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ABSTRACT (Covalent addition of functional groups onto carbon
nanotubes is known to generate lattice point defects that disrupt the

electronic wave function, resulting namely in a reduction of their | 10°

optical response and electrical conductance. Here, conductance § 10°

measurements combined with numerical simulations are used to g 10

unambiguously identify the presence of graft-induced midgap states o 10 \ T
in the electronic structure of covalently functionalized semiconduct- 10™ oty
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ing carbon nanotubes. The main experimental evidence is an
increase of the conductance in the OFF-state after covalent addition
of 4-bromopheny! grafts on many single- and double-walled individual nanotubes, the effect of which is fully suppressed after thermodesorption of the
adducts. The graft-induced current leakage is thermally activated and can reach several orders of magnitude above its highly insulating pristine-state level.
Ab initio simulations of various configurations of functionalized nanotubes corroborate the presence of these midgap states and show their localization
around the addends. Moreover, the electronic density of these localized states exhibits an extended hydrogenoid profile along the nanotube axis, providing
access for long-range coupling between the grafts. We argue that covalent nanotube chemistry is a powerful tool to prepare and control midgap electronic

states on nanotubes for enabling further studies of the intriguing properties of interacting 1D localized states.
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lectronic devices rely largely on the

control of point defects and disorder

to tune the properties of semiconduct-
ing materials such as charge carrier density,
recombination rates and mobility.! In low-
dimensional materials, the influence of point
defects is expected to be even more preva-
lent due to their large surface-to-bulk ratio
and reduced electronic density of states.
Various quasi-1D materials have been pro-
duced in the past decades, such as carbon
nanotubes,® graphene nanoribbons® and
numerous species of nanowires*> Among
them, carbon nanotubes are particularly ap-
propriate to study the influence of defects,
as their closed-up tubular structure makes
them free of extended edge-type defects
such as dangling bonds. Point-defects in
carbon nanotubes®’ can be generated during
growth?® or induced a posteriori by mechan-
ical stress ion irradiation'®'" or chemical
functionalization of the sidewall.'>'® Functio-
nalization approaches have been extensively
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developed in the past 15 years on nanotubes,
as they bear many advantages such as im-
proving their processability'*'> and tuning
their chemical and biological affinity.'®'”
Hence, chemical functionalization offers par-
ticularly impressive control and versatility in
terms of grafting types.'>'3

Grafting functional groups onto a nano-
tube sidewall creates point-like defects that
alter the nanotube electronic properties.
The disruption is minor for noncovalent
binding'®' but much more invasive in
the case of covalent adducts, which deeply
modify the electronic orbitals of the nano-
tube. Most common covalent grafting reac-
tions, such as hydrogenation,®*?" halogena-
tion, 2> carboxylic addition®* and aryl radical
additions using the well-known diazonium
precursor,>*® are monovalent additions
generating sp>-type of defects that strongly
disrupt the optical and electrical properties
of the nanotube. Loss of optical response has
been reported in absorption spectroscopy?’
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and resonant Raman spectroscopy has shown that
modes associated with the nanotube are reduced in
intensity, whereas defect modes are enhanced.?’ Like-
wise, studies have reported a significant loss of elec-
trical conductance after functionalization,?®° even
in the case of single-point functionalization.?' Selec-
tivity with diameter, chirality or electrical type can be
observed at low graft density,®3%3? which is often
considered as a particularly useful route for selecting
metallic or semiconducting species in assembling
processes.?®3334 The selectivity usually disappears at
high graft density as the amplitude of the alteration
increases.’®*° Finally, functional groups can generally
be removed from the nanotube sidewall by a thermal
annealing in a vacuum or inert atmosphere,?>3%3°3¢
However, electronic properties are generally not fully
restored after defunctionalization, and such residual
damage accumulates after successive cycles of func-
tionalization and defunctionalization.”

The drastic impact of monovalent additions on the
properties of nanotubes can be appreciated through
band structure and conjugation considerations. Opti-
cal and electrical properties of nanotubes arise from
the 1D electronic bands and corresponding Van der
Hove singularities associated with the delocalized sz/7*
orbitals.>® The introduction of sp> point-defects in the
structure causes destructive rehybridization,?® i.e., con-
version of previously delocalized s-electrons in loca-
lized chemical bonds with the grafts, which strongly
perturbs the nanotube electronic bands. Furthermore,
this addition breaks the symmetry between the two
nonequivalent carbon atoms in the primitive cell of the
honeycomb lattice, which is expected to lift the 2-fold
valley degeneracy in the nanotube band structure,
and generates 7-radical species in the carbon lattice.”®
On the opposite, covalent reactions that preserve
the symmetry and long-range conjugation of the wave
function, such as divalent sp>like grafting with carbene
addition reactions, have been found to leave the trans-
port properties of nanotubes mostly unaltered. 3%
Several theoretical calculations effectively predicted
sp>-like point defects to disrupt the singularities in the
density of states as well as the electrical conductance
of nanotubes.®*'~** However, despite all the evidence
of their dramatic effect on nanotube properties, little is
known about the resulting electronic states of sp>-
functionalized carbon nanotubes and their properties.

In this study, we use electrical transport experiments
and density functional theory (DFT) calculations to
investigate the electronic states induced by covalent
functionalization of carbon nanotubes. Using aryldia-
zonium salt reactions onto many individual semicon-
ducting single-walled and double-walled carbon nano-
tubes (SWNTs and DWNTSs), our experiments show that
monovalent graft addition induces a strong conduc-
tance increase in the OFF-state, indicating the presence
of midgap electronic states that allow for long-range
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charge transport. The effect is reversible after removal
of the grafts by thermal annealing, therefore unambigu-
ously linking it to the presence of the adducts. The graft-
induced leakage current is thermally activated and can
reach several orders of magnitude over the highly
insulating OFF-state of pristine nanotubes. Ab initio
simulations of semiconducting SWNTs functionalized
in various configurations of covalent adducts reveal the
apparition of graft-induced midgap states, which elec-
tronic density profiles are localized on the graft sites and
exhibit hydrogenoid-like extensions along the nano-
tube axis allowing for long-range interaction between
graft states. Covalently functionalized semiconducting
nanotubes are revealed here as an ideal template for
studies on the properties of 1D localized states.

RESULTS AND DISCUSSION

In order to unambiguously assess the effect of
covalent functionalization on electrical properties of
carbon nanotubes, it is necessary to measure the
electrical response of the same nanotubes with and
without the grafts. The protocol to do so is illustrated
in Figure 1: carbon nanotubes were individually as-
sembled in devices and their electrical response was
acquired in pristine (p), functionalized (f) and defunc-
tionalized (d) states.** The devices were fabricated in a
field-effect transistor configuration with an individual
nanotube as the channel, either using laser ablation
SWNTs* or CVD-grown DWNTs*® Functionalization
was performed directly on the devices by immersion
in an aqueous solution of 4-bromobenzenediazonium

tetrafluoroborate,***” at high concentration to facilitate
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Figure 1. Experimental setup and procedures. Carbon nano-
tubes are organized individually in a field effect transistor
configuration with drain, source and gate electrodes. Elec-
trical characteristics are probed in three states: (p) pristine
state, i.e., before functionalization, (f) functionalized state
after adding 4-bromophenyl- grafts, and (d) defunctionalized
state after thermal annealing in a vacuum.
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Figure 2. Effect of functionalization on both the ON-state and OFF-state conductances of the devices. (a) Typical electrical
transfer characteristics of metallic (top) and semiconducting (bottom) SWNTs in pristine (blue), functionalized (red) and
defunctionalized (green) states. Gray arrows indicate the direction of gate bias sweep. (b) Distribution of conductance
change, i.e., ratio of functionalized over pristine conductance, in ON-state (top) and OFF-state (bottom) for ensembles of
nanotubes. (c) Further increase of OFF-state conductance after successive defunctionalization and refunctionalization cycles,
averaged over 22 devices and normalized with first functionalized-state.

reaction regardless of nanotube chirality.”® Removal
of the grafts was performed by thermal annealing at
500 °C in a vacuum.*® Details on device fabrication as
well as functionalization/defunctionalization processes
are provided below in the Experimental and Numerical
Methods section.

The impact of chemical functionalization on the
ON- and OFF-state currents of carbon nanotubes was
investigated using their device transfer characteristics,
obtained by sweeping the gate bias back and forth
(from —15to +15V) at fixed drain-source bias (here 1V).
Blue traces in Figure 2a show transfer curves from
typical metallic (top) and semiconducting (bottom)
nanotubes. While the conductance of metallic species
is rather independent of gate bias, it is modulated by
several orders of magnitude in the case of semiconduc-
tors. In the latter, the electrical current switches from
a high value at large negative gate bias (ON-state) to
a minimum when gate bias is pushed toward positive
values (OFF-state). The high ON-state conductance is
due to strong field-effect doping by hole carriers, while
the conductance in OFF-state drops below noise level
due to full depletion of carriers when the gate field
aligns the Fermi level within the nanotube band gap.
In principle, we would expect to see a second highly
conductive regime due to electron doping at large
positive gate bias, but this regime is blocked in most
SWNTs by charge trapping due to oxygen/water redox
reactions in ambiant conditions.*® This regime is how-
ever observed in large diameter nanotubes, such as
DWNTs (see Figure 3), because of their much smaller
band gap. Note that all traces exhibit a strong hysteresis
between forward and reverse gate sweep, which is
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typical in carbon nanotube devices due to charge traps
and ionic movements at the dielectric surface.*

The effect of functionalization is presented with
the red curves in Figure 2a, measured after covalent
bonding of the grafts. Conductances of metallic
nanotubes and of semiconducting nanotubes in
their ON-state exhibit a marked drop by about 1 order
of magnitude, which is consistent with previous
studies.?®3%374 However, the OFF-state shows a com-
pletely different behavior: the conductance increases
after addition of the chemical adducts. The increase
is strong, with an amplitude reaching at least 2 orders
of magnitude above the resolution-limited insulat-
ing current of the pristine nanotube. This effect was
never reported before, and therefore we performed
a quantitative analysis using measurements repeated
on a large ensemble of SWNT and DWNT devices.
For each, we calculated the G/G, ratio, i.e,, the ratio
of functionalized-to-pristine-state conductances, in
both ON- and OFF-states. The obtained distributions
of G#/G,, ratios are presented in Figure 2b and 2c,
respectively. In the ON-state, all ratios are inferior
to 1, indicating a decrease of conductance, with a
distribution centered at 0.1 corresponding to a typical
decrease of 1 order of magnitude. In the OFF-state,
all SWNT and DWNT devices show a ratio superior
or equal to 1, which indicates either an increase of
conductance or no measurable change. Devices re-
porting no detectable effect are in fact those for which
both conductance levels, before and after functionali-
zation, lie below the resolution limit. In all other cases,
an increase of conductance is observed, which ampli-
tude can reach up to 3 orders of magnitude. Note that
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Figure 3. DWNTs and transport mechanism. (a) Transfer characteristics of a typical S@S DWNT in pristine and functionalized
states at room temperature. Small arrows indicate the threshold (or OFF-state) voltage. (b) Temperature dependence of the
functionalized DWNT transfer characteristics, showing thermal activation of the OFF-state conductance. (c) Representation of
the proposed mechanism for OFF-state conductance: hopping transport between graft-induced localized gap states.

pristine OFF-state measurements are actually limited
by the resolution of the apparatus and so the con-
ductance increase, as calculated here, is a lower bound.

Alterations in ON- and OFF-state conductances are
reversible upon removal of the functional groups, as
shown by the great similarity between blue and green
lines in Figure 2a. The changes in functionalized states
are thus conclusively attributed to the presence of the
grafts. A cumulative effect upon cycling functionaliza-
tion and defunctionalization steps is also observed.
Figure 2c reports the averaged conductance of 22
devices after consecutive functionalization steps, normal-
ized by averaged conductance in the first functionalized
state. Devices were annealed for defunctionalization
between each step, and gate bias was fixed at +15 V
to probe the OFF-state of semiconducting SWNTs.*” After
each functionalization step, the OFF-state conductance
further increases, which is consistent with an accumula-
tion of residual defects induced by the grafting reaction,
as reported elsewhere.®”

The increase of OFF-state conductance after func-
tionalization is definitely surprising. In this regime,
semiconducting nanotubes are normally insulators
and current is limited by thermal emission over the
band gap and tunnelling through the Schottky con-
tacts. Better electrical conduction after the introduc-
tion of defects is a priori rather counterintuitive. One
could argue at this point that the phenomenon is
simply caused by a large upshift of the threshold
voltage due to charge transfer between the grafts
and the nanotube, preventing full carrier depletion in
the channel within the probed gate bias range. Such
charge transfer is however refuted by both numerical
simulations (see Supporting Information) and addi-
tional measurements on double-walled carbon nano-
tubes (DWNTs). Figure 3a presents transfer curves from
a typical DWNT composed of two semiconducting
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walls (S@S), in pristine (blue) and functionalized (red)
states. We previously showed in ref 44 that charge
transportin a pristine DWNT occurs through both walls,
and that functionalization alters only the properties of
the outer wall.** The strong conductance modulation
in this pristine DWNT (blue curve) indicates that both
walls are of semiconducting type.** The ambipolar
character of the DWNT is visible from the two ON-state
branches in the transfer curve, and allows to pinpoint
the position of the threshold voltage, i.e., the gate bias
corresponding to the lowest conductance. After func-
tionalization (red curve), the OFF-state conductance
increases sharply, similarly to the case of SWNTs,
but this time we can clearly see that the threshold
voltage does not change significantly (forward sweep:
stays at 2.5 V; reverse sweep: changes slightly from
13.25 to 12.25 V). There is definitely no indication of
strong hole doping here, which refutes the hypothesis
of functionalization-induced charge transfer to explain
the increase of the OFF-state conductance. Another
hypothesis, which is most probable, is that functiona-
lization generates additional midgap states, i.e., elec-
tronic states that are comprised in energy within the
nanotube band gap. Charge transport through those
states would form an additional conductance path
leading to a “leakage current” in the OFF-state. In the
case of DWNTSs, these gap states should be generated
only in the outer wall, which would then contribute to
the OFF-state current while the inner wall would remain
insulating. This hypothesis of graft-induced gap-states
leakage current is further tested in the following by a
combination of experiments and calculations.

In carbon nanotubes, we know that the electrical
current amplitude is mainly controlled by charge trans-
mission at the interface with the metallic electrodes of
the contacts.>® The OFF-state, which is the conductance
minimum, corresponds to an electrostatic doping level
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TABLE 1. Density Functional Theory (DFT) Simulations®

7N
pristine
(13,0) Egap (V) 0.70
Ebmdz‘ng (GV) -
(16,0) Egap (V) 0.60
Ebinding (PV) -
(17,0) Egap (V) 0.56
Ebinding (€V) -

“Simulated band gaps (Egap) for (13,0), (16,0) and (17,0) nanotubes functionalized with 4-bromophenyl pairs in diverse relative positions, as well as the binding energy

(Evinding) Of graft pairs. The most stable configuration is identified with bold fonts.

such that the band bending maximizes the height of the
injection barriers. At fixed temperature, the observed
increase in the OFF-state conductance can actually be
reproduced by a lowering of injection barriers, i.e., an
effective reduction of the nanotube band gap. With this
understanding of nanotube transport, experimental
observations supporting the hypothesis of midgap
states due to graft-induced sp>-defects can be summa-
rized as follows: First, the rather moderate intensity of
the leakage current compared to the band current
is compatible with thermally activated transport such
as thermal emission or hopping mechanisms, which are
typically more resistive than delocalized band transport.
The leakage current is indeed activated by temperature,
as shown in Figure 3b. In this graph, both traces are from
a DWNT in functionalized state measured in a vacuum.
The plain line is the response of the functionalized
DWNT at room temperature (300 K), which is compa-
rable to that in air, as in Figure 3a. When cooled down at
77 K, the dotted line shows that the leakage current
drops down by 2 orders of magnitude, consistent with
what is expected in thermal activated transport when
the carrier thermal energy decreases.>’ The detailed
transport mechanism in this regime is yet unclear and
falls outside the scope of this paper.>? Furthermore,
the radical nature of the diazonium chemistry used
here currently limits our ability to lower the coverage
of addends down to the interesting limit of long-
range distances between localized states. It should be
noted however that variable range hopping transport
was reported by Zhang et al. in functionalized gra-
phene using similar 4-nitrophenyl units.>® In the light
of all this and the calculations presented below,
we can speculate that OFF-state transport occurs
through hopping between graft-induced localized
gap states.

Further insights into the microscopic nature of the
gap states in functionalized carbon nanotubes were
obtained using simulations based on density func-
tional theory (DFT). Semiconducting SWNTs were mod-
eled with and without a grafted 4-bromophenyl pair,

BOUILLY ET AL.

since pair formation is expected on semiconducting
nanotubes.3>>* Different relative positions were tested
for the pair, i.e., the ortho, meta and para configura-
tions.>* Since the para configuration is usually more
stable,*>>* it was more thoroughly investigated; i.e., all
its possible orientations on a zigzag SWNT were simu-
lated (0° and 60° with respect to the nanotube axis).
Semiconducting chiralities (13,0), (16,0) and (17,0) were
selected for the calculations, as their respective di-
ameters of 1.03, 1.27 and 1.35 nm are comparable to
the average diameter of the SWNTs used in the experi-
mental part of this study (1.3 nm).* Table 1 reports the
simulated band gap associated with each configura-
tion, as well as the corresponding binding energy
of the graft pair. Simulated electronic dispersion and
wave function for each configuration can be found
in Figures S1 and S2 in the Supporting Information.
The simulations show graft-induced states that vary
substantially between different grafting configura-
tions. For instance, the meta configuration with two
free radicals generates deep states in the middle of the
nanotube band gap, which are strongly localized as
seen from the shape of the wave function (see Figure S2)
and the absence of dispersion (see Figure S1). Ortho
and para configurations also generate graft-induced
states in the nanotube band gap, although these are
more shallow and more hybridized with the nanotube
dispersive states. The important conclusion here is
that, for all the chiralities simulated, most of the
binding configurations generate midgap states, in-
cluding some of the most stable para configurations.
In experimental conditions, a distribution of the var-
ious grafting configurations should be found on
nanotube sidewalls, at least a mixture of the few most
stable configurations; hence, gap states are definitely
to be expected in the electronic structure of functio-
nalized nanotubes.

Charge transport properties through these midgap
states are function of the coupling between them, and
hence they are also function of the properties of their
wave function. Figure 4 presents the simulated wave
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Figure 4. Simulated wave function and electronic density.
f-HOMO and f-LUMO wave functions for a (13,0) nanotube
functionalized with a 4-bromophenyl- pair in its most stable
para 60° configuration. The corresponding electronic den-
sity per unit length along the nanotube axis (red line) is
centered at the graft position and decays slowly around it.
The envelope is fitted by a periodic hydrogenoid function
(dotted line).

function of the f-HOMO and f-LUMO levels as well as
the corresponding electronic density per unit length
along the nanotube axis for a (13,0) nanotube functio-
nalized in para 60° configuration. Both levels corre-
spond to midgap states as their energies are located
within the pristine nanotube band gap. They are also
strongly associated with the grafts, as the electronic
density profile is centered on the grafting site. The
corresponding electronic bands for these states
(Supporting Information, Figure S1 bottom-left) show
significant dispersion, indicative of coupling between
the periodically arranged grafts. Indeed, these states
show a slow spatial decay, extending several C—C
bonds away from the grafting site, suggesting the
possibility of graft-to-graft coupling. In order to extract
the spatial extend of these midgap states, the envelope
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of the simulated electronic density was adjusted by
a hydrogenoid or shallow-defect model,> including
periodic replicas along the nanotube axis to capture
effects produced by the periodic boundary condi-
tions inherent to the numerical calculations. The
model shows a good agreement with the simulation,
as shown by the dotted black line in Figure 4.
The obtained effective Bohr radii are (11.1 + 0.3) A
for the HOMO and (8.3 £ 0.2) A for the LUMO, which
correspond to the exponential decay rates of the
wave function along the nanotube axis.

In the experiment, we report a grafting density
of approximately 1%, which corresponds to one graft
pair every 16.5, 13.4 and 12.7 A for the (13,0), (16,0) and
(17,0) nanotubes, respectively. Comparison between
experiment and simulation should be taken with cau-
tion since experimentally grafted tubes are expected
to hold a mixture of grafting configurations distributed
rather randomly over the length as well as the cir-
cumference of the nanotube. A variation of the graft
density parameter was unfortunately not possible
to explore due to a lack of control over the diazonium
salt reaction at low coverage. As discussed by Che-
nevier et al.>® the selectivity and radical nature
of diazonium coupling compounded with the pre-
sence of different nanotube species makes it difficult
to precisely control the graft density on individual
nanotubes. Nevertheless, considering the similarity of
length scale between the spacing of the grafts and the
extent of their wave function, one can reasonably
expect significant coupling between grafts, allowing
for long-range charge transport along the nanotube
length.

CONCLUSIONS

Our work demonstrates the existence of graft-
induced localized electronic midgap states in cova-
lently functionalized carbon nanotubes. These states
were experimentally revealed by a strong and surpris-
ing increase in the OFF-state conductance of the
nanotubes after functionalization, which disappeared
upon removal of the grafts. Charge transport is found
to be mediated by these midgap states, which is
supported by temperature-dependent transport
measurements and ab initio calculations. The latter
revealed that the midgap state wave functions are
sufficiently extended to allow long-range interaction.
In light of this study, functionalized carbon nanotubes
appear as a robust template to study one-dimensional
transport through localized states. The strong back-
bone of the nanotube structure combined with the
robustness of covalent chemistry allows to prepare
high-quality devices in which the conductance of
these gap states can be enhanced and detected.
One can then take advantage of the huge versatility
of chemistry to control the spatial extent and ener-
getic distribution of these midgap states by varying
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graft type and density. Alternatively, one could use
the thermal transport properties of the states to

EXPERIMENTAL AND NUMERICAL METHODS

Nanotube Devices Fabrication. All nanotube devices for this
study were fabricated according to an established protocol
presented previously in ref 44. Briefly, standard silicon sub-
strates (100 nm SiO-/n™ Si) were pretreated to enhance nano-
tube adhesion (piranha treatment + aminosilane (APTS) vapor
exposition56 for SWNTs; RCA treatment for DWNTSs). Note for
reader: Extreme care should be exerted when manipulating
piranha solution in contact with organic compounds. Suspen-
sions of carbon nanotubes were prepared from powder sources
(SWNT: laser ablation source,*® suspension in dimethylforma-
mide (DMF) after reflux in nitric acid (10% per volume, 24 h) and
water (2 h); DWNT: chemical vapor deposition source,*® super-
natant extracted from a dispersion in 1,2-dichloroethene (DCE)
decanted for 2 weeks), and drops were deposited on the
substrates by spin-coating (followed by drops of DCE for cleaner
drying in the case of DMF suspensions). The suspension con-
centration and number of drops were calibrated to optimize the
yield of isolated nanotubes on the substrate. When necessary,
low-power sonication of the substrates in acetone was used to
remove residual amorphous/bundled carbon material. Metallic
electrodes were deposited on top of the isolated nanotubes
using optical lithography and e-beam metal evaporation
(Ti 0.5 nm + Pd 25 nm), so as to pattern channels of 1, 2, or
3 um. All devices were finally annealed at 500 °C in a vacuum to
improve metal-nanotube contacts.>” Atomic force microscopy
(AFM) images were used to exclude multiconnected devices;
the remaining individual nanotubes and smaller bundles were
used for the present study.>®

Functionalization and Defunctionalization. Functionalization was
performed directly onto the devices, using an aqueous reac-
tion of 4-bromobenzenediazonium tetrafluoroborate (BBDT), as
described in refs 47 and 44. Sodium hydroxide (NaOH) was
dissolved in ultrapure deoxygenated water to obtain a pH of ~9,
followed by dissolution of BBDT (2 mM). This high concentration
of BBDT was chosen to ensure reproducibility and to prevent
selectivity with chirality or diameter.?®*° Substrates holding
nanotube devices were immediately immersed in the BBDT
solution for 10 min at room temperature, and then rinsed
thoroughly with ultrapure water and diethyl ether. Although
graft concentration is difficult to measure directly in individual
nanotubes samples, it can be estimated at ~1% of carbon
atoms in this study, based on X-ray photoelectron spectroscopy
(XPS) measurements and kinetic analysis reported for compar-
able reactions on bulk samples.**® Defunctionalization was
obtained by thermal annealing at 500 °C during 45 min in a
vacuum (P < 5 x 10~° Torr).3®

Electrical Characterization. Electrical measurements in pristine,
functionalized and defunctionalized states were conducted
using an ambiant probe station, except for temperature-
dependent measurements performed in a vacuum probe sta-
tion (Desert Cryogenic) cooled down using liquid N,. In all cases,
data was collected using an Agilent B1500A semiconductor
parameter analyzer.

Ab Initio Simulations. The computational results presented
in this article were obtained using the ONETEP simulation
software®' based on density functional theory (DFT).5%%3 Simu-
lation of large system sizes, allowing representation of 4-bro-
mophenyl functionalization of carbon nanotubes, was made
possible by the lower and linearly scaling computational work
required in this particular implementation of DFT.** The simu-
lated systems still have to remain periodic and form a reason-
ably small primitive cell, which was only possible in the case of
armchair (n,n) and zigzag (n,0) chiralities. In order to model
semiconducting nanotubes, zigzag chiralities were selected for
the present simulations. The simulated supercell included five
nanotube primitive cells (corresponding to an overall length of
2.13 nm), eventually completed by a pair of 4-bromophenyl
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investigate temperature-sensitive chemical reactions
taking place on the grafts.

groups. Periodic boundary conditions were used to obtain an
infinite effective nanotube length, and the choice of including
five nanotube primitive cells ensured enough spacing between
the periodic replicaes of the 4-bromophenyl pair to minimize
their interaction. Perpendicular to the nanotube axis, periodic
images were separated by at least 3 nm to avoid mutual
interaction. Valence wave functions were represented by 1, 4,
and 7 Nonorthogonal Generalized Wannier Functions®> with
respective cutoff radii of 7.0, 8.0, and 8.0 bohrs for the H, Cand Br
atoms. A cutoff energy, alike those of plane wave pseudopo-
tential implementations, was set to a converged value of
35 Ha*® and the PBE functional®® was used throughout all
simulations. Finally, geometric optimizations were converged to
a precision of 50 meV per supercell, a precision usually unreach-
able with traditional linear-scaling DFT implementations.®’
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