeutic window")), a
long triplet life time (0.1-1 ms) and a high quantum output
of singlet oxygen (©,=0.91).20%-3% pcg, being chromo-
phores and like others TCs, have an efficient complexation
ability relative to different metals.”® At least 70 elements of
the periodic table are capable of being in the place of
centrally coordinated atoms''>*" and to integrate with Pc in
the central cavity to form phthalocyanine metal complexes
(MePc).""! As a result, the geometries as well as the elec-
tronic and other desirable properties of Pc can be
improved.!'

Several methods for inhibiting Pc aggregation in bio-
chemical systems and liquid media are known. They include
the modification of the macrocycle by replacing hydrogen
atoms with various groups, such as alkyl, aryl, aryloxy,
alkoxy, phenoxy and others, the introduction of bulk
substituents that create steric difficulties for contact between
macrocycles, including sulfonyl, carboxylic acid and amino
group, a replacement of the complex-forming metal in the Pc
molecule, the synthesis of one-dimensional nanowire
crystals of MePc, the synthesis of phthalogen conjugates
with carbohydrates and formation of related MePc com-
plexes with carbohydrates, the use of vector drug delivery
systems, the use of liposome medium, serum proteins,
magnetic emulsion with nanostructured colloidal particles
and biocompatible polymer nanoparticles, efc.*> >

Also, one way to solve this problem and to stabilize
the monomeric forms of MePc in the biological media and
aqueous solutions is to create various supramolecular sys-
tems or supramolecular ensembles with effective inter-
molecular interactions. In our previous works, we proposed
the use of various biocompatible water-soluble excipients
in complex with chlorin e4 (Xeg) to reduce the hydrophobi-
city of TPs and their aggregation in aqueous solu-
tions.>***! In addition, a method that makes it possible to
prevent the aggregation of TPs is their immobilization on
the surface of an inert solid support, which inhibits aggre-
gation of Pc macrocycles. In this case, the complex for-
mation with the participation of theranostic two-dimen-
sional (2D) nanomaterials, for example, graphene or mate-
rials based on it, as part of a hybrid system, and phthalo-
cyanine complex takes place.*” This graphene-Pc hybrid
supramolecular structure will be useful in binding photo-
and/or redox chromophores to graphene through self-
assembly, as well as charge transfer in complexes.

Developing this direction, in the presented work we
synthesized and comparatively studied by optical absorp-
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tion method two hybrid systems based on oxygen-free
graphene (OFG) and AICI- or Zn-phthalocyanines (AICIPc
and ZnPc). Oxygen-free (non-oxidized) graphene was
chosen because, of the many varieties of graphene, only in
it all the carbon atoms have sp’-hybridized orbitals, com-
bined into a m-system with a high potential for coordination
interaction. Only it contains a minimal amount of oxygen-
containing groups located along the periphery of the sheets.
An oxygen-free graphene suspension was obtained by a
sonochemical method in an acidified with nitric acid mix-
ture of N,N-dimethylformamide (DMF)-aqua at a DMF
concentration of 4.7 vol.%.

Both phthalocyanines are promising second-genera-
tion photosensitizers and demonstrate the combination of
physical, chemical and biological properties necessary for
PDT.!*3%4432 The choice of the polar aprotic solvent DMF
is explained by its high solvation ability and donor-accep-
tor properties. DMF interacts with the central metal atom
in MePc molecule through the terminal oxygen atom.
Moreover, DMF is a solvent which is often used in small
quantities in pharmaceutical and biomedical fields due to
its high dissolving power.!"”

Experimental

A metal phthalocyanine complexes stock solutions (AICIPc,
chloro(29H,3 1H-phthalocyaninato)aluminium,  with  chloride
extraligand and ZnPc, zinc tetrabenzo[5,10,15,20]tetraaza-
porphyrin, both obtained from Acros Organics, Belgium,) with
the concentrations of 1.18:10% mol/L and 1.32:10° mol/L,
respectively, were prepared by dissolution of MePc dry samples
(0.0152 g) in 20 mL of N,N-dimethylformamide (DMF, Reakhim,
Russia). The resulting concentrations were specified from
electronic absorption spectra. The purity of crystalline MePc was
confirmed with MALDI mass spectrometry on a Thermo DSQ II
device (United States). The stock solutions were stored in the
dark at 4 °C and, if necessary, were diluted before the experiment
(0.02 mL of the stock solution of metal phthalocyanine
complexes of AICIPc or ZnPc per 8 mL of DMF, hereinafter
called a base solution).

A suspension of oxygen-free graphene (OFG) was obtained
by ultrasonic irradiation of graphite powder in a DMF/aqua
mixture at a volume ratio of 1/30, for which a Sonoswiss SW1H
brand unit with a power of 200 W (Switzerland) was used.
Synthetic graphite powder with particle sizes 500-750 mm
(Unikhimtek, Russia) was used as the initial carbon species, its
purity was 99.99% and impurities presented were of sulfur and
chloride ions (less than 10 ppm). An acidified mixture of DMF
(Reakhim, Russia) and deionized aqua were used as a dispersion
medium to stabilize the graphene suspension. Deionized aqua was
produced in a reverse osmosis Raifil system. A batch of graphite
powder (0.5 g) was mixed with 30 mL of DMF solution in water,
and then pH value of the medium was brought to the value 3 by
adding HNO;. The exfoliation process was carried out at 60°C for
30 min. The resulting graphene suspension was separated from
unreacted graphite by decanting and allowed to stand for 20-24 h,
after which it was re-decanted. Light and medium graphene
suspension fractions were used in the subsequent syntheses of
hybrid nanostructures.

The hybrid systems MePc-OFG in aqueous-organic media
were synthesized in a K10 standard quartz cuvette with a path
length of 1 cm for immediate spectrophotometric studies of
systems with different graphene concentrations. 2 mL of MePc
base solution was placed into the cuvette and then titrated with a
suspension of graphene in an aqueous solution of DMF using a
0.1 mL aliquot; a total of 0.1-1.0 mL of the suspension was
consumed for one titration. The MePc reference solution was
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prepared by adding 0.02 mL of the MePc - DMF stock solution to
8 mL of the DMF-water mixture so, that the DMF concentration
in the final solution was 4.7 vol%. All solvents in our experiments
were of analytical grade and were used without further
purification. All spectrophotometric data obtained after adding
graphene suspensions were normalized to the initial volume
(V=2 mL) of MePc-DMF solutions according to the formula:
D=Dy/K, where K = (V; + V)/V,. In this formula, D and D, are
the normalized and experimental values of the optical density of
the solution, respectively, V|=2 mL is the initial volume of MePc-
DMF solution, V,, is the volume of the graphene-DMF-H,0
suspension used for titration (0.1-1.0 mL).

The presence of AICIPc and ZnPc aggregates, the degree of
their impact on the optical absorption spectra of the initial
solutions, the role of graphene in the MePc aggregation process
were determined using a UV-1900 spectrophotometer (Beijing
Purkinje General Instr. Co. Ltd.). The morphology of the obtained
graphene suspensions and electron diffraction on its sheets were
investigated with TEM by using the LEO-912 AB OMEGA
instrument (LEO Carl Zeiss, operating at 100 kV. EELS data
were obtained on the JEM 2010 instrument (JEOL Ltd.) equipped
with energy dispersive spectrometry (EDS; Inca, Oxford
Instruments) and electron energy loss spectrometry (EELS; GIF
Quantum, Gatan Inc.) attachments; accelerating voltage was 160
kV. The thickness and the number of layers in the flakes were
calculated based on 5-10 measurements on each of 5-6 TEM
mages for each graphene suspension sample.

Results and Discussion

It is known that all spectral properties of Pcs are
connected qualitatively with the presence of four frontier
orbitals: the HOMO, HOMO-1, LUMO, LUMO+1.1"5%%
There are two principle types of @ — ©* transitions from
the highest first occupied molecular orbital (HOMO,
HOMO-1) to the lowest unoccupied molecular orbitals
(LUMO, LUMO+1) of the metal complex. Both Q and B
(Soret) bands arise from m — n* transitions and according
to Gouterman’s model’®®! are explained in terms of a linear
combination of transitions from a,, and a,, HOMO orbitals
to the doubly degenerate e, LUMO orbitals.

In the absorption spectra of AICIPc and ZnPc in DMF
solutions (Figure 1, curves 1 and 3, respectively) we can
observe m — w* transitions from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied mole-
cular orbital (LUMO) of the metal complex which represent
Pc absorption bands. First type: the B-band located at 300—
450 nm, which is a characteristic of all MePc, with the
absorption maxima of ~349 nm for AICIPc and ~339 nm for
ZnPc, equivalented to the Soret band (Y-band) in porphyrins
and attributed to the a,,(1) — ey (n*) together with by, () —
e (m*) transitions and the lowest allowed » — 7 * transition.
Second one: the stronger Q band, located at 600-700 nm
with an absorption maxima at Ag = 672 nm for AICIPc and
Aqi = 669 nm for ZnPc and their vibrational satellites of low
intensity at Aq = 607 nm for AICIPc and Aqy = 603 nm for
ZnPc, accordingly, which are attributed to the monomeric
form of the dye. The shoulder in the region of Aqy at ~ 640
nm is generally referred to H-aggregates of Pc in the DMF
solution which due to dimerization/aggregation of the
pc 533! However, based on our theoretical calculations of
the absorption spectra of AICIPc in DMF solution'"! we
attribute this shoulder to vibronic transitions at ~640 nm
(Qn). The absence of absorption in the 710-850 nm absorp-
tion region (Figure 1, curves 1 and 3) indicates the absence
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of AICIPc and ZnPc J-aggregates with a strictly ordered
structure in DMF. Q band is responsible for the color of the
compound and is equivalented to the o band in porphyrins
and attributed to the a; (1) — (7*) transition. Q band split-
ting into two bands Q; and Qy; can be also observed due to
exciton coupling between two nonequivalent molecules in a
unit cell (Davydov splitting?”*).

Also, the AICIPc-DMF-aqua and the ZnPc-DMF-aqua
systems were examined for the lines shape change and the
shifts of the Soret and Q-bands (Figure 1, curves 2 and 4).
As expected, a significant broadening of the spectrum lines,
a sharp decrease in the intensity and the broadening of the
Q-bands, as well as the shifts of the absorption spectrum
maxima to the short-wave region are observed for the
AICIPc-DMF-aqua and ZnPc-DMF-aqua systems. These
changes in the absorption spectrum are due to the aggrega-
tion behavior of MePc, namely, a sharp decrease in the con-
tent of AICIPc and ZnPc monomers in the DMF-aqua
mixtures and a significant increase in the content of H-
aggregates and rarely observed J-aggregates of MePc.

The presence of graphene in the initial suspension was
confirmed by the following methods: transmission electron
microscopy (TEM), dynamic light scattering spectroscopy
(DLS), IR spectroscopy and Raman spectroscopy.[sg] It was
found that a DMF/aqua mixture stabilizes a suspension of
oxygen-free graphene for several weeks, therefore, it can be
used to protect pigments from photo degradation in aqua.
Graphene-containing hybrid complexes we prepared by
titration of 2 mL of MePc solutions in DMF with a suspen-
sion of graphene in DMF-aqua mixture (0-2 mL). Figure 2a
shows a TEM image of 3D graphene particles, typical of the
suspension used in a DMF-aqua mixture, whose dimensions
about 400-500 nm. The electron diffraction pattern, which is
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a combination of reflections of almost equal intensity, also
indicates the predominance of multilayer graphene particles
in the suspension (Figure 2b). As we have shown previously,
ultrasonic exfoliation in DMF/aqua mixture leads to the pro-
duction of a suspension of oxygen-free graphene with a tri-
modal size distribution: 475(£82) nm — 62%, 918(x108) nm
— 20% and 2630(£878) nm — 18%." According to EELS
analysis, graphene oxide was absent in the obtained
graphene: 532 eV peak corresponding to oxygen does not
appear in the spectrum (Figure 3¢). At the same time, peak at
the region of 284-289 eV corresponds to 1s — 7 transition
and shows the presence of pure oxygen-free graphene, the
sheets of which form associates of different layers, denoting
the presence of Cspz.[ﬁo]
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Figure 1. UV-Vis spectra of AICIPc in DMF
(Carcipe=2.99-10°° mol/L) (1) and DMF-aqua mixture

(Ci20=15 vol. %) (2) and ZnPc in DMF (Cgzyp, = 3.3-10° mol/L)
(3) and DMF-aqua mixture (Cyy0=15 vol. %) (4).
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Figure 2. TEM image of graphene particles in DMF-aqua mixture (@), electron diffraction on them (b) and EELS analysis of graphene

suspension (c).
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Figure 3. UV-Vis spectra of AICIPc-graphene-DMF-aqua (a) and ZnPc-graphene-DMF-aqua (b) hybrid systems obtained by adding 0.1 —
1 mL of graphene suspension in DMF-aqua mixture to 2 mL of MePc-DMF solution. Arrows show an increase in the concentration of
graphene suspension in the systems. Insets show spectra for the systems obtained when titrating MePc solutions with DMF-aqua solution.
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Figure 3 shows how the optical absorption spectra of
AICIPc and ZnPc change during the titration of their solu-
tions with a 0.1 mL aliquot of a graphene suspension in a
DMF/aqua mixture. Their analysis shows that the inter-
action of MePc with OFG leads to significant changes in
the electron absorption spectra of AICIPc and ZnPc. In
contrast to the typical changes in spectra of MePc in the
presence of aqua (the increase in scattering intensity, con-
nected with the increase in aggregates size, insets in Figure
3), the intense absorption is observed in the regions of
~230-400 nm with maxima at ~305 nm (Figure 3a) and
~309 nm (Figure 3b). They are the combination of the B-
band (Soret) of the electron absorption spectra of mono-
phthalocyanines and m — 7* transitions in graphene.”® A
shift of the B-band maximum towards long wavelengths as
the graphene concentration in the both systems increases
and appearance of the isobestic point of both spectra
(Figure 3a,b), when adding the first doses of graphene
suspension, are probably the criteria of the charge transfer
complexes formation. Moreover, the appearance of an
isobestic point on both spectra indicates the stability of
adducts (direct attachment products), namely, the Pc-
graphene complexes obtained without the formation of
intermediates.

In the Q-band region (Figure 3a,b), a hypsochromic
effect is observed and there are no absorption maxima in
the region of 705-780 nm, which differs from the data
given in the insets in Figures 3a,b and 1 (curves 2,4). This
is due to the sequential decrease in the concentration of
unbound MePc and the sequential disaggregation of MePc
upon the addition of graphene. As for systems without
graphene (Figure 3, insets), it should be noted that the
differences in the shape of the AICIPc-aqua-DMF spectrum
bands compared to the ZnPc-aqua-DMF ones are connected
with the loss of symmetry in AICIPc molecule. This occurs
due to the distortion of the dye molecule in the presence of
aqua because of the coordination interaction of the
aluminum atoms and the oxygen ones in the aqua
molecules.™” This axial coordination of AICIPc probably
provides a strong bond between the phthalocyanine metal
complex and its environment (solvent molecules). Also, the
shift of the metal ion from the macrocyclic plane in the
presence of graphene in the system, caused by interaction
between the metal ion and the n-system of graphene, results
to the dissociation of the dimers of the MePc complexes,
just as it was described by the authors of the work,!*!
devoted to the study of electronic and steric effects
affecting the self-assembly of porphyrazine in the presence
of the n-system of the ligand.

The observed shifts of the short-wavelength shoulders
Agn at ~640 nm to the long-wavelength region, correspond-
ing to the Syy — S;; transitions, and the decrease in their
intensities (Figure 3) also indicate an increase in the dis-
tance between molecules in H-aggregates, formed earlier in
the presence of water. Apparently, this is because when
titrated with a graphene suspension, its sheets cause the
separation of MePc H-aggregates.

It should be noted that the binding capacity of dif-
ferent types of carbon varies significantly. A striking fea-
ture of the discussed supramolecular hybrid complexes is
their high stability, due to the strong coordination inter-
action of its constituent parts, apparently due to the high
coordination ability of sp>hybridized electron orbitals of
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the graphene carbon atoms of OFG, which distinguishes it
from other types of nanocarbon. In our case, to evaluate the
stability of the obtained complexes the binding constant Kj
using the Benesi-Hildebrand ratio®®! was determined
from the absorption spectra (Figure 3). The equation
1g((Di~Dg)/(D¢=Dy)) = 1g(C) + 1g(K,) was used, where Dy,
D; and Dy are the absorption values for the initial (in the
absence of graphene), intermediate and final point at the
absorption wavelength corresponding to the monomeric
form of the dye, C is the concentration of the added
component, that is, the graphene suspension.

Taking into account the DLS data confirming the
multilayer nature of the resulting graphene, three-layer
graphene with a trimodal size distribution was adopted as a
model structure, as mentioned above.”” The binding con-
stant (K}) was determined by straightening the titration curve
in linearizing coordinates, where y = 1g((Di~D)/(D¢Dy)) and
x =1g(Cy).

Considering the optical absorption data obtained for
AlCIPc-graphene-DMF-aqua systems, the equation of the
lines y=0.4752x + 3.26, y=04758x +3.4 and
y=0.4736x +3.61 with the corrected coefficients of
determination Rzadj =0.9915 + 0.9926, as well as the values
of the segment clipped on the x-axis, Ky=(1.8+4)-10" L/mol
were calculated for each fraction of graphene particles. The
obtained values indicate, that different binding mechanisms
are realized in the synthesized charge transfer complexes.
At present, the impact of the solvent on the mechanism of
graphene-Pc interaction has been poorly studied, but it
certainly must be taken into account in calculations of a
realistic model. We have previously shown that the
stabilization of graphene particles in an acidified organic-
aqua suspension is ensured by their van der Waals
interaction with the cyclic complex DMF-H,0 protonated
at the nitrogen atom.” Also, in our previous work, we
proposed a mechanism for the interaction of AlCIPc
molecules and graphene particles stabilized by this complex
due to the Coulomb interaction sp>-hybridized electron
orbitals of the graphene carbon atoms.*"!

For ZnPc-graphene hybrid complexes in aqueous-
organic media, we obtained the following calculated values:
Rzadj: 0.9813 +0.9896, the equation of the lines
y = 1.46689x+10.1594, y=1.4682x+10.6105 and
y=1.4667x+11.3019 for each fraction of graphene
particles of certain sizes (475+82 nm (62%), 918+108 nm
(18%) and 2630+£878 nm (20%), respectively) and the
binding constant K,=(1.4+20)-10'"° L/mol. These high
values of K, indicate a strong binding of ZnPc with the
graphene particles in a binary DMF-aqua solution. The
formation of the complex occurs during the direct
interaction of ZnPc and the graphene sheets without the
formation of intermediates.

Conclusions

Two hybrid complexes based on metal (Al Zn)
phthalocyanines and OFG were characterized as the
possible photosensitizers for PDT. They show intense
absorption in the region of characteristic monomeric spe-
cies with a slight shift to longer wavelengths. The obtained
estimated values of the binding constants of the complexes
(Kp) confirm our previously proposed mechanism for the

Maxpoeemepoyurnvt / Macroheterocycles 2024 15(3) 224-230



formation of complex hybrid systems based on OFG and
MePc complexes. Thus, the photo-chemical investigations
confirm promise in further studies of MePc-graphene
hybrid complexes. This opens new prospects for the
application of such systems for drug delivery and diagnosis.
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