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Single-walled carbon nanotubes (SWCNTs) have been deposited onto the external surface of porous
silicate materials by deposition from a solution of individualized, protonated SWCNTSs in

chlorosulfonic acid. It is demonstrated that the deposited SWCNTs can be deprotonated on the silicate
surface, yielding a microporous or mesoporous material with individual or small bundles of SWCNTs.

These carbon nanotubes present all the spectral characteristics of pristine SWCNTs, including van

Hove transitions, Raman and NIR photoluminescence. Furthermore, it is shown that these materials
can be used as scaffolds to study the interaction of SWCNTSs with photoactive molecules loaded in the
cavities of the porous silicate materials. As a proof-of-concept, we showed that the photoluminescence
of tris(2,2'-bipyridine)ruthenium(ir) can be quenched by protonated SWCNTs in the nearby surface

decreasing its lifetime by nearly two orders of magnitude. This represents a novel application for these

materials, especially considering the large amount of different molecules that can be immobilized in the

internal cavities of these porous silicates.

Introduction

Carbon nanotubes (CNTs) are one of the most studied
substances of the last two decades.’™® The single-walled version
(SWCNTs),”® are quasi one-dimensional structures, which can
be viewed as rolled graphene sheets. Due to their distinctive
structure, SWCNTs possess unique electronic, optical and
mechanical properties.”**' Their assembly into large-scale
functional materials requires addressing important challenges,
including their organization, alignment and individualiza-
tion.'™!? Furthermore, finding platforms that would allow the
study of the interaction of SWCNTs with a variety of molecules
is of fundamental importance. Overcoming these challenges is
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one of the main and still more elusive goals of carbon
nanotechnology.

SWCNTs on the surfaces of microparticles have important
applications as stationary phases for chromatography,!*-1¢
sensors,’” and formation of carbon microstructures such as
carbon microspheres.’>'® We have chosen the porous silicates
zeolite-Y and MCM-41 as substrates for the immobilization of
SWCNTs. Zeolites are crystalline microporous materials with
defined pore structures.’ The zeolite framework is composed of
silicon atoms tetrahedrally coordinated by oxygen and linked
together forming a porous silicate structure. Commonly, some of
the silicon atoms are substituted by aluminum, imparting an
intrinsic negative charge to the site. This charge is stabilized by
a cation, generally sodium, although any alkali or alkaline earth
can act as the counterion of these negative sites.?’ Due to their
channel structure, ion-exchange properties, and molecular and
size recognition, many ions and molecules have been immobi-
lized within zeolites channels.?’?® MCM-41 is also a silicate
material such as zeolites, but with larger pores and a less crys-
talline structure. In this work we report how to efficiently cover
the external surface of silicates (Zeolite-Y and MCM-41) with
different pore sizes, framework structures and aluminum content
with SWCNTs (Fig. 1). The SWCNTs dispersed on the surface
are immobilized and individualized without the assistance of any
wrapping molecules such as surfactants. Furthermore, we
present experimental evidence that protonated SWCNTs can be
converted back to pristine nanotubes with a full recovery of their
photophysical properties, including van-Hove transitions and
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Fig. 1 Pictorial representation of the deposition of SWCNTs onto the
external surface of a porous silicate material and the subsequent loading
of the photoactive molecule Ru(bpy);** within the pores of the silicate
particle.

photoluminescence. Finally, we show that molecules can be
loaded into the cavities of these materials (specifically tris-
(2-2'bipyridine) ruthenium(ir), (Ru(bpy)s>*) conveniently allow-
ing the study of the interaction of SWCNT's with molecules in the
pores without further chemical modification of the molecules or
the SWCNTs.

Materials and methods

HiPco SWCNTs were purified as described elsewhere.?”
MCM-41-A was obtained from Aldrich and MCM-41-B was
synthesized as described by Ryoo, et al?® Both samples were
characterized by nitrogen adsorption isotherm and powder
X-ray diffraction (ESI,} Fig. S6 and S7, respectively). In a typical
SWCNT deposition experiment, 1-4 mg SWCNT are placed in
a vacuum oven at 110 °C for 12 h. Following this, SWCNTs were
dissolved in 6 mL of chlorosulfonic acid (inside glove box) and
stirred for 24 h. Then, the calcined MCM-41/NaY/USY was
added to the SWCNTs solution. After 24 h at constant stirring,
the mixture was filtered (2.0 uM PTFE supported Zefluor™) and
the supernatant collected and analyzed by UV-Vis spectroscopy
(Shimatzu UV-2450) using 1 cm pathlength quartz cells. The
supernatants were diluted by a factor of 20 before absorption
measurements. The concentration of nanotubes remaining in the
supernatant was calculated from the UV-Vis absorption intensity
at 500 nm as described by Rai et al*® The concentration of
SWCNTs absorbed was calculated by subtracting the concen-
tration in the supernatant from the concentration of SWCNTSs
before the deposition experiments (calculated also by UV-Vis).
These concentrations were used for the construction of the
adsorption isotherms. The collected solid was washed three times
with pure chlorosulfonic acid and dried at 300 °C for 4 h. The dry
samples were kept in a dry inert atmosphere. For vinyl pyrroli-
done (VP) treatment, ~50 mg of samples were added to 2 mL of
VP and stirred for 30 min followed by bath sonication for 10 s.
The samples were then filtrated using 2.0 pum filter paper.
Samples were analyzed using a Raman microscope (Renishaw in
Via MicroRaman Spectrometer). SEM images were obtained on
a FEI Quanta 400 ESEM FEG. TEM were obtained using
a JEOL 2100 Field Emission Gun Transmission Electron
Microscope. Diffuse reflectance was obtained using a UV-Vis
spectrometer (Shimadzu UV-2450) equipped with an integrating
sphere. Photoluminescence characterizations of SWCNTSs were
performed in a model NS1 NanoSpectralyzer (Applied Nano-
Fluorescence) from 1050 to 1530 nm relative to matched refer-
ences (with fixed excitation lasers 638, 687, and 783 nm). One
short-pass dielectric filter (FES 1000, Thorlabs) was inserted
before the sample compartment to block unwanted longer

wavelength excitation lines present in the laser. Another neutral
density filter ~42% transmittance was utilized to decrease laser
intensity. Loading of Ru(bpy);>" into MCM-41 was performed
by dissolving 1.32 mg of Ru(bpy);(PF¢), in 5 mL of dichloro-
methane and placing this solution in contact with 200 mg of
MCM-41 or pSWCNTs@MCM-41. After two hours, no Ru
(bpy)s** could be detected in the supernatant solution. Then, the
material was filtered and washed thoroughly with dichlo-
methane, after which the solvent was evaporated. The dry
material was used to make a dilute suspension in dichloro-
methane (0.05% w/V), and purged with ultrapure nitrogen. Time-
resolved decays of these suspensions were obtained using an
Edinburgh Instruments OD470 single-photon counting spec-
trometer with a 443.6 nm picosecond pulse diode laser, and
monitoring at 620 nm.

Results and discussion
SWCNT deposition onto MCM-41

The first step in the immobilization of individualized CNTs on
silicate materials is their individualization in solution. As-
synthesized SWCNTs form bundled structures, which are diffi-
cult to individualize and bring into solution due to their large
cohesive energy (>0.5 eV nm').3* SWCNTSs are commonly
individualized by sonication in water. Surfactant-stabilized
aqueous solutions of SWCNTs (SWCNTs with SDS, cetyl tri-
methylammonium bromide (CTAB), and pluronic micelles) were
placed into contact with MCM-41 and zeolites, showing
precipitation of the SWCNTs, and no incorporation on the sili-
cate after 24 h (see ESI, Fig. S107). A less common, but more
effective, method of dissolving SWCNTs as individuals is by
using superacids such as fuming sulfuric and chlorosulfonic acids
(CSA).333 The solubilization is driven by the protonation of the
SWCNTs walls (pSWCNTSs), which results in a strong electro-
static inter-SWCNT repulsion. Superacids are a convenient
dissolution medium because silicates are stable in them. We
dissolved SWCNTs in CSA and placed the solutions in contact
with MCM-41-A (SiO,/Al,05: 80), MCM-41-B (100% SiO,), and
the zeolite-Y materials NaY (SiO,/Al,03: 5.1) and USY(SiO,/
Al,O3: 80). The retention of SWCNTs was followed by UV-Vis
spectroscopy of the supernatant after filtration, and absorption
isotherms were generated as shown in Fig. 2 (the adsorption
isotherms were not followed until saturation because solutions of
SWCNTs in CSA above 320 ppm form a gel when in contact with
silicates). Subsequent washes with pure CSA did not extract the
CNTs from MCM-41. The excess of chlorosulfonic acid not
extracted by vacuum filtration was removed by heating at 300 °C,
in a furnace under nitrogen atmosphere.

The isotherms in Fig. 2 imply that the composition of the
materials plays an important role in their affinity to SWCNTs.
MCM-41-B has the lowest affinity towards SWCNTs of all the
materials studied. Interestingly, MCM-41-A and -B have
a similar pore size (2.9 and 2.2 nm, respectively) and framework
structure, differing more substantially in the amount of
aluminum present. The zeolite-Y samples, NaY and USY, with
Si0,/Al,03 equal or smaller than MCM-41-A, also show good
SWCNTs uptake, which tends to indicate that aluminum content
might have a role in the binding of SWCNTs to silicates. In fact,
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Fig. 2 Adsorption isotherms of SWCNTs with the silicate materials
MCM-41-A (—), MCM-41-B (—), NaY (—), and USY (—).

NaY retains slightly more SWCNTs than USY, which is
consistent with the higher aluminum content of the former. It is
likely that protonated positively charged SWCNTs are attracted
to the negatively charged aluminum sites on the surface of
aluminosilicates; these aluminum sites can act as counterions for
PSWCNTSs or participate in proton transfer reactions between
pSWCNTs and the aluminosilicate material. Although
aluminum sites seem to have a role in modulating the affinity of
silicate materials towards SWCNTs, it appears that it is not the
only factor. For example, MCM-41-A has a larger SiO,/Al,0;
ratio than NaY, however presented nearly quantitative adsorp-
tion at all the concentrations studied. Therefore, other factors
such as the surface structure, the size of the external pores, and
particle size might have a considerable effect on SWCNTs
binding. The effect of silicate particle size on SWCNTs binding is
currently under study. The porous silicate particles used in these
studies have typical diameters in the range of 200 to 800 nm.

Spectroscopic characterization

In order to thoroughly characterize the produced materials, a set
of spectroscopic techniques were used to study the electronic
structure of SWCNTs on these silicates. The diffuse reflectance
spectrum of pSWCNTs@MCM-41 presented in Fig. 3a lacks the
common van Hove transitions that are expected from pristine
individual SWCNTs, which is consistent with the UV-Vis spec-
trum of pPSWCNTs in CSA (Fig. S1, ESI). The optical interband
transitions in the UV-Vis are sensitive to the aggregation state of
the SWCNTs or to chemical modification. To assess if the absence
of van Hove transitions was due to SWCNT bundling or to
protonation, Raman spectroscopy was used. The Raman spec-
trum of pSWCNTs in CSA (Aexe. = 784 nm) shows only a broad
featureless band, which is characteristic of protonated SWCNTs
(Fig. 3b). Electromagnetic excitation at 784 nm shows little
contribution to the Raman scattering cross section since the
electrons responsible for the in-resonance transitions are largely
depleted due to the protonation process.*! The Raman spectrum
of pPSWCNTs@MCM-41 is similar to the spectrum of pPSWCNTs
and markedly differs from non-protonated pristine SWCNTs

@ |\ (b) PSWCNTs@MCM-41

o[ e — SWCNTs in CSA
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Fig. 3 (a) Diffuse reflectance spectra of vpSWCNTs@MCM-41 0.67%
(wWiw) (—), pPSWCNTs@MCM-41 0.67% (w/w) (—) and mechanically
mixed SWCNTs and MCM-41 0.67% (w/w) (—). (b) Raman spectra
(Aexc. = 784 nm) of a pPSWCNTs@MCM-41 0.67% (w/w) (—), SWCNTs
solution in chlorosulfonic acid (—), pristine SWCNTs powder (—), and
vpSWCNTs@MCM-41 0.67% (w/w) (—). Similar spectra are obtained
for materials with other SWCNTs@NaY, SWCNTs@USY, and
SWCNTs@MCM-41-A and -B with different concentrations of
SWCNTs with only variations in their intensities. Dashed line marks the
peak at 261 cm™! (roping peak).

(Fig. 3b). This indicates that the removal of CSA from the material
leaves protonated SWCNTSs on their surface (hereafter, we call
these materials pSWCNTs@MCM-41). Furthermore, photo-
luminescence cannot be observed from pSWCNTs@MCM-41 or
PSWCNTs@NaY. The lack of SWCNTs photoluminescence,
together with the absence of transitions in Raman and diffuse
reflectance indicates that the SWCNTs are still protonated after
washing and drying off the CSA.

Once immobilized onto the surface of the porous silicate
materials, it would be desirable to deprotonate pSWCNTs to
recover a material with individualized pristine SWCNTS; (pris-
tine SWCNTs have more interesting photophysical and elec-
tronic properties than functionalized SWCNTs). pPSWCNTs can
be easily deprotonated using ethyl ether and water.?® Fig. S2,
ESIt shows the Raman spectrum of a sample of
PSWCNTs@MCM-41 treated with ethyl ether.?* Although the
common features expected for pristine SWCNTSs are recovered,
which confirms that SWCNTs are deprotonated, a very intense
band at 261 cm~! of comparable intensity to pristine purified
SWCNTs is observed. This band is due to the in-resonance
Raman transition of (10,2) SWCNTs and is sometimes called
the “roping peak” because its intensity has been associated to
the degree of aggregation of SWCNTSs.?*37 Therefore, the
appearance of this band, of comparable intensity to that of
pristine roped SWCNTs, indicates that deprotonation by ethyl
ether causes aggregation. Similar results have been obtained
with acetone, water and ammonia gas. This strong aggregation
is not observed in chlorinated solvents such as dichloromethane
and chloroform, which however do not cause deprotonation. In
order to deprotonate pSWCNTs immobilized on the surface of
silicate materials without inducing aggregation, VP was used.
VP has a similar structure as methylpyrrolidone (NMP), that is
a solvent commonly used for the dispersion of SWCNTs,
however it has a vinyl group that will polymerize in acidic
environments to form polyvinylpyrrolidone (PVP). We
hypothesized that VP would deprotonate pSWCNTs and at the
same time, polymerize on their surface preventing their
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aggregation. Fig. 3a shows the diffuse reflectance spectrum of
VP treated SWCNTs@MCM-41 (vpSWCNTs@MCM-41)
where the van Hove transitions are completely recovered. The
recovery of the van Hove transitions not only indicates that the
SWCNTs are deprotonated but also individualized. For
comparison, we determined the diffuse reflectance of the
mechanical mixture of MCM-41-A and bundled pristine
SWCNT powders. In this mixture no sharp van Hove transi-
tions can be observed due to the highly bundled state of the
nanotubes (Fig. 3a). Furthermore, in the case of mechanical
mixture, most of the light is reflected out of the sample and little
absorption can be seen, probably due to the fact that the silicate
particles, not covered by SWCNTs anymore, reflect most of the
light out without absorption.

The Raman spectrum of vpSWCNTs@MCM-41 is also pre-
sented in Fig. 3b (see also Fig. S3 and S4, ESIf for an
enlargement of the RBA Region), showing recovery of the
common features of pristine SWCNTs. Commonly, the ratio
between the G band (tangential mode band at ca. 1590 cm™")
and the D band (disordered mode at ca. 1300 cm™") is used to
assess the integrity of the CNTs sidewalls. A D/G ratio of less
than 1/20 is common for HiPco SWCNTs with pristine side-
walls.®® The D/G ratio of vpSWCNTs@MCM-41 is ca. 1/28
(same as pristine SWCNTs not treated with CSA) confirming
that pristine SWCNTs are immobilized on the surface of MCM-
41 (Fig. 3b). Moreover, the roping peak at 261 cm™' is greatly
reduced in intensity in contrast with pristine SWCNTs, indi-
cating that most nanotubes are unbundled (Fig. 3b).*® This is
also consistent with the decrease in broadening and increase in
the intensity of the Raman RBM bands (around 225 cm™!, for
expanded spectra see Fig. S3, ESIT). Furthermore, the roping
peak does not increase in size with increasing the concentration
of SWCNTs on the porous silicate materials indicating that
aggregation is not dependent on SWCNT concentration, in
contrast with other works'® (Fig. S4, ESIT). SWCNTs@MCM-
41 materials of up to 1.3% (w/w) has been prepared that have
just marginal SWCNTs aggregation.

The diffuse reflectance and Raman spectra show that
vpSWCNTs@MCM-41 materials contain individual and pristine
SWCNTs, with intact photophysical properties. Therefore, the
solid material vpSWCNTs@MCM-41 should present photo-
luminescence in the near-infrared region. Reports of photo-
luminescence from SWCNTs in solid material are not common in
the literature and are restricted to sparse SWCNTs deposited on
planar glass surfaces or trapped into thin polymeric films.3**°
Although some preliminary data from one of our laboratories
has suggested that the photoluminescence of SWCNTSs could be
regenerated after protonation*' here we present conclusive
evidence that pSWCNTs can recover their photoluminescence
when deprotonated as long as they remain unbundled. Fig. 4
shows the photoluminescence spectra of vpSWCNTs@MCM-41
at different excitations. This photoluminescence is the ultimate
proof for individualization (quenching of photoluminescence is
highly efficient in SWCNTs bundles) and is in line with the
conclusions from Raman and diffuse reflectance. Furthermore,
the spectra of vpSWCNTs@MCM-41 match those in NMP
dispersions with minor displacement in their bands, which
further confirms that the patterns observed are due to SWCNTSs
photoluminescence.

Quenching of Ru(bpy);>* by SWCNTs with MCM-41 as host

Although porous materials with individual SWCNTs on their
surface present potential applications in different fields (as was
stated in the introduction) we would like to demonstrate how this
material can be used for studying the interaction between pho-
toactive molecules and SWCNTs. In the last few years, much
interest has been generated in studying the interaction of
SWCNTs with photoactive metal complexes such as porphyrins,
however this has always required the chemical functionalization
of the photoactive species with anchoring groups (that would
help in binding to SWCNTSs),**** or their direct covalent
attachment.*** In this approach, we have decided to take
advantage of the  supramolecular  framework  of
PSWCNTs@MCM-41 to encapsulate a photoactive metal
complex, Ru(bpy);**, in close proximity to pSWCNTs. This
ruthenium(ir) metal complex, that can be excited at 440 nm, and
have a broad photoluminescence spectrum with maximum at
620 nm, has been extensively studied, especially for application in
light harvesting materials, and it is a potential candidate for the
fabrication of hybrid materials with SWCNTs.

Ru(bpy);** was loaded into MCM-41 following the procedure
from Bottinelli et al. with slight modifications (see experimental
section).*® The steady-state photoluminescence intensity for Ru
(bpy)s** loaded into PSWCNTs@MCM-41 (Ru-
PSWCNTs@MCM-41) decreases, when compared with the same
amount of Ru(bpy);** loaded into MCM-41 (no SWCNTs), in
consistency with quenching of the excited state by electron
transfer to a nearby acceptor (Fig. S9, ESI}). Although the
interaction of Ru(bpy);** with electron acceptors is commonly
studied by steady-state photoluminescence quenching, in this
case, SWCNTs on the surface of the MCM-41 particle might
absorb some of the light, preventing it from reaching Ru(bpy)s*",
and therefore making steady-state quenching analysis unreliable.
In order to overcome this, we used time-resolved photo-
luminescence spectroscopy, since photoluminescence lifetime is
not sensitive to the intensity of the excitation light but it is
sensitive to quenching by photoinduced electron transfer reac-
tions. Fig. 5 shows the time-resolved transients for Ru-MCM-41
and Ru-pSWCNTs@MCM-41. The red curve represents the
slowly decaying photoluminescence of Ru-MCM-41 showing
a biexponential decay with lifetimes of 186 and 681 ns; Ru-
pPSWCNTs@MCM-41 photoluminescence decay can also be
fitted to a biexponential decay with lifetimes of 8.2 and 600 ns.
The 8.2 short lifetime can be attributed to quenching of Ru
(bpy);** inside the MCM-41 channels but that are near the
surface, in close proximity to SWCNTs. The long lifetime
observed is probably due to Ru(bpy);>* that are buried inside the
channels of the MCM-41 particle and therefore farther away
from the SWCNTs. Since little or no quenching occurs for these
complexes, the lifetime is closer to that of Ru-MCM-41. Binding
of Ru(bpy);** to SWCNTs on the surface is not likely, first
because the positive charge of pPSWCNTSs would repel Ru(bpy)s**
dications, and secondly because previous studies from our
laboratory have shown that Ru(bpy)s;** has little affinity for
SWCNTSs.*” To the best of our knowledge, this is the first time
that photoinduced electron transfer to protonated SWCNTSs has
been reported. This data presents a proof-of-concept of a novel
application of these materials, especially, considering the large

This journal is © The Royal Society of Chemistry 2011

Chem. Sci., 2011, 2, 1682-1687 | 1685


http://dx.doi.org/10.1039/c1sc00323b

Downloaded on 17 August 2011
Published on 12 July 2011 on http://pubs.rsc.org | doi:10.1039/C1SC00323B

=]
1

() Ay =783 nm

e
£
i

f’\\/J
N aY A/ \ M

0.4- w \*\\

o o
» o
1 i

Normalized Photoluminescence
B
h

Normalized Photoluminescence

(b) kg, =687 nml‘lﬂf\\

[
[l

1.04 F7a
(€)  hye=638nm I;’ﬁ‘\
A
ool )
Ay Sy
v g

o
@
L

<
o
1

=4
n
L

Normalized Photoluminescence
o
b
h

T T T T T T T
1200 1300 1400 1500 1600 1100 1200

Wavelength (nm)

T T
1000 1100

Wavelength (nm)

T T; T U
1200 1300 1400 1500

Wavelength (nm)

T T T T
1300 1400 1500 1100

Fig. 4 Photoluminescence spectra of vpSWCNTs@MCM-41 0.67% (w/w) (—) and SWCNTs dispersed in NMP (—).

5000 ~:

Ru(bpy),**

e

4000 4.

3000,

2000} _
(—~ Ru-MCM-41

1000

Photoluminescence Intensity

.

: Ru-pSWCNT@MCM-41
T

T T 1
1000 1500 2000

Time (ns)

500

Fig. 5 Time-resolved photoluminescence decay for Ru(bpy)s;** in
MCM-41 (—) and pSWCNTs@MCM-41 (—). The samples were
excited at 444 nm and emission was recorded at 620 nm.

amount of different molecules that can be immobilized in the
internal cavities of these silicates. We propose that porous
supramolecular framework materials present an alternative to
study the interaction of SWCNTs with photoactive species
immobilized in their internal framework. Since different zeolites
and MCM-41 materials can be synthesized with tunable pore
sizes, a large variety of photoactive molecules can be potentially
used, for applications that range from catalysis to solar energy
conversion. Furthermore, photoactive molecules can be studied
using these scaffolds, without time consuming chemical modifi-
cation with anchoring agents. Studies of Ru(bpy);** with
deprotonated vpSWCNTs@MCM-41 and its potential applica-
tion to solar energy storage and conversion are currently
underway and will be reported soon.

Conclusion

In conclusion, we report the immobilization of individual
SWCNTs on the surface of microporous and mesoporous silicate
materials using CSA. Spectroscopic studies demonstrate that
these materials are covered with mostly individual protonated
SWCNTs. Treatment with VP deprotonates the SWCNTSs and
prevents their aggregation, as shown by Raman, diffuse reflec-
tance, and near-infrared photoluminescence emission from these
materials. Notably, the recovery of photoluminescence from
functionalized SWCNTs deposited on MCM-41 is novel, and

combined with the high surface area and porosity of these zeolitic
materials, presents unique advantages that can be exploited in
the construction of new hybrid materials with interesting phys-
ical and electronic properties. Furthermore, the possibility of
immobilizing photoactive species such as Ru(bpy);** within the
channels and cavities of these materials, provides an easy way to
study their interaction with SWCNTs on the surface without the
need of anchoring molecules. This is an example of how supra-
molecular systems can be combined with nanomaterials to
produce novel hybrid materials with interesting properties.
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