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s improving upon solubility and processability, but also offering

s functionalization. Therefore, synthetic efforts have focused on the
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Novel porphyrin derivatives bearing additional pyrene or ferrocene units as light harvesting antenna
systems were synthesized and fully characterized. Following a covalent functionalization approach for
single-walled carbon nanotubes (SWCNTSs), stable SWCNT suspensions in common organic solvents
were produced. Subsequently, the resulting porphyrin-pyrene and porphyrin-ferrocene dyads were
incorporated onto the nanotubes' backbone yielding donor-donor-acceptor hybrids. The resulting hybrid
materials were soluble in common organic solvents and were characterized using micro-Raman, ATR-IR,
UV-Vis and photoluminescence spectroscopy, transmission electron microscopy, thermogravimetric
analysis and electrochemistry. Photoluminescence quenching of the porphyrin emission in both hybrid
materials was detected thus suggesting the potentiality of these materials in photoelectrochemical cells.

1. Introduction fullerenes giving rise to triads.'™'" Careful design or selection of
the chromophore(s) to include multiple photon absorbers in a
single system is an intriguing approach that opens up new
pathways towards developing an efficient solar absorber
extending to the near-IR region.'” On the other hand as a
standalone active moiety the realization of donor—acceptor—donor
architectures can prove extremely efficient in various fields
s ranging from sensors' to optoelectronics.'*"”

Porphyrins, being the basis for chlorophyll, the natural photon
absorbing moiety of the plants, are an excellent candidate for
organic solar cells, providing light harvesting properties as well
as being bulky molecules that can aid in solubilization.
Fullerene—porphyrin structures have been studied extensively as
they provide a stable platform for studying the properties of
donor—acceptor hybrids.'"® The resulting molecule can act as a
stand-alone active system providing electron donating properties,
owed to the porphyrin moiety and electron accepting properties,
s due to the carbon nanostructure. This has been attempted
preliminary on a non-covalent basis,' but there are also many
examples of porphyrin-SWCNT nanohybrids linked with
covalent bonding.>**?' The addition of a second light-harvesting
moiety that acts synergistically with the porphyrin will give rise
to donor—donor—acceptor structures. In an example of this type of
structures the electron donor ferrocene (Fc) was used in
porphyrin and fullerene systems to construct multicomponent
systems.22 In a very recent example a covalent linked Fc—
porphyrin—-SWCNT hybrid material has been synthesized via
amidation reaction between an oxidized SWCNTs and an amino-
terminated porphyrin moiety carrying a Fc unit.??

Herein, we present the covalent conjugation of porphyrin—
ferrocene and porphyrin—pyrene moieties onto pre-modified
SWCNTs. The newly formed SWCNT-based hybrids were found

The last couple of decades a new interdisciplinary area in
material science and applications has emerged. Various unique
structures of nanomaterials, such as fullerenes, carbon nanotubes
(CNTs) and graphene, possess remarkable mechanical, thermal,
and optical properties making them suitable for an array of
technological applications in electronics, advanced materials, and
nanomedicine. Their inherent desirable properties are only
enriched through the process of chemical modification and
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the opportunity to tune the physical properties

Single wall carbon nanotubes (SWCNTs) exhibit interesting
electronic propelrties1 rivalling the ones of buckminsterfullerene,
while maintaining excellent mechanical properties. Furthermore,
SWCNTs exhibit very high tensile strength and excellent thermal
and electrical conductivity, while their high aspect ratio and
nanoscale size make them a great candidate in diverse
nanotechnology applications.” The main drawback of CNTs, that
is the poor solubility properties, is countered by chemical
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functionalization of SWCNTSs® thus affording materials soluble in
common organic solvents. Solubilizing CNTs will permit their
easier incorporation in organic electronic devices with low-cost
widespread processing techniques. Modern synthetic efforts have
focused on coupling moieties with electro- or photo-active
properties onto SWCNTs affording donor acceptor architectures
with interesting optoelectronic properties.** This motif has also
been realized for carbon nanohorns (CNHs)®” and lately graphene
sheets.™

The idea of adding a second light harvesting moiety to the
solar cell active layer is not novel and several synthetic efforts
have been made towards the realization of this concept in
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Scheme 1 Synthetic procedure for the preparation of porphyrin
derivatives 8 and 9. (i) pyrrole, TFA; (ii) 4-methoxybenzaldehyde, TFA,
DDQ, CH,Cl,; (iii) BBr;, CH,Cl, then CH;0H, H,0; (iv) Et;N, ferrocene-
s 1-carbonyl chloride for 4 or pyrene-1-carbonyl chloride for 5; (v) benzyl
2-bromoacetate, K,CO;, DMF; (vi) H,, 10% Pd/C, THF.

soluble in common organic solvents and fully characterized with

complementary  spectroscopic, thermal and microscopy

techniques, while their photochemical and electrochemical
10 properties were also evaluated.

2. Experimental

2.1. Synthesis of 5-(4-(carboxymethoxy)phenyl)-15-(4-
(ferrocene-2-carbonyloxy)phenyl)-10,20-bis(2,4,6-
trimethylphenyl)porphyrin 8.

15 A solution of porphyrin 6 (15 mg, 0.01 mmol) and 10 % Pd/C (5
mg, 0.05 mmol) in THF (5§ mL) was stirred under H, at room
temperature overnight. Then the mixture was filtered on a pad of
celite and the solid washed first with THF (5 mL) and then with
MeOH (5 mL). The solvents were removed from the filtrate and

20 the resulting solid was purified by column chromatography (1-20
% methanol in dichloromethane). The desired product was
obtained using 20 % MeOH in CH,Cl, to give 8 as a purple solid
(9.5 mg, 95 %)."H NMR (500 MHz, CDCl;): 6 8.87 (d br, 2H),
8.80 (d br, 2H), 8.71 (m, 4 H), 8.27 (d, /= 6.0 Hz, 2H), 8.16 (d, J

s = 5.0 Hz, 2H), 7.59 (d, J = 7.5 Hz, 2H), 7.29 (s br, 6H, H3), 5.1
(s, 2H), 4.92 (s br, 2H), 4.60 (s, 2H), 4.43 (s, SH), 2.63 (s, 6H),
1.85 (s, 12H), -2.65 (s, 2H); *C NMR (75 MHz, CDCLy): 8 171.6,
170.6, 157.3, 150.8, 139.4, 138.4, 137.8, 135.7, 1354, 131.5,
130.2, 127.8, 120.1, 118.4, 113.0, 72.1, 70.8, 70.1, 65.2, 21.6,

3 21.5; UV/vis (CH2Cly) Amax, nm (e, mM™' em™) 419 (441.2), 447
(23.1), 515 (16.9), 550 (6.7), 591 (4.8), 647 (3.7); HRMS
(MALDI-TOF) caled for CgHssFeN,Os [M+H]" 1001.3365,

found 1001.3372.

2.2. Synthesis of 5-(4-(carboxymethoxy)phenyl)-15-(4-
s (pyrene-1-carbonyloxy)phenyl)-10,20-bis(2,4,6-
trimethylphenyl)porphyrin 9.

w
&

A solution of porphyrin 7 (25 mg, 0.02 mmol) and 10 % Pd/C (8
mg, 0.08 mmol) in THF (5§ mL) was stirred under H, at room
temperature overnight. Then the mixture was filtered on a pad of
celite and the solid washed first with THF (5 mL) and then with
MeOH (5 mL). The solvents were removed from the filtrate and
the resulting solid was purified by column chromatography
(CH,C1,/MeOH 7:3). The desired product was obtained using
CH,Cl,/MeOH 7:3 to give 9 as a purple solid (19 mg, 93 %). 'H
4s NMR (300 MHz, CDCls): 6 9.57 (m, 1H), 9.10 (m, 1H), 8.92 (d
br, 2H), 8.80 (d br, 2H), 8.73 (m, 4H), 8.37-8.14 (m, 11H), 7.78
(d, J = 7.8 Hz, 2H), 7.30 (s, 4H), 7.26 (s br, 2H), 2.64 (s, 6H),
1.87 (s, 12H), -2.55 (s, 2H); *C NMR (75 MHz, CDCLy): § 171.2,
166.5, 157.4, 151.2, 140.4, 139.5, 138.4, 137.9, 135.6, 135.2,
132.2, 131.1, 1304, 130.3, 129.2, 128.5, 127.9, 127.3, 126.6,
125.1, 124.9, 124.3, 122.0, 120.3, 118.7, 114.4, 113.1, 65.1, 21.7,
21.5; UV/vis (CHyCly) Amaw, nm (5, mM™' cm’™) 284 (31.5), 357
(32.0), 419 (349.3), 515 (15.8), 550 (6.9), 591 (5.1), 647 (3.9);
HRMS (MALDI-TOF) calcd for CgHs3N4Os [M+H]" 1017.4016,
found 1017.4022.
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2.3. Synthesis of hybrid materials 11 and 12.

A solution of ferrocene-porphyrin 8 or pyrene-porphyrin 9, 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide  hydrochloride (5
equiv.) and 1-hydroxy-benzotriazole (5 equiv.) in chloroform (10
mL) was stirred for 30 min. at room temperature and then was
added to a triethylamine-neutralized solution of ammonium-
functionalized SWCNTs 10* (20 mg) in chloroform (15 mL).
The reaction mixture was stirred at room temperature for 48 h
and then was filtered through PTFE membrane filter (pore size
0.2 um) and washed with dichloromethane (100 mL), methanol
(100 mL) and diethylether (50 mL).
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3. Results and Discussion

The synthesis of ferrocene—porphyrin 8 and pyrene—porphyrin 9

— abbreviated as H,P-Fc and H,P-pyr, respectively — is
70 schematically shown in Scheme 1. Briefly, acid-catalyzed
reaction  of  4-methoxybenzaldehyde and  2,2'-(2,4,6-

trimethylphenylmethylene)bis(1H-pyrrole) 1, followed by

demethylation in the presence of boron tribromide, afforded 5,15-

bis(4-hydroxyphenyl)-10,20-bis(2,4,6-trimethylphenyl)porphyrin
55 3. At this point it is important to note that the sterically
demanding 2,4,6-trimethylphenyl moiety present as a substituent
of the bis(1H-pyrrole)methane was deliberately chosen due to its
ability to afford trans-meso substituted porphyrins without
scrambling, thus avoiding the formation of a complicated mixture
of porphyrins. Then, selective condensation reaction of porphyrin
3 with either ferrocene or pyrene carbonyl chloride yielded
mono-substituted porphyrins 4 and 5, respectively, possessing a
free hydroxyl group at the meso-position. The latter was
subsequently coupled with benzyl bromo acetate to result
protected analogues 6 and 7. Successful cleavage of the benzyl
group after catalytic hydrogenation afforded the final porphyrin
products bearing ferrocene for 8 and pyrene groups for 9,
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Scheme 2 Synthetic procedure for the preparation of the SWCNT-(H,P-Fc) 11 and SWCNT-(H,P-pyr) hybrid materials 12

respectively. The structure of all synthesized compounds was were liberated and porphyrin derivatives 8 and 9 were covalently
verified by 'H and C NMR spectroscopy as well as MALDI attached to the amino-modified SWCNTs 10, by a typical
s TOF mass spectrometry (Figs. S1-S16 in ESIY). condensation reaction, according to Scheme 2. The hybrid
In a parallel route, SWCNTSs were functionalized by the widely 15 materials 11 and 12 form stable dispersions in a range of polar
applied methodology of in-situ generated aryl diazonium salts solvents  like  dichloromethane, methanol and N,N-
addition.”® In this context, aryl units possessing at para-position a dimethylformamide, thus allowing their spectroscopic
polar ethylene glycol chain terminating with a Boc amino- characterization and to perform studies of their properties in
10 protected group were successfully introduced onto the skeleton of solution.

SWCNTs. Then, under acidic conditions, the free amino-units 20  The morphological characterization of SWCNT-(H,P-Fc) 11

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 3



200 nm

Fig. 1 Representative TEM images of a) SWCNT—(H,P-Fc) 11 and b)
SWCNT-(H,P-pyr) 12 hybrid materials.

and SWCNT-(H,P-pyr) 12 was achieved by transmission

s electron microscopy (TEM). Representative TEM images (Fig. 1)
of 11 and 12 reveal the presence of small bundles (10-90 nm in
diameter) of SWCNTSs. Moreover, no significant damage of the
SWCNT backbone skeleton due to the functionalization is
observed.

10 Spectroscopic insight on the formation of SWCNT-(H,P-Fc)
11 and SWCNT-(H,P-pyr) 12 hybrid materials was delivered by
vibrational spectroscopy. Attenuated-total-reflectance infra-red
(ATR-IR) spectroscopy indicates the C=0 stretching vibrations
due to carbonyl amides at 1640 cm™ and carboxylic esters at

is 1720 cm™, while the C—H stretching vibrations at 2843 and 2922
cm ' are also observed (Fig. S17 in ESI?).

Raman spectroscopy provided efficient support for the
successful covalent functionalization of SWCNTs. Basically the
Raman spectrum of aryl functionalized SWCNTs 10 exhibits two

» bands at 1336 and 1591 cm™’. The former, D-band, is assigned to
sp3 -bonded carbon atoms and the latter, G-band, to sp2 ones. For
the aryl-functionalized SWCNT material the Raman spectrum
shows an increased D-band (Fig. S18 in ESIt), while the Ip/Ig
ratio found enhanced as compared with that for intact SWCNTs

25 (Ip/Ig = 0.28 vs Ip/Ig = 0.12). Thus, that observation reflects the
presence of sp>-hybridized carbons due to the attachment of the
aryl moieties onto SWCNTs. However, the conjugation of
porphyrin moieties, in the form of H,P-Fc 8 and H,P-pyr 9, onto
the already modified SWCNTSs 10 does not significantly change

s the nature of the Raman spectrum (Fig. S19 in ESIY), as no
further disruption on the carbon skeleton of SWCNTSs occurs.

Thermogravimetric analysis (TGA) is a powerful tool to
determine the degree of functionalization. Pristine SWCNTSs are
thermally intact and stable up to at least 800 °C under nitrogen

35 atmosphere. Ammonium-functionalized SWCNTs 10 show a
weight loss of 24 %, occurring in the temperature range of 200—
580 °C, attributed to the decomposition of the aryl units grafted
onto the surface of the nanotubes (Fig. 2). Taking into account
the above value, the degree of functionalization was calculated

40 and found to be 1 aryl ethylene glycol side chain per 73 carbon
atoms of SWCNT material. TGA analysis for H,P-Fc
functionalized SWCNTs 11 and H,P-pyr functionalized SWCNTs
12, performed under same conditions, showed a weight loss of
27% and 30%, respectively, up to 550 °C, corresponding to the

4s decomposition of the total organic matter grafted onto the surface
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Fig. 2 TGA graphs of pristine SWCNTs (black), ammonium-
functionalized SWCNTs 10 (gray), SWCNT-(H,P-Fc) 11 (red) and
SWCNT-(H,P-pyr) 12 (blue), obtained under nitrogen.

of the nanotubes framework. Based on that, it is evaluated that 1
H,P-Fc based organic moiety for every 267 carbon atoms is
present onto the functionalized SWCNTs 11 and 1 H,P-pyr based
organic moiety for every 239 carbon atoms for hybrid material
12. By simply correlating those values with the one mentioned
above for the ammonium-functionalized SWCNTs 10, it is
understood that approximately only one out of four —-NH, units
were condensed with the appropriate H,P-Fc and H,P-pyr moiety.
Nevertheless, the latter can be rationalized when considering
steric hindrance phenomena introduced by the large volume
modified porphyrins occupy onto the SWCNT surface. The
weight loss above 600 °C is attributed to decomposition of
miscellaneous forms of disordered carbon®® and due to the defects
introduced on the carbon backbone through the functionalization
procedure.

Due to the long chain that can act as spacer, hybrid materials
11 and 12 can provide interesting optical properties as recently
demonstrated on graphene donor-spacer—acceptor hybrids.?’ As
hybrid materials 11 and 12 show enhanced solubility in DMF and
since optically active moieties have been attached to the
SWCNTs’ backbone, absorption and photoluminescence
spectroscopy can be applied for evaluating the optical properties
of the synthesized materials. In Fig. 3 the absorption spectra of
SWCNT-(H,P-Fc) 11 and SWCNT-(H,P-pyr) 12 hybrid
materials are compared with those ones derived from the
unbound H,P-Fc 8 and H,P-pyr 9. In the electronic absorption
spectrum of 8 the predominant Soret band at 420 nm as well as
the Q bands at 516, 551 and 594 and 650 nm are clearly observed
(Fig. 3a). Hybrid material 11 shows a continuous absorption in
the UV-Vis spectrum common for SWCNTs with a clear
shoulder at 424 nm, corresponding to the Soret band, red-shifted
by 4 nm as compared with that of unbound 8. Similarly, the
UV-Vis spectrum of HyP-pyr 9 shows the characteristic Soret
band at 419 nm as well as the Q bands at 515, 550, 592 and 648
nm, while in the corresponding UV-Vis spectrum of
SWCNT-(H,P-pyr) 12 a clear shoulder at 422 nm, corresponding
to the Soret band, red-shifted by 2 nm as compared with that of
unbound 9 is found (Fig. 3b). These observations are in line with
both the success of the linkage of H,P-Fc 8 and H,P-pyr 9,
respectively, to aryl-modified SWCNTSs 10 and more importantly
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Fig. 3 UV-Vis absorption spectra of a) H,P-Fc 8 (magenta) and
SWCNT-(H,P-Fc) 11 (red), and b) H,P-pyr 9 (brown) and
SWCNT-(H,P-pyr) 12 (blue).

sto ground state electronic interactions between SWCNTs and
H,P-Fc in the SWCNT-(H,P-Fc) 11 and H,P-pyr in the
SWCNT-(H,P-pyr) 12 hybrid materials, respectively. However,
weak inter-porphyrin interactions, most likely between
porphyrins located on the same nanotube, should be also
considered and taken into account. Notably, such results are in
agreement with earlier studies based on other hybrid materials
composed of different porphyrins bonded to SWCNTs, CNHs
and graphene.”**%

Insight on the electronic interplay between H,P-Fc 8 and H,P-
pyr 9, respectively, and SWCNTs in the excited state of hybrids
11 and 12 is derived from photoluminescence studies. Upon
excitation at 420 nm, the strong fluorescence emission of
porphyrin 8 at 653 nm was significantly quenched by the
presence of SWCNTs in the SWCNT-(H,P-Fc) 11, when
o measurements performed with matching absorption of H,P-Fc at
the excitation wavelength (Fig. 4a). The latter observation is
indicative of electronic interactions between the singlet excited

state of '(H,P-Fc)* and SWCNTs, thus suggesting that
photoilluminated H,P-Fc can transport electrons to the electron
s accepting SWCNTs, in hybrid material 11. A similar
phenomenon was observed for SWCNT-(H,P-pyr) hybrid
material 12 (Fig. 4b), namely, quenching of the characteristic
strong emission of H,P-pyr at 653 nm, when excited at 420 nm.
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Fig. 4 Photoluminescence spectra of a) H,P-Fc 8 (magenta) and
SWCNT-(H,P-Fc) 11 (red), and b) H,P-pyr 9 (brown) and
SWCNT-(H,P-pyr) 12 (blue), upon excitation at 420 nm.

Finally, the energetics of the photoinduced process in
SWCNT-(H,P-Fc) 11 and SWCNT-(H,P-pyr) 12 hybrid
materials were evaluated by determining the corresponding redox
potentials. Electrochemistry studies were performed by
differential pulse voltammetry (DPV) in dry DMF, with [(n-
Bu)4NPFq] as electrolyte. The materials were studied using a
standard three electrode cell using Pt disc 1.6 mm diameter as a
working electrode, Pt mesh as a counter electrode and Pt wire as
a pseudo reference electrode. All voltammograms were calibrated
vs Fc/Fc'. When examining H,P-Fc 8 by DPV (reduction run), a
clear one-electron reduction was observed at -1.62 V attributed to
the porphyrin moiety as no appreciable signal from the ferrocene

s is expected at that potential (Fig. 5a). The same reduction peak

slightly shifted by 50mV towards positive potentials was also
observed in the SWCNT-(H,P-Fc) hybrid material 11 along with
a broad weak reduction at -0.50V attributed to the SWCNTs
reduction.’®* When scanning in positive potentials, 8 shows a
reversible oxidation at 0.24V characteristic of the Fc moiety, and
a very broad signal with peaks around 0.63 and 0.80V, owed to
the presence of the porphyrin moiety. These three peaks are also
present in the hybrid material 11, but considerably lower in
intensity. The peak assigned to the Fc moiety also has been

s shifted anodically by almost 180 mV denoting electronic

interplay in the hybrid. The peaks assigned to the porphyrin
moiety, remain unshifted in hybrid material 11.

This journal is © The Royal Society of Chemistry [year]
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In Fig. 6 the DPV scans — reduction and oxidation runs — of
s materials 9 and 12 are presented. A pair of reduction processes
takes place at negative potentials in 9 with peaks at -0.163 and -
0.136 V. The former is a reduction also present in 8 so it is
logical to assign this process to the reduction of the porphyrin
moiety. The latter peak can be attributed to the pyrene moiety.
10 When examining hybrid 12, however, these processes are not
observable but a rather strong signal at -1.25 V is present. This
process, as was the case with hybrid 11, is anodically shifted
compared to 9. A weak broad peak at -0.55V attributed to the
SWCNTSs reduction is also present in the DPV of 12.2** In the
15 oxidation run of the DPV a single process is present in both the
dyad and the triad.

Table 1 Electrochemical data of the dyads and the triads synthesized.

. on EHOIVIO ErEd ELUMO Ege‘:hem
Materials R%) V) %) (eV) (eV)
0.24
HZ};-FC 0.63 g%‘ -1.62 3.48 1.86
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Fig. 6 Differential pulse voltammograms of H,P-pyr 9 (solid line) and
SWCNT-(H,P-pyr) 12 (- A-), a) reduction, and b) oxidation runs.

A very broad peak, centered at around 0.57 V is observed in the
case of 9 and a basically unshifted peak at 0.59 but considerably
lower in is observed in the case of hybrid 12. Hence, the LUMO
energy level of 9 is estimated at 3.74 eV, while the HOMO level
is found at 5.67 eV. Collectively, all redox data are shown in
Table 1.

3. Conclusions

Two SWCNT-based triads were synthesized and characterized.
Porphyrin-ferrocene  and  porphyrin-pyrene  functionalized
SWCNTs hybrid materials 11 and 12 were fully characterized
with the aid of complementary spectroscopic, thermal and
microscopy techniques. The hybrid triads formed stable
suspensions in common organic solvents. Photoluminescence
measurements revealed the efficient quenching of the emission of
photoexcited porphyrin in both SWCNT-(H,P-Fc) 11 and
SWCNT-(H,P-pyrene) 12 hybrid materials suggesting that the
individual components in the hybrid materials communicate each
other via electron and/or energy transfer processes. The
synthesized materials provide proof of concept for the
incorporation of multiple chromophores onto the SWCNT
backbone. The careful selection of light harvesting moieties
absorbing throughout the visible spectrum and communicate
electronically via covalent attachment to an acceptor moiety such
as carbon nanotubes comprise a solid basis for highly efficient
solar energy conversion devices.
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