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Band gap opening in metallic single-walled carbon nanotubes by

encapsulation of an organic salt

Belén Nieto-Ortega,? Julia Villalva,® Mariano Vera-Hidalgo,® Luisa Ruiz-Gonzéalez,™ Enrique

Burzuri*® and Emilio M. Pérez*[@

Abstract We show that the encapsulation of viologen derivatives
into metallic SWNTSs results in the opening of a band gap, making
the SWNTs semiconducting. Raman spectroscopy,
thermogravimetric analysis and aberration corrected high resolution
transmission electron microscopy confirm the encapsulation process,
and through the fabrication of field-effect transistor devices, we
prove the change of the electronic structure of the tubes from
metallic to semiconductor upon the encapsulation. The opening of a
gap in the band structure of the tubes was not detected in
supramolecular controls.

Carbon nanotubes (CNTs) are one of the most promising one-
dimensional nanoscale materials with potential applications in
the fields of nanoelectronics,*! optoelectronics? and medical
(bio)technologies.F! Interestingly, their optical,™ electronic® and
mechanicall® properties can be modulated on demand via
controlled chemical modification.”! Thanks to the versatility of
synthetic chemistry, a broad variety of strategies have been
employed to functionalize carbon nanotubes. Making strong
covalent bonds to the walls of CNTs["® 8 provides remarkable
stability but at the expense of substantial distortion of the
nanotubes’ 1D structure. On the other hand, non-covalent
derivatives® traditionally mediated via van de Waals interactions
with the outer surface of the SWNTSs, preserve the 1D structure
but are typically labile under external manipulation.

An interesting alternative is the noncovalent modification to
form rotaxane-like structures, in which macrocycles are clipped
around the SWNTSs to yield mechanically interlocked derivatives
of SWNTs (MINTs).k9 MINTs show extreme thermal stability
because the macrocycles cannot be separated from the SWNTs
without breaking a covalent bond. A final possibility is to
introduce molecules inside the cavities of the SWNTs via
endohedral encapsulation, which also results in particularly
stable noncovalent derivatives.*!! In fact, the three distinctive
characteristics of the mechanical bond, namely stability,
topology and dynamic properties are present in endohedral
derivatives of carbon nanotubes (X@SWNTs).!2 As an
additional advantage, the endohedral modification of SWNTs
also keeps the external SWNT surface free for interaction with
the surroundings or even for further chemical modification.
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Here, we report that the encapsulation of viologen
derivatives into metallic SWNTSs results in the opening of a band
gap, making the SWNTs semiconducting. We show that the
endohedral modification is robust enough to survive thorough
washing of the sample. By using ac-dielectrophoresis, we
prepared Field-Effect Transistor (FET) devices and performed
electron transport measurements through the endohedral
derivatives. We show that the electronic band structure of the
initially metallic SWNTs is switched from metallic to a high-
guality, homogeneous and robust semiconductor, in contrast
with adequate supramolecular controls. The resulting FET-like
device displays back-to-back Schottky diode behavior.

Viologens, which are derived of 1,1'-disubtitued-4,4'-
bipyridinium, were chosen for their well-known electron transport
properties,*3 and because they have previously been used as
doping agents of carbon-based materials in a supramolecular
configuration.'! In particular, we synthesized didodecyl-4,4'-
bipyridinium dihexafluorophosphate (Viol in Figure 1a, see Sl for
synthetic details). Its low solubility in common organic solvents
facilitates encapsulation inside the SWNTs thanks to
solvophobic effects. Metallic SWNTs with diameter from 1.6 to
2.2nm (length 3-30 um, 99% purity) were used for the salt
encapsulation in this study.'® A schematic illustration of Viol
encapsulation in a 1.8 nm-wide metallic carbon nanotube is
shown in Figure 1b.
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Figure 1. (a) Chemical structure of 1,1'-didodecyl-4,4"-bipyridinium

dihexafluorophosphate (Viol). (b) Model illustration of Viol inside a metallic
SWNT of 1.8 nm diameter. The PFs anions are drawn inside the nanotube, but
since they are not clearly visible in the AC-HRSTEM images (see below) they
could potentially be outside.

Commercial SWNTs are end-closed and therefore need to
be opened as a previous step to encapsulate the organic salt. In
short, the SWNTs were opened by heating them in air at 400 °C
for 3h up to a total weight loss of 20%. Spurious catalytic
nanoparticles were also removed in the process. The powder
obtained was annealed at 800°C for 1 hour in vacuum to
remove any functional groups, which can block the SWNT
opened ends. Opened SWNTs are hereafter labelled as
O0SWNTs as opposed to pristine, end-closed SWNTs.
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Encapsulation of the Viol into the oSWNTs was performed
following the procedure described by Yanagi et al for similar
molecules.*5¢ 154 Briefly, pure Viol sample (70 mg) was
dissolved in N,N-dimethylformamide (DMF) and the oSWNTs
(7 mg) were added to the solution. The mixture was refluxed
overnight under N, atmosphere. Thereafter the solution was
filtered and washed with DMF several times to remove any non-
encapsulated Viol. We call the complexes produced in this way
Viol@oSWNT (‘@ refers to filling). A reference sample was
prepared following the same procedure but using raw, end-
closed SWNTs in which the Viol cannot be encapsulated. We
call this reference complex Viol-SWNT.
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Figure 2. (a) TGA analysis (N2, 10 °C min) of 0SWNT (black), Viol-SWNT
(blue), Viol@oSWNT (golden) and Viol (green). (b) Raman spectra
(Aexc=785 nm) of oSWNT (black line), Viol-SWNT (blue) and Viol@oSWNT
(golden).

A first indication of the encapsulation is obtained from
thermogravimetric analysis (TGA). Figure 2a presents the weight
loss curve of Viol@oSWNT sample in comparison with the pure
Viol powder, Viol-SWNT and oSWNTs. The oSWNT sample
does not decompose under N, atmosphere while the pure Viol
sample decomposes completely at ~470°C. In the
Viol@oSWNT sample, we observe a new decomposition
component not present in oSWNT, that appears at high
temperatures (790 °C). We tentatively ascribe this step to the
de-encapsulation/decomposition of the Viol, as indicated by the
shift to significantly larger temperatures when compared to bare
Viol, suggesting that the organic salt is protected by the tube.
This analysis is supported by the absence of this step in the
Viol-SWNT supramolecular hybrids. Note that both the
Viol@oSWNT and the Viol-SWNTs samples show a not very
well defined weight-loss that extends from 200 to 500 °C, which
we attribute to residual DMF and/or adsorbed Viol. The total
Viol mass loss in the Viol@oSWNT sample is around 32%,

~15% with respect to Viol-SWNT reference sample. This
corresponds to the presence of 1 organic salt molecule every
250-300 carbon atoms of 0SWNT.

The Raman spectra of o0SWNT, Viol-SWNT and
Viol@oSWNT (Aexe = 785 nm) are compared in Figure 2b.
Further Raman characterization is shown in the Supporting
Information. All spectra are very similar with no increase in the
relative intensity of the D band, which confirms that the covalent
structure of the oSWNT is preserved upon functionalization. We
do not observe any significant changes in the wavenumber of
the G band upon the formation of Viol@oSWNT, either, which
suggests that doping of the SWNTSs by the encapsulated Viol is
not significant in the ground state. The radial breathing modes
(RBMs), on the other hand, show very interesting changes. The
reference oOSWNT sample shows two main RBMs, centered at
112 cm?™ and 144 cm?, respectively. The same peaks are
observed in the spectrum of Viol-SWNT, although both are blue-
shifted by 8 cm™. Both peaks are shifted in the same direction
and to the same extent, suggesting that these changes may be
due to a different degree of aggregation in the sample after the
chemical treatment. In contrast, the RBM region of
Viol@oSWNT, shows three peaks, at 107 cm?, 129 cm™ and
143 cm™ respectively. The appearance of a new RBM, together
with the redshift of the peak corresponding to the larger diameter
SWNTSs, while the peak corresponding to the thinner SWNTs
stays in place, suggests that there is a significant change upon
encapsulation of Viol and that it affects the larger nanotubes to
a greater extent.
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Figure 3. (a) Representative AC-HRSTEM image of Viol@oSWNT. Scale bar
is 2 nm. (b) Scanning Electron Microscopy (SEM) image of a Viol@oSWNT
bridging two metallic Au electrodes. Scale bar is 200 nm.

Direct evidence for the encapsulation of Viol molecules in
the oSWNTs was provided by aberration corrected high-
resolution transmission electron microscopy (AC-HRTEM) (see
SI).*61 An AC-HRTEM image of Viol@oSWNT is shown in
Figure 3a. Low energy (60 keV) and dose set were used to
minimize the commonly knock-on damage in molecular
structures due to the electron beam (e-beam).ll Imaging at high
magnification reveals that the nanotube cavities are filled with
molecular material. Despite the good quality of the images, we
are not able to elucidate the exact disposition of our molecules
inside the carbon nanotube, due to e-beam induced Brownian
motion of the Viol guests or even to their fast decomposition
under the e-beam. !

The electronic properties of Viol@oSWNT have been
measured in tens of field-effect transistor (FET)-like devices.



Series of 400-nm spaced source-drain electrodes are fabricated
by optical lithography and subsequent Au evaporation on Si
substrates coated with 300 nm of SiO,. Tens of these electrodes
are connected to a common Au pad so that tens of
Viol@oSWNT FETs can be electrically probed simultaneously
(see scheme of the multielectrode device in the Supporting
Information). Viol@oSWNT, Viol-SWNT and oSWNT are
trapped and aligned between the electrodes by ac-field
dielectrophoresis.*® In short, an ac-electric field is applied
between the electrodes immersed in a tetrachloroethane
solution containing a dispersion of the nanotubes sample.
Voltage, ac-frequency and time parameters are optimized to
maximize the yield of a single tube per electrode pair (see
Supporting Information). Figure 3b shows a representative
Scanning Electron Microscopy (SEM) image of one of the
devices. The two electrodes are bridged by Viol @oSWNT that is
visible thanks to the enhanced apparent diameter provided by
voltage contrast with the substrate.[2]
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Figure 4. (a) Transfer characteristics of Viol@oSWNT (golden), Viol-SWNT
(blue) and bare oSWNT (black) FET devices measured at Vsq¢ = 0.5 V. Clear p-
doped semiconducting behavior with 10% on-off ratio can be observed for
Viol@oSWNT. In contrast, Viol-SWNT and oSWNT FETs show no gate
dependence as expected in metals. The estimated carrier mobility in
Viol @oSWNT is p = 600 cm?(Vs). (b) Current | - Voltage V characteristics
measured in the same device at different Vg (from Vg = 0 V (purple) to Vg = -
12.5 V (red) with AVy =1.25 steps). The electrical response is characteristic of
two back to back Schottky diodes generated at the interface between the
metallic electrodes and the Viol@oSWNT. [Inset] Schematic circuit
representing a gold|Viol @oSWNT|gold FET mediated by Schottky barriers.

Figure 4a shows the transfer characteristics of three multi-
electrode devices made of Viol@oSWNT (golden), Viol-SWNT
(blue) and oSWNT (black). The source-drain current | is
measured as a function of a gate voltage Vg applied to the Si
substrate while the source-drain bias voltage is fixed to Vs =
0.5V. The current saturates to almost 10° A at negative V.
Above a threshold voltage Vi = -3V, the current abruptly drops

around six orders of magnitude and remains below the noise
level of the electronics (< 101! A). The inset in Figure 4a shows |
in a linear-scale from where Vi, is obtained. The hole-carrier
depletion at positive gate voltages is a clear indicative of a p-
doped semiconductor-like behavior of the Viol@oSWNT.
Additional samples are shown in the Supporting Information.
This is in sharp contrast with the metallic transfer characteristic
of bare o0SWNT, i.e. without Viol molecules, where only a slight
gate dependence is observed. The encapsulation of Viol
molecules therefore tunes the electronic structure of the tubes
from metallic to semiconductor. In other words, a gap in the
band structure of the tubes is open. A similar effect has been
observed in metallic SWNT doped by boron/nitrogen substitution
of carbon atoms?Y and has been proposed for tubes modified
with molecules in supramolecular configuration.?? However, the
first geometry dramatically changes the composition of the tubes
whereas the second is not stable under external manipulation of
the devices. In contrast, note that several Viol@oSWNT (of the
order of 10) are probed simultaneously in the same
multielectrode FET. For the device to be depletable with gate, all
the connected nanotubes must be semiconducting. The
presence of one or several metallic tubes linking a pair of
electrodes would result in a residual current at positive Vy that
would mask the semiconducting behavior. This is actually the
case in a few devices where the spurious metallic nanotubes
could be controllably burned out. The encapsulated geometry is
therefore rather homogeneous (as seen in the TEM images in
Figure 3a), robust to external manipulation like washing, and
keeps the SWNT surface clean for the attachment of functional
molecules for the fabrication of more complex devices.

The analysis of the transfer characteristic in Figure 4a
shows an on-off current ratio of around lon/lof = 108 and a FET
mobility pu = 600 cm?/Vs (See Supporting Information for details).
These values are comparable or better than most reported for
semiconducting SWNTs functionalized with molecules,?!
indicating that the opening of a band gap by the ‘soft’
encapsulation of molecules preserves the transport properties of
the tubes. The p-doped character of the device could be
explained by the strong electron affinity of the V>* molecules but
it could also be associated to the typically lower work functions
in graphite-like materials compared to gold.?* As a sanity check,
the same experimental process, including a thorough cleaning of
the device, has been reproduced for the supramolecular Viol-
SWNT. Only metallic behavior has been observed in the devices
even after controlled burning of some metallic tubes (see Figure
4a). The electronic structure of the SWNT is apparently less
sensitive to supra Viol or, alternatively, the molecules are
washed away in the preparation of the devices.

Figure 4b shows the |-V characteristics measured in the
same Viol@oSWNT device at different Vy around Vy,. Under
forward bias conditions (Vs¢ > 0) the current rapidly increases
and saturates at increasingly higher | for increasing Vgy. Under
low reverse bias conditions (-1 < Vs¢ < 0) the current remains
blocked at |Ii| = 27 nA. Thereafter |I| abruptly increases and is
modulated by Vy. This electrical response is characteristic of a
two back-to-back diodes circuit as sketched in Figure 4b. The
low forward voltage drop (~0.1 V) and the relative high current
leakage |, point to two Schottky diodes generated at the interface
barrier between the metallic Au electrodes and the
semiconducting Viol@oSWNT. The low forward voltage drop is,
in addition, characteristic of p-doped based Schottky diodes, in
agreement with the transfer characteristic in Figure 4(c). This
diode-like behavior is a further proof of the rather homogeneous



semiconducting behavior of the Viol@oSWNT when compared
with the linear and symmetric |-V curves obtained in oSWNT and
Viol-SWNT junctions, as expected for metal-metal contacts (see
Figure S4 in the Supporting Information).

Several mechanisms may contribute to the band gap
opening. One could be the local field induced by the cation, or
alternatively the partial hybridization of the molecular orbitals
with the band structure of the tube.?s! Additionally, mechanical
deformations induced by molecules in SWNTs could modify their
electronic bands. To understand the role of the charges, we
synthesized a neutral structural analogue of Viol featuring
alkylated biphenyl moieties, Biphenyl@oSWNT system. The
preliminary  electronic  characterization (see  Supporting
Information) indicates that although certain semiconducting-like
behavior is observed, the on/off ratios are drastically reduced
pointing to an important role of the cation charge. A more
thorough study will be the subject of a future follow-up
manuscript.

In  conclusion, Viol molecules were successfully
encapsulated in SWNTs. The filling of the carbon nanotubes
was confirmed by TGA, Raman spectroscopy, and crucially by
AC-HRTEM. The encapsulation tunes the electronic properties
of the nanotube-based FET devices, from metallic to high-quality
semiconductor. Such tuning is not observed in analogous
supramolecular derivatives. The resulting back-to-back diode
circuits could be exploited as tunable rectifiers or current limiters
to protect more complex SWNT or molecule-based electronic
circuits.
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s 0. 5 10 Band gap opening in metallic single-
walled carbon nanotubes by
encapsulation of an organic salt

Bandgap, be opened! The encapsulation of viologen salts within the tube tunes the electronic band gap
of the tube from metallic to a high-quality semiconductor.



