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The unique structural, mechanical, and electronic properties
of carbon nanotubes (CNTs) have resulted in their develop-
ment into a standard material for a variety of applications. In
particular, CNTs have been widely investigated for electronic
applications, which include use as transistors,[1] photovoltaic
devices,[2] active sensing elements,[3] and building blocks for
biosensors.[4] One of the main challenges currently involves
assembling CNTs on a substrate in a manner that allows the
secondary association of redox-active components to the
CNTs and rapid electron transfer along the tubes.[4a] To this
end, functional groups are formed at the CNT edges in order
to ensure stable anchoring.[5, 6] Alternative routes exploit the
physical adsorption of either hydrophilic groups[7] or water-
soluble polymers on the CNT walls.[8] Although polymer-
coated CNTs were used for the functionalization of different
surfaces,[8] this method has severe limitations when fabricat-
ing highly oriented single-walled CNT (SWCNT) arrays.
Indeed, the ability to prepare vertically aligned SWCNTs is a
crucial point for improving the performance of nanodevices.[9]

Covalent attachment of vertically aligned SWCNTs is
usually achieved by amide linkages.[10] Recently, we reported
the formation of dense arrays of SWCNT “forests” on
different substrates by using diazonium salt coupling.[11]

Nevertheless, a valid alternative is represented by the non-
covalent direct immobilization of SWCNTs on a surface, since
in this case no structural alteration of the SWCNTs

occurred.[12] In view of the growing interest in the construction
of simple and cost-effective systems, we report herein a new
strategy to achieve a spatially controlled SWCNTassembly on
a gold surface by exploiting p–p interactions. To the best of
our knowledge, no report on the oriented and reversible
assembly of SWCNTs on a surface by using noncovalent p–p

stacking interactions has been reported to date. In particular,
the proposed method is based on the spontaneous adsorption
of SWCNTs on self-assembled monolayers (SAMs) of
suitable aromatic molecules. To this end, a stable dispersion
of purified SWCNTs (HiPCO) in DMF was obtained by
sonication, as previously described.[13] The average length of
the suspended SWCNTs was 60–120 nm, as evaluated by
transmission electron microscopy (TEM).

The adsorption of SWCNTs was achieved by immersing
Au surfaces that were modified with SAMs of phenylthiol
(PT), 4,4’-dithiobipyridine (DTBPY), and biphenylthiol
(BPT) overnight in a suspension of SWCNTs. The adsorption
kinetics were investigated by using a quartz crystal micro-
balance (QCM). The frequency changes (Df) of the Au/quartz
crystal modified with different SAMs increased upon the
immobilization of SWCNTs (Figure S1 in the Supporting
Information). After the adsorption was complete
(ca. 90 min), we estimated that approximately 3.4� 0.2
(Df =�572 Hz), 3.9� 0.1 (Df =�658 Hz), and 6.7� 0.2
(Df =�1125 Hz) mgcm�2 of SWCNTs were present on the
surface modified with PT, DTBPY, and DPT, respectively.
From the average length, the mass of adsorbed SWCNTs, and
the electrode area, the determined SWCNT densities on PT
and DTBPY-modified surfaces were approximately 3 � 1013

and 5 � 1013 NTs cm�2, respectively.
The SWCNT assembly on SAM-modified surfaces was

followed by atomic force microscopy (AFM). Isolated
protrusions were observed on the surface after 20 min of
surface modification (Figure S2), the density of which
increases gradually, until densely packed monolayers of
standing SWCNTs assembled on different SAMs were
observed (Figure 1a–c). The surface roughness increases up
to 120 min and then decreases as the layer of SWCNTs “fills
in”. Needle-like patterns of vertically aligned SWCNTs with a
maximum height of 50–60 nm were obtained on PT and
DTBPY SAMs, whereas on BPT SAMs, the anchored
SWCNTs were found to be slightly higher (ca. 80 nm), as
evaluated by imaging a step region between the assembled
SWCNTs and the bare gold surface (Figure S3). We hypothe-
size that the assembly process “favors” shorter SWCNTs
because they diffuse more quickly onto the surface.

A successive inspection of the AFM images revealed the
presence of SWCNT bundles normal to the BPT-modified
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surface. This observation, together with the weight coverage
obtained by QCM experiments, suggests that a densely
packed monolayer of SWCNTs is associated with the
SWCNT assembly on a BPT monolayer. This behavior may
arise as the p–p interactions between the hydrophobic
sidewalls of the SWCNTs and the biphenyl functionalities
on the surface are stronger than those with the monolayers of
PT and DTBPY. High-resolution TEM was employed to
determine the orientation of SWCNTs assembled on a SAM-
modified ultrathin wire. The results clearly show a vertical
alignment of the SWCNTs tethered by only one end to the
gold surface (Figure 1d–f).

The evidence of the role of p–p interactions between the
aromatic rings anchored on the surface and the SWCNTs in
determining a vertical alignment of SWCNTs may be
gathered by comparing the assembly of the SWCNTs on the
proposed aromatic SAMs with the adsorption on an alka-
nethiol. The topography of AFM image (Figure S4) clearly
shows a completely different alignment of SWCNTs adsorbed
on an octadecanthiol SAM. The p–p interactions between the
hydrophobic sidewalls of the SWCNTs and the aromatic rings
on the gold surface determine the orientation of the SWCNTs
on the surface.

Further support of the vertical alignment of SWCNTs was
obtained by polarized Raman spectroscopy. The signal
intensity in all investigated Raman modes strongly depends
on the SWCNT orientation;[14] the maximum signal is
obtained when the polarization of the incident light is parallel
to the CNT axis (Figure 2a) and it is greatly reduced when
light is perpendicularly polarized (Figure 2 b). This result
implies that the SWCNTs are oriented normal to the BPT-
modified gold substrate. A similar orientation dependence of
the Raman modes was observed for SWCNTs assembled on
PT and DTBPY SAMs (Figure S5).

To gain further information on the adsorption kinetics, the
SWCNT immobilization was monitored at different temper-
atures by surface plasmon resonance (SPR) spectroscopy. The
shift of the SPR signal is associated with the adsorption of

SWCNTs on SAMs. The process is governed by Langmuir-
type adsorption kinetics, as shown by the good correlation
between the experimental and fitting curves (Figure S6). A
faster adsorption rate was observed at higher temperatures,
and is consistent with the stronger Brownian motion of
SWCNTs that occurs in solution, resulting in a higher
probability of the SWCNTs–SAMs interaction.[15] Both the
adsorption (ka) and desorption (kd) rate constants for the
SAMs were determined from the fitting curves; values of
0.0017, 0.0012, and 0.0039 (kaC + kd) were determined for the
SWCNT adsorption on surfaces modified with PT, DTBPY,
and BPT, respectively. In the latter case, the consistent
stability of the system can be ascribed to the stronger p–p

stacking interactions between the hydrophobic side walls of
the SWCNTs and the biphenyl rings assembled on the surface.

The electron transfer (eT) properties of the SWCNT
assembly are crucial in view of possible applications in the
field of electronics. Therefore, the electrochemical behavior
of a bare and SAM-modified Au surface was compared with
that of a SWCNT-covered surface. To this end, cyclic
voltammograms (CVs) of the Fe(CN)6

3�/4� couple in 1m KCl
were obtained (Figure S7). Quasi-reversible CVs were
recorded at a bare Au electrode, and an eT rate constant
(kET) of 0.10 cms�1 was calculated from the peak separa-
tion.[16] A decrease of the process reversibility was observed
after the SAMs were assembled on the electrode surface
(kET = 0.03 cms�1). This observation suggests that the SAMs
act as a barrier that opposes a close approach of the redox
marker to the electrode. The adsorption of SWCNTs on a
SAM-modified surface significantly increases the heteroge-
neous eT rate: kET values of 0.14, 0.13, and 0.09 cms�1 were
determined for SWCNTs on PT, DTBPY, and BPT SAMs,
respectively. Similar to previously observed behavior,[9, 10g] the
tether layers indeed control the eT between the SWCNTs and
the electrode, and this affects the overall eT process.
Adsorption of SWCNTs on a fully conjugated layer strongly
increases the eT rate across the interface, and thus has
important implications for possible electronic applications.

Figure 1. AFM images of SWCNTs assembled on a) PT, b) DTBPY, and
c) BPT monolayers associated with a gold surface after 120 min
adsorption. TEM images of SWCNTs adsorbed on an ultrathin gold
wire modified with d) PT, e) DTBPY, and f) BPT monolayers. All
dimensions are in nm.

Figure 2. Raman spectra at the cross-section of the BPT–gold sub-
strate coated with SWCNTs for a) parallel and b) perpendicular angles
(a) between the nanotube axis and the polarization of the incident
laser beam, as shown in the inset. RBM = radial breathing mode.
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In view of the interesting potential of CNT-array-based
devices for applications in the field of biotechnology, the
reusability of the system is critical for the development of
cost-effective devices. To produce a substrate that is suitable
for repeated use, SWCNTs should be removed from the
surface without affecting the SAM, and the system based on
DTBPY appears to be the most suitable. The pKa value of the
pyridine unit is 5.2; thus, pyridine is in the neutral state at
pH> 5.2, whereas it exists in the protonated form at pH< 5.2.
In the neutral form, the monolayer is expected to favor
SWCNT assembly because of stabilization of the p–p stacking
interactions; conversely, in the protonated form, the mono-
layer destabilizes the pyridine–SWCNTs p–p interactions,
thus facilitating the release of the SWCNTs from the surface.
The AFM images in Figure 3 show that upon treatment with

an acidic solution, the surface roughness of the densely
packed monolayer of standing SWCNTs decreases as the
SWCNT layer is desorbed, thus resulting in a smooth surface.
The adsorption–desorption processes of SWCNTs on differ-
ent SAM-modified surfaces were followed by SPR spectros-
copy (Figure S8a). The obtained data show that the original
DTBPY-modified surface is recovered by the pH-induced
cleaning process; furthermore, the reusability of the SWCNTs
adsorbed on a recycled substrate is comparable to that of
SWCNTs supported on a fresh SAM-modified surface (Fig-
ure S8b). In contrast, only negligible amounts of SWCNTs are
desorbed from PT and BPT-based assemblies treated with an
acidic solution.

The recycling capability of DTBPY-modified substrates
allows the regeneration of the device and the sequential
assembly of SWCNTs onto the surface. These results dem-
onstrate the reversibility of the p–p stacking interactions
between pyridine and SWCNTs and their strict dependence
on the pH value of the solution. In general, the system
represents a new, interesting recycling model.

To test the suitability of this system for practical applica-
tions, rhodamine-conjugated avidin was attached to a litho-
graphically patterned gold surface through biotin-terminated
SWCNTs. In the first step, a succinimide-terminated biotin
linker was reacted with BPT to form bridging maleimide-

active ester units. Biphenyl-terminated biotin was added onto
the SWCNT-modified surface and incubated for 2 h. The
terminal biotin groups that were thus assembled on SWCNT-
modified surfaces were subsequently reacted with fluores-
cent-labeled avidin (see the Supporting Information for more
details). The biotin–avidin linkage is a strong biological
interaction (binding constant of 10�15

m
�1), which shows high

stability over a broad pH range.[17] The initial fluorescence
image of Figure 4a shows that the SWCNT-modified Au
surfaces are uniformly functionalized with avidin.

After treatment with an acidic solution (pH 2.0), the
SWCNTs anchored on a DTBPY SAMs undergo desorption
and diffuse into bulk solution, as evidenced by the complete
loss of the fluorescence signal (Figure 4a). Note that only the
spots modified with DTBPY appear dark after the acidic
treatment; those modified with PT and BPT still show red
fluorescence.

Control experiments were carried out on unmodified
SWCNTs assembled on SAMs as proteins tend to adsorb
unspecifically on SWCNTs. These experiments indicate that
the extent of avidin immobilized on SWCNTs through
nonspecific binding is negligible when compared to the
large amount of avidin present on biotin-functionalized
SWCNTs. A further aspect relates to the effect of SWCNTs
on the immobilization of biotin. The immobilization of biotin

Figure 3. pH-controlled desorption of SWCNTs from a DTBPY-func-
tionalized gold surface, and corresponding AFM images of a SWCNT
assembly before and after treatment with an acidic solution (pH 2.0).
All dimensions are in nm.

Figure 4. a) Fluorescence image of avidin-functionalized SWCNTs
assembled on a gold array modified with a PT, DTBPY, and a BPT
monolayer before and after treatment with an acidic solution (pH 2.0).
b) Fluorescence images of an avidin-functionalized SWCNT surface as
a function of coverage during desorption. c) Plot of fluorescence
intensity versus pH value for avidin-modified SWCNTs assembled on
PT, BPT, and DTBPY SAMs. The fluorescence was measured after
20 min of contact with the acidic solution. Error bars correspond to a
set of N = 5 measurements. d) Plot of fluorescence intensity versus
desorption time for avidin-modified SWCNTs assembled on a DTBPY
monolayer at different pH values.
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on an SWCNT-free SAM-modified gold substrate was studied
by probing the fluorescence changes upon addition of avidin.
No well-defined fluorescent spots were observed at different
avidin concentrations.

The release kinetics of the protein-conjugated SWCNTs
was evaluated by real time fluorescence imaging. Figure 4c
shows a representative plot of the fluorescence associated
with the avidin-modified SWCNTs assembly versus pH value.
In the case of SWCNTs assembled on DTBPY, the onset of
desorption occurs at a pH value of approximately 6.0, and is
complete at a pH value of approximately 2.5, where the
fluorescence signal intensity decreases to zero. The threshold
pH value is lower than that expected from the pKa value of
the DTBPY molecules as a result of the lower value of the
apparent dissociation constant of the DTBPY molecule
assembled in densely packed SAMs.[18] Figure 4d shows the
dependence of the fluorescence signal intensity as a function
of time and at different pH values for SWCNTs assembled on
DTBPY monolayer. At pH 4.0 and pH 5.0, the fluorescence
intensity trend is consistent with a complex desorption
phenomenon, which can be ascribed to a slow transport rate
of the SWCNTs away from the surface. On the contrary, at
low pH values (2.0 and 3.0), the fluorescence signal disap-
pears after 10 min, consistent with complete desorption of the
protein-conjugated SWCNTs. By using this platform, biotin-
ylated proteins and peptides can be tethered on SWCNTs and
hence the patterning and release of the hybrid material can be
readily controlled.

In conclusion, we have reported the controlled reversible
assembly of SWCNTs on SAM-modified surfaces. The
assembly is achieved by p–p interactions that occur between
the SWCNTs and aromatic rings that are anchored on the
gold surface. The assembly of SWCNTs on aromatic SAMs
results in highly oriented SWCNT arrays and increases the
electronic coupling between a gold electrode surface and
soluble redox species. This method is more simple and
convenient with respect to covalent immobilization because
of the possibility of recycling and reuse of the substrate.
Moreover, we have demonstrated that the protonation of the
DTBPY layer controls the DTBPY–SWCNTs p–p interac-
tions. This control enables an efficient pH-stimulated release
of SWCNTs from the gold surface to the aqueous solution.
We believe that the pH-controlled reversible assembly of
SWCNTs holds great potential not only in fundamental
research that requires spatially controlled release of
SWCNTs, but also toward practical applications, such as the
release of SWCNTs that deliver drugs or biomolecules to
living cells at very low concentrations.
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