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This paper reports the conjugation of (Melt)sZnPcClg to silver nanoparticles (AgNPs) through a
metal-ligand coordination system. From the spectral and photophysical studies, the Stokes shift, the
excited state lifetime, and the quantum yield are estimated. It was observed that the conjugation of
(Melt)sZnPcCls to AgNPs in DMSO/H;O solution led to an increase in the absorption intensity of
the Q band with a maximum at 675 nm and a shift of it of 10 nm. The fluorescence intensity of the
(Melt)sZnPcClg is significantly higher than values obtained for (Melt)sZnPcCls:AgNP compounds.
The presence of AgNPs results in an increase in both triplet quantum yields and lifetimes, which is an
advantage in the efficient generation of singlet oxygen quantum yields. The triplet quantum yield of
15.10% for (Melt)sZnPcCls conjugated to AgNP in DMSO/H20O was obtained (compared to 0.1% for
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the non-conjugated compound).
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1. Introduction

The use of metalphthalocyanines (MPcs) as pho-
tosensitizers (PSs) in photodynamic therapy (PDT)
is very advanced due to their photophysical proper-
ties. This class of PSs has several significant advan-
tages, e.g., the presence of intense absorption (ex-
tinction coefficient of 1.0-1.5 x 105 M~! em™!) in
the red region of the spectrum (600-850 nm) [1-3]
and the possibility of introducing substituents into
the benzene rings of the macrocycle, as well as
its modification, allow for a wide variation in the
physicochemical properties of MPcs [4-9]. The pen-
etration of biological tissues in the effective wave-
length range of currently used PSs is insignificant,
amounting to only a few millimetres. It is known
that the most transparent range for the penetration
of light into biological tissue is in the far-red and
near-infrared (IR) region. The development of new
PSs that absorb in the far-red region of the spec-
trum, possessing higher activity and rapid elimina-
tion from the body, present a long life of the triplet
reactive excited species generated by the photoac-
tive pathways (greater than 500 ns), enough to react
with molecular oxygen and induce reactive ozygen
species (ROS) production, present good solubility
and biocompatibility is an urgent task presently.
Unfortunately, very often MPcs are hydrophobic
species and undergo self-aggregation in aqueous
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Fig. 1. Reduction of Ag" ions by ascorbic acid.

solutions, which drastically reduces their photosen-
sitizing efficiency. Since the perfect PS does not
yet exist, there is still a need to improve the pho-
tosensitizing efficiency of PSs or create new PSs
with better photosensitizing properties. One solu-
tion is to combine MPcs with AgNPs. This study
is dedicated to the conjugation of zinc phthalocya-
nine (ZnPc) derivatives to surface-modified metallic
nanoparticles.

2. Materials and methods

2.1. Synthesis of ZnPc derivatives and AgNP
colloidal solution

The octakis(chloromethyl) phthalocyanine zinc
((ClMe)gZnPc) was obtained by chloromethylation
reaction of zinc phthalocyanine [10]. The 50.6 mmol
of AlICI3 is entered into a three-necked flask
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equipped with a mechanical stirrer and an oil bath.
Then, 2 ml of triethylamine is added on cooling. A
mixture of 161.5 mmol of paraform and 6.5 ml of
thionyl chloride, heated to 75°C, is added slowly to
the ZnPc. The mixture is stirred for 6 h at a temper-
ature of 90°C. After this, the mixture is poured onto
ice, and the precipitate is separated by filtration
and washed on the filter with water and methanol.
The product is treated with acetonitrile in a Soxh-
let extractor and dried. It results in water-insoluble
green powder, slightly soluble in benzene and well
soluble in dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), and lower alcohols. Based
on (ClMe)gZnPc, (methyl-isothiuronium) zinc ph-
thalocyanine (Melt)sZnPcClg and the zinc ph-
thalocyanine derivative with eight thiol groups
(HSMe)gZnPc were synthesized. The (CIMe)sZnPc
reacts easily with thiourea to reflux in ethanol, and
(Melt)sZnPcClg is obtained. Under the conditions
of a basic hydrolysis of the (Melt)sZnPcClg salt, the
thiol derivative results in the acidification of the re-
action medium. Due to that, the (HSMe)sZnPc is
not soluble in water mixtures, so it was not used
in further studies. The silver colloidal nanoparti-
cles (AgNP) are produced by reducing silver nitrate
with ascorbic acid and glucose. The scheme of the
chemical reaction with ascorbic acid is presented in
Fig. 1.

Then, the (Melt)sZnPcClg was conjugated to col-
loidal AgNPs. Briefly, 2 mg of (Melt)sZnPcClg was
dissolved in 2 mL DMSO/H,0. Next, the 2 ml of
AgNPs colloidal solution for each type was added
to the above-mentioned ZnPc derivative solution
and stirred for 2 h at 50°C. The mixture was
allowed to reflux overnight. The scheme for the
(Melt)sZnPcClg conjugate is shown in Fig. 2.

The isothiouronium substituents of Pcs are an-
chored on the cores through metal-ligand coordi-
nation where the weakly bound oxygen-containing
ligands (dehydroascorbic acid, gluconic acid) were
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Scheme of the (Melt)sZnPcClsg-AgNP conjugate.

partially replaced by Pcs. Silver is well known for
its high affinity for S and N and weak affinity to O.
Covalent-like strong interactions between the ZnPcs
and AgNPs are carried out via the sulfur-by ligand-
exchange reaction.

2.2. Characterization techniques

ZnPc, silver nitrate, ascorbic acid, and other
chemicals were purchased from Sigma-Aldrich and
used without further purification. Infrared ab-
sorption spectra were recorded on a Bruker IFS
66s spectrometer. Electronic absorption spectra
were recorded on a spectrophotometer Cary 50
UV-Vis (Varian). The steady-state fluorescence
spectroscopy was performed using a spectrome-
ter LS55, PerkinElmer Inc., Shelton, CT, USA,
equipped with double grating excitation and emis-
sion monochromators. Time-correlated single pho-
ton counting (TCSPC) technique was used to de-
termine the fluorescence lifetime. The time-resolved
fluorescence spectra were recorded on a spectrom-
eter (FLS980, Edinburgh Instruments, Livingston
EH54 7DQ, Oxford, UK). All emission decay pro-
files were determined in a 10 x 10 mm? quartz cell,
excited with a xenon lamp as the light source.

3. Results and discussion

3.1. UV-Vis and fluorescence analysis

The ultraviolet—visible (UV-Vis) spectra of
the (Melt)sZnPcClg, (Melt)sZnPcClg:AgNP con-
jugates in DMSO/H20 solution and of the sil-
ver colloidal nanoparticles (AgNP) are shown
in Fig. 3.
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Fig. 3. The UV-Vis spectra of (Melt)sZnPcClg

and (Melt)sZnPcClg:AgNP in DMSO/H20 solu-
tion and of the silver colloidal nanoparticles (Ag-
NPs).
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Fig. 4. The fluorescence spectra of
(Melt)sZnPcCls  and  (Melt)sZnPcClg:AgNP

in DMSO/H>O solution.

The  spectra  of  (Melt)sZnPcClg  and
(Melt)sZnPcClg:AgNP  with 1.83 x 107 g/ml
concentration of the (Melt)sZnPcClg show two
bands, the B band situated at 340 nm and the Q
band with two distinct peaks in the region 550—
800 nm. The Q-band splitting of (Melt)sZnPcClg
compounds into two distinct peaks, one with
the highest intensity typical for the monomeric
640 nm form of ZnPc¢ and another at 675 nm
with lower intensity. For (Melt)sZnPcClg:AgNP
conjugate in the DMSO/H50O solvent, the Q
band shows the highest intensity peak at 685 nm
with a 10 nm shift to the infrared region com-
pared to (Melt)sZnPcClg in the same solvent.
AgNPs exhibit a characteristic absorption peak
at about 403 nm, which is attributed to surface
plasmon excitation. The fluorescence spectra of
(Melt)sZnPcClg and (Melt)sZnPcClg:AgNP in
DMSO/H30 solution (Fig. 4), excited at 344 nm,
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Fig. 5. The fluorescence lifetimes decay of

(Melt)sZnPcClg and (Melt)sZnPcCls: AgNP.
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Fig. 6. Triplet-state decay curves of

(Melt)sZnPcClg and
in DMSO/H>O solution.

(Melt)sZnPcClg: AgNP

showed two bands without changing the position
of the bands in 650-800 nm region. The same
situation is observed in the case of excitation at
352 nm. The spectral positions of these emission
bands do not change for excitation wavelengths
A > 352 nm. The fluorescence intensity of the
(Melt)sZnPcClg is significantly higher than values
obtained for (Melt)sZnPcClg:AgNP compounds.

3.2. Fluorescence, phosphorescence lifetimes and
quantum yields

The phosphorescence could not be recorded in
the compounds analyzed above, probably because
there are many deactivation processes that have
faster rate constants, such as nonradiative decay
and quenching [11, 12]. Figure 5 presents the time a
molecule remains in its excited state before return-
ing to the ground state.
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Fig. 7. Transient absorption maps of
(Melt)sZnPcCls  and  (Melt)sZnPcClg:AgNP

in DMSO/H;0O solution.

The fluorescence decays in Fig. 5 are satisfacto-
rily described by mono exponential functions, sug-
gesting that the solution had only one species that
fluoresces. The reduced x? value of near unity was
obtained. The 7r values are 4.6 ns and 5.7 ns
for (Melt)sZnPcClg and (Melt)sZnPcClg:AgNP, re-
spectively, and are assigned to relaxation from sin-
glet excited state to ground state. The fluorescence
quantum yields (@r) of 0.38% and 1.55% indicate
that the compounds exhibit relatively low quantum
efficiency.

The values of &p for (Melt)sZnPcClg and
(Melt)sZnPcClg:AgNP in DMSO/H20 are smaller
than for ZnPc. The triplet decay curves of
(Melt)sZnPcClg and (Melt)sZnPcClg:AgNP in
DMSO/H30 are shown in Fig. 6. The decay curves
exhibit bi-exponential behaviour with fluorescence
lifetimes of 1.02, 8.42, 1.13, and 9.43 us, respec-
tively.

The presence of two lifetimes in (Melt)sZnPcClg
and (Melt)sZnPcClg:AgNP in DMSO/H20 could
be explained in terms of quenched and unquenched
fluorescence lifetime for the ZnPc derivative [13].
The fluorescence lifetime is longer for the conju-
gate than for the (Melt)sZnPcClg alone. The triplet
quantum yields of 15.10% for (Melt)sZnPcClg con-
jugate to AgNP in DMSO/H;0 were reached. The
AgNP showed a modest improvement in photophys-
ical parameters.

3.3. Transient absorption spectroscopy

The transient absorption (TA) study was done
by exciting the molecule of synthesized com-
pounds at 355 nm. The transient absorption spec-
tra of (Melt)sZnPcClg and (Melt)sZnPcClg:AgNP
in DMSO/H50 shown in Fig. 7 displayed some dif-
ferences.

TA spectra show both positive and negative fea-
tures due to the difference between the ground-
state absorption, Aprone, and that of the excited
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state, Apump+probe; at a given time delay between
the two pulses. The weakly positive bands are as-
signed to Ty — T,, absorption. Metallic nanopar-
ticles such as Au and Ag are known to quench
the MPc fluorescence due to energy transfer from
phthalocyanines in the excited state to the silver
nanoparticles [14]. A strong ground state bleach
appears at 354 nm for (Melt)sZnPcClg, while for
the (Melt)sZnPcClg:AgNP it is shifted to 415 nm,
which corresponds to the surface plasmon absorp-
tion of nanoparticles. The maxima in the range
of 685-800 nm for (Melt)sZnPcClg:AgNP are as-
signed to the isothiouronium substituents of Pcs
anchored on the cores through metal-ligand coordi-
nation, where the weakly bound oxygen-containing
ligands were partially replaced by Pcs. The bleach-
ing at 685 nm and 795 nm corresponds to the
ground state (Sg) absorption of (Melt)sZnPcClg in
DMSO/H30. This confirms the weak electron trans-
fer from the excited state of (Melt)sZnPcClg to the
AgNP nanoparticle conduction band.

4. Conclusions

This paper describes the effect of silver nanopar-
ticles on the photophysical behaviour of the
(Melt)sZnPcClg. It was found that the pres-
ence of AgNPs quenched the fluorescence of the
(Melt)sZnPcClg:AgNP in the hybrid system. How-
ever, the presence of AgNPs enhanced the triplet
lifetime and triplet quantum yield of the synthesized
phthalocyanines by the weak electron transfer from
the excited state of (Melt)sZnPcClg to the AgNP
nanoparticle conduction band.
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