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New Pt" and Pd" complexes of 2,3,9,10,16,17,23,24-octacarboxyphthalocyanine as well as covalent tetraconjugates of
diaqua palladium(Il) and octacarboxy substituted zinc phthalocyanine were synthesized and characterized by elemental
analysis, UV-Vis and IR spectroscopy. Their properties (solubility, absorption and luminescence, singlet oxygen quantum
yields and photostability) are herein reported. It was found that introduction of Pd or Pt atom to the phthalocyanine
core has a profound effect, while modification of the periphery with four fragments of diaqua platinum or diaqua
palladium has only a limited effect on photochemical and photophysical properties of metallophthalocyanines. These
data demonstrate the higher sensitivity of the phthalocyanine electronic structure, their singlet and triplet excited states

and the probability of transitions between them to modification of the core than of the periphery.
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Bnepevle cunmesuposarst u oxapaxmepuzoeanvl OGHHbIMU JIEMEHMHO20 AHAIU3A, INeKmpoHHol, UK-cnekmpockonuu
OKMAKapOOKCUPMATOYUAHUHBL NIAMUHBL U NALIAOUS, A MAKJICE MEMPAKOHBIO2AM OKMAKAPOOKCUDMATOYUAHUHA
yunka ¢ ouakeananiaouem. M3zyuenvl ux cnekmpanbHO-TIOMUHeCyeHmHuble U Qpomoxumuieckue ceoticmeda. Buedpenue
o0noeo amoma Pd unu Pt ¢ yewmp okasvigaem 3HAUUMENbHO OONbULCE GIUAHUE HA INEKMPOHHBIE CHEKMpbl
no2NoujeHusl, HIVOPecYeHyuio, 2eHePayuIo CUHSIEMHO20 KUCIOPOOd U (HOmMOCMabulIbHOCMb QMALOYUAHUHA RO
CPABHEHUIO C GHEOPEHUEM YembLpeX MAKUX amomos no nepugepui 8 sude KoBAIEeHMHO NPUCOCOUHEHHBIX PAZMEHMO8
ouakeaniamunsl U ouaxeéananiaous. Ilomyuennvie pezynbmamsi OeMOHCMPUPYIom 6GOIbUYIO UYECIMEUMETbHOCHb
9NEKMPOHHOU  CIMPYKMYPbl  MAKPOYUKIA, HUICHUX BO30VICOCHHBIX CUHENEMHO20 U MPUNLEMHO20 COCMOSHUIL
MEMANILOPMATOYUAHUHOE U BEPOSMHOCIU NEPEeX0008 MeHCOY HUMU K MOOUupuKrayuu yenmpa, yem nepugepuil.

Kawuesbie cioBa: OkrakapOOKCH(PTATIONMAHUH, IUIATHHA, NAJUTQJUHA, KOMIUIEKC, KOBAJIEHTHBIM KOHBIOTAT,
¢dorodusuka, poroxumus.
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Central and Peripheral Coordination of Pt and Pd Atoms by Carboxyphthalocyanines

Introduction

Phthalocyanines (Pc)areknowntohave wideapplication
in various areas — as pigments and dyes,!" non-linear optical
materials,”! gas sensors,’! catalysts and photocatalysts®
and as photosensitizers for photodynamic therapy.>® The
structure of phthalocyanines can be modified in several
ways to adjust their valuable properties. Various substituents
can be introduced into the benzene rings (electrophilic
substitution, aza-substitution, condensation with the
formation of additional rings), while the core can have the
central atom or its axial ligands replaced by other ones.
The most important of the forementioned structural factors
influencing the catalytic and photocatalytic properties is the
nature of the complexed metal atom. Notably, some recently
developed novel catalysts and photocatalysts are based on
bimetallic porphyrins, Pc and their analogs that include a
metal ion not only in their core but in the periphery, which
is achieved through coordination with the substituents.
11 In particular, we had earlier obtained!>"*! a number of
bimetallic covalent conjugates of Pt with phthalocyanines
that present interest for the development of novel anti-
cancer double action agents that combine photodynamic
and catalytic'’! properties of phthalocyanines with the
cytotoxicity of platinum.

The current study describes and compares the influ-
ence of Pt" and Pd" coordination with the Pc core and
periphery on the physico-chemical and photochemical
properties of the corresponding complexes. In order to
achieve the goal of the study, novel compounds were syn-
thesized — platinum and palladium octacarboxyphthalocy-
anines (PtPc¢ and PdPc), their properties were compared
to the ones of the primary compound ZnPc®, which exerts
photodynamic properties, and to covalent peripheral con-
jugates of ZnPc®® with diaqua platinum and diaqua palla-
dium (ZnPc*Pt,(H,0), and ZnPc*Pd,(H,0),). The com-
pound ZnPc*Pd (H,0), was synthesized in the course of
the current study as novel.

The studied phthalocyanine complexes are presented
in Figure 1.
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Figure 1. Structural formulae of the studied phthalocyanine complexes.
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Experimental

Syntheses

In the current work we used dimethyl sulfoxide (chem.pur.,
from Spectr-Khim LLC), 1,3-diphenylisobenzofuran and 1,4-
diazabicyclo[2.2.2]octane (DABCO) from Fluka, and unsubstituted
zinc phthalocyanine from Organic Intermediates and Dyes
Institute.

Octasodium salt of zinc 2,3,9,10,16,17,23,24-octacarboxy-
phthalocyanine (ZnPc*Na,) and the covalent tetraconjugate of
zinc phthalocyanine with diaqua platinum (ZnPc*Pt,(H,0),) were
synthesized by known procedures.!'>!4

Covalent tetraconjugate of zinc phthalocyanine with diaqua
palladium (ZnPc*Pd (H,0),). The compound was synthesized in
an analogous manner to the published procedure!™ for the diaqua
platinum conjugate. To a solution of ZnPc*Na, (30 mg, 0.02714
mmol) in 3 ml of H,O was added K,PdCl,, which had been obtained
immediately before the synthesis from 19.26 mg (0.1086 mmol)
PdCl, and 16.19 mg (0.272 mmol) KCl in 3 ml of H,O. The reaction
mixture was left for 3 hrs at a temperature of about 55 ‘C. The
product was precipitated with a mixture of ethanol and methanol
(1:2). The formed precipitate was filtered, washed with a mixture of
H,0:MeOH:EtOH = 1:1:2 and dried in vacuo at 60 °C. Yield - 27.5
mg (68 %). Calculated for C,;H, N,O,,Pd Zn, %: C 32.21; H 1.62;
N 7.51. Found, %: C 33.05; H 2.43; N 7.65. UV-Vis (DMSO) A__
nm: 351, 689. IR (KBr) v, cm™: 1358, 1447, 1565, 1588, 1620,
1693.

Platinum  2,3,9,10,16,17,23,24-octacarboxyphthalocyanine
(PtPc*). A mixture of 0.300 g of 4,5-bis(ethoxycarbonyl)
phthalonitrile!" and 0.090 g of platinum dichloride was heated at
175-180 °C for 1.5 h, the melt was then cooled, treated with 40 ml
of ethanol, filtered and then treated with ethanol once again. The
crude product was air-dried on the filter, dissolved in a mixture of
chloroform with ethanol (10:1 v/v) and passed through a bed of
silica gel. The solvent was removed in vacuo. The residue (0.21 g)
was introduced into a 10 % aqueous sodium hydroxide solution
(5 ml) and stirred for 5 hrs under a constant flow of argon. The
reaction mixture was then cooled, the precipitate filtered and treated
with 25 % hydrochloric acid. The suspension was filtered, washed
with 15 % hydrochloric acid and distilled water to pH 3—4 (the
phthalocyanine complex was slightly soluble in the washings),
pressed and dried. The crude product was washed with ethanol to
remove the residual acid and dried. The phthalocyanine complex
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ZnPc®M4(H20)s (M = Pt, Pd).
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was purified by precipitation from dilute aqueous sodium hydroxide
with 50 % acetic acid and then dried over phosphorus pentoxide in
vacuo at ambient temperature. The product yielded 0.051 g of PtPc®®
(17.5 % on the basis of 4,5-bis(ethoxycarbonyl)phthalonitrile). IR
(KBr) v cm™: 1708 (C=0). UV-Vis (0.1% NaOH) A, _nm: 661,
595, 291 (with the relative intensities 1.68:0.38:1); (DMSO) A
nm: 669, 605 (with the relative intensities 5.1:1). Found, %: C
43.44, 43.29; H 2.05, 1.91; N 10.19, 10.04. C, H N.O, Pt2H.O.
Calculated, %: C 43.84; H 1.84; N 10.23.

Palladium 2,3,9,10,16,17,23,24-octacarboxyphthalocyanine
(PdPc*). A mixture of 1.10 g 4,5-bis(ethoxycarbonyl)phthalonitrile
and 0.20 g palladium(II) dichloride was heated at 190-195 °C for
2.5 h, the melt was cooled and treated with ethanol and chloroform-
ethanol mixture as described above for the platinum complex. After
the removal of the solvents the residue was refluxed for 6 hrs in
7 % alcoholic solution of sodium hydroxide. The suspension was
filtered and the precipitate washed with hot ethanol (5 portions of
10-15 ml), pressed and stirred with 100 ml of 50 % acetic acid,
then the suspension was filtered. The precipitate was consequently
washed with 50 % and 10 % acetic acid, pressed, dried on the filter,
then continuously stirred in ethanol and filtered until the filtrate was
colorless. Thus obtained crude product was purified in an analogous
manner to the platinum complex by reprecipitation from sodium
hydroxide solution. The product yielded 0.081 g PdPc™ (16.5 %).
IR (KBr) v cm™: 1705 (C=0). UV-Vis (DMSO) A nm: 680,
612, (relative intensivity 5.4:1). Found, %: C 48.28, 48.37; H 1.91,
1.85;N 11.08, 11.15. C, H N, O, Pd.2H,0. Calculated, %: C 48.53;
H 1.84; N 11.33.

Materials and Methods

The IR spectra were recorded in KBr pellets on a FSM-1201
FT instrument and the electronic absorption spectra on a Hewlett
Packard 8453 spectrophotometer. The light beam intensity was
measured with a Thorlabs silicon photodiode.

The kinetics of photodestruction. The kinetic experiments
for the phthalocyanine platinum and palladium complexes’ photo-
bleaching were conducted using an IS-2-693 photodiode (Tehnoek-
san JSC) as the light source, which produced a luminous power of
1.1-10"7 quantcm?s? in the range of 688-698 nm. A solution of
the complex in DMSO was transferred to a standard 1 cm cuvette
(optical density for the maximum of the longwave absorption band
—0.7-0.8, C ~5:10° mol/l) and irradiated while monitoring the pho-
todestruction kinetics by spectrophotometry, recording the changes
in the optical density for the Q band maximum.

Quantum yields of singlet oxygen (®,) were determined by
relative method using chemical quencher of 'O, — 1,3-diphenyl-
isobenzofuran (DPIBF). The unsubstituted zinc phthalocyanine
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(ZnPc), the @, of which in DMSO is known (®,=0.67), served as
a standard. The complex solution (~5-10 mol/l), containing DPIBF
(3-10° mol/l), was irradiated in the standard cuvette of 1 cm optical
layer thickness by light of DKSSh-150 lamp through the glass light
filter KS-10 and interference filter with transmittance of 684+25 nm.
Light intensity on the sample surface was 2.4-10"° quantum-cm™s™.
The percentage of absorbed light of the sample was estimated
by integrating overlapping spectrum of the exciting light and the
absorption spectrum of the complexes. Photosensitized oxidation
of DFIBF was monitored spectrophotometrically by decrease of
maximum absorption at a wavelength of 418 nm. DFIBF initial
concentration in all experiments was constant:
To calculate @, the following equation was used:

ref
P :¢ref. W'Iahg 5
ST weg
abs

where @5 — the quantum yield of singlet oxygen generation by the
reference standard (zinc phthalocyanine); W and W'¢— the rates of
consumption of DPIBF for sensitization with the studied compound
and the standard; 7, and [ ;Z’: —the amount of light quanta absorbed
by the sensitizer and the standard, correspondingly.

The experimental error for the determination of @, was about
10 %.

Results and Discussion

The synthesis of the ZnPc*Pd,(H,0), tetraconjugate
was conducted similarly to an earlier developed procedure!
for the diaqua platinum conjugate (Scheme 1).

The structure of ZnPc*Pd,(H,0), was confirmed
by elemental analysis and IR spectroscopy. Comparison
of the IR spectrum of ZnPc*Pd,(H,O), with that of the
starting ZnPc®® shows significant alterations in the 1500-
1700 cm™ range, while the IR spectra of ZnPc*Pd,(H,0),
and the previously studied™ ZnPc*Pt,(H,0), demonstrate
a high degree of similarity (Figure 2). On the basis of IR
spectra of palladium acetatel'® and analogous platinum
conjugates,!'1¥! the bands at 1447, 1620 and 1693 cm™ in the
spectrum of ZnPc*Pd,(H,0), can be identified as carboxyl
group vibrations.

The synthesis of PtPc* and PdPc* was performed
by fusing 4,5-bis(ethoxycarbonyl)phthalonitrile!™! with
platinum or palladium chloride correspondingly with
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Scheme 1. Synthesis of covalent tetraconjugate of zinc octacarboxyphthalocyanine with diaqua palladium (ZnPc*Pd,(H,0),).
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Central and Peripheral Coordination of Pt and Pd Atoms by Carboxyphthalocyanines

subsequent saponification of the reaction product containing
octaethyl ester of the respective metal 2,3,9,10,16,17,23,24-
octacarboxyphthalocyanine and the products of its partial
hydrolysis, followed by acidification of the formed PtPc*
1 or PdPc® sodium salts (Scheme 2). The obtained complexes
are soluble in water, phosphate buffer, dilute aqueous alkali,
ethanol in the presence of organic bases (triethylamine)
and in aprotic polar solvents (dimethyl sulfoxide, dimethyl
formamide).

The maxima of the longwave absorption Q-bands of
the studied metal complexes lie in the range of 669-698 nm
(Table 1). It can be seen (Figure 3A) that in the MPc series
the transition from Zn to Pt results in a substantial (30 nm)
hypsochromic shift of the longwave Q-band in the electronic
absorption spectrum. At the same time the transition from
ZnPc* to its peripheral tetraconjugate ZnPc*M,(H,0),,
regardless of the significant structural changes caused by the
introduction of four diaqua platinum or diaqua palladium
fragments, does not influence the Q-band position. However,
as it is demonstrated in Figure 3B, its vibrational satellite
(Q,.) has a considerable but identical for both of the
complexes shortwave shift, which probably is caused by the
alterations in their skeletal vibrations.

The quantum yields of fluorescence (®,) and singlet
oxygen generation (®,) of the studied compounds demonstrate
that an internal heavy atom effect exists, which depends on
the position of Pt and Pt (in the core or in the periphery of the

I macrocycle). This effect is evident in enhancement of spin
500 1000 1500 . . - . .

forbidden intersystem transitions, resulting in fluorescence

v, o quenching, increasing the yield and decreasing the lifetime

of triplet states. The spin-orbit perturbations introduced by

Figure 2. IR spectra: 1 — ZnPc®, 2 — ZnPc*Pd,(H,0),, heavy atoms allow the transitions between states of different

3 — ZnPc*Pt,(H,0),. spin multiplicities. It should be noted that internal heavy
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Scheme 2. Synthesis of platinum and palladium octacarboxyphthalocyanines (MPc®, M = Pt, Pd).

Table 1 Spectral-fluorescent properties and quantum yields for singlet oxygen generation for MPc* and covalent conjugates of ZnPc® with
diaqua platinum and diaqua palladium in DMSO.

Compound X, nm A", nm D, A
ZnPc* 698 70817 0.2407 0.560'7
PdPce* 680 - - 0.78+0.08
PtPce* 669 - - 0.81+0.08

ZnPcPd (H,0), 698 714 0.12 0.60+0.05
ZnPePt,(H,0), 698 71303 0.1611 0.5113
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Figure 3. Electronic absorption spectra, A: ZnPc® (——), PdPc* (.-

ZnPc*Pt,(H,0), (- - - - - ).

atom effect for phthalocyanines is currently described only
by a few publications in contrast to this effect for porphyrins
(e.g. the review by Solovyov and Borisevich!'®)).

Compound ZnPc* in DMSO when excited by the
visible light exhibits fluorescence with @, = 0.24 quantum
yield.'? The transition to PtPc® and PdPc* results in a
complete quenching of the phthalocyanine fluorescence due
to the heavy atom effect. At the same time, incorporation of
four heavy atoms of Pt or Pd into the structure of ZnPc* in
the periphery of the macrocycle (transition to ZnP*Pt,(H,0),
and ZnPc*Pd,(H,0),) has a greatly less influence on @,
which still decreases but not more than 2 times. The data
in Table 1 demonstrate that effect of structural changes of
the ZnPc* periphery on the position of the fluorescence
maximum is insignificant.

The value of @, is an important parameter that defines
the possibility of the use of the compounds as photocatalysts.
All the studied phthalocyanine complexes were found
to efficiently generate 'O, in DMSO when excited with
visible light. Figure 4 demonstrates the data from one of
the experiments aimed at sensitization by the studied metal
complexes of the photo-induced discoloration of the 'O,
scavenger (diphenylisobenzofuran, DPIBF) in DMSO. As
it is seen, when PtPc* was used as the photosensitizer for
'0, formation and visible light with wavelengths close to the
Q-band maximum was used, the absorption of DPIBF (A

A
0.8 5
0.7 4
0.6 5
0.5 4
0.4 4
0.3 4
0.2
0.1 4
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), PtPcoe (- - - - - ); B: ZnPc* (——), ZnPc*Pd (H,0), (- and

=418 nm) rapidly decreased. The Q-band of PtPc* does not
change, which testifies its considerable photostability. The
singlet oxygen quencher — DABCO — decreased the rate of
the photosensitized DPIBF oxidation, thereby confirming the
participation of 'O, in the current process.

The @, values were measured as relative to the ZnPc
standard. The results (Table 1) demonstrate that substitution
of the central atom in ZnPc* from Zn to the heavier Pt and
Pd result in a significant increase of ®@,. It is known that 'O,
is formed as the result of energy transfer from the sensitizer
in triplet excited state to molecular oxygen, thercfore
increased @, values testify the increased triplet states yield,
i.e. the manifestation of the heavy atom effect. On the other
hand, the change in @, when the periphery of the macrocycle
is modified with four fragments including the same heavy
atoms, is insignificant and does not exceed the experimental
error relative to the value of ®, = 0.56+0.05 for the parent
ZnPc®. It should be noted that in!'” incorporation of diaqua
platinum fragments into silicon octacarboxyphthalocyanine
resulted in a significant increase of @, from 0.26 to 0.56. We
did not observe such a notable effect in the case of ZnPc*
apparently due to the fact that ¢, for compound ZnPc*
already reaches 0.56.

Thus, the data on fluorescence and the quantum yield
of singlet oxygen collected in the present study show that
introduction of Pt and Pd into the phthalocyanine core

01

350 400 450 500

Figure 4. Spectral changes in the course of DPIBF oxidation in DMSO, with sensitization by the complex PtPc* (A,
The curves 1-7 correspond to 0; 10; 20; 30; 40; 50; and 60 s of irradiation time. The Soret band of the complex (A

550 600 650

A, nm

. = 684125 nm):
=339 nm) does not

max

interfere with kinetic measurements of photooxidation of DPIBF at its absorption maximum (418 nm).
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Central and Peripheral Coordination of Pt and Pd Atoms by Carboxyphthalocyanines

is a much stronger factor for spin-orbital perturbations
than introduction of the same metals to the periphery of
the macrocycle. Similar behavior has been reported for
porphyrins as well:!'*?! bonding of heavy halogen atoms
to pyrrole rings of the conjugated system of the porphyrin
increases the probability of intersystem transitions much
more than peripheral substitution of phenyl rings for
tetraphenylporphyrin. This is understandable because for both
porphyrins and phthalocyanines the S ~~>T, intersystem
crossing occurs with the involvement of states belonging to
the m,t*-type, and when the heavy atom is positioned further
from the core m-electron system to the periphery, the effect
of m-orbits perturbation weakens.

The photostability of the studied complexes was
evaluated by the kinetics of their photobleaching in DMSO
saturated with air for excitation of their Q-bands (Figure 5).
Introduction of heavy metals to the structure of phthalo-
cyanines increases the stability of the complexes towards
radiation and this effect for Pt and Pd being incorporated
into the macrocyclic core is far greater than the one for the
introduction of Pt and Pd to the periphery. It is notable that
the heavier Pt atom inhibits the photobleaching of the mac-
rocycle to a greater extent than Pd.

A/A, 1,07
Y
2\’<I
0,9 <>\ ® : —
\i\ o _ml
o —
o ~ ®o
0.8 \ T~o
’ \
% oy
07 N
: %
§A4
<5
0,6 T T T 1
0 2 4 6 8

h

radiation’

Figure 5. Kinetic curves for the photobleaching in air-

saturated DMSO: 1 — PtPc®, 2 — PdPc®, 3 — ZnPc*Pt,(H,0),,

4 — ZnPc*Pd,(H,0),, 5 — ZnPc®. Concentration ~5-10 mol/l,
A= 688-698 nm (IS-2-693 photodiode). Data were collected for
Ao (Table 1).

Photodestruction of phthalocyanines is known
to proceed via different competing mechanisms. The
contribution of each to the overall process depends on
the structure of a phthalocyanine and on the medium.?"
We have earlier demonstrated that the contribution of
singlet oxygen to oxidation of the basic compound ZnPc®
is not high in an aqueous medium.?! As the efficiency of
photodestruction in the series of the studied compounds
does not increase with increased @, and is on the contrary
decreased, it can be concluded that in the case of Pt and
Pd complexes with MPc® in DMSO the contribution of
singlet oxygen to photooxidation is not significant and the
mechanism is of the radical type. The formation of radicals
is known to proceed generally via triplet states, the increased
probability of formation of those in the presence of a heavy

148

metal seemingly presumes more intensive photodestruction.
However, the primary photochemical processes that result
in the formation of radicals are bimolecular® and the
bimolecular reaction rate is defined not by the probability
of formation of T, state but by its stationary concentration
(the T, level population) which depends on the ratio of its
formation and deactivation rates (intersystem transitions
S,~~>T, and T,~~>S). Depending on the alteration of the
rates of these processes, induced by the heavy atom, the
population of the T, level can either decrease or increase.
It seems that when MPc* form chelate complexes with
heavy atoms of Pt and Pd the deactivation of T, is more
accelerated and the population of the highly reactive T state
is lowered, which is the most probable cause of the increased
photostability of the complexes.

Conclusions

Octacarboxyphthalocyanines PdPc® and PtPc as
well as ZnPc*Pd (H,0), tetraconjugate were synthesized
as novel compounds. The compounds were characterized
by elemental analysis, electronic and IR spectroscopy,
their spectral, luminescent and photochemical properties
were studied. The properties of PdPc® and PtPc* were
compared to the ones for ZnPc® peripheral diaqua
platinum and diaqua palladium covalent conjugates. It was
found that substitution of one atom (Zn) in the macrocyclic
core for Pd or Pt has a much greater influence on electronic
absorption spectra, fluorescence, generation of singlet
oxygen and photostability of Pc compared to incorporation
of four same atoms into the periphery in the form of
diaqua platinum and diaqua palladium, which says for the
greater sensitivity of the electronic structure of the central
aromatic ring, the lowest excited singlet and triplet states of
phthalocyanines and the probability of transitions between
them to the modification of the core than to modification
of the periphery.
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