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1 Introduction

Nanostructures are poised to be the future building

ABSTRACT

Axially coordinated metal-porphyrin-functionalized multi-walled carbon nanotube
(MWCNT) nanohybrids were prepared via two different synthetic approaches (a
one-pot 1,3-dipolar cycloaddition reaction and a stepwise approach that involved
1,3-dipolar cycloaddition followed by nucleophilic substitution), and characterized
through spectroscopic techniques. Attachment of the tin porphyrins to the surface
of the MWCNTs significantly improves their solubility and ease of processing.
These axially coordinated (5,10,15,20-tetraphenylporphyrinato)tin(IV) (SnTPP)-
MWCNTs exhibit significant fluorescence quenching. The third-order nonlinear
optical properties of the resultant nanohybrids were studied by using the Z-scan
technique at 532 nm with both nanosecond and picosecond laser pulses. The
results show that the nanohybrids exhibit significant reverse saturable absorption
or saturable absorption when nanosecond or picosecond pulses, respectively,
are employed. Improvement in the nanosecond regime nonlinear absorption is
observed on proceeding to the nanohybrids and is ascribed to a combination of the
outstanding properties of MWCNTs and the chemically attached metal-porphyrins.

blocks for electronic and photonic devices [1-3], a
prospect that has spurred widespread research into
such materials, particularly those exhibiting important
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nonlinear optical (NLO) properties (including optical
limiting) that can be used to protect optical sensors
(human eyes or highly sensitive charge-coupled device
(CCD) cameras) from damage caused by intense laser
pulses [4-6]. Interestingly, several nanohybrids have
been shown to possess improved optical nonlinearities
compared to their bulk counterparts [7-10]. Design
and synthesis of novel nanomaterials with the required
NLO functions for practical limiters, however, still
present a significant challenge. Recent studies have
shown that multi-walled carbon nanotubes (MWCNTs)
and related nanomaterials have superior NLO per-
formances to traditional conjugated organic molecules
because of their more extensive r-conjugated networks
(and thereby, their abundance of mt-electrons) [11-13].
However, the application of MWCNTs has been
impeded by difficulties associated with processing
and manipulation, owing to their extremely poor
solubility that is a result of substantial van der Waals
attractions between MWCNTs along their long axis
[14, 15]. Thus, considerable effort has been devoted
toward the covalent or non-covalent functionalization
of MWCNTs by organic NLO-chromophores in order
to simultaneously promote the solubility and the NLO
function of suspensions of the MWCNTs. Indeed, an
additional limiting effect was observed for organic
NLO-chromophore-functionalized MWCNTs at some
wavelengths, owing to dye photo-induced electron
and/or energy transfer to the MWCNTs [16, 17]; optical
nonlinearities of nanohybrids can therefore be optimized
upon electronic photo-activation of the partners.
Among these organic nonlinear chromophores,
porphyrins are known to possess unique characteristics
(the optical properties can be modulated by changing
the type of axial ligands, the central metal, and the
nature of the substituents at the macrocyclic periphery)
that render them superior to other compounds as
photoactive materials [18], and that can be used in the
design of efficient NLO materials. The architectural
flexibility inherent in porphyrins, such as the ability
to append electron-acceptor subunits to the central
metal atom and thereby introduce a dipole moment
perpendicular to the macrocycle in the axially sub-
stituted porphyrins, provides additional ways to
optimize the NLO response [9]. Some carbon-nanotube-
and porphyrin-based hybrids have been reported that
possess excellent optoelectronic effects [13, 16, 19, 20];

however, to the best of our knowledge, there have
been no reports thus far of axially functionalized
MWCNT-porphyrin nanohybrids, which might provide
more efficient electron transferability to the entire
nanostructure.

Herein, we report the preparation of MWCNT
hybrid materials incorporating axially functionalized
porphyrins through two synthetic routes: A straight-
forward Prato reaction (i.e., 1,3-dipolar cycloaddition
reaction) with sarcosine and a formyl-containing
porphyrin, and a stepwise method at a minimal
synthetic cost that involves a 1,3-dipolar cycloaddition
to the MWCNT surface using 4-hydroxybenzaldehyde
followed by nucleophilic substitution with an
appropriate porphyrin. Indeed, the latter can be
considered to be the optimized synthesis of MWCNT-
di(4-formylphenoxy)(5,10,15,20-tetraphe-nylporphy-
rinato)tin(IV) (SnTPP 1) that affords the similar
nanohybrid system MWCNT-dichloro(5,10,15,20-
tetraphenylporphyrinato)tin(IV) (SnTPP 2). The nano-
hybrids thus prepared are stable in polar solvents
such as dimethylformamide (DMF) and dimethylsul-
foxide (DMSO), forming gray-green suspensions. The
differences and similarities between MWCNT-SnTPP
1 and MWCNT-SnTPP 2 were identified using a
number of spectroscopic and microscopy techniques.
The ground- and excited-state MWCNT-porphyrin
interactions and the NLO responses of the resultant
MWCNT-porphyrin nanohybrids were probed. The
two nanohybrids were found to exhibit contrasting
third-order NLO absorptive performances under
different temporal laser pulses, while clear differences
in their nonlinear optical responses were observed,
highlighting the influence on photophysical properties
of the degree of functionalization and the synthetic
approach employed.

2 Results and discussion

2.1 Syntheses

The surface modification of MWCNTs is an important
tool for their efficient combination with other materials,
and has opened new avenues for fabrication of novel
nanomaterials by improving solubility and pro-
cessability [21]. In addition, MWCNTs are extended
molecular wires, so injection of energy/electrons into
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MWCNTs may result in high charge mobility [22].
MWCNTs are expected to play an important role in
photo-induced energy/electron transfer, with appli-
cations in photonics and photovoltaics. The 1,3-dipolar
cycloaddition of azomethine ylides onto MWCNTs
may pave a new way toward this direction [23]. Using
this chemistry, a large number of functional materials
can be introduced onto the MWCNTSs’ surfaces.
“Axial-bonding” at porphyrins may provide an
effective method for the preparation of arrays with
tunable electrochemical and photo-responsive pro-
perties by changing the rt-orbital interactions [9]. Axial
substituents in porphyrins can in principle favorably
influence the NLO properties because of the presence
of a dipole moment that is perpendicular to the
macrocycle in the axially functionalized porphyrins.
However, to the best of our knowledge, there have
been no reports thus far of axially functionalized
MWCNT-porphyrin nanohybrids, although such
constructs might result in an increase in various
excited-state processes including enhanced internal
conversion and intersystem crossing, excitation energy
transfer, and photo-induced electron transfer. The
covalent linking of an electron donor, i.e., axially
coordinated tin porphyrins, has therefore been pursued
in the present studies for the aforementioned aims

Nano Res. 2016, 9(2): 458-472

and to improve the solubilization and broaden the
utilization of MWCNTs. The trans axial ligands at
Sn(IV) result in tin porphyrins with very stable six-
coordinate environments. Two possible routes to
functionalizing MWCNTs with axially coordinated
porphyrins were considered (Scheme 1), both using
1,3-dipolar cycloaddition. The first route involved the
preparation of a formyl-containing porphyrin, SnTPP
1. The advantage of this method is that a formyl-
containing porphyrin can be readily attached to
MWCNTs through the formation of the corresponding
azomethine ylide. A drawback of this route lies in
the fact that the pristine porphyrin, Sn'TPP 1, is very
difficult to synthesize and purify. Consequently, we
explored another method that involved an initial
reaction of sarcosine and 4-hydroxybenzaldehyde
with the MWCNTS5, and then a subsequent nucleophilic
substitution reaction of the derivatized nanotube
material with SnTPP 2 (Scheme 1), which can be
considered to be the optimized synthesis of MWCNT-
SnTPP 1 that affords the similar nanohybrid system
MWCNT-SnTPP 2. This strategy is advantageous, as
chemical modifications of carbon nanotubes usually
require a large excess of the reactants [23, 24]. In the
present case, 4-hydroxybenzaldehyde is inexpensive.
Another important consideration is that hydroxyl

Sarcosine,
4-hydroxylbenzaldehyde,
DMF, 130 °C

~ SnTPP2

Pyridine, reflux

MWCNT-SnTPP 2

Scheme 1 Preparation of MWCNT-SnTPP 1 and MWCNT-SnTPP 2.
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groups can be grafted onto the MWCNTSs’ surfaces
through a single reaction without degrading the
MWCNTs’ electronic properties, permitting a high
grafting density of organic units and, potentially,
wider application as an optoelectronic nanohybrid
material [25]. The nucleophilic substitution of SnTPP
2 by the functionalized MWCNTs bearing pendent
OH groups then proceeds under nearly stoichiometric
conditions. All samples except the MWCNTs displayed
very good dispersibility in DMSO, with the chemically
modified MWCNT-SnTPP 1 and MWCNT-SnTPP 2
nanohybrids’ dispersions having a light gray-green
color (Fig.1), consistent with the presence of the
porphyrin moieties; this confirmed that attachment
of the porphyrin moieties to the surface of the
MWCNTs significantly improved their solubility and
ease of processing. Physically adsorbed porphyrin
molecules can be efficiently removed from the pro-
ducts by filtration and washing, as described in the
Experimental section; the control experiment, in which
MWCNTs were mixed with porphyrins in DMF
followed by efficient filtration and washing, proved
that the adsorbed porphyrin content of the nanohybrids
was negligible. Therefore, the synthetic approaches
presented here promise grafting of porphyrin units
onto MWCNTs’ surfaces with some control of extent.
The covalent grafting efficiency and capacity of both
methods are clearly of interest, but have rarely been
evaluated previously [24]. Both 1 and 2 have been
characterized through various analytical and spectro-
scopic techniques; all results were in agreement with

Figure 1 Photographic images of the samples dispersed in
DMSO (from left to right: MWCNTs, SnTPP 1, MWCNT-SnTPP
1, SnTPP 2, and MWCNT-SnTPP 2).

successful functionalization of the MWCNTs with
porphyrins.

2.2 Fourier transform infrared (FTIR) spectroscopy

FTIR spectra provided evidence that covalent func-
tionalization at the surface of the MWCNTs had been
successful. Figure 2 displays the FTIR spectra for the
pristine samples (MWCNTs, SnTPP 1, and SnTPP 2)
and for the porphyrin-functionalized samples MWCNT-
SnTPP 1 and MWCNT-SnTPP 2. In the spectrum of
the MWCNTs, a wide band centered at 3,450 cm™ is
ascribed to the presence of O-H groups on the surface
of the as-received MWCNTs, resulting from atmospheric
moisture tightly bound to the MWCNTs. The weak
peaks in the range 2,880-2,900 cm™ are consistent with
the presence of —CH, species [26, 27]. The band at
1,683 cm™ is assigned to the stretching of the carbon
nanotube backbone. As expected, the characteristic
stretching vibration of the aldehyde groups in the FTIR
spectrum of SnTPP 1, centered at 1,698 cm™, becomes
much weaker in the FTIR spectrum of MWCNT-
SnTPP 1, which indicates that most of the aldehyde
units had reacted but that residual aldehyde groups
remained. This observation is plausible for MWCNT-
SnTPP 1 according to Scheme 1, as some of the aldehyde
units in SNTPP 1 may not react with the MWCNTs,
consistent with the results of X-ray photoelectron
spectroscopy (XPS) (Fig. S1 in the Electronic Supple-
mentary Material (ESM)). The bands at 1,256 and
1,197 cm™ correspond to the stretching vibrations of
the pyrrolic C-N units. A series of strong absorption
bands from 1,410 to 1,655 cm™ can be ascribed to the

N~
MWCNTs

MWCNT-SnTPP 1

MWCNT-SnTPP 2

SnTPP 1

Transmittance

SnTPP 2

4,000 3,500 3,000 2500 2,000 1,500 1,000 500
Wavenumber (cm™)

Figure 2 FTIR spectra of the MWCNTs, MWCNT-SnTPP 1,
MWCNT-SnTPP 2, SnTPP 1, and SnTPP 2.
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stretching vibrations of the phenyl C=C bonds of the
porphyrin, and the bands observed at 660-900 cm™
correspond to the out-of-plane bending vibrations
of the phenyl C-H units. These bands in the FTIR
spectrum of MWCNT-SnTPP 1 were consistent with
those displayed by SnTPP 1. The FTIR spectrum of
MWCNT-SnTPP 2 displayed some bands that were
observed in SNTPP 2, and that were similar to those
of MWCNT-SnTPP 1. The FTIR spectral data of these
two MWCNT-SnTPP nanohybrids were consistent
with porphyrin moieties being grafted onto the surface
of the MWCNTs. Functionalization occurs at the tip
and on the outer shell of the nanotubes, rendering
them easily dispersible in organic solvents.

2.3 Linear optical properties

The ultraviolet (UV)-vis spectra (Fig. 3) revealed that
the MWCNTs exhibited a broad absorption maximum
at 266 nm with continuously decreasing intensity over
the entire UV-vis range, whilst SnTPP 1 and SnTPP 2
showed a strong Soret absorption around 422 nm
and weak Q bands between 500 and 700 nm. Similar
to single-walled carbon nanotube (SWCNT)-TPP
ensembles [28], the overall appearances of the spectra
of both MWCNT-SnTPP nanohybrids displayed the
key features of those of the constituent porphyrins,
with practically no shift or broadening in the Soret
or Q bands (Fig. 3). The presence of MWCNTs was
substantiated by the appearance of broadband
absorption, as observed in the spectrum of MWCNTs.
The surface of the MWCNTs may have been covered
by porphyrin moieties, and this could have been the
reason the features in the UV-vis absorption spectra

——MWCNTs

~——MWCNT-SnTPP 2
—— MWCNT-SnTPP 1
SnTPP 1
SnTPP 2

Absorbance
(=]
&

400 500 600 700 800

Wavelength (nm)

Figure 3  Absorption spectra of the MWCNTs, MWCNT-SnTPP 1,
MWCNT-SnTPP 2, SnTPP 1, and SnTPP 2.

300

(the position of the Soret band) of the MWCNT-SnTPP
hybrids were not very different from those in the
spectra of SNTPP 1 and SnTPP 2 [28, 29]. However, it
is worth noting that the overall intensity of the Soret
bands of the porphyrin moieties in both MWCNT-
SnTPP nanohybrids was lower than those in the
absorption spectra of SNTPP 1 and SnTPP 2, and the
intensity increased in proceeding from MWCNT-
SnTPP 1 to MWCNT-SnTPP 2. This implies that the
porphyrin content in the MWCNT-SnTPP nanohybrids
increased from MWCNT-SnTPP 1 to MWCNT-SnTPP
2 owing to the different functionalization approaches.
Indeed, similar outcomes were observed in the ground-
state absorption spectra of phthalocyanine-functionalized
SWCNTs, corresponding to the different degrees of
functionalization [13].

Fluorescence spectra of SnN'TPP 1 and SnTPP 2 and
both MWCNT-SnTPP nanohybrids as suspensions were
obtained to investigate the m—m interactions between
the MWCNTs and the porphyrins (Fig. 4) (for com-
parative purposes, the fluorescence spectrum of the
MW(CNTs is also provided (Fig. S2 in the ESM)). Upon
excitation of Sn'TPP 1, Sn'TPP 2, MWCNT-SnTPP 1,
and MWCNT-SnTPP 2 at 420 nm, and with the
absorbance of the porphyrin adjusted to be identical,
the fluorescence emission from the SnTPP moieties
on the MWCNTs of the MWCNT-SnTPP nanohybrids
was quenched strongly relative to those of SnTPP 1
and SnTPP 2, which may be ascribed to photo-induced
electron/energy transfer between SnTPP and the
MWCNTs. The direct attachment of the Sn'TPP units to
the m-conjugated surface of the MWCNTs may also
facilitate quenching of the porphyrin excited singlet

5 0o —— MWCNT-SnTPP 1
s —— MWCNT-SnTPP 2
> 7801 ——SnTPP 1

2 ——SnTPP 2
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Figure 4 Fluorescence spectra of MWCNT-SnTPP 1, MWCNT-
SnTPP 2, SnTPP 1, and SnTPP 2 in DMSO with equivalent
absorption at an excitation wavelength of 420 nm.
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state in the covalently linked porphyrin-MWCNT
hybrid. Electron/energy transfer quenching is known
in porphyrins linked with carbon nanostructures,
either covalently or by strong m—mt stacking interactions
[20, 30-32]. Interactions between porphyrins and carbon
nanostructures invariably result in the quenching of
the porphyrin fluorescence emission, via transfer of
excited singlet-state energy to the carbon nanostructure,
and are consistent with observations in covalent and
non-covalent phthalocyanine-carbon nanostructure
systems [33]. Differences in fluorescence emission were
observed upon comparing MWCNT-SnTPP 1 with
MWCNT-SnTPP 2; MWCNT-SnTPP 1 exhibited 76%
quenching of fluorescence emission at 604 and 657 nm,
while approximately 57% fluorescence quenching was
observed for MWCNT-SnTPP 2 at 601 and 654 nm,
corresponding to a blue shift of 3 nm when compared
to MWCNT-SnTPP 1. Overall, the results from the
absorption and fluorescence spectra measurements
suggest that different reaction conditions may result
in different photophysical properties and grafted
porphyrin content in the MWCNT-SnTPP nanohybrids.

2.4 Raman spectroscopy

The functionalization was further evidenced by Raman
spectroscopy (Fig. 5). The Raman spectra of MWCNT-
based systems give rise to two principal spectral
bands of interest, namely the D and G bands. The D
band corresponds to defects in the disorder-induced
modes (or sp*-hybridized carbons) and is typically
observed at a Raman shift of 1,343 cm™, while the G
band corresponds to in-plane vibrations of the graphite
wall (sp?-hybridized carbons) [34], and is typically
found at a Raman shift of 1,574 cm™. A comparison
between the observed D and G bands of pristine and
SnTPP-functionalized MWCNTs (MWCNT-SnTPP 1
and MWCNT-SnTPP 2) is given in Table 1; a shift to
lower frequency was observed for both nanohybrids
compared to pristine MWCNTs. Similar to graphene
[35], the G band of carbon nanotubes in the Raman
spectrum is known to shift to higher frequencies upon
conjugation with electron-acceptor components or to
lower frequencies when hybridized with electron-
donor moieties [36-38]. In the present case, the shifts
to lower frequencies (softening) for both the D and G
bands in our MWCNT-SnTPP systems in comparison

MWANT_ Q- TDD 9
CUNI-Sirr

W g MIVYOIN T =SiT T z

MWCNT-SnTPP 1

MWCNTs
1 " " 1 1 i

1,200 1,300 1,400 1,500 1,600 1,700 1,800 1,900
Raman shift (cm'1)
Figure 5 Raman spectra of pristine MWCNTs, MWCNT-
SnTPP 1, and MWCNT-SnTPP 2.

Raman intensity

Table 1 Raman spectral data obtained for the MWCNTSs before
and after modification with SnTPP

Frequency (cm ™)

Samples Ip/lg

D band G band
MWCNTs 1,343 1,574 1.13
MWCNT-SnTPP 1 1,342 1,569 0.90
MWCNT-SnTPP 2 1,340 1,571 1.03

with those of pristine MWCNTs confirmed the
occurrence of charge transfer between SnTPP and
MWCNTs, where SnTPP and MWCNT units work as
electron-donor and electron-acceptor components,
respectively. The intensity ratio of the D band to that
of the G band (Ip/I) indicates the extent of modification
of the surface structure of the MWCNTs [12]. The
Ip/I; ratio decreased from 1.13 for MWCNTs to 0.90
for MWCNT-SnTPP 1 and 1.03 for MWCNT-SnTPP 2.
The decrease in the Ip/I; ratio can be explained by
the fact that although some sp? carbon atoms in the
MWCNTs were transformed to sp® carbon atoms, the
amount of sp’ carbon atoms was still less than that of
sp” carbon atoms in the grafted porphyrin moieties
(see the structure of SnTPP). In other words, the
characteristic absorption peaks of the MWCNTs can
be modulated by the introduction of porphyrins
through the different functionalization approaches.
Since Raman scattering is strongly sensitive to the
electronic structure, these results are evidence for the
chemical functionalization [39].

2.5 Morphology characterization

Indirect evidence for the interactions between MWCNTs
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464 - Nano Res. 2016, 9(2): 458-472

and SnTPP can be obtained from transmission electron
microscopy (TEM) (Fig. 6). The TEM specimens were
obtained via the application of a few drops of the
solutions of the samples in methanol onto carbon-
coated copper grids and then subsequent evaporation
of the solvent. As shown in Fig. 6(a), the wall surface
of the pristine MWCNTs is smooth, and the hollow
structure can be clearly distinguished, without detectable
amorphous layers. After modification with porphyrins,
the MWCNTs’ surfaces became clearly rougher, while
the intrinsic quality of the nanotube structures was
maintained, and new species, corresponding to por-
phyrin molecules, could be observed (Figs. 6(b) and
6(c)). Because the SnTPP molecules that were physically
bound to the MWCNT surface were removed in the
purification steps, the observed morphology can be
correlated to the effect of the covalent bonding between
the MWCNTs and SnTPP. As shown in Figs. 6(d) and
6(e), the formation of a small number of H-shaped
junctions was presumably a consequence of the
connection of two MWCNTs in a “side-to-side” con-
figuration with a SnTPP [40]. Indeed, “side-to-side”
cross-linking is plausible in the present case, according
to Scheme 1. The grafted porphyrin moieties may act
as a surfactant, interfering with the m—7t interactions
between the MWCNTs, resulting in weaker nanotube
interactions and thereby the debundling and solu-
bilization of the MWCNTs [41]. The unique TEM
results suggest that the reaction conditions applied
in this work are indeed effective in functionalizing

MWCNTs and, specifically, in the preparation of
MWCNT-SnTPP nanohybrids.

2.6 Thermal properties

Investigation of the thermal degradation of materials
is of significant importance owing to the fact that it
can, in many cases, determine the upper temperature
limit for the use of a material, while considerable
attention has been directed toward exploitation of
thermogravimetric data for the determination of
functional groups [42]. For these reasons, and because
of its simplicity and the information afforded by a
simple thermogram, thermogravimetric analysis (TGA)
is a widely used technique. Figure 7 shows the TGA
results for the carbon nanotube materials, namely,
MWCNTs, MWCNT-SnTPP 1, and MWCNT-SnTPP 2.
As evident from the trace, MWCNTs are stable in
the temperature range 50-800 °C. However, different
thermal properties were observed for both nanohybrids,
indicating the significant influence of the different
synthetic routes. MWCNT-SnTPP 1 lost 43% of its
weight from 50 to 800 ‘C, whereas MWCNT-SnTPP 2
underwent a mass loss of 49%. Furthermore, the
thermal stability decreased as the porphyrin content
increased, in proceeding from nanohybrid MWCNT-
SnTPP 1 to MWCNT-SnTPP 2.

2.7 X-ray photoelectron spectroscopy

The aim of the XPS analysis was to evaluate the

Figure 6 TEM images of (a) pristine MWCNTs, (b) and (d) MWCNT-SnTPP 1, and (c) and (¢) MWCNT-SnTPP 2.
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Figure 7 TGA thermograms of pristine MWCNTs, MWCNT-
SnTPP 1, and MWCNT-SnTPP 2 at a heating rate of 10 °C'min""
under N.

elemental composition and functionality of the
MWCNTs before and after modification, thereby
providing a better understanding of the surface
chemistries that are directly correlated to their electrical
properties; the results are shown in Fig. 8. The three
samples (pristine MWCNTs, MWCNT-SnTPP 1, and
MWCNT-SnTPP 2) displayed sharp carbon peaks and
weak oxygen peaks. However, compared to pristine
MWCNTs (Fig. 8(a)), the oxygen peaks of MWCNT-
SnTPP 1 and MWCNT-SnTPP 2 were stronger, and
three new peaks related to Sn 3d;,, Sn 3ds,, and N 1s
were observed, consistent with the successful grafting
of porphyrins onto the MWCNTs. To investigate the
bonding state, the high-resolution C 1s XPS spectra of
MWCNT-SnTPP 1, MWCNT-SnTPP 2, and MWCNTs
were studied. Following deconvolution, the C 1s
spectrum of the MWCNTs (Fig. 8(b)) displayed four
pronounced peaks at 284.1, 284.6, 285.9, and 290.6 eV
corresponding to the sp” carbon atoms, the defects
on the nanotube structure, the -C=O groups, and the
n—Tt* transition loss peak, respectively [43, 44]. After
introduction of SNTPP, some new contributions arising
from the porphyrin macrocycle could be observed in
the spectra of MWCNT-SnTPP 1 and MWCNT-SnTPP 2
(Figs. 8(c) and 8(d)). The binding energies of C-O-5n
in the O 1s spectrum were 531.2 and 530.5eV for
MWCNT-SnTPP 1 and MWCNT-SnTPP 2, respectively
(Fig. S1 in the ESM). The presence of residual aldehyde
groups in MWCNT-SnTPP 1 was further confirmed
by the O 1s core-level XPS spectrum (Fig. S1 in the
ESM), which was consistent with the FTIR analysis
(Fig. 2). From the foregoing analysis, it can be concluded

(a)

N1s

MWCNT-SnTPP 2

Intensity

MWCNT-SnTPP 1

MWCNTs

250 300 350 400 450 500 550
Binding energy (eV)

MWCNTs C 1s

Intensity
o
o
S

280 282 284 286 288 290 292 294
Binding energy (eV)

—~
(2]
~

MWCNT-SnTPP2C 1s

Intensity

: 1 A A A
280 282 284 286 288 290 292
Binding energy (eV)

MWCNT-SnTPP 1C 1s

0 f ' ' '
280 282 284 286 288 290 292 294
Binding energy (eV)

Figure 8 (a) XPS survey scans of MWCNTs, MWCNT-SnTPP
1, and MWCNT-SnTPP 2, and C 1s XPS spectra of (b) MWCNTSs,
(¢) MWCNT-SnTPP 2, and (d) MWCNT-SnTPP 1.

that (a) the synthetic routes used in the present study
effectively introduce porphyrin moieties onto the
surface of MWCNTs and (b) the peak separation of
the C1s spectrum of MWCNT-based materials can
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distinguish between the different carbon species on
the surface of porphyrin-functionalized MWCNTs,
confirming the success of the tin porphyrin grafting
process.

2.8 Nonlinear optical properties

Within the family of carbon nanotubes, MWCNT
materials possess the advantages of low cost and high
laser damage threshold, and are therefore suitable for
high-power laser applications. The NLO properties
of MWCNT-SnTPP 1 and MWCNT-SnTPP 2 were
initially studied in the ps regime using the open-
aperture Z-scan method (for comparative purposes,
the open-aperture Z-scan spectra of SnTPP 1, SnTPP
2, and the MWCNT/SnTPP 1 and MWCNT/SnTPP 2
blends are also provided (Figs. S3 and 54 in the ESM)),
which is a widely used procedure in the evaluation
of nonlinear absorption processes; for comparison,
pristine MWCNTs were also studied under the same
conditions. As shown in Fig. 9, the normalized tran-
smittance increased as the samples were brought
closer to the focus, which is contrary to an optical
limiting response and indicative of saturable absorption
properties. For MWCNTs, the inter-band transition of
semiconducting electronic structures plays an important
role for the saturation [45]; the electrons in the valence
band of the MWCNTs undergo a transition to the
conduction band under the action of the laser pulse,
and the high intensity of the pulse depletes electrons
in the valence band and results in absorbance decrease
[46]. The weaker saturable absorption response for the
nanohybrids MWCNT-SnTPP 1 and MWCNT-SnTPP 2
compared to that of MWCNTs may be due to the
opposing nature of the nonlinear absorption properties
of MWCNTs in comparison with the porphyrin units
(SnTPP 1 and SnTPP 2) [8]. Indeed, individual Sn'TPP
1 and SnTPP 2 are reverse saturable absorbers under
the same excited conditions (Fig.S3 in the ESM).
Interestingly, no obvious Z-scan signal was detected
in the measurement for the blend suspensions as
shown in Fig. 54 (in the ESM). This may be ascribed to
competition between saturable absorption and reverse
saturable absorption, consistent with the results of
the mixture of reduced graphene oxide and zinc
phthalocyanine in Ref. [47]. Specifically, the saturable

absorption behavior of the MWCNTs might be offset
by the reverse saturable absorption behavior of the
porphyrin moieties and the photo-induced electron/
energy transfer between them. Although the saturable
absorption performance of the new porphyrin-
functionalized MWCNTSs is inferior to that of MWCNTs,
there are also some advantages. The insoluble nature
of MWCNTs makes their molecular properties difficult
to study, and limits their use in practical applications.
The covalent attachment of porphyrin units is expected
to facilitate the development of applications by
improving solubility and ease of dispersion, and
also by providing options for chemical attachment to
surfaces [12]. The nanohybrids of MWCNTs involving
covalent functionalization by porphyrins are therefore
better candidates than the pristine MWCNTs for
applications as saturable absorbers, such as in pulse
shaping and shutters in ps systems. Although few
studies on the application of MWCNT materials as
saturable absorbers under femtosecond conditions have
been reported [48], the MWCNT-based materials, such
as MWCNT-SnTPP 1 and MWCNT-SnTPP 2, offer
much simpler and cheaper fabrication than conventional
semiconductor saturable absorber mirrors, and can
be easily integrated into optical-fiber communication
systems.

To gain further insight into the nonlinear absorption
performance, open-aperture Z-scan measurements
were also performed at 532 nm with nanosecond laser
pulses; the results are shown in Fig. 10. MWCNTs,
SnTPP 1, SnTPP 2, MWCNT-SnTPP 1, MWCNT-
SnTPP 2, and two control samples of MWCNTs with
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Figure 9 Open-aperture Z-scan curves for pristine MWCNTs,
MWCNT-SnTPP 1, and MWCNT-SnTPP 2 at a wavelength of
532 nm in the ps regime.
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Figure 10 Normalized open-aperture Z-scan data of MWCNTs,
SnTPP 1, Sn'TPP 2, MWCNT-SnTPP 1, MWCNT-SnTPP 2, blended
MWCNTs and SnTPP 1, and blended MWCNTs and SnTPP 2 at
a wavelength of 532 nm in the ns regime.

porphyrins in DMSO were used as references. As the
samples were brought closer to the focus, the beam
intensity increased, and the nonlinear effect resulted
in decreased transmittance. In other words, all of the
compounds exhibited significant reverse saturable
absorption under the open-aperture configuration
corresponding to a positive nonlinear absorption, a
property that is applicable in the protection of optical
sensors [49]. The third-order NLO absorption response
of MWCNT-SnTPP 1 was superior to those of MWCNTs,
SnTPP 1, SnTPP 2, and the MWCNTs/SnTPP 1 and
MWCNTs/SnTPP 2 blends, but inferior to that of
MWCNT-SnTPP 2. These experimental results were
consistent with the reports of graphene oxide covalently
functionalized by zinc phthalocyanine [7]. This obser-
vation clearly indicated that the synthetic approaches
and the porphyrin content exert a crucial effect on the
third-order nonlinear optical properties of the resul-
tant porphyrin-functionalized MWCNT systems. Both
MWCNT-SnTPP nanohybrids exhibited higher nonlinear
absorption performance than the Cy-porphyrin system
in Ref. [50], but further comment is not warranted
owing to the use of a different experimental geometry.

Under nanosecond pulse conditions at 532 nm,
SnTPP 1 and SnTPP 2 exhibited reverse saturable
absorption arising from excited-state absorption, similar
to other porphyrin derivatives [50], while MWCNTs
showed strong optical limiting effects in the nano-
second regime, which mainly arose from strong
nonlinear light scatterings because of the creation of
new scattering centers consisting of ionized carbon

microplasmas and solvent microbubbles [42]; reverse
saturable absorption from the porphyrin moieties
and nonlinear scattering from the MWCNTs should
therefore each contribute to the increased NLO effect
for MWCNT-SnTPP 1 and MWCNT-SnTPP 2. Similar
to graphene and SWCNTs [20, 51], the donor-acceptor
interaction between the MWCNTs and porphyrins in
the present nanohybrids includes an intermolecular
charge transfer from the photo-excited singlet porphyrin
to the MWCNTs, resulting in fluorescence quenching
and energy release. In the present study, the effective
electron/energy transfer was confirmed by detailed
Raman and fluorescence spectra of the porphyrin-
functionalized MWCNTs. Since photo-induced electron/
energy transfer results in a charge-separated state,
which leads to large nonlinear absorption, as observed
in the poly-(N-vinyl carbazole) (PVK)-modified SWCNT
system and SWCNT-porphyrin nanohybrids [19, 52],
the photo-induced electron/energy transfer from
electron-donor porphyrin to electron-acceptor MWCNTs
should be an important contributor to the observed
NLO effects. A combination of different nonlinear
mechanisms is likely to be responsible for the improved
NLO response; however, it is difficult to determine
which mechanism is dominant with the MWCNT-
SnTPP suspensions.

It should be noted that the behaviors of MWCNT-
SnTPP 1 and MWCNT-SnTPP 2 were quite different at
the ns and ps time scales. The transition from saturable
absorption (ps) to reverse saturable absorption (ns)
may be the result of transitions from the first excited
state to higher excited states arising from the temporally
longer pulse width under ns conditions [53-56]. Both
saturable absorption and reverse saturable absorption
originate from an excited-state absorption process. With
both ns and ps laser pulses, MWCNT-SnTPP nano-
hybrids were pumped into an excited state. However,
in the ns regime with an increased pulse duration
and laser intensity, excited-state absorption will play
a more important role owing to participation of more
excited-state transitions, and so reverse saturable
absorption is observed. The MWCNT-SnTPP suspen-
sions exhibited nonlinear absorption with a saturable
absorption, which underwent a transition to reverse
saturable absorption as the laser intensity and pulse
duration increased; this makes MWCNT-SnTPP
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materials possible candidates for practical applications
as saturable absorbers, optical switches, and mode-
locking elements or optical limiters in eye and sensor
protection for ns pulses. The work function of the
MWCNTs is controlled by the chemical functionaliza-
tion (and indeed the different synthetic routes), so
one can expect such functionalization to lead to the
control, tuning, and tailoring of the NLO properties
of the MWCNTs. Although more work is needed to
determine other potential applications of the novel
nanohybrid materials, this approach opens new
possibilities for research on the construction of carbon-
nanotube-based materials, and it may be extended to
hybrids of other nanostructured materials in which
agglomeration is not expected.

3 Conclusions

MWCNT nanohybrids covalently functionalized by
axially coordinated metal-porphyrins and showing
significant reverse saturable absorption with nanosecond
pulses and saturable absorption in the picosecond
regime have been prepared and characterized through
various spectroscopic techniques. The synthetic approach
was found to be an important factor influencing the
photophysical properties (including NLO performance)
of the porphyrin-functionalized MWCNTs. Results
showed that nonlinear absorption properties of
covalently linked materials are enhanced under
nanosecond pulse conditions and originate from a
combination of nonlinear mechanisms. The observed
saturable absorption and reverse saturable absorption
exhibited by the MWCNT-SnTPP nanohybrids suggest
that they could be potential candidates for applications
in ultrafast optical switching and optical limiting.
The present work revealed important insights into the
NLO effects of nanohybrids of metal-porphyrins and
carbon nanotubes, and can provide new guidelines
for the design of carbon-nanotube-based NLO materials.

4 Experimental

4.1 Materials

MWCNTs were provided by Beijing DK Nanote-
chnology Co. Ltd, China, and were used as received.

All reactions were carried out under a nitrogen (N,)
atmosphere with the use of standard Schlenk techniques.
All reagents used in this work were chemical or
analytical grade, and deionized water was used for
all experiments. DMF and pyridine were dried over
CaH, and distilled before use. Other reagents and
chemicals were obtained from commercial suppliers
and used without further purification. SnTPP 1 and
SnTPP 2 were prepared according to literature pro-
cedures [57, 58].

4.2 Characterization

Samples were prepared in the form of KBr pellets, and
FTIR spectra were acquired with an MB154S-FTIR
spectrometer (Canada) in the range 400-4,000 cm™.
The UV-vis absorption spectra were recorded with a
JASCO V-570 spectrophotometer at room temperature
in the range 200-800 nm. Fluorescence spectra were
recorded with a Fluoro-Max-P fluorescence spectro-
photometer. The excitation wavelength was fixed at
420 nm. Raman spectra of the samples were measured
on a Renishaw inVia Raman microscope excited at a
wavelength of 532 nm. All experiments were carried
out at room temperature. TEM studies were performed
using a JEM-2100 (JEOL) instrument working at 200 kV.
Samples were supported on amorphous carbon-coated
copper grids. XPS measurements were conducted on
an RBD upgraded PHI-5000C ESCA electron spectro-
meter (PerkinElmer) with a Mg Ka excitation source at
280 eV to investigate the chemical nature and elemental
composition of the samples. TGA was performed
using a PerkinElmer Pyris 1 system at a heating rate
of 10 ‘C:min™ from 50 to 800 ‘C under a N, purge. The
weight of each sample was ca. 5 mg.

4.3 Investigation of NLO properties

The nonlinear absorption properties of all samples
were measured with linearly polarized 4-ns and 21-ps
pulsed 532-nm light generated from a mode-locked
Nd:YAG laser with a repetition rate of 2 Hz. Solutions
of the samples in DMSO were mounted on a computer-
controlled translation stage, and then moved along
the z-axis of the incident beam. The input energy and
the transmitted energy were measured using two
energy detectors (Rjp-765 energy probe), which were
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linked to an energy meter (Rj-7620 Energy Ratiometer,
Laserprobe). All of the measurements were performed
at room temperature, and all of the sample concen-
trations were adjusted to 0.15 mg-mL".

4.4 Preparation of nanohybrid MWCNT-SnTPP 1

Scheme 1 illustrates the synthesis of MWCNT-SnTPP 1
via a straightforward 1,3-dipolar cycloaddition of
azomethine ylides. In a typical experiment, MWCNTs
(50 mg) were sonicated for 30 min in a 100 mL round-
bottomed flask in the presence of DMF (50 mL).
Sarcosine (200 mg) and SnTPP 1 (20 mg) were added
to the suspension, and the mixture was heated at 130 °C
under N,. Further portions of sarcosine (3 x 200 mg
every 24 h) and SnTPP 1 (3 x 10 mg every 24 h) were
added, and the reaction was stopped after six days.
The resultant solution was poured into iced water
(150 mL) and then filtered through a funnel. The
solid was washed with water, methanol, CH,Cl,,
and anhydrous diethyl ether to remove unreacted
porphyrins and possible byproducts until the filtrate
was colorless. The resulting covalently porphyrin-
functionalized MWCNT (MWCNT-SnTPP 1) was
dried under vacuum overnight at room temperature.

4.5 Preparation of nanohybrid MWCNT-SnTPP 2

MWCNT-SnTPP 2 was prepared via a stepwise
approach that involved a 1,3-dipolar cycloaddition
followed by nucleophilic substitution (Scheme 1). The
experimental procedure was as follows: MWCNTs
(40 mg) were sonicated for 30 min in DMF (50 mL).
4-Hydroxybenzaldehyde (80 mg) was added to the
suspension, and the mixture was heated at 130 °C.
Sarcosine (800 mg) was added in portions (4 x 200 mg
every 24 h), and the reaction was stopped after six
days. After this period, 150 mL of deionized water
was added to the mixture. Filtration gave the crude
product, which was washed with deionized water,
methanol, and then ethanol, affording the 4-hydroxy-
benzaldehyde-functionalized MWCNT hybrid as a
black solid that was thoroughly vacuum-dried at room
temperature for 24 h. The product thus obtained was
used for the subsequent reaction. To a stirred solution
of 4-hydroxybenzaldehyde-functionalized MWCNTs
(30 mg) in pyridine (40 mL) under a N, atmosphere

was added SnTPP 2 (100 mg). The resulting mixture
was stirred under reflux for four days, and then the
crude product was isolated by filtration, and the black
solid was washed thoroughly with several portions
of deionized water, CH,Cl,, methanol, and ethanol,
and then dried under vacuum overnight.
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