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ABSTRACT. Phthalocyanine based hybrid nanomaterials show promises in biomedical applications. However,
their lack of solubility in aqueous phase limits their development. This paper aims at bringing some answers to this
problem, by reporting the synthesis of a hybrid nanomaterial consisting of new zinc phthalocyanines substituted
with four carboxylic acid functions and four thiol functions, [ZnPc(CO,H)4(COATP),@AgNPs], associated with
silver nanoparticles (AgNPs). The isolated hybrid species were characterized by UV-Visible, infrared (IR) and
Raman spectroscopy, inductively coupled plasma atomic emission spectrometry (ICP-AES), powder X-ray
diffraction (XRD), X-ray photoelectron spectrometry (XPS) and transmission electron microscopy (TEM). They
show that the hybrid species consists in circa 20 nm large AgNPs with a characteristic absorption band that
undergoes a bathochromic effect of about 30 nm in comparison to the parent AgNPs, in agreement with a
functionalization of their surface. The XPS results give tangible proof of the establishment of an Ag-S bond,
indicative of the coordination of the zinc phthalocyanine complexes to the AgNP surface via their peripheral thiol
functions. With their four peripheral carboxylic acid functions, the zinc phthalocyanine complexes grafted on the
AgNPs should impart a significant solubility to the hybrid system thus allowing its use in the biomedical field.
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INTRODUCTION

Phthalocyanines are macrocyclic molecules consisting of four benzopyrrole groups linked by
nitrogen atoms [1, 2]. The center of this macrocycle can be occupied by a divalent metal cation to
give rise to metallophthalocyanine (MPc) [3, 4]. The phthalocyanine ligand has 18 & electrons
delocalized throughout the molecule, giving it electron transfer capability, very good absorption
over a wide visible range and low-gap semiconductor character [5, 6]. In addition to these features,
MPcs are highly thermally and chemically stable. These properties can be modulated either by
varying the central metal cation, by substitutions at the periphery of the macrocycle or by attaching
ligands to the metal cation [7-9].

A great deal of current MPcs research is focused on the fields of nanotechnology [10, 11],
cancer therapy [4, 12-14], solar energy conversion [15, 16], photocatalysis [17, 18] and
antibacterial treatments to overcome the development of bacterial resistance to available
antibiotics [19].

For example, the antibacterial activity of manganese phthalocyanine was successfully tested
against the reference bacterial strains Escherichia coli, Salmonella typhimurium, Pseudomonas
aeruginosa, Bordetella bronchiseptica, Staphylococcus epidermidis and Bacillus subtilis [19].
Bacterial death was attributed to cell wall destruction based on the photodynamic generation of
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singlet oxygen. Also, the possible synergy between photothermal and photodynamic effects of
copper phthalocyanines against E. coli has been studied [20].

As one of the major innovations in phthalocyanine chemistry in recent years has been the
formation of hybrid species with nanoparticles [21-28], the potential of hybrid systems as
antibacterial agents has been investigated, focusing on phthalocyanine-silver nanoparticles hybrid
systems. Indeed, silver nanoparticles (AgNPs) have also received a great deal of attention for their
antimicrobial properties [29], although the mechanism by which they kill bacteria is still under
debate: cell membrane alteration, interaction with sulfur containing proteins, silver ion release are
envisaged mechanisms, occurring alone or in synergy. Synergic, or at least cumulative, effects
between MPc and AgNPs are thus expected.

For example, in a hybrid species consisting of a thiopyridine-functionalized silver
nanoparticle to which zinc phthalocyanine is axially attached via the free nitrogen doublet, a red
shift in the main absorption bands of the complexes and nanoparticles, and a halving of the oxygen
triplet lifetime under illumination were observed, which reflects a better antibacterial activity than
that of the two entities taken individually (complex and AgNPs) [22].

However, these works all resulted in hybrid species with low solubility in aqueous media [22,
23]. To overcome this lack of solubility, which limits studies and applications in biological media,
a hybrid nanomaterial, consisting of iron phthalocyanines (FePc) attached axially to the surface
of a silver nanoparticle via a thiopyridine linker was developed. They displayed a better dispersion
in solution, and a bathochromic shift in the hybrid's bands compared with those of the individual
FePc and AgNPs, which suggest their potential interest in antibacterial applications [28]. The
objective of the present work is to afford a new hybrid system with further improved solubility.
This hybrid species is derived from the association between a silver nanoparticle (AgNPs) and a
substituted zinc phthalocyanine. The zinc complex, [ZnPc(CO,H)4(COATP)4], coordinated to the
surface of the AgNPs has a dual functionality : on the one hand, it displays four carboxylic acid
groups at its periphery to improve its solubility in aqueous media, and on the other, it has four
peripheral thiol functions for its attachment to the nanoparticle (Figure 1). The results of the
various characterization techniques used (UV-Visible, IR and Raman spectroscopies, ICP-AES,
DRX, XPS and TEM) enable us to propose a description for this new species.

EXPERIMENTAL
Materials

Pyromellitic dianhydride (97%), zinc(Il) acetate tetrahydrate (> 99%), urea (> 99%), ammonium
heptamolybdate tetrahydrate (> 99%), ethanol (> 99,8%), methanol (> 99.8%), acetone (> 99.8%),
hydrochloric acid (> 37%), sodium hydroxide (> 98%), nitrobenzene (> 99%), acetic anhydride
(> 99,5%), dichloromethane (> 99.8%), , DMF (> 99.9%) and DMSO (> 99.9%) were obtained
from Aldrich while 4-aminothiophenol (> 97%), 4 A molecular sieve (99%), silver nitrate (>
98%), ethylenediaminetetramethylenephosphonic acid (EDTMP, > 99%) and commercial
ammonia solution (> 25%) were received from Alfa Aesar. Unless otherwise stated, all reagents
and solvents were used without further purification. The ultrapure water (18.2 MQ) used for the
preparation of AgNPs was produced by a Milli-Q Millipore system.

Synthesis
Preparation of zinc phthalocyanine [ZnPc(CO:H)+«(COATP)4]

Complex [ZnPc(CO,H)4(COATP)4] (Figure 1) was synthesized and purified as described in the
literature [9].
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Figure 1. Left: structure of zinc 2, 9, 16, 23-tetracarbonyl-para-aminothiolphenol-, 3, 10, 17, 24-
tetracarboxyphthalocyanine [ZnPc(CO,H)4(COATP)4], and right : the model used in
Scheme 1, highlighting the functional group designed for anchoring on the nanoparticles
surface (in red) and the ones designed to impart solubility in water (in blue).

Preparation of silver nanoparticles (AgNPs)

AgNPs were prepared following the method described in [30] (Scheme 1, Top): an aqueous
solution of AgNOs (1.23 mM, 25 mL), adjusted to pH = 8.5 using a commercial ammonia solution,
was placed in a 50 mL flask and heated to boiling for 10 min. To the boiling aqueous AgNOs
solution, kept under vigorous stirring, 160 pL of an aqueous (0.19 M) EDTMP solution was
rapidly added (the pH of the aqueous EDTMP solution was adjusted to 8.5 by ammonia solution
to promote complete dissolution of the EDTMP). The reaction medium turned orange. Heating
was stopped after 20 min, but stirring was maintained until the medium returned to room
temperature. The final solution obtained was stored in a Schlenk tube under argon gas (7 °C). The
characteristic plasmon band wavelength of AgNPs in solution (Water, DMF) is A = 400 nm.

Preparation of the hybrid [ZnPc(CO:H)+(COATP)«(@AgNPs]

To 50 mL of a solution of AgNPs (=~ 0.01 umol), an excess (3.5 umol) of the complex dissolved
in DMF (50 mL) was added; then the mixture was stirred for 72 h at 25 °C. The initial colors,
green for [ZnPc(CO,H)4(COATP),] and orange for AgNPs, changed over time. The mixture took
on a dark green color that persisted until the end of the reaction. An aliquot (40 mL) was washed
by centrifugation with a mixture of solvents (1:1 DMF-Milli-Q water). The operation was
repeated 3 times. During the last cycle, 30 mL of supernatant was discarded and the remaining
solution was freeze-dried. At the end of this final phase, a black powder weighing around 12 mg
was obtained. The synthesis pathway is summarized in Scheme 1, bottom.

Characterization

ICP-AES analysis of 1 mg of the product mineralized in aqua regia, afforded the mass contents
of Ag and Zn in the sample [ZnPc(CO,H)4(COATP)4s@AgNPs] : Ag% mass = 48.48 and Zn%
mass = 0.2467. Since a silver nanoparticle contains around 2.6 10* Ag atoms (see explanation in
transmission electron microscopy section), the results of this analysis give an average ratio of
100:1 (Zn/AgNP), i.e. approximately an average of fifty zinc phthalocyanines attached to the
surface of each silver nanoparticle.
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Infrared and Raman absorption spectroscopy

The IR spectra were recorded from the sample powders using a Brucker TENSOR 27 type
spectrometer, ATR diamond. The RAMAN spectra were obtained with the same powders of the
samples. The Raman spectrometer (HoribaJobin Yvon HR800) with a 638 nm wavelength laser
was used for spectral acquisition.

Optical absorption spectroscopy

The UV-Visible spectra were recorded using a 190 DES (Double Energy System) type
spectrometer from the compounds dissolved in DMF or in DMSO, thereby allowing interesting
comparisons with data from the literature.

For the control test, the UV-Vis spectrum of a solution of the [ZnPc(CO,H)g] complex (zinc
octacarboxyphthalocyanine) in DMF (1 mL, 3.5 umol) was recorded immediately after addition
of the AgNPs (1 mL, 3.5 umol in water), then 30 min later. The same operation was performed
with a solution of the [ZnPc(CO,H)4(COATP)4] complex.

X-ray powder diffraction (XRD)

Diffractograms were recorded on a MiniFlex 300/600, equipped with a D/teX Ultra silicon band
tip detector, and a Cu source (A = 0.15418 nm). Data were collected in an interval of 5 © < 20 <
90 °. The scan performed was 10 ° per min with a constant of 0.05 © per step and a slit width of
10 mm. Samples were placed on a silicon sample holder.

Transmission electron microscopy (TEM)

The study was carried out at Centre de Microcaractérisation Raimond Castaing (Toulouse).
Conventional TEM images were recorded on a JEOL JEM 1400 microscope. Higher resolution
images were recorded on a JEOL JEM ARM200F Cold FEG microscope with an acceleration
voltage of 200 kV, Cs corrector on the probe, and EDX analyzer, in STEM - HAADF mode for
imaging. Samples were prepared by depositing a drop of the diluted colloidal solution on a copper
grid covered with a thin film of carbon, followed by air drying and then drying under a high
vacuum. A beamshower (30 - min) was applied to eliminate residual carbon pollution. Average
sizes were determined after counting a minimum of 250 particles using Image J software. The
size distribution was fitted by Gaussian or Lognormal laws and results are given as the mean size
+ sigma. From the mean size of the particles in the hybrid, a number of 10* Ag atoms per particle
can be estimated as follows:

Calculation of the number of silver atoms per nanoparticle

Medium diameter (TEM) = 21 nm ; density = 0.933 g/cm® ; M= 107.83 g/mol; particle volume
Vpart = 4/3 © R? = 4/3 1 (d/2)*, supposing all particles are spherical. For a mole of particle, we
have: V' moi= 4/3 1 (d/2)° x N; N = 6.02 10? (Avogadro number); V'mo1= 4/3 1 (21/2 .107)* x 6.02
10% =3 10° cm*/mol.

Calculation of the mass of a mole of particle

M = V' x density = 3 10°x 0.933 = 2.8 10° g/mol; N (Ag atoms) = mass of a mole of particle/
mass of a mole of Ag = 2.8 10° /107.87= 2.6 10*. Each particle contains approximately 2.6 10*
Ag atoms.

X-Ray photoelectron spectroscopy (XPS)

The photoelectron emission spectra were recorded using a monochromatised Al Kalpha (hv =
1486.6 eV) source on a ThermoScientific K-Alpha system. The X-ray spot size was about 400
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um. The pass energy was fixed at 30 eV with a step of 0.1 eV for core levels and 160 eV for
surveys (step 1eV). The spectrometer energy calibration was done using the Au 47, (83.9 + 0.1
eV) and Cu 2p3» (932.8 £ 0.1 eV) photoelectron lines. XPS spectra were recorded in direct mode
N (Ec) and the background signal was removed using the Shirley method.

The flood Gun was used to neutralize charge effects on the top surface.

RESULTS AND DISCUSSION
Synthesis design
As depicted in Scheme 1, Top, AgNPs were prepared by reduction of silver nitrate with

ethylenediaminetetramethylenephosphonic acid (EDTMP) in boiling water at pH = 8.5, following
the method described in [30].
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Scheme 1. Top (A): Synthetic pathway towards the silver nanoparticles according to Chaikin, Y
et al. [36] and bottom (A): Schematic diagram of the synthesis of the hybrid species
[ZnPc(CO,H)4(COATP)s@AgNPs]. The complexes and the nanoparticle are not
drawn to the same scale; for simplicity, not all the zinc phthalocyanine complexes (nor
residual phosphonate ligands) present on the nanoparticle surface are shown.

It is believed that the by-product of the reduction process, aminomethylphosphonic acid,
stabilizes the NPs as shown in Scheme 1, Top. As the Ag-N bond is weaker than the Ag-S one, it
was inferred that the surface of the AgNPs would be accessible for the grafting of a phthalocyanine
complex with pending thiol groups. Then, a DMF solution of the Zn phthalocyanine complex,
[ZnPc(CO,H)4(COATP)4] [10], was added (Scheme 1, bottom). The carboxylic acid functions of
the complex imparted sufficient solubility in the water-DMF solvent mixture to afford a
homogeneous reaction medium. After 72 h stirring at 25 °C, the hybrid species was purified by
centrifugation. The hybrid formed was further studied either in solution or after free-drying of an
aliquot to ascertain the linkage between the two entities, as described below.
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Infrared and Raman spectrometry

Generally speaking, the formation of the hybrid species is reflected in the vibrational spectra by
a modulation of the intensities of the bands of the complex (Figures 2 A and B).

Infrared spectrometry results show an exaltation of certain vibrational bands and a better
resolution of the spectra of the hybrid species [ZnPc(CO,H)4(COATP)s@AgNPs] compared to
[ZnPc(CO,H)4(COATP)4]. For example, the band intensities at 800 cm™ and 1020 cm™ undergo
a sharp increase with the presence of AgNPs. Similar results were obtained when we characterized
the compounds by Raman spectrometry. The relative intensities of certain bands of the complex
increase when associated with nanoparticles. These include the intense band at 1500 cm’!
observed in the Raman spectrum, corresponding to the elongation vibration band of the pyrrole
group of the phthalocyanine macrocycle [31]; the band at 1110 cm™ corresponding to a
superposition of the ve—c and 8c.iy bands [32-34] and the band at 645 cm™! attributed to the vibration
of the vc.s aryl bond [36-38]. As observed during the vibrational spectrometry study of the hybrid
species comprising cobalt phthalocyanine tetraamine and AgNPs (or AuNPs), [23] the increased
intensity of certain vibration bands can be explained by the SERS (Surface Enhanced Raman
Spectroscopy) effect, which is specific to nanoparticles of metals with SPR (Surface Plasmon
Resonance) properties, such as silver nanoparticles [35, 39, 40].
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Figure 2. Infrared spectra of AgNPs, [ZnPc(CO,H)4(COATP)4] and
[ZnPc(CO,H)4(COATP)s@AgNPs]. The dotted vertical line is a simple guide to the eye
(A) and Raman spectra of [ZnPc(CO,H)4(COATP)4] and
[ZnPc(CO,H)4(COATP)4@AgNPs] (B).

More precisely, incident light excites surface plasmons on the surface of the metal
nanostructure; these surface plasmons in turn generate electromagnetic waves of the same
frequency as the incident light, which are confined and exalted at the surface of the structure; then
the amplified electromagnetic field excites Raman vibration modes on molecules attached to the
surface. The scattered Raman field can again generate surface plasmons in the structure. These
surface plasmons have a Raman field frequency different from that of the original ones and are
transformed into radiative waves representing the exalted Raman signal [23]. Observation of the
exaltation of the vibrational bands thus indicates that the complex is located near the nanoparticle
surface.

Furthermore, the bands observed respectively at 333 cm™ and 400 cm™ on the IR spectrum of
AgNPs are attributed to the elongation vibration bands of the CH» groups of the aminophosphonic
acid [41]. The band around 555 cm’!, for its part, is attributed to a vibration band of the vp-o bond.
It is not observed in the spectra of the hybrid species. Similarly, in Raman spectrometry, the bands
responsible for the vp—o vibration, which appear at 946 cm™ and 1038 cm™! in the spectrum of
AgNPs, are not observed in the spectrum of the hybrid species. This indicates that ligand exchange
is almost complete, and only traces of the aminomethylphosphonic acid stabilizer remain at the
surface of the nanoparticles (if any). Taken together, the results of the vibrational analysis indicate
a high degree of proximity between the complexes and the nanoparticle surface, consistent with
the formation of the hybrid species with almost complete displacement of the initial stabilizing
ligands from the AgNPs surface.
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UV-Visible spectrometry

Comparison of the absorption spectra of the amidic complex, AgNPs and reaction product
revealed that the characteristic band of the AgNPs undergoes a 30 nm bathochromic effect at the
end of the reaction (Figure 3). According to previous work, this shift towards longer wavelengths
can be linked to the functionalization of the nanoparticle surface [28, 36, 37], which here could
indicate the attachment of thiol functions from [ZnPc(CO,H)s(COATP)4]. This shift is
accompanied by a broadening of the peak, which also suggests a change in the size or organization
of nanoparticles in solution (see below). The intensity of the complex's Q band (at 710 nm)
decreases with the reaction. In agreement with literature data [23, 28], our results therefore
militate in favor of coordination of the thiol function on the silver nanoparticle surface.
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Figure 3. UV-Visible spectra of [ZnPc(CO,H)4(COATP)4], AgNPs and

[ZnPc(CO,H)s(COATP),@AgNPs].

UV-Vis spectrometry monitoring of the plasmon band position of AgNPs following the
addition of either a thiol-free zinc phthalocyanine, [ZnPc(CO,H)s], or the bifunctional
phthalocyanine [ZnPc(CO,H)4(COATP)4] also provides indirect confirmation of the interaction
between the [ZnPc(CO,H)4(COATP)s] complex and the nanoparticle. Indeed, the plasmon
absorption band of AgNPs is already displaced by 3 nm upon addition of the
[ZnPc(CO,H)4(COATP)4] complex. The shift measured after 30 min reaches 12 nm. In
comparison, after 30 min, the spectrum of the [ZnPc(CO,H)s] and AgNPs mixture is still not
significantly modified, indicating that the presence of a thiol function is necessary to induce the
shift of the plasmon band.

These two experiments show the evolution of the electronic absorption spectrum of the
[ZnPc(CO,H)4(COATP)4] + AgNPs mixture towards that of the hybrid species, and confirm the
interaction between the thiol function of the complex and the nanoparticle surface. This result
supports the idea of obtaining the hybrid species [ZnPc(CO,H)4(COATP)4s@AgNPs].
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X-ray powder diffraction (XRD)

DRX analysis was carried out on each of the three powders of the [ZnPc(CO,H)4(COATP)4],
AgNPs and [ZnPc(CO:H)4(COATP)4s@AgNPs] samples (Figure 4). The results obtained on
AgNPs powder are in line with those reported in the literature. The positions and relative
intensities of the (111), (200), (220), (311), and (222) peaks show that we obtained AgNPs with

a CFC structure [22]. The size of the nanoparticles was determined using the Debye-Scherrer
equation :

d (A) = Bcos6 (])

where k is an empirical constant equal to 0.9, A is the wavelength of the X-ray source, (1.5405 A),
B is the half-height width of the diffraction peak, and 0 is the angular position of the peak. The
average size of silver crystallites obtained from the diffractograms of AgNPs is of the order of 17
nm. The diffractogram of the hybrid species [ZnPc(CO,H)s(COATP)s@AgNPs] shows the
coexistence of the two entities [ZnPc(CO,H)4(COATP),4] and AgNPs. The low signal over noise
ratio prevented the determination of the crystallite size in this case.
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Figure 4. X-ray  diffraction  pattern of  AgNPs, [ZnPc(CO,H)4(COATP)s]  and
[ZnPc(CO.H)4(COATP)s@AgNPs].

High resolution transmission electron microscopy (HR-TEM)

The TEM results obtained on AgNPs (Figure 5 A) show that the particles are spherical with an

average diameter of 17 nm, in agreement with the Scherrer analysis described above, indicative
of single crystalline NPs.
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Figure 5. TEM images of AgNPs (A) and [ZnPc(CO,H)4(COATP)s@AgNPs] (B).

TEM analysis of the hybrid species (Figure 5 B) does not show any change in the shape of the
Ag NPs (mainly spherical) but indicates a slight increase in their average size (21 nm) and size
distribution, in agreement with the increase in the width of their plasmon band. The shadow
surrounding the NPs might have been attributed to the ZnPc complex, which, given its molecular
character would only weakly interact with the electron beam. However, EDX analysis in region
"1" (Figure 6) reveals only the carbon grid components. This is tentatively explained by the low
quantity of ZnPc complex and its location closer to the AgNPs surface. EDX analysis in region
“2”, representative of the hybrid species, shows that the Ag nanoparticles are in a sulfur containing
matrix, attesting to the presence of 4-aminothiophenol. The low intensity of the zinc signal could
be explained by the low quantity of zinc phthalocyanine in the hybrid system compared with silver
(ca 100 zinc atoms for 2.6 10* silver atoms as determined by ICP-AES), but supports the idea that
the complexes are grafted onto the surface of the AgNPs.

The [ZnPc(CO,H)sCOATP4@AgNPs] hybrid shows better dispersed particles compared with
previous literature reports [22, 38] on AgNPs /phthalocyanine complexes (cobalt, zinc, iron, ...)
hybrids. Our results could be explained by the particular characteristics of the precursor complex
[ZnPc(CO,H)4COATP,]. Indeed, through its four thiol functions, the complex would bind more
easily to the nanoparticle surface; and this would minimize the n-n interactions responsible for
the aggregation phenomenon in these types of hybrid species [28]. Similarly, the good dispersion
of the hybrid compound in solution could be justified by the presence of carboxylic acid functions
that are deprotonated at the pH of the reaction and even at that of milliQ water, resulting in
electrostatic repulsions between nanoparticles and improved dispersion.

X-Ray photoelectron spectroscopy (XPS)

Analysis of the XPS overview spectrum (Figure 7) of the hybrid species
[ZnPc(CO,H)4(COATP)4@AgNPs] shows two intense peaks associated with Ols and Cls. The
3d silver peak, as well as the 1s nitrogen peak, and the zinc peak (2p) are also observed on the
spectrum. As for the sulfur peaks (2s and 2p), they appear with low intensities. This analysis
reveals the presence of the atoms constituting the hybrid species.
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Figure 7. XPS overview spectrum of the hybrid species [ZnPc(CO,H)4(COATP)s@AgNPs].

Comparison of the high resolution XPS S2p signals of the amidic complex and the hybrid
species is shown in Figure 8 after deconvolution of the spectrum of the hybrid (Figure 8, top), the
values 163.2 eV (S2ps2) and 164.4 eV (S2pi2) are characteristic of the presence of the R-SH
group [42, 43]. In addition, two very low-intensity peaks appear at 161.7 ¢V and 162.9 eV,
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corresponding to the respective energies of the S2ps» and S2p;,, components of the sulfur atom
involved in an R-S-Ag bond [44-57]. They explain the shift observed in Figure 8, bottom, between
the S2p signal of the ZnPc and that of the nanohybrid material. Given the steric hindrance of the
functional groups at the periphery of the complex, it is likely that not all four available sulfur
atoms bind to the AgNPs surface, which may explain the very low relative intensity of these peaks.

[ZnPe(CO;H),(COATP) @AgNPs]

Intensity (a.u)

[ZnPciCOH),(COATR)]

200

18677 1657 1837 1817 1587
Binding Energy (eV)
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Figure 8. Top: high-resolution XPS S2p spectrum of [ZnPc(CO,H)4(COATP)s] compared with
that of the hybrid species [ZnPc(CO,H)4(COATP)s@AgNPs] (the dotted vertical line is
a guide to the eye to highlight the shift of the peak) and bottom: deconvolution of the
spectrum of the hybrid.
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Figure 9. Top: high-resolution Ag3d XPS spectrum in AgNPs compared with that of the hybrid
species [ZnPc(CO,H)4(COATP)s@AgNPs] (dotted vertical lines as guides to the eye to
highlight the shift of the peaks) and bottom: high-resolution Ag3d XPS spectrum of the
hybrid species [ZnPc(CO,H)sCOATP4s@AgNPs].
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The peaks observed at N1s energies of 398 eV, 39.5 eV and 399.7 eV are attributed to N in
N-metal, N=C (aza bridge in the complex) and NHCO amide bonds [48, 49] respectively. The
presence of these peaks could justify the integrity of the complex structure in the hybrid species.

The XPS study of Ag3d (Figure 9) shows the presence of 3ds, components at 367.9 eV and
3ds; at 373.9 eV, in agreement with silver being in its metallic form. Extraction of the signals
from the hybrid species shows contributions at 368.3 eV (3ds») and 374.4 eV for (3d;,) that are
characteristic of Ag in Ag-S bond, confirming the observations made in the S energy window [42,
44-48].

Overall, the XPS results give tangible proof of the coordination of the amidic complex to the
silver nanoparticle surface through the establishment of an Ag-S bond.

CONCLUSION

In this article, the preparation of the hybrid species [ZnPc(CO,;H)s(COATP)s@AgNPs] is
reported. It is the first example of a metal-phthalocyanine hybrid system that has been isolated in
solid form. It consists of silver nanoparticles of FCC crystallographic structure and size of circa
21 nm, and of the water-soluble zinc phthalocyanine complex [ZnPc(CO,H)4(COATP),]. Based
on vibrational, electron absorption spectroscopy and X-ray photoelectron spectroscopy,
coordination of the complex on the nanoparticle was ascertained. Especially the S-Ag bond
established between the AgNPs surface and the thiol pendant groups present on the
phthalocyanine complex could be highlighted in XPS. The strategy that consists of starting from
AgNPs stabilized by aminomethylphosphonate ligands is thus validated. It is suggested that this
route might be extended to prepare a large range of other functionals material given the
accessibility of the silver surface. Finally, ICP-AES analysis enabled us to estimate the
coordination of around 100 [ZnPc(CO,H)4(COATP)4] complexes per silver nanoparticle (100
complexes/AgNPs) on average. This result, combined with the good dispersion of AgNPs in
solution, makes it possible to envisage the use of these hybrid species as bactericidal agents. Their
perfect characterization is an asset to establish clear correlations between anti-bacterial properties
and physico-chemistry. This should enable us to conclude as to the possible synergy or
cooperativity between each of the components of this hybrid.
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