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ince lijima’s report in 1991," carbon

nanotubes (CNTs) have attracted a

great deal of interest for a wide range
of potential applications, including use in
optoelectronic devices, biomedical systems,
and polymer nanocomposites." ' It has
been recognized that surface characteris-
tics of CNTs are of paramount importance
for these and many other applications. This
is because the use of CNTs in optoelectronic
devices often requires that they be self-
assembled into various functional struc-
tures onto a substrate through the nano-
tube surface—surface and/or nanotube
surface—substrate interactions. Likewise, it
is the nanotube surface that comes into di-
rect contact with the physiological environ-
ment in biomedical systems and polymer
matrix in nanocomposites. These interfacial
contacts play an important role in regulat-
ing performance of the nanotube-based
multicomponent materials and devices.
However, it is difficult, if not impossible, to
synthesize CNTs with desirable surface
properties that are demanded for all of
their potential applications. Therefore, sur-
face modification and interfacial engineer-
ing are essential in making functionalized
CNTs of tailor-made surface characteristics
required for specific applications. Conse-
quently, a number of intriguing covalent
and noncovalent approaches have been de-
vised for functionalization of CNTs."' 17
While a large variety of (macro)molecular
species can be covalently linked to the nano-
tube surface via various chemical reac-
tions,'® the covalent chemistry suffers the
major drawback of detrimentally destruct-
ing the nanotube graphitic structure.”” On
the other hand, the number of functional
moieties that can be introduced onto the
surface of CNTs using the “nondestructive”
noncovalent adsorption is largely limited by
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ABSTRACT Surface modification of carbon nanotubes (CNTs) has been widely studied for some years. However,

the asymmetric modification of individual CNTs with different molecular species/nanoparticles at the two end-

tips or along the nanotube length is only a recent development. As far as we are aware, no attempt has so far been

made to asymmetrically functionalize individual CNTs with moieties of opposite charges. In this paper, we have

demonstrated a simple, but effective, asymmetric modification of the sidewall of CNTs with oppositely charged

moieties by plasma treatment and 7= — v stacking interaction. The as-prepared asymmetrically sidewall-

functionalized CNTs can be used as a platform for bottom-up self-assembly of complex structures or can be charge-

selectively self-assembled onto and/or between electrodes with specific biases under an appropriate applied

voltage for potential device applications.
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certain aromatic molecules and their deriva-
tives with a planar w-moiety (e.g., pyrene)
of strong interaction with the basal plane of
graphite on the nanotube sidewall via w—
stacking.'® 2" In addition, certain synthetic
polymers, proteins, and DNA chains have
also been demonstrated to noncovalently
wrap the nanotube sidewall.>*~2* Addition-
ally, the wrapping of CNTs with charged
macromolecules (e.g., polyelectrolytes) for
electrostatic assembling has been
explored.?*~33|n a vast majority of CNT inter-
facial modification studies, spatially homo-
geneous functionalization results; that is, a
tube is uniformly encased by an organic co-
rona. Although many objects, such as rein-
forcement of polymers or ceramics, require
uniformity, many others, including sensors,
actuators, and M&NEMS, would benefit
from site-specific surface modification with
structural periodicity on a scale of an indi-
vidual CNT. Controllably confining functions
to different regions of a CNT further ex-
pands its utility as a nanoscale building
block for bottom-up assembly.

Some interesting chemistries of CNTs
have recently been reported to address the
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Figure 1. Polymer-embedded VA-CNT array. Schematic illustra-
tion of procedures for (a) preparation of the aligned CNTs par-
tially masked by PMMA film and SEM images of (b) the as-
synthesized aligned carbon nanotube array and (c) the aligned
carbon nanotube array partially embedded into a PMMA film.

issues on asymmetrical functionalization of CNT
tips®*~ 3¢ and sidewalls®” for multifunctional
applications.®*~“2 In this paper, we report the first ap-
proach to asymmetric functionalization of individual
CNTs with moieties of opposite charges and demon-
strate the charge selective adsorption of gold nanopar-
ticles as well as self-assembling of charged carbon nano-
tubes on electrode surfaces for potential device
applications.

RESULTS AND DISCUSSION

We have recently developed a polymer-masking
technique for asymmetric functionalization of nano-
tube sidewalls by sequentially masking vertically
aligned carbon nanotubes (VA-CNTs) twice with only
half of the nanotube length being modified each
time.?” In that particular case, the controlled polymer-
masking with any predetermined embedment length
up to the whole nanotube length was achieved by sim-
ply heating a polymer thin film on the top of a VA-CNT
array for infiltrating the melted polymer chains into the
nanotube forest for a certain period of time at an appro-
priate temperature.®” Owing to possible thermal fluc-
tuation over the nanotube film, the polymer front may
not move downward at a constant speed along all of
the constituent aligned CNTs during the infiltration pro-
cess. In the present study, we developed another
polymer-masking technique to allow a more precise
control of the embedment length across the whole VA-
CNT array by mechanically inserting the VA-CNTs into
a spin-cast polymer film with a homogeneous thickness.
Figure 1a shows schematically the procedures for pre-
paring a polymer-embeded VA-CNT array through the
newly developed polymer-masking method.

In a typical experiment, we first spin-cast a thin
layer of poly(methyl methacrylate), PMMA, onto a flat

ASNANC) voL. 2 = No.9 « PENG ET AL

(a)

/a’

Release

wsmm w e \/'.4 ‘ll
oy

-

::f % i
2N = N

Step 3

® Nanocubes covered with CTAE ® Nanosphere covered with Citrate|

Figure 2. Asymmetric functionalization of CNTs with oppo-
site charges: (a) a schematic representation of procedures
for asymmetric functionalization of CNTs with opposite
charges, followed by tube-length-specific deposition of gold
nanoparticles via electrostatic interactions; (b) a schematic
representation and SEM image of the CNT array partially
functionalized with cubic gold nanoparticles; and (c) a sche-
matic representation and SEM image of the resultant asym-
metrically sidewall-functionalized CNTs with half of the nano-
tube length covered by gold nanocubes and the other half
covered by spherical gold nanoparticles through electro-
static assembly. (Inset shows a higher magnification SEM im-
age for the squared area.)

silica wafer from a 40 wt % chloroform solution at a
rate of 600 rpm for 2 min (top of Figure 1a). The thick-
ness of the PMMA layer was measured to be ~2.0 um in
this particular case, and it can be regulated by control-
ling the spin-coating rate and/or polymer concentra-
tion. Thereafter, the silica substrate was heated up to a
temperature (150 °C) above the glass transition temper-
ature (ca. 105 °C) of PMMA, followed by finger press-
ing an as-grown VA-CNT array into the hot thin poly-
mer film supported by a silica substrate (step 1 of Figure
1a). After having been cooled to room temperature,
the silica wafers at both sides were removed in a HF so-
lution (30% w/w) at room temperature.** Figure 1b de-
picts a typical SEM image for the as-synthesized VA-
CNT array used in this study. The corresponding SEM
image for the polymer-masked VA-CNT array given in
Figure 1c clearly shows that the same VA-CNT array has
been successfully anchored into the PMMA layer with
a homogeneous embedment length of about 1.5 pm.
As schematically shown in Figure 2a, the polymer-
free nanotube surface for each of the constituent nano-
tubes in the PMMA-embedded VA-CNT array was then
negatively charged by acetic-acid-plasma polymeriza-
tion to introduce the carboxylic surface functional-
ities.*> %’ After the treatment with an aqueous solu-
tion of NaOH (0.1 M, Methods) for facilitating the depro-
tonation of —COOH groups, the plasma treated VA-
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Figure 3. XPS analysis of asymmetric functionalization of CNTs. XPS
(a) survey and (b) high-resolution C1s spectrum of the as-grown CNT
array, (c) survey, and (d) high-resolution C1s spectrum of the CNT ar-
ray (half-protected with PMMA polymer) after the acetic-acid-plasma
polymerization (see text), (e) survey and (f) high-resolution C1s spec-
trum of dispersed CNTs with the half-tube-length modified by acetic-
acid-plasma polymerization without the NaOH treatment and the
other half adsorbed with pyrene-containing copolymer chains after
the quaternization treatment with 1-bromohexane (see text).

R,N™ moieties, negatively charged gold nano-
spheres (Au-NSs) were finally adsorbed onto
the positively charged nanotube surface (step
4 of Figure 2a) via the electrostatic interaction.
Although the aforementioned asymmetric
functionalization principle can be applied to
a large variety of charged moieties, the posi-
tively charged Au-NCs and negatively charged
Au-NSs were used in the present study for
easy characterization by SEM visualization.

As expected, the SEM image of the result-
ant Au—NC-attached CNT array given in Fig-
ure 2b clearly shows many gold nanocubes
deposited onto the PMMA-free region along
the nanotube length while Figure 2c unam-
biguously reveals the asymmetrically sidewall-
modified CNTs with their half-tube-length
coated by Au-NCs and the other half-by Au-
NSs. The relatively low number of Au-NCs
along individual CNTs seen in Figure 2c with
respect to Figure 2b indicates, most probably,
that some of the adsorbed Au-NCs have been
removed from the nanotube surface during
the process to dissolve the PMMA protective
layer and the subsequent solution steps
shown in Figure 2a.

To confirm the effectiveness of the nano-
tube modification steps, Figure 3 summarizes
the XPS survey and high-resolution C1s spec-
tra. As expected for the as-grown CNT array
(Figure 3a,b), the XPS survey spectrum shows
a C 1s peak around 285 eV and O 1s peak at
531 eV, presumably arising from physically ad-

CNT array was subjected to physical adsorption of sorbed oxygen-containing species.*® The Fe signals at
positively charged gold nanocubes (Au-NCs) via the about 55 and 707 eV were attributable to the residual
electrostatic interaction to neutralize the nanotube sur-  catalyst in the FePc-generated VA-CNTs.*58 The corre-
face charge (step 1 of Figure 2a). Subsequent removal sponding XPS survey spectrum for the PMMA-

of the PMMA supporting layer by ultrasonication (VWR  supported and acetic-acid-plasma-treated VA-CNT ar-
model 75D) in chloroform (typically, ~5 min) caused ray (Figure 3c) shows similar peaks as Figure 3a, but

the release of the asymmetrically

Au—NC—attached CNTs (step 2 of Fig-

1 and Methods) copolymer chains

U
ure 2a) for modifying the gold nano- O OH O OJ\f
particle (Au-NP) free surface of the + cl ﬂ,
same nanotubes with neutral R;N- O‘ 0 0%c O‘
grafted pyrene-DMAEMA (see Scheme O O
1 2 3

through the specific pyrene-nanotube
interaction (step 3 of Figure 2a). As the
areas between the attached Au-NCs
along the other half-tube length have
been “premasked” by the acetic-acid-
plasma polymer coating, its surface in-
teraction with pyrene moieties along
the DMAEMA polymer chains is mini-
mal. After quaternization treatment
with 1-bromohexane to convert the
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with a significantly in-
creased O/C atomic ratio.
These features are consis-
tent with the treatments
shown in Figure 2a. As
plasma polymerization is al-
ways accompanied by cer-
tain degree of plasma
etching,**°° the increase in
Fe signal shown in Figure 3c
with respect to Figure 3a is
presumably due to the pref-
erential removal of carbon
structure at the nanotube
tips to expose residual Fe
catalyst nanoparticles at the
top of the aligned CNT
array.*®>'>2 The high-
resolution C1s spectrum of
the as-grown VA-CNT array
(Figure 3b) shows a rela-
tively narrow graphitic C at
about 285 eV,*® whereas the
corresponding high-
resolution C1s spectrum for
the PMMA-supported and
acetic-acid-plasma-treated
VA-CNT array given in Fig-
ure 3d shows three peak
components at 284.6, 286.2,
and 288.5 eV, which are as-
signed to the C—C or C—H,
C—0 and O=C—-0 compo-
nents, respectively, in the
acetic-acid-plasma polymer.

Patterned Al Patterned Al
electrode electrode
(Rectangular) (Hexagonal)

(@)

/= ' NaOH treatment
Patterned Al  Patterned Al
electrode electrode

(Rectangular) (Hexagonal)
+

(f) )

After quaternization

Figure 4. Selective deposition of asymmetric functionalization of CNTs. (a) A schematic il-
lustration of the experimental setup for selective deposition of CNTs, with their half-tube-
length negatively charged by acetic-acid-plasma polymer after NaOH treatment (see text),
onto a rectangularly patterned positive Al electrode; (b) an SEM image of the rectangu-
larly patterned positive Al electrode after having been immersed into the CNT solution
shown in panel a for 5 min under 10 V; (c) an enlarged view of an area on the Al rectangu-
lar network in panel b; (d) an SEM image of the hexagonally patterned negative Al elec-
trode after having been immersed into the CNT solution shown in panel a for 5 min un-
der 10 V; (e) an enlarged view of the square area on the Al hexagonal network in panel d;
(f) a schematic illustration of the experimental setup for selective deposition of CNTs,
with their half-tube-length positively charged by pyrene-DMAEMA after quaternization
(see text), onto a hexagonally patterned negative Al electrode; (g) an SEM image of hex-
agonally patterned negative Al electrode after having been immersed into the CNT solu-
tion shown in panel f for 5 min under 10 V; (h) an enlarged view of an area on the Al hex-

Thus, the XPS spectra shown
in Figure 3c,d clearly indi-
cated that the PMMA-free

agonal network in panel g; (i) an SEM image of the rectangular-patterned positive Al
electrode after having been immersed into the CNT solution shown in panel f for 5 min un-
der 10 V; (j) an enlarged view of the square area on the Al rectangular network in panel

i. Scale bars: (b, d, g, i), 50 pum; (¢, e, h, j), 1 pm.

surface of the VA-CNTs had
been modified with the COOH groups.

For the preparation of a half-positively charged
nanotube, the acetic-acid-plasma polymerized CNTs
were freed from the PMMA protection by washing thor-
oughly with acetone and redispersing in an aqueous so-
lution of R3N-grafted pyrene-DMAEMA copolymer
(Scheme 1, 20 mg/100 mL) for physical adsorption of
the polymer chains via the w—r stacking interaction
between pyrene moieties and the free nanotube sur-
face, followed by quaternization treatment with
1-bromohexane (vide supra). Figure 3 panels e and f
show the XPS survey and C1s spectra for the resulting
half-positively charged and half-plasma-treated nano-
tubes. As seen in Figure 3e, the XPS survey spectrum
shows a C 1s peak at 285, O 1s peak at 531, and N 1s
peak at 402 eV. The enhanced C/O atomic ratio seen in
Figure 3e with respect to that of Figure 3c reflects the
high atomic ratio of C/O for the newly adsorbed pyrene-

AN 17 . .
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DMAEMA chains. In addition, three new peaks ap-
peared at about 68, 181, and 255 eV, respectively, aris-
ing from the Br counterions after the quaternization
treatment with 1-bromohexane (step 3 of Figure 2a and
Methods).

Comparing with Figure 3a,c, the absence of Fe peaks
in Figure 3e indicates, most probably, that the exposed
residue Fe catalyst particles at the nanotube tips have
been physically removed during the solution process to
free the CNTs from PMMA protection and subsequent
solution process. The corresponding XPS C1s spectrum
of the asymmetrically functionalized CNTs with the
acetic-acid-plasma polymer and quaternized pyrene-
DMAEMA chains is given in Figure 3f, which shows
three peak components at about 284.6, 286.2, and 288.5
eV attributable to the C—C or C—H, C—0 and O=C—-0
species, respectively. Therefore, the above XPS results
suggested, once again, the asymmetric functionaliza-
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Figure 5. Self-assembly of asymmetric functionalization of CNTs. (a) A sche-
matic illustration of the experimental setup for self-assembling CNTs, with
their half-tube-length functionalized by pyrene-DMAEMA copolymer chains
containing R;HN™ moieties and the other half-tube-length by the plasma
polymer containing COO™ moieties (see text), onto two parallel electrodes
less than 3-pum apart under a DC voltage; (b) An SEM image of the patterned
Au electrodes after having been immersed into the CNT solution shown in
panel a for 10 min under 10 V. Insert at the top-right corner shows the cor-
responding SEM image obtained from a control experiment with non-
charged CNTs; (c) A typical current—voltage curve for the CNTs self-
assembled between the two Au electrodes shown in panel b. Scale bar (b):

mer chains after quaternization treatment
with 1-bromohexane to convert the R;N
groups into positively charged R,N* moi-
eties with the other half of the VA-CNT ar-
ray having been protected by the PMMA
coating. The resultant half-tube-length
positively charged CNTs were released
from the PMMA mask and dispersed in
ethanol within an electrochemical cell
containing two well-separated Al micro-
patterned electrodes (Figure 4f). By apply-
ing the same DC voltage (10 V) as used in
Figure 4a onto the two micropatterned Al
electrodes shown in Figure 4f for 5 min,
we found in this particular case that the
positively charged CNTs selectively ad-
sorbed onto the hexagonally micropat-
terned Al negative electrode (Figures 4g,
h), but not on the rectangularly micropat-
terned Al positive electrode (Figures 4i, j).
In both cases, no carbon nanotube ad-
sorption on either of the two electrodes
was observed in control experiments
when no external voltage was applied.

T pm.

tion of the CNTs with the quaternized pyrene-DMAEMA
chains of positively charged R,N™ groups associated
with Br~ counterions along a half-length of the nano-
tube sidewall and negatively chargeable acetic-acid-
plasma-polymer coating on the other half-sidewall for
each of the individual CNTs (vide infra).

The resultant asymmetrically sidewall-functionalized
CNTs can then be used for region-specific adsorption
of Au—NSs and Au—NCs, as described above. In addi-
tion to providing a platform for site-specific assembly
on the CNT surface, the asymmetric sidewall-
functionalization facilitates incorporation of the CNT
into device architectures. Figure 4 summarizes results
of charge-specific adsorption of these CNTs onto micro-
patterned aluminum (Al) electrodes on silica wafers
(see, Methods). Here, the asymmetrically acetic-acid-
plasma-treated CNTs released from the PMMA mask
with half-tube length negatively charged and half-
neutral were used. The half-tube-length negatively
charged CNTs were dispersed in ethanol within an elec-
trochemical cell containing two well-separated Al
micropatterned electrodes (Figure 4a). Upon applying
a DCvoltage of 10 V on the two micropatterned Al elec-
trodes for 5 min, we found that the negatively charged
CNTs selectively adsorbed onto the rectangularly micro-
patterned Al positive electrode (Figure 4b,c), but not
on the hexagonally micropatterned Al negative elec-
trode (Figure 4d,e).

We further tested the charge-selective adsorption for
CNTs with their half-tube-length asymmetrically sidewall-
functionalized by R;N-grafted pyrene-DMAEMA copoly-

www.acsnano.org

The above observations prompted us

to use the charge-selective adsorption
for self-assembling the asymmetrically sidewall-
charged CNTs across two photolithographically pat-
terned parallel electrodes (e.g., Au) of a narrow gap less
than 3-um wide by applying a DC voltage with oppo-
site biases for the Au electrodes. As shown in Figure 5a,
the asymmetrically sidewall-charged CNTs, with their
half-tube-length functionalized by pyrene-DMAEMA co-
polymer chains containing R;HN ™ moieties and the
other half-tube-length by the plasma polymer contain-
ing COO moieties, were dispersed in ethanol within an
electrochemical cell containing a silica wafer photo-
lithographically patterned with two parallel electrodes
less than 3-pm apart (Figure 5a). After the application of
a DC voltage (10 V) between the two electrodes for 10
min, we took the silica wafer out of the electrochemical
cell and thoroughly washed it with pure ethanol, fol-
lowed by air drying at room temperature. SEM examina-
tion of the resultant electrodes revealed that some of
the asymmetrically sidewall-charged CNTs have been
well registered between the two electrodes (Figure 5b),
presumably by simultaneously adsorbing their posi-
tively charged side onto the negative electrode and
negatively charged side onto the positive electrode.
This is, at least partially, confirmed by the absence of
CNT adsorption in control experiments, in which either
noncharged CNTs were used or no external voltage was
applied onto the two electrodes immersed in the asym-
metrically charged CNT solution (cf. insert of Figure
5b) under the same conditions, though prolonged ad-
sorption under an applied voltage could lead to assem-
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bly of some unfunctionalized CNTs between the two
electrodes.

It is important to point out here that the number of
the asymmetrically charged CNTs and their alignment
for CNTs to be adsorbed across the two electrodes can
be regulated by adjusting the deposition conditions,
such as nanotube concentration, deposition time, in-
tensity of the applied voltage, and with or without
shear. Also, the pristine nanotube surface structure
could be restored by thermal decomposition of the
grafted moieties under vacuum.? Although the unopti-
mized CNT electric circuit shown in Figure 5b is not
ideal for practical applications, its current (/)—voltage
(V) characteristics (Figure 5c) show a pseudolinear |-V
curve consistent with a non-ohmic contact between the
CNT and electrode arising from the dielectric poly-
meric layer on the CNT surface.? It is worth pointing
out here that the methodology developed in this study
can be used to asymmetrically functionalize both multi-
walled and single-walled carbon nanotubes with moi-
eties of opposite charges. With various techniques al-
ready reported, and more to be developed, for

METHODS

Syntheses of Aligned Carbon Nanotubes. The VA-CNTs were pre-
pared by pyrolysis of iron(ll) phthalocyanine (FePc) under a Ar/H,
flow at 800— 1100 °C, according to our reported procedures.**
The FePc-generated VA-CNTs are multiwalled nanotubes, typi-
cally having a well-graphitized structure with ca. 50 concentric
carbon shells and an outer diameter of ca. 40 nm.***2

Acetic Acid Plasma Polymerization. The acetic-acid-plasma polym-
erization onto PMMA embedded VA-CNT arrays was performed
on a custom-built plasma apparatus powered at 250 kHz, 30 W,
and a monomer pressure of 0.1 Torr for 1 min.*>¢ The resulting
plasma-treated VA-CNT array was then immersed into an aque-
ous solution of NaOH (0.1 M) for 30 min to convert the plasma-
induced COOH groups into COO™ moieties to charge the CNT
surface negatively.

Synthesis of (1-Pyrene) Methyl-2-methyl-2-propenoate (3). Scheme 1
shows the reaction route used for the preparation of pyrene-
functionalized poly(dimethylaminoethyl methacrylate), pyrene-
DMAEMA. To start with, methacryloyl chloride (2) (3.15 mL; 0.032
mol) was added dropwise into a mixture of 1-pyrenemethanol
(1) (2.50 g; 0.011 mol) and triethylamine (4.50 mL; 0.032 mol) in
100 mL of dry THF under stirring at 0 °C. The reaction was carried
out at room temperature for 24 h, and the resulting mixture
was filtered. The solid residue obtained after evaporation of THF
was dissolved in 200 mL of methylene chloride, followed by se-
quential washing with 0.5 M HCl solution, 0.2 M NaHCO; solu-
tion, and pure water. After drying with MgSO,, and evaporation
of the solvent under reduced pressure, the crude yellow product
was purified by column chromatography over silica gel, eluting
with methylene chloride to afford compound 3 with a yield of
80%. 'H NMR(300 MHz, CDCls, 5): 8.03—8.33 (m, 9H, aromatic H),
6.15 (s, 1H, CH,=C), 5.90 (s, 2H, CH,0), 5.56 (s, TH, CH,=Q),
1.97 (s, 3H, CH,). Anal. Calcd for C,;H,405: C, 84.00; H, 5.33; O,
10.67. Found: C, 82.98; H, 5.33; O, 10.79.

Synthesis of Pyrene-Based Copolymer (Pyrene-DMAEMA). A mixture of
compound 3 (0.50 g, 1.70 mmol), dimethylaminoethyl methacry-
late (4) (5.81 g, 37 mmol) and AIBN initiator (0.04 g, 0.24 mmol)
was dissolved into 5 mL of dry THF in a glass polymerization tube
(Scheme 1). The homogeneous solution was purged with argon
for 10 min and sealed under a reduced argon atmosphere. The
copolymerization was carried out with continuous stirring at 60
°C for 48 h. The viscous solution was then diluted with 5 mL of

preferential syntheses and purification of semiconduct-
ing single-walled carbon nanotubes,>** there will be
vast opportunities for the asymmetrically charged semi-
conducting single-walled carbon nanotubes to be used
as building blocks in various nanotube devices.

In summary, we have demonstrated a simple, but ef-
fective, asymmetric modification of the sidewall of CNTs
with oppositely charged moieties by plasma treatment
and — stacking interaction. The as-prepared asymmet-
rically sidewall-functionalized CNTs can be used as a plat-
form for bottom-up self-assembly of complex structures
or can be charge-selectively self-assembled onto and/or
between electrodes with specific biases under an appro-
priate applied voltage for device applications. Owing to
the highly generic nature characteristic of the plasma
technique, together with the versatile —r stacking in-
teraction between the pyrene-grafted molecules and CNT
surface, the methodology developed in this study could
be regarded as a general approach toward fabricating
asymmetrically charged carbon nanotubes for many po-
tential applications, ranging from nanotube electronic de-
vices to biomedical systems.

THF and precipitated into 100 mL of hexane under vigorous stir-
ring. The resulting solid material was collected by filtration and
dried under reduced pressure. The copolymer product was fur-
ther purified by Soxhlet extraction with boiling hexane for 24 h
and finally dried in a vacuum oven at 50 °C for 24 h, leading to
the production of R;N-grafted pyrene-DMAEMA with a yield of
62%. After the GPC and NMR characterization (see below), the re-
sultant copolymer was subjected to the quaternization treat-
ment with 1-bromohexane, according to a published proce-
dure,>* to convert the R;N groups into positively charged R,N*
moieties. M,, = 11600 g/mol; M,,/M,, = 2.03. '"H NMR(CDCl5, 3):
8.0—8.2 (broad, m, weak), 5.80 (broad, s, weak), 4.08 (broad, s,
medium), 2.56 (broad, s, medium), 2.15—2.27 (broad, m, strong),
1.83—1.91 (broad, m, medium), 0.89—1.37 (broad, m, medium).

Synthesis of Positively Charged Gold Nanoparticles. The cubic gold
nanoparticles (90 nm; designated as Au-NCs) with positively
charged surface (covered with a layer of cetyltrimethylammo-
nium bromide, CTBA) were prepared according to the previously
reported procedures.>® In particular, cubic gold sols were synthe-
sized via a gold seed growth reaction. For the gold seed prepa-
ration, HAuCl, - 3H,0 (2.5 X 10~* M) was reduced with ice-cold
NaBH, (6.0 X 10~* M) in the presence of cetyltrimethylammo-
nium bromide (CTAB, 7.5 X 10~ 2 M). After the addition of NaBH,
to the aqueous solution (10 mL) containing CTAB and HAuCl,,
the reaction mixture was stirred for 2 min. These seeds are less
than 2 nm in diameter. In a typical cubic Au nanoparticle growth
reaction, 0.40 mL of HAuCl, solution (0.005 M) was added to
4.75 mL of CTAB solution (0.10 M) followed by the addition of
0.03 mL of AgNO; (0.01 M), 0.034 mL of Lascorbic acid (0.10 M),
and 0.01 mL of Au seed solutions. The solution was gently mixed
by inversion of the test tube immediately after the addition of
every component each time. The edge length of the cubic gold
nanoparticles thus prepared is about 90 nm. These positive Au-
NCs were used for charge-selective adsorption onto negatively
charged VA-CNTs through the highly specific electrostatic inter-
action (vide supra).

Synthesis of Negatively-Charged Gold Nanoparticles. An aqueous so-
lution of HAuCl, (10 mL; 2 X 10~ M) was refluxed under stir-
ring. To the boiling HAuCl, solution was added an aqueous solu-
tion of trisodium citrate (10 mL; 8 X 10~3 M). The mixture
solution of HAuCl, and trisodium citrate was then refluxed for
15 min to cause a slow color change from gray to pale red. Af-
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Figure 6. Preparation of Al microelectrodes. A schematic rep-
resentation of procedures for the micropattern formation of
aluminum (Al) electrodes by photolithographic patterning.

ter further boiling for 15 min, the reaction solution was cooled
down to room temperature to produce a wine-red solution of
spherical gold nanoparticles (Au-NSs). The as-prepared gold
nanospheres have a diameter of ~10 nm.

Preparation of Patterned Electrodes. The photolithographic proce-
dure shown in Figure 6 is self-explanatory and allows the forma-
tion of both rectangularly shaped and hexagonally shaped alu-
minum (Al) micropatterns on silica wafers by using TEM grid
masks with rectangular and hexagonal windows, respectively.
Specifically, a thin (1.1 wm) layer of AZ3312 photoresist (AZ Elec-
tronic Materials USA Corp.) was spin-deposited (400 rpm, step 2
of Figure 6) onto the sputter-coated Al film (step 1 of Figure 6),
followed by UV light exposure through a TEM grid (steps 3 and 4
of Figure 6) and washing with the developer (AZ300 MIF, AZ Elec-
tronic Materials USA Corp., step 5 of Figure 6) and an aqueous
HCl solution (0.1 M, step 6 of Figure 6) to sequentially remove the
photoresist and Al within the exposed areas. Finally, the photo-
resist layer in the unexposed regions was removed by acetone
washing to produce Al micropattern on the silica wafer (step 7
of Figure 6).

Characterization. Scanning electron microscope (SEM) imaging
was performed on a Hitachi S-4800 high-resolution SEM unit.
X-ray photoelectron spectroscopic (XPS) measurements were
made on a VG Microtech ESCA 2000 using monochromatic Mg
Ko radiation at a power of 300 W. "H NMR spectra were recorded
on a Bruker Avance 3000 spectrometer with d-chloroform as
the solvent and tetramethylsilane as the internal standard.
Number-average (M,,) molecular weights were determined on a
Viscotek GPC system (a model 250 Rl/viscosity detector). [—V
measurements were performed on an Agilent 4156C semicon-
ductor analyzer.
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