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The present study is a continuation of the work on the synthesis and study of the properties of octa(p-chlorophenoxy)-
substituted phthalocyanines. In the previous study, the optical characteristics of the lutetium complex were described.
The present work is devoted to zinc and magnesium complexes. Comparative studies of absorption and luminescence
spectra were carried out. The thermal stability of the target compounds up to 800 °C was studied by thermo-
gravimetry with synchronous mass spectrometric analysis.
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Hacmosuwee uccnedosanue s6usiemcsi npoooaicenuem pabomovl no CUHMe3y U U3YYeHUI0 CEOUCME OKmMa(napa-xiop-
¢henoxcu)zamewgenuvix manoyuarnunos. B npedvidywem ucciedo8anuu ObLIU ONUCAHBL ONMUYECKUE XaAPaKmepu-
cmuku Komniexca momeyust. Hacmosiwas paboma nocesiwyena komniekcam yunka u maeuus. IIpoeedenvt cpaghu-
mebHble UCCTe008ANUSL CNEKMPO8 NO2IOWEeHUs. U TIoMUuHecyenyuu. Tepmuueckas ycmouuueocms yeieevlx coeouHe-
nuti eniomv 0o 800 °C uccredosana memooom mepmocpasumempuu ¢ CUHXPOHHBIM MACC-CNEKMPOMEMPULeCcKuM
AHATUZOM.

KiroueBnle cioBa: CDTaJ'IOIII/IaHI/IHLI, TEMILIATHBIA CHUHTE3, CIICKTPOCKOIINS, q)nyopecueﬂunﬂ, TEPpMHUUICCKas CTaOUIBHOCTD.

Introduction

Phthalocyanines are macrocyclic compounds that are
structurally related to natural porphyrins. The main advan-
tages of phthalocyanines in comparison with porphyrins are
high extinction coefficients of absorption (Ige > 5) at the
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border of the visible and near IR regions and photochemical
stability.*!

Due to their unique photophysical and photochemical
properties, phthalocyanines and their metal complexes are
widely used as optical limiters,”* sensors,” and compo-
nents of photovoltaic cells.!”® In addition, phthalocyanines
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are currently being investigated as promising photosensi-
tizers for the photodynamic therapy (PDT) of cancer and
photodynamic antimicrobial chemotherapy (PACT).'”

The introduction of functional groups along the
periphery of the macrocycle improves the solubility of the
complexes, as well as bathochromically shifts the absorption
maximum to the region of high transparency of biological
tissues (600-900 nm).""" The introduction of electron-
withdrawing groups, such as halogens, helps to increase
oxidation resistance due to the anodic shift of the first
oxidation potential.'*'* At the same time, the attachment of
halogen atoms directly to the macrocycle results in low
solubility of phthalocyanines in organic solvents." The
presence of a flexible phenoxy spacer between the halogen
atom and the phthalocyanine macrocycle leads to a decrease
in -7 interactions and aggregation. Thus, the presence of
halogen-phenoxy substituents in phthalocyanines improves
their solubility compared to halogen-substituted analogs.

The present study is a continuation of our work on the
synthesis and study of the properties of octa(p-chloro-
phenoxy)-substituted phthalocyanines."” In the previous
study, the optical characteristics of the lutetium(IIl) complex
were described. The present work is devoted to complexes
with zinc and magnesium, which were chosen as central ions
to study the relationship between structure and optical
properties.

Magnesium phthalocyanine complexes, like zinc
complexes, are capable of generating singlet oxygen, and for
this reason they can be used in the treatment of cancer or
bacterial infections. However, compared with zinc com-
plexes, the yields of singlet oxygen generation for these
compounds are much lower. Magnesium phthalocyanines
are mainly used as bright fluorophores.!'*"”!

Experimental

All reactions were monitored by thin-layer chromatography
(TLC) and UV-Vis spectroscopy until complete disappearance of
the initial compounds unless otherwise specified. TLC was
performed using Merck Aluminium Oxide F,s4 neutral flexible
plates. The electronic absorption spectra (UV-Vis) were recorded
on a JASCO V-770 spectrophotometer using quartz cells (1x1
cm). Matrix assisted laser desorption/ionization time-of-flight
(MALDI TOF) mass spectra were registered on Bruker Autoflex
IT mass spectrometer without matrix. The salts Zn(OAc),x2H,0
and Mg(OAc),x4H,0 were dried at 60 °C for 3 h immediately
before use. Attenuated Total Reflection—Fourier Transform Infra-
Red spectroscopy (ATR-FTIR) was carried out using Thermo
Scientific Nicolet iSS FT-IR spectrometer. Spectral resolution: AA
=4 cm’'. '"H NMR spectra were recorded on a Bruker AVANCE
600 (600.13 MHz) spectrometer. Chemical shifts are given in
ppm relative to SiMe,. Fluorescence spectra were recorded on
«Fluorate -02-Panorama» spectrophotometer using quartz cells
with an optical path length of 1 cm at room temperature.
Fuorescence quantum yields of phthalocyanines were recorded in
DMF using zinc phthalocyanine as a reference compound (®, =
0.23 in THF'"®) irradiated with the xenon lamp at 610 nm. The
quantum yields of fluorescence were determined by the method
described in literature!"” according to the formula:

o — F'fn?
T Fsfm?
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where @/ is the fluorescence quantum yield for the standard, F
and F° are the areas under the luminescence spectra of the sample
and the standard, n? and n? are the squares of the refractive
indices in the used solvent for the sample and standard,
respectively. f; = 1-10", where A, is the absorption of the sample
at the registration wavelength.

Thermal behavior was investigated by TG-DTA analysis
using NETZSCH STA 449 F3 Jupiter combined with mass-
spectrometry analysis of TGA gas phase products using
NETZSCH QMS 403 Aéolos Quadro, Germany. Measurements
were performed in alund crucibles at a heating rate of 10 K/min
under oxygen atmosphere (50 mL/min).

4,5-(p-Chlorophenoxy)phthalonitrile (1). A mixture of 4,5-
dichlorophthalonitrile (1.00 g, 5.1 mmol) and p-chlorophenol (3.84
g, 30 mmol) was dissolved with DMF (15 mL) and placed in a
flask. The reaction was carried out at 90 °C in an argon atmosphere.
Anhydrous K,CO; (17.00 g, 123 mmol) was added in portions
every 5 min. Then the reaction mass was stirred for 30 min. Formed
precipitate was filtered off and recrystallized from MeOH to give
compound 1 (1.37 g, 71%) in the form of a cream-colored powder.
MS (MALDI-TOF) m/z: 381 [M], 317 [M-2Cl], 253 [M-Cl-(p-
CIPhO)]. MS (MALDI-TOF/TOF) m/z: 381.0120 [M]. Calculated
for C20H10C12N202: 381.0192 [M] 1I‘l NMR (400 MHz, CDC13) 6H
ppm: 7.00 (d, 4H, Hy,), 7.20 (s, 2H, Hy,), 7.40 (d, 4H, H,). *C NMR
(100 MHz, CDCl3) §¢c ppm: 152.56, 151.39, 131.27, 130.60,
122.35, 120.95, 114.65 (CN), 110.99 (C-CN).

Magnesium  2,3,9,10,16,17,23,24-octa(p-chlorophenoxy)-
phthalocyaninate (2). A mixture of phthalonitrile (150.0 mg, 0.4
mmol), Mg(OAc),x4H,0 (21.5 mg, 0.25 mmol) and DBU (14.9
pL, 0.1 mmol) was refluxed in isoamyl alcohol (1.5 mL) with
stirring for 3 h. The reaction was monitored by TLC (SiO,, Fs4,
toluene) and UV-Vis spectroscopy (THF). The reaction mixture
was cooled to room temperature and MeOH:H,0 (4:1 V/V) was
added. The precipitate was filtered off and washed with
MeOH:H,O (4:1, V/V) and dried at room temperature. This
yielded 114.0 mg (74%) of complex 2. UV-Vis (THF) A,,,x nm
(Ige): 358 (4.71), 608 (4.32), 675 (5.10). IR (diamond) v cm™:
1024-1079 (st C-Cl); 1079-1335 (st C-Oppenoiic); 1397-1585 (y
heteroaromatic); 3035-3055 (st CHy,). MS (MALDI-TOF) m/z:
1451 [M-(p-CIC¢H,)+H,0]", 1544 [M]". MS (MALDI TOF/TOF)
m/z: 15440327 [M]"; Calculated for CgoHsClsNgOgMg:
1544.0328 [M]*. '"H NMR (600.13 MHz, THF-ds) &, ppm: 7.17
(d, 16H, J = 8.3 Hz, H,), 7.39 (d, 16H, J = 8.3 Hz, H,), 9.10 (s,
8H, Hp,).

Zinc  2,3,9,10,16,17,23,24-octa(p-chlorophenoxy)phthalo-
cyaninate (3). A mixture of phthalonitrile (150.0 mg, 0.4 mmol),
Zn(OAc),x2H,0 (21.9 mg, 0.25 mmol) and DBU (14.9 pL, 0.1
mmol) was refluxed in isoamyl alcohol (1.5 mL) with stirring for
3 h. The reaction was monitored by TLC (SiO,, Fys4, toluene).
The reaction mass was cooled to room temperature and
MeOH:H,O (4:1 V/V) was added. The precipitate was filtered off
and washed with MeOH:H,O (4:1, V/V) and dried at room
temperature. This yielded 120 mg (76%) of complex 3. UV—Vis
(THF) Apax nm (Ige): 360 (4.84), 609 (4.45), 675 (5.20). IR
(diamond) v cm™: 1027-1088 (st C-Cl); 1087-1265 (st C-
Ophenolic); 1398-1585 (y heteroaromatic); 3035-3060 (st CHy,).
MS (MALDI-TOF) m/z: 1492 [M-(p-CIC¢H,)+H,0]", 1582 [M]".
MS (MALDI-TOF/TOF) m/z: 1582.9698 [M]"; Calculated for
C30H40C18N808Zn: 1582.9769 [M]+ 1I‘l NMR (60013 MHZ,
THF-dg) &y ppm: 7.26 (d, 16H, J = 8.8 Hz, H,), 7.40 (d, 16H, J =
= 8.8 Hz, H,), 8.79 (s, 8H, Hp,).

Results and Discussion

To obtain halogen-containing phthalocyanines with
high solubility in organic solvents, p-chlorophenoxy
substituents were introduced at the stage of obtaining the
initial nitrile 1 (Scheme 1). Nitrile 1 was prepared through
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nucleophilic  substitution reaction from 4,5-dichloro-
phthalonitrile. The optimum temperature and solvent were
previously selected using p-bromophenoxy substituted
phthalonitrile as an example.”” This reaction is activated
by the presence of two strong electron-withdrawing CN
groups and gives nitrile 1 in good yield. Phthalocyanine
complexes 2 and 3 were then prepared by one-step
template synthesis (Scheme 1).

RO
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Cljr\:[CN * RO]@[CN M(OAC),*nH,0

_— —_ >
Cl CN K;CO3,DMF, RO

NoOM
CN DBU, i-AmOH, A NN
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RO OR
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2: M = Mg, n=4 (74%);
3:M=Zn, n=2 (76%)

Scheme 1.

Target complexes were obtained a in boiling isoamyl
alcohol in the presence of 1,8-diazabicyclo[5.4.0Jundec-7-
ene (DBU) as a base. Due to the possibility of nucleophilic
substitution typical for the electron-deficient systems, the
use of DBU as a base is preferred rather than employment
of alkali metal alcoholates.!"”!

The identification of target compounds was per-
formed using high-resolution matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF) mass spec-
trometry, 'H NMR and infrared spectroscopy. The stability
of the complexes was investigated, and the presence of
chlorine atoms in peripheral positions was confirmed
through thermogravimetric study and the results of evolved
gas analysis by mass spectrometry.

Mass spectra demonstrated intense peaks of the
molecular ions [M]". In addition, peaks were observed in
the mass spectra of the target compounds, which can be
attributed to the cleavage of the p-CIC¢Hy group and the
formation of an adduct with water [M-(p-CIC¢H,) + H,O]"
(Figure 1). The formation of adducts with water is probably a
result of the use of Zn(OAc),x2H,0 and Mg(OAc),x4H,0
crystal hydrates with coordinated water in the inner
coordination sphere as a source of template ions.

The high resolution mass spectra of complexes
demonstrated good agreement between the observed and
calculated masses. The experimentally observed isotope
patterns for peaks of molecular ions [M]" are in good
agreement with theoretically calculated ones.

In order to comprehensively confirm the structure of
the target phthalocyanine complexes of =zinc and
magnesium, as well as to confirm the absence of impurities
of the initial phthalonitrile, IR spectra were recorded.
Attenuated Total Reflection-Fourier Transform Infra-Red
(ATR-FTIR) spectra were measured for thin film on the
surface of diamond. Figure 2 shows the IR spectrum of
compound 2 as an example.

Skeletal vibrations of heteroaromatic fragments (y
heteroaromatic) occupy the region 1397-1585 cem’. The
bands at 1024-1079 cm’ were assigned to stretching
vibrations of C-Cl bonds. Stretching vibrations of C-O of
phenolic moieties were observed at 1079-1335 cm’.
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Stretching vibrations of aromatic CH fragments were found
in the region 3035-3055 cm’ (Figure 2). Stretching
vibrations of aliphatic CH were observed at 2828 cm’.
They can be assigned to residual methanol from the stage
of purification of the target complexes.

To suppress the aggregation at high concentrations
and obtain well-resolved '"H NMR spectra of target
phthalocyanines, the polar coordinating solvent THF-djg
was chosen. The use of pyridine or N, N-dimethyl-
formamide (DMF) can help suppress aggregation, but
results in overlap of proton signals from the solvent and the
sample.

Figure 3 shows the 'H NMR spectrum of the zinc
phthalocyanine complex. Three groups of signals of
unequal protons are detected. Two doublets of aromatic
protons of aryloxy groups demonstrate a J-coupling
constant of about ~ 8 Hz (Figure 3, insets).

UV-Vis spectra of target complexes demonstrated B
band at 360 nm and intense Q band at 675 nm. In this case,
the nature of the central metal does not affect the position
of the Q band (Figure 4).
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Figure 1. LDI TOF mass spectrum of magnesium complex 2
(without matrix, positive ion mode). The inserts show the
experimentally obtained (A) and theoretically calculated (B)
isotopic pattern for molecular ion [M]".
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Figure 2. ATR-FTIR spectrum of the complex 2 (p-
C1C6H40)8POMg
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Figure 3. "H NMR spectra of zinc 3 (A) and magnesium 2 (B)
complexes in THF-dj.
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Figure 4. UV-Vis spectra of compounds (p-CIC4H4)sPcMg 2 and
(p-CIC¢H40)gPcZn 3 measured in THF.

It was shown that the introduction of a phenoxy
fragment between the chlorine atom and the periphery of
phthalocyanine does not lead to a shift of the Q band
relative to octachloro-substituted analogs.!"* The introduc-
tion of various functional groups into the para-position of
the aryloxy fragment also does not significantly change the
position of absorption maximum compared to phenoxy
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substituted phthalocyanines (Table 1). It is important to
note that the presence of bulky aryloxy substituents con-
tributes to an increase in solubility in organic solvents
compared to chloro-substituted analogues. The extinction
coefficients for hexadecachloro-substituted Cl;sPcTbOAc
are lge = 4.43," and for complex 2 lge = 5.20, indicating
that the m—m stacking is slightly suppressed and aggre-
gation is correspondingly reduced, leading to improved
solubility. The lge values is 5.10 for (p-CIC¢H4O)sPcZn
complex. It was found that the dependence of absorbance
on concentration obeys the Beer’s law up to C=1.5-10" M
for complex 2 and 2-10™ M for complex 3 (Figure 5).

Emission and excitation spectra were measured for
target complexes (Figure 6).

The absorption and excitation spectra of fluorescence
coincide, while the excitation and emission spectra are
mirror images of each other. For the emission spectrum, a
bathochromic shift is observed relative to the absorption
spectrum (Stokes shift), since, according to Stokes rule, the
frequency of the emitted light is always less than the fre-
quency of the absorbed light. The Stokes shift of the O
bands is 10 nm which is typical for phthalocyanines and
their analogs.””! The wavelength of fluorescence emission
for all complexes was 677 nm.

The fluorescence quantum yields of phthalocyanines
were measured in THF using unsubstituted zinc phthalo-
cyanine as the standard (®¢= 0.23 in THF!'®)) (Table 2).

Table 1. UV-Vis data in different solvents.

Compound Qband,nm  Solvent Reference
2 675 THF present
3 675 THF work
675 THF s
(p-CIC¢H40)sPcLuOAc ts]
681 CHC,
ClgPcLuOAc 676 THF {4
(p-MeCgH,0)sPcMg 678 CHCl, 2
(p-MeCgH,0)sPcZn 678 CHCl,
(C¢Hs0)sPcZn 674 THF 18]
683 CHCl,
(CHs0)sPcMg ]
678 DMF
(p-BuC¢H,0)¢PcZn 683 CHCl, 04
(p-N02C6H4O)gPCZH 678 DMSO

Table 2. Fluorescence data for phthalocyanines in THF.

Compound Cnigg?l Aem, NM @, Reference
2 Mg 685 0.42 present
3 Zn 686 0.21 work
(PhO)sPcZn Zn 686 0.31 18
PcZn Zn 672 0.23 18
PcMg Mg 681° 0.23° 26
* — spectrum was measured in DMF
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Figure 5. UV-Vis spectra of complex 2 diluted from C=2.5-10 M to C=2.5-10"° M in THF (A). The dependence of the absorption
intensity at the maximum of the Q band on the concentration, the red line shows the calibration curve (B).
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Figure 6. 1a, 2a: Absorption (blue line) and emission (red line, A, = 650 nm) spectra; 1b, 2b: luminescence excitation (grey line, A, =

= 687 nm) spectra of complexes 2 (top) and 3 (bottom) in THF.

The presence of a phenoxyl functional group does not
affect the quantum yield values (Table 2). At the same
time, the nature of the central ion plays a significant role.
In the presence of magnesium, the lifetime of the singlet
excited state is increased, which leads to an increase in the
quantum yield for magnesium phthalocyaninates. Unlike
unsubstituted phthalocyanines, these complexes dissolve
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much better in organic solvents, making them more
versatile in their applications.

The results of a thermogravimetric study of the
magnesium and zinc complexes indicate their reasonable
stability up to 400 °C (Figure 7). In addition to thermo-
gravimetric study the evolved gas analysis was carried out
by mass spectrometry. Mass changes at 350 °C can be
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attributed to the loss of water (both physically adsorbed
and coordinated with m/z = 17 and 18) as well as other
residual solvents. Subsequent temperature increases initiate
a number of overlapping processes, leading to the complete
destruction of the compound. Oxidation of the complex
occurs gradually up to 800 °C (CO, with m/z = 44, CO with
m/z =28, and H,0O with m/z = 18).

At 500-600 °C, cleavage of fragments of peripheral
substituents was observed, in particular, benzene with
m/z=178, C¢HsO and C4H,O with m/z=93 and 94
respectively, p-CIC¢H4O with m/z = 127 and 128. Cleavage
of chlorine with m/z = 35 and 37 was observed at 500-
700 °C.

The last step (700—800 °C) corresponds to the macro-
cycle of phthalocyanine destruction with its oxidation
(m/z =44 CO,, m/z =46 NO,).

Conclusions

Octa(p-chlorophenoxy) substituted complexes of
magnesium and zinc were obtained starting from corre-
sponding phthalonitrile. The target phthalocyanine com-
plexes showed strong absorption at the boundary of the
visible and near-IR region with lge values of about 5. The
fluorescence of these complexes was also observed in the
range of 677-687 nm. The studied complexes demonstrate
high values of the fluorescence quantum yield, which
doubles when moving from zinc (0.21) to magnesium
(0.42) as the central ion. Based on thermal analysis data,
these complexes were found to be thermally stable up to
400 °C.
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magnesium (A, top) and zinc (B, bottom) complexes.
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