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The functionalization of carbon nanotubes through electrochemical routes is gaining importance
due to the high degree of control achievable and the ability to render the tubes with a variety of
chemical and biological species. In this article, we report systematic investigations on the grafting

of phenyl groups through diazonium coupling onto individual metallic and semiconducting
carbon nanotubes both experimentally and theoretically. The results show clearly that by
optimizing the electrochemical conditions it is possible to obtain a high degree of selectivity for
the coupling of phenyl radicals onto metallic nanotubes. The outlined conclusions have strong
implications for the design of strategies for the controlled functionalization of individual single-

wall carbon nanotubes.

1. Introduction

Single-wall carbon nanotubes (SWCNTSs) are emerging as pro-
spective candidates for a variety of applications ranging from
field-emission displays to scanning probe tips." Their spectrum
of applications can be expanded by a number of chemical
functionalization approaches,> namely through thermally
activated chemistry, photoactivated chemistry and electro-
chemistry. In all of these methods, the quest has been towards
the ability to graft nanotubes with a desired density of func-
tional molecules. The first two approaches, while having been
successfully applied for modifying nanotubes in bulk, have a
number of shortcomings including a low degree of control
over the extent of modification. Electrochemistry, on the other
hand, provides a convenient way to functionalize a specific
subset of nanotubes (for example, those that are contacted by
an electrode)® and offers inherent control over the extent of
functionalization. By an appropriate choice of the electroche-
mically generated radicals, covalent or non-covalent attach-
ment can be achieved on the surface of the contacted
nanotubes.* In addition, electrochemical modification
(ECM) serves as a generic method to attach a wide variety
of chemical species ranging from metallic nanoparticles® to
biomolecules.®

Initial experiments on controlled electrochemical functiona-
lization have relied on using a certain fixed set of parameters
that would yield a reproducible degree of coating.*>’
Recent experiments have demonstrated that the resistance of
the tubes could be monitored in situ while performing ECM.*?
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Covalent functionalization of nanotubes leads to an increase
in tube resistance®*!®!! by monitoring which one can stop
the grafting procedure at a specified resistance and thereby
obtain a desired density of moieties on the nanotube
surface. However, the effect of the electronic structure of the
tube has been at the background in most of these experiments.
Due to their one-dimensional nature and large level
spacing, nanotube electrodes exhibit unique electrochemical
characteristics as distinguished from a bulk metal or
bulk semiconductor.'? By tuning the back-gate voltage and
switching the semiconducting tubes (s-SWCNTs) to the
OFF state, we have demonstrated that the conductive or
metallic tubes (m-SWCNTs) in a tube ensemble can be selec-
tively functionalized.'® This is also supported by experiments
on networks of SWCNTSs, which demonstrate that the amount
of electrochemical charge transfer depends strongly on the
electrode potential used.'* However, recent theoretical results
suggest that there exists a finite rate of charge transfer for
s-SWCNTs, even in their OFF state.!? In the following, we
explore in more detail the influence of the tube’s electronic
structure on the functionalization extent by studying the
covalent attachment of diazonium salts in a systematic manner
both experimentally and theoretically on individual m- and
s-SWCNTs. The experimental results demonstrate that the
electrochemical attachment of phenyl radicals through
diazonium coupling indeed shows a high degree of selectivity
towards a specific type of nanotube. Our theoretical
calculations—in addition to serving as a support for the
experimental data—highlight the fact that by a judicious
choice of the diazonium salt and the electrochemical
parameters, it is possible to graft a certain functionality
selectively on metallic tubes.

2. Experimental

Individual SWCNTSs obtained from the HiPco process
(Carbon Nanotechnologies Inc.) were deposited on a Si/SiO,
substrate and contacted by AuPd-Ti electrodes with a spacing
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of ~1.3 pm using standard procedures.'”> By measuring the
back-gate dependence of conductance, the tubes were classi-
fied as metallic or semiconducting. Liquid gating experiments
were performed by placing a small drop of water on top of the
electrodes and covering it with a non-volatile solvent (squa-
lane) to avoid evaporation.'> A Ag/AgCl wire was used as the
gate electrode. Such wires were prepared by pre-aging Ag
wires (diameter 100 pm) for at least 4 h in a solution of AgNO3
acidified with HNOj;. AgCl was then electroplated onto the
wire by applying a current density of ~7.5 mAcm 2in | M
HCI. The Ag/AgCl electrodes obtained in this manner showed
an open-circuit potential of —75 mV £3 mV against a stan-
dard commercially available Ag/AgCl reference. In order to
ensure a low background current through the water droplet,
the electrodes were fabricated such that the contact surface
area is minimal.'> Using such a layout, resistances as high as a
few GQ could be measured without the need for a passivation
layer'®!” on top of the electrodes. The gate-dependence of
conductance of a single s-SWCNT measured in this manner in
a water droplet is shown in Fig. 1, where more than 3 orders of
magnitude variation in conductance is clearly discernible. On
the other hand, the conductance of a m-SWCNT remains
almost constant. The electrical transport measurements were
carried out using a home-built setup with Keithley 2400
sources, an amplifier and a Keithley 2000 multimeter. For
electrochemical measurements, a Solartron 1285 potentiostat
along with a Signal Recovery SR7265 lock-in amplifier was
deployed.

3. Results and discussion

Since electrolyte gating and electrochemical charge transfer
are intrinsically coupled,'” the same setup can be used to
perform ECM with the gate acting as a reference electrode
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Fig. 1 Solid line: cyclic voltammogram of 10 mM 4-diazo-N,N-
diethylaniline tetrafluoroborate (DDA) with 0.1 M lithium perchlorate
at a gold electrode in water with Ag/AgCl as the reference. The
potential at the gold electrode versus the reference is plotted in the
top X-axis. Dashed and dash-dotted lines: liquid gate dependence of
conductance of an individual metallic (m-SWCNT) and semiconduct-
ing (s-SWCNT) nanotube, respectively, in a water droplet. A Ag/AgCl
wire is used as the gate electrode. The voltage applied to the Ag/AgCl
wire with respect to the nanotube is plotted in the lower X-axis.

(RE) and the nanotube acting as the working electrode (WE).
For this purpose, it is only required to add an appropriate
redox-active molecule to the water droplet with or without a
background electrolyte. Even though the counter electrode is
absent, this configuration corresponds to an electrochemical
cell in a potentiostatic configuration.'® This is due to the
electrochemical currents being very low because of the small
volume of the droplet and the small surface area of the
electrodes.'® Furthermore, the voltage source at the RE or
the gate acts as a high-impedance instrument. In order to
verify that such an arrangement indeed reproduces a potentio-
static experiment, we have also used an alternate setup where
the resistance is measured through a lock-in, while the ECM is
performed using an electrochemical potentiostat.'” Both these
methods have been found to deliver similar results. For all the
experiments to be described below, we have used the former
simpler configuration. To avoid ambiguity between the sign of
the potentials used for gate voltage and electrochemical
potential, we use a notation similar to that of Heller ef al.,'
wherein all the potentials are applied to the gate and refer-
enced to the nanotube. Using such a convention, the cyclic
voltammogram of 4-diazo-N,N-diethylaniline tetrafluoro-
borate (DDA) is overlaid over the gate dependence curves in
Fig. 1. It is apparent that in the range of gate potentials where
the DDA undergoes irreversible reduction, the m-SWCNT
displays a conductance that is three orders of magnitude
higher than that of the s-SWCNT.

Fig. 2 shows the conductance of a single m-SWCNT
measured in situ while performing ECM with DDA (black
curve marked DDA). As the applied gate voltage is swept to
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Fig. 2 Liquid gate dependence of conductance for three metallic
nanotube devices monitored in situ while performing ECM with three
different diazonium salts. A Ag/AgCl wire immersed in the droplet was
used as the gate electrode. Tubes 1 (light-gray curve), 2 (dark-gray
curve) and 3 (black curve) were modified, respectively, by 4-nitro-
benzene diazonium tetrafluoroborate (NBD), 4-bromobenzene diazo-
nium tetrafluoroborate (BBD) and 4-diazo-N,N-diethylaniline tetra-
fluoroborate (DDA). The conductance decrease of the nanotubes
signifying a covalent coupling through the diazo group happens at
the denoted potentials (solid filled arrows). Furthermore, at a constant
overpotential with respect to these potentials, the conductances of the
tubes have decreased by a constant factor (marked by dotted lines with
arrowheads).
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more positive values, the conductance starts decreasing at a
well-defined potential (+0.25 V), in accordance with the CV in
Fig. 1. In order to establish the correlation between the
conductance decrease and the covalent attachment of phenyl
radicals, we have also repeated the same experiment with two
other single m-SWCNT devices modified, respectively, with
two different diazonium salts, namely 4-nitrobenzene-
diazonium tetrafluoroborate (NBD) and 4-bromobenzene-
diazonium tetrafluoroborate (BBD). The corresponding con-
ductance curves monitored during the attachment of the
phenyl radicals are shown also in Fig. 2 (light-gray (marked
NBD) and dark-gray (marked BBD) curves, respectively). It is
apparent that while with BBD the conductance decrease starts
at a potential of around —0.25 V, with NBD the decrease
occurs at a more negative potential of around —0.4 V. This is
commensurate with the reported magnitudes of the reduction
peak potentials of these three salts: VESP < VEE‘E < VEB(A =
—0.45 < —0.30 < +0.30 V,2>?! where the convention men-
tioned above has been used with the potentials denoting the
voltage applied to the Ag/AgCl wire with respect to the
working electrode. This trend is clearly observed in the onset
potentials marked by arrows in Fig. 2. Furthermore, it can be
deduced that the value of conductance at a constant over-
potential (as shown by the dotted lines at an overpotential of
+0.15 V relating to the respective reduction potential) upon
ECM is the same. The above observations, taken together with
the fact that a major proportion of the applied potential falls
off as a chemical potential,'® suggests that it is possible to
perform the functionalization at different levels of electronic
filling by choosing an appropriate diazonium salt. Among the
three salts, the reduction potential of DDA is the highest,
where the difference in conductance between the m- and s-
SWCNT is the largest. Thus, intuitively one would expect a
sizeable difference in reactivity with m- and s-SWCNTSs using
DDA as the redox-active molecule. For the following, we will
concentrate on the use of DDA as coupling agent and
Ag/AgCl as RE to investigate the effect of electronic
structure of the contacted tubes on the extent of covalent
functionalization.

It is noteworthy mentioning that the modifications in Fig. 2
were performed in the absence of a background electrolyte.
The background conductivity in this case is provided by the
solvent (water) and the diazonium salt itself. Although this is
sufficient for the transfer of appropriate potential to the
nanotube-electrolyte interface, the conductance decrease is
found to saturate after a few minutes. With the addition of a
considerable amount of background electrolyte (lithium
perchlorate), the rate of conductance decrease can be greatly
improved. However, the saturation of conductance decrease is
still observed (see Fig. S1 in the ESI).¥ While the background
resistance accounts for the different rates of conductance
decrease, the small volume of solution used and mass trans-
port limitations®* account for the saturation behaviour.?
These observations suggest that the interface resistance at
the double-layer between the tube and the solvent plays a
crucial role in the effectiveness of covalent electrochemical
functionalization.

Now we turn towards the effect of DDA-based ECM on
the conductance of individual m- and s-SWCNTs. Fig. 3

(a) | L] L] L] T L] 1 ]
10"k E
e
— 10°F 1
% : —— Before ECM  §
10} “‘\\1 —-—- After ECM ]

1 ~
10°F Mbegate ]
N ‘
- N 1
(S
.08 -06 -04 -02 00 02 04 06

Y
(b) E L ] L] ) L L E
(]
10 E .~ ';
107F 3
7 ]
5 107 1
0 —— Before ECM :
1 —-—- After ECM ]
i L= ]
LN T
08 -06 -04 -02 00 02 04 06
V, V]

Fig. 3 Liquid gate dependence of conductance for (a) an individual
metallic and (b) an individual semiconducting tube before and after
ECM in a water droplet with a Ag/AgCl wire as the gate electrode. In
both cases, the ECM was performed in an intermediate step by
applying a maximum gate voltage of +0.4 V in a water droplet
containing 10 mM DDA and 50 mM lithium perchlorate. The
resistance profiles monitored in siru while performing the ECM are
presented in the ESI (please refer to Fig. S1).1 After ECM, the samples
were heated to 100 °C in air for 1 h.

shows the liquid gate dependence of conductance before and
after performing ECM. The ECM is performed by sweeping
the gate voltage up to +0.4 V for 4 cycles with the water
droplet containing 10 mM DDA and 50 mM lithium perchlo-
rate on top of the nanotube. The conductance profiles mea-
sured in situ while performing ECM are collected in the ESI in
Fig. S1.1 After the ECM, the samples were heated at 100 °C
for 1 h to ensure that non-covalently attached species do not
contribute to the changes in conductance through the tube.
From Fig. 3, it follows that the conductance of the m-SWCNT
reduces by at least an order of magnitude, whereas the
conductance of the s-SWCNT remains largely unaltered.
Similar curves have been obtained from other samples. If,
instead of DDA, the ECM is performed with a diazonium salt
whose reduction peak potential is well into the ON state of the
s-SWCNT (such as with BBD), a similar decrease in conduc-
tance occurred for both types of tubes (not shown here). These
observations indicate that the covalent coupling of DDA at a
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Fig. 4 Map showing the calculated reduction rates (k) for (a) the
(9,0) m-SWCNT and (b) the (10,0) s-SWCNT plotted as a function of
the applied potential (V)g) and the formal potential of the redox
couple (£%).

potential of around 0.4 V shows a high degree of selectivity
towards metallic tubes.

In order to gain support for the observed selectivity in the
extent of covalent functionalization for m- and s-SWCNTs, we
have calculated the reduction rates at a (9,0) m- and (10,0)
s-SWCNTT as a function of the applied gate voltage Vg =
Vappt and the formal potential &% of the redox couple used for
performing ECM. For this purpose, we employ the Gerischer-
Marcus model®* following a procedure reported recently.'>?
We set the half-filling energy V¢ to 0.2 eV, as observed in our
as well as other experiments.?® At this energy, the valence band
of the nanotube is filled, while the conduction band is empty.
We start by calculating the potential drop across the nano-
tube—electrolyte interface (Vg4) using the relation V,pp —
Vhf = le + Vch: where Vhf = shf/e. Vch is the change in
chemical potential, that is required to shift the Fermi level by
the large energy spacing between adjacent levels in the tube.
(Refer to ref. 12 for details about computing V,.) Using the
calculated Vg, the reduction rates at the two types of
nanotubes for a redox couple with a formal potential of £° is
given by

k(Vappis €)= v [ Wox (&, €)fle—eVapp)p(e—eVa—eVipde

(D
where f(.) is the Fermi function, p denotes the normalized?’
electronic density of states of the (9,0) or the (10,0) tube

I The use of (9,0) and (10,0) tubes, respectively, as prototype metallic
and semiconducting tubes for model calculations is common practice
when working with the HiPco raw-material. >
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Fig. 5 Calculated k, curves for the (9,0) m-SWCNT (solid) and the
(10,0) s-SWCNT (dash-dot) for reduction with two redox couples
having formal potentials of (a) —0.60 eV and (b) —0.25 eV.

(calculated using a tight-binding model®®), and the integrand

is evaluated over all energies in the range of [—10, 10] eV.
Wox (e, &%) denotes the distribution of occupied oxidized
states in solution for the specific redox couple and is modeled
by a Gaussian distribution with a mean at & + 1 and
a standard deviation of \/21kg T, where 1 is the reorganization
energy (taken as 1 eV?®) and kg7 is the thermal energy
(24 meV for room temperature). v is a prefactor which is
not nanotube-specific and is taken as 1.'%% The reduction
rates for the (9,0) and (10,0) tube calculated in this manner
are presented as an image in Fig. 4a and b, respectively.
It can be clearly seen from the images that there exists a
certain range of ¢° for which the reduction rate is close to zero
for s-SSWCNTs, whereas the m-SWCNTSs have a sizeable
charge transfer capability. This is further apparent from the
k. curves for the two mnanotubes for two different
redox couples, as shown in Fig. 5a and b. While at an &° of
—0.25 'V, the k, curves do not differ significantly, the k, curves
for & = —0.6 V indicate a comparatively higher reduction rate
at the metallic tubes.

Towards quantifying the relative extent of functionalization
between a m- and a s-SWCNT, we compute a metallic tube
coupling efficiency I'™" defined as the ratio between the
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Fig. 6 (Solid lines) calculated metallic coupling efficiencies as a function of the voltage applied to the Ag/AgCl gate with redox couples of varying
formal potentials (¢°). (Dash-dotted lines) distribution of oxidized states in solution for the corresponding redox couple as a function of the gate
voltage. The calculations have been carried out with 4 = 1 eV and V¢ = 0.2 V.

reduction rate at a (9,0) SWCNT and the reduction rate at a
(10,0) SWCNT:

_ k;ne[ ( Vappls 30)

Flnet( 1% ()) o k£9,0) ( VaPP17 80)
appl, &) = 1 (Vappl, €

- kﬁlo"o)(Vappla &)

(2)

Such coupling efficiencies are plotted for a series of &° values in
Fig. 6, which demonstrates that the metallic coupling efficiency
is much larger than 1 for a range of applied potentials. With an
¢’ of —0.5 eV (Fig. 6c), which roughly corresponds to the
formal potential of DDA (as observed in cyclic voltammetry'®
and polarography®), and an applied potential of 0.32 V, the
metallic coupling efficiency is maximum with the coupling of
the radical being at least five orders of magnitude more
effective at the (9,0) tube than at the (10,0) tube. This is in
good agreement with our experimental observations of max-
imum selectivity of the diazo coupling through DDA when the
applied potential reaches 0.4 V. The difference of 80 mV arises
due to our Ag/AgCl wire having an electrode potential that is
offset by —75 mV with respect to an ideal Ag/AgCl electrode.

This selectivity is also visible using molecules that have a
formal potential of —0.75 V (Fig. 6b), —0.25 V (Fig. 6d) and
0 V (Fig. 6e), except that the range of applied voltages where
the selectivity is observable is different. Furthermore, for all
curves there exists a small voltage range where the metallic
coupling efficiency is smaller than 1, signifying a slightly
increased reactivity on s-SWCNTs. Finally, with ¢° values of
—1 eV and 0.2 eV (Fig. 6a and f), the modulation in the
coupling efficiency is less than an order of magnitude. This
again agrees well with the low degree of selectivity observed in
our ECM experiments with BBD (whose formal potential is
close to —1 eV).

There are several factors that are to be kept in mind while
interpreting the above-mentioned results. First, various
aspects related to the redox-couple such as dipole moment,
steric hindrances, efc., have not been considered in the
calculations. The reactivity and, hence, the selectivity will
depend on such factors.>' Secondly, as mentioned above,
the background conductance of the electrolyte that occurs in
series with the electrochemical double layer plays an important
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Fig. 7 Map showing metallic coupling efficiency plotted in log scale
as a function of the formal potential (¢°) and the applied gate voltage
(Vi) at a Ag/AgCl wire. The metallic coupling efficiency is defined as
the ratio of reduction rate at a metallic (9,0) tube to the reduction rate
at a semiconducting (10,0) tube. In the image, 0 corresponds to the
situation where the reduction rates at both tubes are equal. Positive
values denote a relatively preferred coupling to the (9,0) tube, while
negative values signify a higher reduction rate at the semiconducting
(10,0) tube. A linear scale plot of the same map and its inverse can be
found in the ESI (see Fig. S2).t

role on the efficiency of molecular grafting. Another important
circuit component is the contact resistance at the
metal-electrode/nanotube interface which also occurs in series
with the double layer. While for m-SWCNTs this makes a
negligible contribution, for s-SWCNTs in the OFF state it
can be quite high. If this is incorporated into the calculations,
this would improve the coupling efficiency at an m-SWCNT
to a value that is higher than that calculated in the above
simulations. Furthermore, it is pertinent to note that
the calculations assume that the conduction band of a
s-SWCNT is directly accessible. However, this is not the
case in reality due to the large Schottky barrier for electron
injection into the contacted nanotube’** Again this
component would increase the coupling efficiency of
the diazonium salts towards m-SWCNTs. From the foregoing
discussions, it can be concluded that the calculated metallic
coupling efficiencies in the range of 3 to 5 orders of magnitude
are sufficient to ensure a selective coating on metallic
nanotubes. Needless to say, this is only valid for a specific
set of electrochemical parameters. For the sake of comparison,
we have performed a similar analysis also for the (5,5)
arm-chair tube, which is metallic. From the results of the
calculations (as shown in Fig. S3 to S6 in the ESI),f we
observe that there is hardly a difference in the reaction rates
among different metallic tubes.

Fig. 7 displays a map of the metallic coupling efficiency (in
log scale) against the formal potential and the applied voltage.
This map serves as a guide to identify the appropriate set of
electrochemical parameters to maximize selectivity. Specifi-
cally, to obtain a highly selective coupling to the metallic
SWCNT, one would choose an &° close to —0.55 eV and a
Vappt of around 0.3V, as can be inferred from the bright spots
in the map. Furthermore, if a rather equivalent degree of
DDA-derived coating on both m- as well as s-SWCNTs is
desired, a potential larger than 0.4 V should be used.

4. Conclusion

In conclusion, we have investigated the effect of nanotube
electronic structure on the extent of covalent electrochemical
functionalization both experimentally and theoretically. The
functionalization has been carried out using diazonium salts
with differing phenyl substituents. By observing the changes in
conductance of individually contacted nanotubes we have
shown that at certain potentials the metallic nanotubes are
modified much more strongly than their semiconducting
counterparts. Theoretical simulations based on the Ger-
ischer-Marcus model support this observation. With the on-
going progress in reducing the chirality distribution of the
produced nanotubes,** it will be possible to graft a certain
functionality in a desired density on a tube in a very controlled
manner.
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