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Abstract

This article reports a strategy to synthesize a hybrid species made of iron phthalocyanine
(FePc) grafted to the surface of silver nanoparticles. The affinity between sulfur and silver on
the one hand, and the aptitude of the FePc complex to bind pyridine axially on the other,
allowed us to use thiopyridine as a linker between the two entities. The hybrid species,
isolated in the solid form for the first time, has been characterized by optical and vibrational
spectroscopy, and by transmission electron microscopy. These studies confirm the good

aptitude of the linker to connect the FePc to the silver nanoparticles.
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1. Introduction

Metallophthalocyanines (MPcs) are macrocyclic molecules made up of four benzopyrrole
groups linked by nitrogens (see a typical example in Scheme 1). These compounds exhibit
remarkable optical properties due to their conjugated & system. They absorb in the 200 to 900
nm range with an absorption maximum between 650 and 700 nm [1]. Since their discovery in
1907, their applications range from health sciences to electronics and to their traditional use as

dyes and pigments [2 -13].
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Scheme 1. Structure of a metallophthalocyanine illustrated in the case of Fe (FePc) and schematic
representation used in the following of the paper, with reaction path followed to check the reactivity
with 4-thiopyridine. a) acetonitrile, 4-thiopyridine (10 equiv.), reflux, 15 h.

Over the past 20 years, a renewed interest in these complexes has been triggered by the
possibility of associating them with nanoparticles [14-18].

Among the nanoparticles of interest, silver nanoparticles (AgNPs) exhibit interesting intrinsic
physical properties linked to their size: optical properties, high specific surface area and high
surface reactivity, including strong redox activity. In relation to this redox activity, they are
widely exploited for their antibacterial and antifungal properties [19-21]. Indeed, one of the
reasons for their bactericidal effect was demonstrated to be the oxidative release of silver ions.
These ions can produce Reactive Oxygen Species (ROS) through reaction with dissolved
oxygen then affecting DNA, cell membrane and also membrane proteins. They can also
interact with membrane proteins and DNA affecting their proper functioning. [22-24]
Association of these nanoparticles with a photosensitizer, such as a metallophthalocyanine, is
interesting because the complex can play the role of a light collecting antenna and thus the
nanoparticles, where these complexes are locally concentrated, should more easily and

gradually release Ag" ions.



This association is most often made at the periphery of the phthalocyanine macrocycle
through -SH, -NH,, -COOH groups, etc. The resulting hybrid species often aggregate which
limits their field of application in solution [14-18].

In order to circumvent this problem, new compounds have been designed and synthesized by
Masilela N and al. [25] by coordinating a Zn phthalocyanine (ZnPc) on the surface of AgNPs
stabilized by 4-thiopyridine ligands. Their results show an improvement in the antibacterial
activity of the hybrids compared to the nanoparticles alone. However, the exact structure of
these hybrid species is poorly known. The authors suggest that in these compounds, the Zn**
metal ion of the complex interacts with the nitrogen doublet of thiopyridine previously
attached to the surface of the particle through sulfur. However, the study by Ogunsipe A [26]
on ZnPc carrying pyridine axial ligands shows that these only interact with Zn through weak
interactions. Indeed, these interactions are no longer observed upon solubilization of these
complexes (in DMSO, DMF and Pyridine). This can be explained by the d'° electronic
structure of the Zn*" ion. The electron microscopy images obtained by Masilela N and al.
show the formation of aggregates of particles probably attesting the lability of the 4-
thiopyridine ligand towards ZnPc.

On the hypothesis that a more robust metal phthalocyanine / AgNPs hybrid might improve the
synergy between the two components and afford still better antibacterial properties, we
decided to investigate the coupling of FePc which present similar optical properties but
different coordinating ones. Indeed, since the Fe?* cation of the iron phthalocyanine (FePc)
has accessible and partially filled “d” orbitals, it is likely to accept ligands in the apical
position and bind them more strongly than the Zn* cation in ZnPc. In fact, many studies have
been carried out on the binding of ligands (pyridines, thiols, phosphorus, etc.) in an axial
position on the FePc complexes [27-29]. Our previous work [29, 30] has shown that the
charge transfer band observed on the electron absorption spectra of FePc-ligand complexes is
a clear indication of the coordination of pyridine ligands in the axial position.

We now report the successful synthesis and characterization of a stable hybrid species
consisting of a AgNP functionalized on its surface by iron phthalocyanines through a 4-
thiopyridine (4SHPy) linker. In other words, the association between the phthalocyanine
macrocycles and the AgNP here occurs through the central metal (iron) and not at the
periphery of the macrocycle through a coordination bond that should be stronger than in the
ZnPc/AgNPs hybrid systems.

First, we checked the reactivity of the 4SHPy linker with the FePc complex and with the

AgNPs. before preparing stable colloidal solutions of the hybrid species which could then be
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isolated in the solid form for the first time. Characterization by a combination of
spectroscopic techniques and transmission electron microscopy confirmed the success of our

approach.

2. Experimental.

2. 1. Materials

Phtalonitrile (99.99%), iron (1) sulfate heptahydrate (> 99%), sodium hydroxide (> 98%), 4-
mercaptopyridine (95%), nitrobenzene (> 99%), ethanol (> 99.9%), methanol (> 99.9%),
acetone (> 99.9%), hydrochloric acid (> 99%) ) and DMSO (> 99.9%) were obtained from
Aldrich while silver nitrate (> 98%), ethylenediaminetetramethylenephosphonic acid
(EDTMP, > 99%) and commercial ammonia solution (> 98%) were received from Alfa Aesar.
All reagents and solvents were used without further purification. Ultrapure water (18.2 MQ)
used for the preparation of AgNPs was produced by a Milli-Q Millipore system.

2.2. Synthesis

2.2.1. Preparation of iron phthalocyanine (FePc). FePc was prepared and purified according
to an already published procedure from our group [27, 30].

2.2.2. Preparation of complex FePc(4SHPy), A mixture of 20 mg (3.52 10™ mol) of FePc and
excess 4SHPy ligand (3.52 10 mol) in 30 mL of acetonitrile was brought to reflux for 15
hours in the air. After filtration, the isolated green solid was washed with Milli-Q water and
ethanol and then air dried (yield: 90%). [Cal: C/N = 3.5; H/N = 0.17; C/S = 13.86 and Exp:
C/N =3.55; H/N =0.14; C/S = 15.6].

2.2.3. Preparation of silver nanoparticles (AgNPs). The AgNPs were prepared following the
method described by Chaikin Y and al. [31]: 25 mL (1.23 mM) of an aqueous solution of
AgNOg, adjusted to pH = 8.5 by dropwise addition of concentrated ammonia, was placed in a
two-necked flask (50 mL) and heated to boiling for 10 min. To the boiling aqueous solution
of AgNQOs, kept under vigorous stirring, 160 uL of an aqueous solution (0.19 M) of EDTMP
was added (the pH of the aqueous solution of EDTMP was adjusted to 8.5 with concentrated
ammonia to promote the complete dissolution of EDTMP). The reaction medium turned
orange. The heating was stopped after 20 min, but the stirring was maintained until the
medium returned to room temperature. The final solution obtained was stored in a Schlenk
tube under argon (7° C).

2.2.4. Functionalization of the silver nanoparticles. 160 uL (3.2 umol) of an aqueous solution
of 4SHPy were added to 20 mL (approximately 0.001 umol of NPs) of the solution of AgNPs



obtained above. The mixture was placed under magnetic stirring for 16 h at room temperature.
The initial orange color of AgNPs changed to brick red with the addition of 4SHPy, then
remained constant until stirring was complete. The solution was stored under argon at 7° C.
An aliquot (10 mL) was centrifuged, 8 mL of supernatant was taken and 8 mL of Milli-Q
water added. A new centrifugation cycle was performed. The operation was repeated 3 times.
In the last cycle, 8 mL of supernatant were taken out and the remaining solution was
lyophilized. About 4 mg of a black powder was isolated.

2.2.5. Preparation of the hybrid [FePc-4SHPy@AgNPs]. To 10 mL of the 4SHPy@AgNPs
solution described above, 1 mL of a solution of FePc in DMSO (2 umol) was added; then the
mixture was stirred for 72 h at room temperature. The initial colors, blue for FePc and brick
red for ASHPy@AQgNPs, changed over time until a mixture of green color was obtained. This
solution was stored under argon at 7° C. As for the functionalized particles, an aliquot of the
solution was taken out, purified by centrifugation and then lyophilized before analysis. About
5 mg of compound was isolated as a black powder.

2. 3. Characterization

2.3.1. Optical absorption spectroscopy. UV-visible spectra were recorded using a 190 DES
(Double Energy System) type spectrometer from compounds dissolved in a suitable solvent
(water or DMSO).

2.3.2. Infrared absorption spectroscopy. IR spectra were recorded using a Brucker TENSOR
27, ATR diamond type spectrometer from the powders of the samples.

2.3.3. 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 ARMZ200F 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 high vacuum. A
beamshower (30-minutes) 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 a Gaussian law and results are given as the mean size + sigma.

3. Results and discussions



The formation of the hybrid species was studied by following these steps: first, the FePc
complex was synthesized and its reactivity towards 4SHPy was investigated (Scheme 1);
second, Ag NPs were prepared then functionalized with 4SHPy. The hybrid species was
finally obtained by reacting the FePc complex with the functionalized nanoparticles as

depicted in Scheme 2.
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Scheme 2. Synthetic pathway towards the hybrid material. a) water, pH = 8.5, reflux, 30 min.; b)
water, 4-thiopyridine, r.t., 16 h; c) water/DMSO (10/1 v/v), FePc, 72 h

3. 1. The complex FePc(4SHPy),

Firstly, we prepared the FePc(4SHPy), complex (Scheme 1) to assess the reactivity of FePc
with 4SHPy. Addition of a 10 fold excess of 4SHPy to FePc in acetonitrile and 15 hours
reflux, a green solid could be recovered in very good yield (90%). The product was first
studied by infra-red (IR) spectroscopy in attenuated total reflexion (ATR) mode. Its low
frequency IR spectrum (100-600 cm™) has a better resolution compared to that of FePc (Fig.
1). This result can be explained by the coordination of the axial ligands which would have
caused a reorganization of the complex in the solid state. The band at 435 cm™ was attributed
by Bayo K to the metal-isoindole ligand vibration of the phthalocyanine macrocycle. The
latter, through a study on FePc carrying a series of pyridine ligands has shown that this band
is only modified when the macrocycle carries substituents at the periphery [29, 30].
Accordingly this band is observed here in the two spectra with the same intensity, as the only
modification is expected to occur on the metal center. Nakamoto K and al., by studying a
series of metal complexes (Ni, Cu, Zn) coordinated with imidazole, have shown that the
vibration band of the metal-nitrogen bond with the ligand is observed between 325 cm™ and
210 cm™ [32]. We attribute, by analogy, the new band which appears at 270 cm™ in the IR



spectrum of the complex FePc(4SHPy), to the Fe-N vibration band of the metal-ligand (Fe-
4SHPy) bond.

We note the presence of the new band at 545 cm™ which we attribute to the vibration band of
the S-S disulfide bond which may arise from the partial oxidation of the 4SHPy. The study of
the IR spectrum of the green product recovered thus brings first indications of the formation
of the FePc(4SHPy), complex.
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Fig. 1 Infrared spectrum of FePc(4SHPy), in comparison with that of FePc
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Fig. 2 UV-Visible spectrum of FePc(4SHPy), in comparison with that of FePc in DMSO.

The optical absorption spectrum of the reaction compound in DMSO (Fig. 2), is characterized
in the UV-visible region by modifications already observed in the spectra of FePc(PyR), (R=
40HPy, 30HPy, 3CIPy, 3CNPy, 4CNPy, 3MePy, 4MePy) complexes which are
hexacoordinate complexes of FePc [27, 28]. These modifications, which are in particular the
appearance of the charge transfer band around 400 nm as well as the bathochromic shift of the
electronic absorption bands of the complex, confirm the formation of the FePc(4SHPy),
complex. Likewise, the results of elemental analysis [Cal: C/N = 3.5; H/N =0.17; C/S = 13.86
and Exp: C/N = 3.55; H/N = 0.14; C/S = 15.6] are in agreement with the proposed formula,
FePc(4SHPy), : a hexacoordinated complex in which the thiopyridine ligand is axially
attached to the iron center on either side of the plane of the macrocycle. The thiol function (-
SH) being free, the formation of disulfide bridges can be expected upon partial oxidation as
suggested by the IR spectrum. This study thus confirms the chemioselectivity of the
coordination on the Fe®* center of the FePc that follows the simple HSAB principle in this
case: coordination of the hard pyridine base is favored over that of the soft sulfur atom on the
first raw transition metal ion that is Fe?*. To the best of our knowledge this complex was
never prepared before. As it displays pendant thiol/sulfide bonds, it could be used as a
scaffold to build new polymetallic coordination complexes or other adducts.

Here, we took profit of this reactivity to connect FePc with 4SHPy@AgNPs. (see below)

3. 2. Silver nanoparticles



AgNPs were prepared by reduction of silver nitrate by ethylenediaminetetramethylene-
phosphonic acid (in 1/1 molar ratio) in water, at reflux for 30mn. It is assumed, based on
previous literature reports, that the aminomethylphosphonate that forms in situ acts as a
stabilizing agent leading to a stable colloidal suspension (Scheme 2, step a). [31] It is
noteworthy that the reaction is carried out at pH =8.5, to avoid protonation of the
aminomethylphosphonate. In this way, with the NH, function being coordinated to the surface
of the AgNPs, the pendant phosphonate group affords a negative surface charge that
contribute to the colloidal stability of the AgNPs in solution due to electrostatic repulsions.
The UV-visible spectrum (Fig. 3) of the yellow solution obtained shows a narrow band with
an absorption maximum around 400 nm characteristic of the surface plasmon resonance band
of quasi spherical AgNPs [31, 33-34]. Their purification by dialysis with Milli Q water (twice
3 h then 15 h), in order to remove the excess of ionic species, changes the position of the
absorption band very little (Amax = 396 nm). The results obtained by TEM confirm that the
nanoparticles are quasi spherical, and allow determining their average size: 17 + 4 nm (Fig.
4). This size is in line with the size of the AgNPs studied for their antibacterial properties
[24]. Interestingly it is larger than the size of the AgNPs used by e.g. Masilela N and al. [25]
(ca. 8 nm), or Nakonieczna J and al. (ca. 5 nm) [35] when designing photoactivable AgNPs
based bactericides. As the redox potential of AgNPs increases with size [36], it is believed
that the release of Ag” ions would be slower and thus more progressive with the larger NPs
prepared in our work, affording a longer lasting effect against bacteria.
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Fig. 3 UV-Visible absorption spectra of AgNPs before and after dialysis in aqueous medium.
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Fig. 4 TEM images of (A) AgNPs and corresponding size histogram in insert) and (B)
4SHPY@AgNPs

3. 3. Nanoparticles functionalized by 4-thiopyridine (4SHPy@AgNPs)

The aqueous dispersion of the AgNPs described above was reacted with 4SHPy at room
temperature to verify the reactivity of 4SHPy towards AgNPs (Scheme 2, step b). Given the
size of the NPs, we assumed that only 10% of the silver atoms were accessible for surface
coordination and introduced =~ 1.1 eq of 4SHPy per surface silver atom. The comparison of
the results of the spectroscopic analyzes obtained from the reference 4SHPy and the AgNPs,
native or after reaction with 4SHPYy, are in agreement with the coordination of the thiol at the
surface of the particles. Thus, the vibration band of the —SH bond at 2620 cm™ is no longer
observed on the IR spectrum of the functionalized AgNPs while the other vibrations
characteristic of 4SHPy are indeed present, which suggests coordination by formation of a
surface thiolate [25] (Fig. 5). In UV-visible spectroscopy, the characteristic absorption band
of 4SHPy undergoes a hypsochromic effect (326 nm to 302 nm) in accordance with its
coordination at the surface of AgNPs, while the characteristic absorption band of AgNPs
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undergoes a bathochromic effect (Fig. 6) of about 15 nm, which is also in agreement with a
functionalization of their surface.
However, this shift to longer wavelengths is accompanied by a widening of the peak which

suggests a change in the organization of the nanoparticles in solution [34, 37].
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Fig. 5 Infrared spectra of 4SHPy and 4SHPy@AgNPs
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Fig. 6 UV-Visible absorption spectra of AgNPs, 4SHPy@AgNPs and 4SHPy in aqueous medium
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TEM images (Fig. 4, B) indeed show that the nanoparticles assemble along filaments of less
dense material whose composition has not been identified. This result is at first surprising.
Coordination of 4SHPy by its S atom should indeed expose the pyridine function which has a
good affinity with water, thus leading to a good dispersion of the NPs. However coordination
of 4SHPy on the surface should substitute, at least partially, aminomethylphosphonate ligands
(as depicted Scheme2, step b) thus decreasing the surface charges and associated repulsive
electrostatic forces, which might ease the organization of the NPs into dense patterns. Another
probable explanation is that there could be "n-n stacking” phenomena between aromatic nuclei
which would promote the observed stackings, as observed e.g. for coumarine stabilized
AgNPs [38] and/or also hydrogen bonds could form between the nitrogen of the pyridine and
the free —NH; functions of the aminomethylphosphonate ligands released in the basic
medium. Anyway the results all point towards the successful coordination of 4SHPy onto the

AgNPs via the S atom, leaving the pyridine function free for further reaction, here with FePc.

3. 4. Hybrid [FePc-4SHPy@AgNPs]

The functionalized 4SHPy@AgNPs were subsequently reacted with FePc (Scheme 2, step c).
The IR spectrum of the hybrid system obtained by reacting FePc with the functionalized
AgNPs (4SHPy@AQgNPs) shows the characteristic bands of FePc (Fig. 7) as well as those of
4SHPy. However, we do note in the spectrum of the hybrid complex notable changes such as
the disappearance of certain vibration bands and the emergence of new ones.

In the spectrum of the hybrid compound, we observe the absence of the band at 443 cm™,
observed in the spectrum of FePc. Also the splitting of the vibration bands between 770 and
780 cm™ which is clearly observed in the spectrum of FePc is no longer evident in that of the
hybrid compound. The band observed at 545 cm™ in the spectrum FePc(4SHPy), and
attributed to a S-S vibration is not observed in the spectrum of the hybrid compound. In fact,
in the spectrum of the complex FePc(4SHPYy),, the thiol functions being free, they can form
disulfide bridges. In contrast, the thiol function is quenched by coordination on the AgNPs.
The absence of the S-S vibrations in the IR spectrum of the hybrid compound is therefore in
agreement with the formation of the expected compound and stability of the Ag-S bond (no
thiol release nor disulfide formation during the reaction with FePc) [39, 40].
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Between 1000 and 1800 cm™, the notable modifications are mainly modulations of the
relative intensities of the bands in the spectrum of the hybrid compared to the spectra of the

references.
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Fig. 7 Infrared spectra of FePc(4SHPy),, [FePc-4SHPy@AgNPs] and FePc

The UV-Visible absorption spectrum of the reaction product between 4SHPy@AgNPs and
FePc essentially shows three transition bands (at 416 nm, and 610 nm and 671 nm) (Fig. 8),
characteristic respectively of AgNPs and of FePc. It is noteworthy that the plasmonic
absorption band (at 416 nm) is narrower after reaction of the functionalized AgNPs with
FePc, suggesting that the NPs are less aggregated. There is a bathochromic shift of the Q band
of the FePc complex which goes from 665 nm to 671 nm. This shift could be explained by the
fact that the AgNPs are rich in electrons, and would contribute to increasing the electron
density on the phthalocyanine macrocycle. The Q band of the hybrid is also thinner than that
of the reference FePc, which indicates the disappearance of the aggregates [25].
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Fig. 8 UV-Visible absorption spectra of [FePc-4SHPy@AgNPs], 4SHPy@AgNPs and FePc (insert: 6
fold enlargement of the [FePc-4SHPy@AgNPs] spectrum highlighting the main absorption bands of
FePc)

Contrarily to what was observed for the FePc(4SHPy), sample, the characteristic charge
transfer band of the Fe-Py bond is not observed due to the intense absorption of the
nanoparticles in the same area of the spectrum (Fig. 8). Spectroscopic studies alone therefore

do not allow concluding on the coordination of the phthalocyanine.

On the other hand, the TEM study of the hybrid shows the disappearance of the assemblies
obtained previously (Fig. 9), in perfect agreement with the narrowing of the plasmonic and Q
absorption bands discussed above. This can be interpreted as evidence of the coordination of
the phthalocyanine on the 4SHPYy@AgNPs. The n-xt interactions between aromatic rings are
then considerably attenuated. The EDX analysis of a region of the TEM grid presenting a high
density of NPs shows the presence of silver, phosphorus, sulfur, and iron (Fig. 10). The
phosphorus contribution indicates that some aminomethylphosphonic acid, formed in situ
during the synthesis of the AgNPs and that stabilizes the initial AgNPs, is still present at the
surface of the AgNPs in the hybrid system, as depicted in Scheme 2. The presence of sulfur
confirms that 4SHPy was indeed coordinated at the surface, even if it did not displace all
aminomethylphosphonic acid ligands. The low intensity of the iron signal indicates a low
quantity of iron phthalocyanine in the hybrid system compared to silver, in agreement with
the presence of the complexes only at the surface of the AgNPs. It correlates well with the
position of the plasmonic absorption band that was not modified upon coordination of the
FePc, indicating that the dielectric constant of the medium surrounding the AgNPs was not

significantly altered.
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Fig. 9 TEM images of 4SHPy@AgNPs (A) and [FePc-4SHPy@AgNPs] (B)

15



Cu

CoKesc | Fe Fe Co

R

Fig. 10 EDX analysis (B) of the hybrid species carried out on the boxed area in the STEM-HAADF
image (A) (scale bar = 50 nm)

Moreover, EDX analysis of regions of the TEM grid outside the matrix only highlights the
components of the carbon grid (Fig. SI 1). This further confirms that the complex is found
only in immediate vicinity of the surface of the AgNPs. The above observations thus indicate

that a robust FePc-4SHPy@AgNPs hybrid system could be synthesized and isolated.

4 Conclusions

The hybrid species [FePc-4SHPy@AgNPs] has been synthesized and isolated for the first
time. It exhibits notable modifications in absorption spectroscopy compared to the two initial
entities, AgNPs and FePc: bathochromic displacement of around 15 nm of the plasmonic band
of Ag and hypsochromic displacement of the absorption band of the complex. These results,
indicative of a modification of the surface of AgNPs, are in agreement with those of the
literature [33, 39-41].
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The results obtained from the infrared analysis suggest that the expected reactions have been
carried out. Indeed, the vibration band of the S-H bond of 4SHPy at 2630 cm™ is absent from
the spectrum of 4SHPy@AgNPs; which is a consequence of the reaction between AgNPs and
4SHPy. Likewise, the band which appears at 545 cm™ in the spectrum of FePc(4SHPYy), and
attributable to S-S vibration is no longer observed in the spectrum of the hybrid complex. We
can therefore deduce that the expected compound was formed.

TEM images show, one of the rare times, nanoparticles associated with phthalocyanine
complexes better dispersed in solution. This could be explained by the presence of the axial
ligand which creates steric hindrance thus reducing the phenomenon of aggregation, in
agreement with the narrowing of the Q band of the complex. The EDX analyzes attest the
presence of the various ligand atoms on the surface of the nanoparticles. These results argue
in favor of a good coordination of phthalocyanines at the surface of nanoparticles which
validates our synthesis strategy.

We believe that we can, through this species FePc-AgNP hybrid, combine the individual
properties of each of the components (cooperative effects) but also obtain new properties
(synergistic effects); which could be an asset for antibacterial applications. We next plan to
test the antibacterial activity of the synthesized hybrid against the bacteria of Escherichia coli

and Staphylococcus aureus which are harmful bacteria frequently encountered.
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Supporting information
to
Synthesis and study of the physicochemical properties of a hybrid species:
iron phthalocyanine-silver nanoparticles
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Fig. SI 1: EDX analysis of the boxed area on the right image (scale bar =10 nm) and
corresponding to the matrix surrounding the hybrid species
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