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Functionalization of Carbon Spheres with a

Porphyrin—Ferrocene Dyad

Fabio Possanza,” Francesca Limosani,””’ Pietro Tagliatesta,* Robertino Zanoni,*®’
Manuela Scarselli,'” Erica Ciotta,” and Roberto Pizzoferrato™

Meso-tetraphenylporphyrin connected with a ferrocene mole-
cule in the beta-position of the macrocycle through a triple
carbon—carbon bond has been bound to carbon spheres using
the Prato—Maggini reaction. The ethynyl or/and phenylene
ethynylene subunits were chosen as a linking bridge to give a
high conjugation degree between the donor (i.e., ferrocene),
the photoactive compound (i.e., porphyrin), and the acceptor
(i.e., carbon spheres). The molecular bridges have been directly

1. Introduction

During the last decade, many studies have explored the
possibility to use sunlight as a renewable energy source by
using artificial molecular networks able to mimic natural
photosynthesis.'"? These networks can be obtained from the
combination of different moieties with distinct functionalities in
order to produce composite materials possessing suitable
functions. In this scenario the new allotropic forms of carbon,
like fullerenes, nanotubes and graphene showed interesting
electronic and chemical properties that can be tuned by proper
functionalization with targeted molecules.” The modification of
carbon structures with active molecules is the main step for
obtaining hybrid nanomaterials with potential technological
applications like sensors, in photovoltaic cells, in polymer
composites and as catalysts” supercapacitors and other
technologically relevant materials.” A very interesting route to
obtaining new carbon-based materials is through chemical
functionalization by the Prato and Maggini reaction.”
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linked to the beta-pyrrole positions of the porphyrin ring,
generating a new example of a long-range donor—acceptor
system. Steady-state fluorescence studies together with Raman
and XPS measurements helped understanding the chemical and
physical properties of the porphyrin ring in the new adduct. The
spectroscopic characteristics were also compared with those
obtained from a similar compound bearing fullerene instead of
carbon spheres.

Such reaction has been extensively applied to fullerenes
(Figure 1a), as also reported in the literature for the synthesis of

Figure 1. Structure of triads: (a) Ferrocene-Porphyrin-Fullerene (Triad 7). (b)
Ferrocene- Porphyrin-Carbon Spheres (Triad 6).

several photoactive compounds.”™ In the last twenty years

porphyrins, C60 and ferrocene-containing dyads, triads and
tetrads have been synthesized and variously assembled and the
resulting species have been studied for mimicking natural
photosynthetic systems.'>' In the field of solar energy
conversion, many recently published papers mainly focused on
fullerenes applied to organic solar cells operating in solution
and on carbon nanotubes in the solid state. In the present
study, we investigated the functionalization of carbon spheres
(CSs), a material recently produced in our laboratories.™™ The
functionalization was carried out with a dyad built by
interconnecting a porphyrin and a ferrocene with a triple bond,
as shown in Figure 1b. Different experimental techniques have
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been used to characterize the structure and properties of this
new carbon-based material. The results indicate that the adduct
shows good stability and optical performance.

2. Results and Discussion

Recently the beta functionalization of H,TPP by one or two
ferrocene molecules in the 2 and 3 positions through ethynyl or
phenylethynyl groups was reported by some of us."® Two new
triads, connecting ferrocene and C60 to the 2,12 pyrrole
positions of H,TPP through ethynyl bonds were obtained and
used as models to further investigate their electron-transfer
properties."” Reports from other groups have followed on the
synthesis and characterization of different tetraphenylporphyr-
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The correct stereochemistry of 2,12-dibromo TPP starting
compound was recently elucidated.”” In Scheme 1 the syn-
thetic steps for obtaining the CSs and C60 triads are reported.

The first step involved Sonogashira coupling of compound
1@ with 1.5 equivalents of 4-[(4-ethynyl)phenyl]-ethynylben-
zaldehyde, 2, giving the porphyrin derivative 3 in 36% yield
after chromatographic purification. The following step was
again a Sonogashira coupling reaction between compound 3
and 2 equivalents of 4-ferrocenylphenylacetylene, giving the
intermediate 4 in 72% yield. Zinc was inserted following a
literature procedure to quantitatively give Dyad 5. Finally, Dyad
5 was used to obtain Triad 6.

The CSs starting material was obtained by a CVD process
and a detailed characterization of the outer and inner structure
of the spheres as well as their spectroscopic properties will be

ins bearing ferrocene at beta, meso or 4-phenyl positions.""'*'¥  reported in detail elsewhere and is here summarized.™
O Fe
Pd,(dba); / AsPh;

Br

N-methylglycine
Toluene, A, Ny, 72 h

Scheme 1. Synthetic pathways for obtaining the CSs and C60 Triads.
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Figure 2 reports a SEM micrograph that shows the presence nearly parallel oriented to the electron beam. The inner layers
of spheres of variable size, some of which partially fused look less ordered, although they still have a concentric arrange-
ment. The average CSs diameter found from a statistical
analysis performed on several images of comparable spatial
resolution is 175+ 10 nm.

XPS analysis was performed on the CSs after functionaliza-
tion process in order to investigate the attachment of the dyad
on the surface of the CSs and the resulting chemical
composition. Figure 4 shows the Fe 2p;, ;, and N 1s photo-
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Figure 2. The SEM picture of the carbon spheres.
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TEM helped investigating the internal structure of the Binding Energy/eV
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Figure 4. Fe 2p;,,,, (@) and N 1s (b) photoemission regions of Triad 6.
Experimental curve (dots) and peak-fit components (lines) are shown
together.

emission region of the dyad/CSs sample. The Fe 2p region
Figure 3. The TEM picture of the carbon spheres. presents two major peaks at 708.0 (2p;,,) and 720.5 (2p,,,) eV,
plus a second couple of Fe 2p signals, falling at 710.9 (2ps,)
and 724.4 (2p,,,) eV.
magnification image of many spheres dispersed on the TEM A satellite line at higher energy accompanies each of the
grid. latter two contributions. The Fe(ll)/Fe(lll) atomic ratio is 1.4. On
The average CSs diameter makes the TEM analysis rather the basis of the literature,”” such complex envelope of peaks
difficult. In addition, the high magnification image of a single corresponds to the presence of both Fe(ll) and Fe(lll) ionic
sphere reported in the inset, shows ordered graphitic layers in states, which we attribute to the interaction of ferrocene
the region close to the surface that spans around 10-15 nm valence orbitals with the conjugated network of sp? hybridized
range. This region defines the spatial extension of those planes carbons in the CSs.
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In fact, in some previous literature reports by some of us on
redox-active Si (100) covalently functionalized surfaces with [60]
fullerene conjugates,”” the XPS spectra from Fe 2p revealed the
presence of Fe(lll) and Fe(ll) states in a different ratio with
respect to substituted ferrocene moieties directly bound to the
same Si surface via an anchoring C=C or C=C arm. This result
was taken as an evidence of the electron-withdrawing effect of
fullerene compared to Si. Given the present results, a similar
electronic effect can be assigned to the CSs, which calls for an
energy levels relative alignment between the dyad and the CSs
allowing partial electron donation from the ferrocene moiety to
the CSs.

The N 1s peak presents two distinct components which we
assign to porphyrinate nitrogens (398.3 eV) and substituted
amine groups (400.1 eV), in a 2.5 atomic ratio. Such co-presence
was expected because of the anchoring bond of the dyad to
the CSs and confirms the nature of the bonding. The atomic
ratio is somehow lower than expected and we assign it to some
residual aminic contamination in the final sample. The Zn/Fe
atomic ratio is equal to 1, confirming the intact nature of the
attached dyad, as shown in Figure 4.

The graphitic nature of the CSs was investigated using
Raman Spectroscopy, a powerful and popular tool for the
investigation of the extent of graphitization in carbon nano-
materials. The Raman shifts which appear at ~1360 cm™' and
~1600 cm™ in Figure 5 are generally denoted as D-band and G-

Intensity/arb. u.

1 n 1 n 1 n 1 n 1

1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman Shifticm™

Figure 5. Raman spectrum of the functionalized spheres of Triad 6.

band, respectively. The D-band arises from aromatic rings but
needs defects to be activated, as it is associated with dangling
bonds for the in-plane termination of disordered graphite. The
G-band corresponds to the E2g phonon of the in-plane
vibration of sp>-bonded carbon atom, is related to the vibration
of sp>bonded carbon atom in a two-dimensional hexagonal
lattice and represents the extent of graphitization. The
structural quality of CSs was analyzed from the Ip/l; ratio,**?" a
parameter widely used as a measure of the size of the sp® ring
clusters in a network of sp>- and sp>-bonded carbons, therefore

ChemPhysChem 2018, 19, 1-8
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taken as an indication of structural distortions. The value of I/l
area ratio (1.3), obtained from curve-fitting, can be associated
to a value of L,”" equal to ~10nm, which consistently
compares with the results from TEM reported in Figure 3. The D
peak width can be related to the C sp? content because of its
relationship with the fraction of carbon atoms not sp?
hybridized. The CSs show quite large FWHM values (140-
160 cm™), indicating a low degree of crystalline perfection.

A comparison of the UV-vis absorption spectra of the new
triads with those of ZnTPP reference compound (see Figure 6)

Abs/O.D.
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T T T T
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0
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Figure 6. UV-vis absorption spectra of Triads 6 (green) and 7 (orange) and
the reference compounds ZnTPP (blue) and CSs (black) in diluted DMF
solutions. The insert shows the photographic image of the samples
dispersed in DMF (from left to right: Triad 6 and only CSs).

shows that the new adducts exhibit an appreciable broadening
of the Soret band and a significant red shift (~20 nm) of both
the Soret and the Q bands. This suggests that conjugation is
more extended in the triads, and the porphyrin HOMO spreads
more along the whole length of the linker. In this respect, the
behaviour of the new triad compounds is distinct from that of
the previouly reported ones® and more similar to those
recently investigated by our group.?" This confirms that the
ferrocene unit favours delocalization of charge along the
carbon—carbon triple bonds.

Figure 7 displays the PL emission spectra of the Dyad 5
(magenta curve), Triad 6 (green), Triad 7 (orange) where the
dyad is bound to CSs and C60, respectively, and CSs (black). The
emission spectrum of ZnTPP reference compound (blue curve)
is also shown for comparison. The excitation wavelength was
hexe =435 nm and all the spectra were normalized to the optical
density at the excitation wavelength, so they can be compared
to each other, and the reported PL intensity is an estimate of
the relative quantum efficiency. First, the comparison shows
that the spectral distribution of the emitted energy in all the
adducts closely resembles the singlet excited-state emissions of
ZnTPP reference compound, apart from a red shift of ~25 nm
(see Table 1) which confirms the more extended conjugation
discussed above on the basis of the UV-vis absorption spectra.
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Figure 7. Photoluminescence spectra of ZnTPP (blue), Dyad 5 (magenta),
Triads 6 (green), 7 (orange) and CSs (black) in diluted DMF solutions.

Table 1. Photoluminescence parameters of the investigated compounds in
DMF: the wavelength of the emission peaks and the PL quantum yield (QY)

Adduct PLAmaxt [NmM] PLAmaxo [NM] Qy

Dyad 5 620 670 1.5x1073
Triad 6 620 668 1.1x1073
Triad 7 620 670 1.6x107*

Second, the quantum efficiency of the dyad decreases only by
~30% when bound to CSs in 6, indicating a moderate
interaction with CSs. A significant PL quenching of about 90%
is instead observed when the dyad is linked to C60 in 7, in
agreement with the reported quenching behaviour of C60, due
to its tendency to form charge-trasfer complexes with electron
donating groups.” Since similar strong quenching effects on
covalently bound fluorophores are also produced by gra-
phene® and, single-walled carbon nanotubes,”"” CSs are
distinct from other carbon-based materials because of their
ability to bind optical emitting molecules without strongly
affecting their quantum yield, a promising property for
optoelectronic®® and bioimaging applications.

3. Conclusions

In this paper, we have demonstrated that CSs can be covalently
functionalized with photoactive molecules with a resulting
push-pull effect generated by the ferrocene and carbon
moieties. CSs modified with metal porphyrin have been
prepared by an exact synthetic route; each intermediate
compound that was synthesized to arrive at the final product
was characterized using the most common techniques, mass
spectrometry and NMR analysis. The functionalization method
here proposed is very efficient and gives as a result a new
carbon material with spectroscopic characteristics similar to
what already reported for fullerene derivatives. The structural
properties of new hybrid were characterized by using spectro-
scopic techniques. Photophysical studies showed that this

ChemPhysChem 2018, 19, 1-8
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compound may be a promising candidate for optoelectronic
applications. Such assembly can be considered as a new
photoactive material and its possible uses are for building cells
able to generate current and/or in sensors.

Experimental Section

General Methods

"H NMR spectra was recorded as C;D, solution on a Bruker AM-300
instrument using residual solvent signal as an internal standard
(7.15 for C¢Dg). Chemical shifts are given as & values. J values are
given in Hz. FAB (Fast Atomic Bombardment) mass spectra were
measured on a VG-4 spectrometer using m-nitrobenzyl alcohol
(NBA) as a matrix. UV-vis spectra were acquired by a Varian Cary 50
Scan spectrophotometer in DMF or CH,Cl, solution. Photolumines-
cence (PL) emission spectra were obtained by using a specific
laboratory set-up®® equipped with a continuous-wave 200-W
Hg(Xe) discharge lamp (Oriel Corp.) monochromatized with an
excitation 25-cm monochromator (PMI), an emission 25-cm mono-
chromator (Oriel Cornerstone 260) and a Hamamatsu R3896 photo-
multiplier as emission light detector. Diluted solution in spectro-
scopic DMF, with an absorbance <0.1 OD in the range 250-
400 nm, were prepared for the PL spectra and characterized by
using conventional 90° geometry on fused-silica cuvettes with an
optical path-length of 10 mm. The typical excitation wavelength of
hexe =435 nm was used with a spectral band-pass of 3 nm for both
the excitations and emission monochromators. The curves were
corrected for the spectral response of the set-up that was
previously calibrated in the spectral range from 300 nm to 800 nm
by using a reference black-body lamp and standard-fluorophore
solutions. A spectral band-pass of 3 nm was used for both the
excitations and emission monochromators. X-ray Photoelectron
Spectroscopy (XPS) measurements were obtained from a modified
Omicron NanoTechnology MXPS system. The spectra were excited
by achromatic Mg Ko and Al Ka photons (hv=1253.6 and
1486.6 eV, respectively), generated operating the anode at 14-
15 kV, 10-20 mA. All the samples were mounted on metal tips as
thin layers of pressed powders. Experimental spectra were theoret-
ically reconstructed by fitting the peaks to symmetric pseudo-Voigt
functions (linear combination of gaussian and lorentzian peaks)
and the background to a Shirley or a linear function. XPS atomic
ratios (10% associated error) between relevant core lines were
estimated from experimentally determined area ratios corrected for
the corresponding theoretical cross sections® and for a square
root dependence of the photoelectrons kinetic energies. All bind-
ing energies were referenced to the lowest lying C 1s peak
component, taken at 285.0 eV, which was assumed to be related to
the aromatic C atoms. Raman spectra were acquired at room
temperature in backscattering geometry with an inVia Renishaw
micro-Raman spectrometer equipped with an air-cooled CCD
detector and super-Notch filters. The emission line A laser at
488.0 nm from an Ar* ion laser was focused on the sample under a
Leica DLML microscope using a 5x objective. The power of the
incident beam was about 5 mW. 10 s accumulations were generally
acquired for each sample. The resolution was 2 cm™, and spectra
were calibrated using the 520.5 cm™' line of a silicon wafer. L, (the
average crystallite size) of the sp? lattice was calculated using the
equation: L,=13.611(Ip/lc) ",®¥ for the present value of A laser,
where Ig and |, are the intensities of the Raman G and D bands,
respectively.

These last were obtained by a curve-fit procedure employing a
pseudo-Voigt profile (linear combination of gaussian and lorentzian
curves) and an asymmetric pseudo-Voigt profile, respectively. The
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SEM micrographs were acquired using a field emission gun
scanning electron microscopy (FEG-SEM, Leo Supra 35), and a
transmission electron microscopy (TEM, cold FEG Hitachi HF2000
operated at 200 kV voltage). For the TEM analysis, the spheres were
dispersed in ethanol (95 % solution) and sonicated for half an hour.
The samples were then dropped onto a copper grid (mesh 300)
covered with a thin holey carbon film and dried before inves-
tigation.

Chemicals

Silica gel 60 (70-230 and 230-400 mesh, Merck) was used for
column chromatography. High-purity-grade nitrogen gas was
obtained from Rivoira. All the reagents and solvents were from
Fluka Chem. Co., Aldrich Chem. Co., or Carlo Erba and were used as
received. 4-ferrocenylphenylacetylene was synthesized as reported
in the literature.””

Synthesis of Carbon Spheres

CSs were obtained following a chemical vapor deposition (CVD)
process carried out in a horizontal hot-wall quartz furnace. The
furnace was heated up to the growth temperature under argon
atmosphere at ambient inert pressure (760 Torr). Ferrocene was
used as catalyst and dissolved in o-dichlorobenzene. The solution
was placed in a 10 mL glass syringe and injected into the growth
chamber at a constant rate of 6 mLh™" through a flux of argon and
acetylene (250/45 sccm) which act as gas carrier and carbon
precursor, respectively. The vaporized solution and the gas mixture
were admitted in the chamber through a small stainless-steel
capillary, which enables the vaporized solution to be injected
directly into the high temperature region of the quartz tube
furnace. The CSs synthesis was carried out at 800-900°C, the
temperature being checked by an optical infrared pyrometer and
the synthesis lasted about 2 hours. The final powdered product
was collected from the quartz tube, characterized, and used
without any cleaning process.

Synthesis of Porphyrins Linked to Carbon Spheres

Porphyrin-ferrocene compound 4 was synthesized as reported in
the literature.”®

Dyad 5. 60 mg (0.058 mmol) of compound 4 were dissolved in
30 mL of CHCl; and 1 mL of saturated solution of Zn(AcO), in
methanol was added. The mixture was refluxed and stirred for 1 h.
The solvent was removed under vacuum and the crude product
was purified by a plug of silica gel eluted with chloroform. The
fraction containing the desired product was collected and the
solvent was evaporated. The compound was crystallized from
dichloromethane/methanol. Dyad 5 (68 mg, 99 %).

MS (FAB): m/z [M+H*]=1189 (see Fig. S1); '"H NMR: (300 MHz,
CeDg) 9.59 (s, 1 H), 9.57 (s, 1 H), 9.44 (s, 1 H), 9.05-8.78 (m, 4 H),
8.43-8.11 (m, 9 H), 7.64-7.43 (br m,15 H), 7.39 (d, 2 H, J=8.0 Hz),
7.34 (d, 2 H, J=8.1 Hz), 7.30 (s, 4 H), 4.49 (s, 2 H), 4.10 (s, 2 H), 3.92
(s, 5 H) (see Fig. S2); UV/Vis Ay. (CH,CL)/nm 445 (log € 4.85), 571
(3.95), 611 (3.99) (see Fig. S3).

Triad 6. 20 mg (0.0168 mmol) of Dyad 5, 40 mg of CSs and 30 mg
(0.34 mmol) N-methylglycine were refluxed for 72 h in 20 mL of
anhydrous toluene under N, atmosphere. The obtained black solid
was washed with warm toluene and filtered until the solvent was
uncoloured. The final compound was dried at 60°C under vacuum
for 10 hours.

ChemPhysChem 2018, 19, 1-8
These are not the final page numbers!

www.chemphyschem.org

CHEMPHYSCHEM
Articles

UV/Vis hp.. (DMF)/nm 302, 448, 580, 618.
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