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O
rganic-based materials help engi-
neer matter at its molecular level,
resulting in advanced applications

with novel and significantly improved phy-
sical, chemical, and biological properties.1�4

In nanotechnology, organic chemistry ap-
proaches can, in principle, provide alterna-
tive and valid solutions in electronics, opto-
electronics, photonics, energy storage, and
medicine.5�7 Virtually, most of these technol-
ogies (from optics to electronics and sensors)
rely on the interplay between the spatial
molecular organization and the electronicmo-
tions, thus attaining the resolution and re-
sponsiveness necessary for practical applica-
tions. Therefore, the ability to organize in
a controllable way individual or a small num-
ber of functional molecules or nano-objects
on multidimensional scales is the key aspect
in this engineering methodology.8,9

In this respect, CNTs are among the most
studied materials for biology,10�12 biosen-
sors,13�15 drug delivery,16,17 transistors,18,19

conductive layers,20,21 field emitters,22�24

and photovoltaics.25,26 However, an un-
settled issue pertinent to the construction
of such CNT-based materials for nanotech-
nological applications is their precise locali-
zation and controllable spatial organization.
As a result, the development of new pro-
tocols for patterning CNTs on substrates
has become increasingly important for
the fabrication of CNT-based devices.27�29

Although several approaches have been
developed for organizing CNTs on surfaces
during their growth,30,31 methods for post-
growth organizations are awkward, often
restricted to a narrow range of size scales
compatible with nano- and microscopic
patterning.32,33 The conventional top-down
lithographic methods, based on multiple
preparative steps;resist patterning, etch-
ing, washing, and deposition;continue to

be the industrial fabrication standard; how-
ever, integrating these methods with the
recently developed protocol proper to the
“bottom-up” strategies could offer prepara-
tive and operational advantages.34,35 In
terms of controlled organization, the self-
assembly approach provides an extremely
unique route toward the preparation of
organized organic-based architectures pat-
terned on surfaces.36�39 In practical terms,
this involves the preparation of prepro-
grammed molecular modules that, through
specific functions, interact with themselves
or with complementary units undergoing a
defined hierarchical organization.40,41 Among
a myriad of examples displaying ordered
structures at the nano and microscopic level,
this strategy has been successfully used for
patterning surfaces with functional molecular
modules through the self-assembly of dis-
crete,molecular-scale, H-bondassemblies,42,43

as well as for the construction of very regular
conductive nanoparticle films.44 However, the
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ABSTRACT In a set of unprecedented experi-

ments combining “bottom-up” and “top-down”

approaches, we report the engineering of patterned

surfaces in which functionalized MWCNTs have been

selectively adsorbed on polymeric matrices as ob-

tained by microlithographic photo-cross-linking of

polystyrene polymers bearing 2,6-di(acetylamino)-

4-pyridyl moieties (PS1) deposited on glass or Si. All

patterned surfaces have been characterized by

optical, fluorescence, and SEM imaging techniques, showing the local confinement of the

CNTs materials on the polymeric microgrids. These results open new possibilities toward the

controlled manipulation of CNTs on surfaces, using H-bonding self-assembly as the main

driving force.
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preparative protocols for creating supramolecularly
hierarchized architectures containing CNTs are se-
verely hindered by their insolubility in most organic
or aqueous solvents and their inherent low functiona-
lization reproducibility. In this respect, the recent
developments of efficient methodologies45�47 for the
chemical modification of CNTs have boosted the pre-
paration of soluble and purifiedmaterials suitable for a
given application.48�51 Typically, two families of func-
tionalization strategies are employed as chemical
modification routes: a supramolecular and a covalent
approach. Whereas the first protocol is based on the
noncovalent coating of CNTs, conversely the second
route exploits the chemical reactivity of the CNT
graphitic wall by grafting organic chemical groups
directly onto the tubular surface.45,46 Among the
macromolecular structures, polymers were revealed
to be efficient noncovalent modifiers because of their
extended chain-like structures, which, while wrapping
around CNTs, can completely disrupt the van derWaals
interactions within the nanotube bundles, improving
their solubility and thus processability.52�70 Recently,
we have focused our attention on H-bonding interac-
tions as directional, reliable, and predictable noncova-
lent attractive forces between complementary H-donor
(D) and H-acceptor (A) moieties to control the self-
organization process.71�73 In this respect, we have
recently reported one of the first examples of a molec-
ular-recognition-driven assembly of CNTs in which
newly designed thymine-derived CNTs (Thy-CNTs)
self-organize in different solvents through the forma-
tion of double H-bonded homodimers, each composed
of two modified thymine units covalently linked to the
CNT surface.74 As a practical development of our
investigations, in this paper we report a simple meth-
odology for the preparation of hybrid self-organized
architectures in which CNTs are locally organized on

patterned surfaces coated with a polymeric matrix.
Specifically, the protocol involves the self-assembly of
thymine-functionalized MWCNTs (Thy-MWCNTs) with
polystyrene polymers bearing 2,6-di(acetylamino)-4-
pyridyl moieties (PS1) through triple complementary
ADA-DAD H-bonding interactions (PS1 3 Thy-MWCNTs,
Scheme 1). The supramolecular PS1 3 Thy-MWCNT
complexes were characterized by absorption and fluo-
rescence spectroscopy, transmission electron micro-
scopy (TEM), atomic forcemicroscopy (AFM), and thermo-
gravimetric analysis (TGA), which taken together, proved
the formationofH-bond-drivensupramolecularcomplexes
PS1 3 Thy-MWCNTs. Through a combination of a “top-
down” and a “bottom-up” methodology, we successively
prepared patterned surfaces with CNTs. Optical fluores-
cence and scanning electron microscopy (SEM) displayed
the selective surface confinement of the CNT material.

RESULTS AND DISCUSSION

As depicted in Scheme 1, the engineering design
behind the formation of the supramolecular CNT�
polymer complex is the establishment of three
H-bonds between the complementary sites of the di-
(acetylamino)pyridine group (DAD) and the thymine
(ADA) moieties covalently attached to the polystyrene
and MWCNTs, respectively. Di(acetylamino)pyridine-
bearing polystyrene PS1 was prepared via radical
polymerization of styrene with 4-chloromethylstyrene
in the presence of AIBN followed by reaction of the
precursor polymer co-PSCl with 2,6-di(acetylamino)-4-
pyridylacryclic acid as described in the Experimental
Part (see Scheme 1, SI). Conversion was determined
estimating the peak area between the proton reso-
nance centered at 7.9 ppm belonging to the pyridyl
and the proton resonance region between 6 and
7.6 ppm corresponding to the aromatic groups (SI-1).
Specifically, a 50%conversionof the�CH2Cl functionality

Scheme 1. Chemical structure of the supramolecular polymer�MWCNT hybrid complex, PS1 3 Thy-MWCNT.
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has been found, showing a good conversion of the
esterification reaction. An average Mw of 4650 Da and
PD = 1.49 were determined by gel permeation chro-
matography (GPC). IR spectra, shown in SI-2, also
confirmed the presence of the complementary 2,6-
di(acetylamino)-4-pyridyl (DAD) recognition functions
within the polymer resin through the characteristic
amidic and steric CO-centered stretching vibration at
1640 and 1750 cm�1, respectively. Thy-MWCNTswere
prepared by addition of the diazonium derivative of
4-Boc-aminomethylaniline to MWCNTs, followed by
acid cleavage (with 4 M HCl aqueous solution) of
the BOC protecting group. The amide-bond formation
reaction was then achieved between the free amino
groups present in the amino-CNTs and the carboxylic
functionalities of the thymine derivatives.75 Taken all
together, quantitative Kaiser test, XPS analysis, TGA,
and TGA-MS, along with the different observed disper-
sibility behavior of pristine MWCNTs7000 compared to
that of the functionalized Thy-MWCNTs in an appro-
priate organic solvent, proved the covalent attachment
of the functional groups (SI-3�SI-6). In particular, the
quantification of the free amino groups before and
after the amidation reaction76 gives the final loading

of thymine molecules attached to MWCNTs, which
resulted in an average value of 765 μmol g�1. These
results revealed to be in good agreement with the XPS
findings obtained for Thy-MWCNTs samples (SI-4). The
spectrum survey reveals the presence of the resonance
peaks from C 1s (284.7 eV), N 1s (400 eV), and O 1s
(533.1 eV). The presence of N 1s (2 ( 0.4%) in the
elemental composition indicates that the MWCNTs
have been efficiently functionalized with N-containing
thymine moieties since N is not present in the ele-
mental composition of the pristine MWCNTs.
The complexation behavior between PS1 and Thy-

MWCNTs has been first analyzed by TEM and AFM.
Although it is known that the association between
molecular modules bearing multiple H-bonding units
depends on the number and on the relative spatial
arrangement of neighboring H-donor and H-acceptor
sites, this process is largely influenced by the medium
(solvent, temperature, and pressure). For uracyldi-
(acetylamino)pyridine heterodimers typical values of
Ka in CHCl3 amount to ∼103.77�80 Hence, the recogni-
tion between PS1 and Thy-MWCNTs was studied in
different solvents, such as CHCl3 and in DMF at differ-
ent temperatures. As recently reported,74 functiona-
lized CNTs Thy-MWCNTs aggregate in noncom-
petitive solvents such as CHCl3 (Figure 1a), whereas
good dispersions can be obtained in DMF (Figure 1b).
Noteworthy, when amixture of PS1 and Thy-MWCNTs
was suspended in CHCl3, stable dispersions at diluted
concentrationswereobtained ([PS1] = 1� 10�6mgmL�1

and [Thy-MWCNTs] = 3.5� 10�8mgmL�1). In particular,
the presence of polymer PS1 leads to the selective forma-
tion of supramolecular aggregates (PS1 3 Thy-MWCNTs)
in which the thymine-functionalized carbon nanotubes
Thy-MWCNTs are in intimate contact with the polymeric
counterpart through the complementary triple ADA-DAD
H-bonding interactions. This induces a wrapping of the
polymer around the CNT walls and thus disaggregation
of the CNT bundles, improving their solubility in other
organic solvents such as CHCl3.
TEMmicrographs of drop-cast solutions ofPS1 3 Thy-

MWCNTs in CHCl3 at the millimolar level ([PS1] = 0.05
mg mL�1 and [Thy-MWCNTs] = 0.02 mg mL�1) show
the appearance of tubular structures (∼200 and
1000 nm, diameter and length, respectively, Figure 1c),
in which single CNTs are wrapped by the polymer.
Notably, at the micromolar level ([PS1] = 1 � 0�6

mg mL�1 and [Thy-MWCNTs] = 3.5� 10�8 mg mL�1),
PS1 3 Thy-MWCNTs form small semispherical aggre-
gates (∼350 nm in diameter, Figure 1e). As expected,
the triple ADA-DAD H-bonding interactions between
the complementary thymine and diacetylamidopyridyl
units drive the formation of PS1 3 Thy-MWCNT hybrid
complexes in CHCl3, consequently avoiding the self-
aggregation of Thy-MWCNT derivatives in which
only the double H-bonds of the thymine-based pairs
are established. At the same time, increasing the

Figure 1. TEMmicrographs of Thy-MWCNTs in (a) CHCl3 and
(b) DMF; (c) PS1 3 Thy-MWCNTs inCHCl3, ([PS1] =0.05mgmL�1

and [Thy-MWCNTs] = 0.02 mg mL�1); (d) PS1/Thy-MWCNTs
([PS1] = 0.05 mg mL�1 and [Thy-MWCNTs] = 0.02 mg mL�1)
in DMF; (e) PS1 3 Thy-MWCNTs in CHCl3 ([PS1] = 1 � 10�6

mg mL�1 and [Thy-MWCNTs] = 3.5 � 10�8 mg mL�1);
(f) PS1/Thy-MWCNTs ([PS1] = 1 � 10�6 mg mL�1 and
[Thy-MWCNTs] = 3.5 � 10�8 mg mL�1) in DMF.
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concentration of the dispersions (PS1þ Thy-MWCNTs)
mixtures leads to the progressive assembly of larger
supramolecular entities. The process involves the
growth of tridimensional aggregates from semi-
spherical to tubular ones. TEM studies of the mixtures
ofPS1 and Thy-MWNTsdeposited fromDMFdispersions
were also carried out as control experiments. No
evidence of supramolecular PS1 3 Thy-MWCNTs com-
plexes were obtained, and only mixtures of free poly-
mer PS1 and individual Thy-MWCNTs nanotubes
could be observed (Figure 1d and f). This is attributed
to a solvent effect, as DMF competes with the H-bond-
ing formation, preventing the recognition between
PS1 and Thy-MWCNTs in solution, thus leading to
segregation effects once the solutions are deposited
on the surface. TEM investigations using physical
mixtures containing PSCl polymer (i.e., without the
2,6-di(acetylamino)pyridyl functionalities) or pristine
MWCNTs have also been carried out (see Figures SI-7
and SI-8). As expected, in both cases no supramolecular
complexes were formed and only inhomogeneous
mixtures of the separated components have been

observed, indirectly proving the effectiveness of the
H-bonding-driven recognition between PS1 and Thy-
MWCNTs in hybrid PS1 3 Thy-MWCNTs.
Tapping-mode AFM analysis was also used to char-

acterize the morphology of the supramolecular com-
plexes PS1-Thy 3MWCNTs as formed in CHCl3 dis-
persions. Figure 2 shows typical AFM images obtain-
ed for PS1 and Thy-MWCNTs ([PS1] = 0.05 mg mL�1

and [Thy-MWCNTs] = 0.02 mg mL�1) mixtures,
where Figure 2a corresponds to the supramolecular
system PS1-Thy 3MWCNTs as obtained from CHCl3,
while Figure 2c shows a mixture containing non-
bonded PS1 and Thy-MWCNTs as obtained from
DMF. High-resolution AFM height profiles of the insets
are shown in Figure 2b and d. As produced, pristine
MWCNTs have an average diameter of 9.5 nm.81 HR-
AFM profiles indicate that PS1 approximately coats the
entire exosurface of Thy-MWCNTs in Figure 2b,
whereas in Figure 2c only a few areas of the tube
external wall are covered by PS1.
Since the absorption and emission properties of the

polymer can be strongly influenced by its complexation

Figure 2. AFM topography obtained on mica from drop-cast dispersions ([PS1] = 0.05 mg mL�1 and [Thy-MWCNTs] = 0.02
mg mL�1) of PS1 3 Thy-MWCNTs in (a) CHCl3 and (c) DMF; (b and d) HR-AFM cross-section profiles of the insets .
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with the CNT conjugate, we have investigated the
association properties by means of steady-state UV�
vis�NIR absorption and fluorescence spectroscopy
(SI-9�SI-11). UV�vis�NIR absorption and spectro-
fluorimetric titrations of a solution of PS1 3 Thy-
MWCNTs in 1,10,2,20-C2H2Cl4 (TCE) upon addition of
DMSO (Figure 3) show that upon increasing concen-
trations of DMSO, the polymer-centered emission
intensity progressively increases, giving a clear indi-
cation of the expected assembly dissociation as a
consequence of the presence of the DMSO solvent
molecules disrupting the H-bonding interactions.
Conversely, UV�vis�NIR titration spectra show an
extended decrease of the band intensity upon in-
creasing concentrations of DMSO. This observation
could be explained by the reduced dispersibility
of the Thy-MWCNTs in DMSO that, competing with
ADA�DAD H-bonding interactions, prevents the
formation of the hybrid complex PS1 3 Thy-MWCNTs,
thus inducing precipitation of the carbon material. In
order to examine the thermal stability of the H-bonded

PS1 3 Thy-MWCNTs complex, variable-temperature (VT)
UV�vis measurements were also carried out (Figures SI-
10 and SI-11). A reversible thermal behavior (i.e., from 90
to 25 �C) was observed. In particular, the intensity of the
absorption spectrum decreases with the increase of the
temperature (from room temperature to 90 �C). This
is a completely reversible process, as increasing inten-
sity absorptions can be observed upon thermal cooling
(to25 �C). ReferenceVTUV�vis absorptionmeasurements
were also performed with solutions containing only
Thy-MWCNTs, displaying a similar absorbance beha-
vior to that observed for PS1 3 Thy-MWCNTs, suggest-
ing a CNT-controlled thermal process.
The amount of PS1 attached to Thy-MWCNTs was

estimated by TGA measurements (Figure 4). At first,
PS1was copiouslywashed by filtrationwith CHCl3 until
no UV�vis absorption signal of PS1 was noticeable in
the filtered solution. Then, the precipitate was dried
overnight under vacuum. The temperature-modulated
plot of polymer PS1 shows a steep weight loss in the
range 100 to 600 �C, with a residual weight at 600 �C
close to 10% w/w (Figure 4). The complex PS1 3 Thy-
MWCNTs show an analogous weight loss of approxi-
mately 60% w/w at 600 �C, whereas the Thy-MWCNTs
loss is limited to approximately 10% w/w at the same
temperature. This result clearly indicates that the
PS1 3 Thy-MWCNTsmoiety inPS1 is ca. 50%w/w.Notably,
this observation is in very good agreement with TEM
(Figures 1b,c) and spectroscopic characterizations, further
supporting theevidence forwhichpolymerPS1 selectively
wraps Thy-MWCNTs forming the hybrid aggregates.
Using the recognition properties between the poly-

mer and Thy-MWCNTs, we were able to prepare CNT-
containing patterned surfaces (on glass or Si). Surface
modification was conducted in a stepwise approach,
exploiting both a lithographic method (“top-down”)
and the complementary H-bonding interactions between
Thy-MWCNTs andpolymerPS1 (“bottom-up”). A solution

Figure 3. (a) Spectrofluorimetric titration of PS1 by Thy-MWCNTs. Solvent = 1,1,2,2, C2H2Cl4; [PS1] = 1.3� 10�2 mgmL�1; (1)
[Thy-MWCNTs] = 0.0; (2) [Thy-MWCNTs] = 1.5 � 10�3 mg mL�1. (b) Spectrofluorimetric titration of hybrid PS1 3 Thy-MWCNTs
upon addition of increasing volumes (V) of DMSO ([PS1] = 2.0 � 10�2 mg mL�1; [Thy-MWCNTs] = 1.9 � 10�2 mg mL�1;
(1) VDMSO = 0 mL and (2) VDMSO = 56 mL). Inset: Emission spectra displaying the radiative emission in the static and dynamic
quenching regime: (1) only PS1; (2) assembly PS1 3 Thy-MWCNTs; (3) after addition of 56 mL of DMSO. Solvent = TCE.

Figure 4. TGA performed under nitrogen of PS1 (black),
Thy-MWCNTs (green), and PS1 3 Thy-MWCNTs (red) as pre-
pared in CHCl3.
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of polymer PS1 (10 mg mL�1 in DMF or CHCl3) was first
spin-coated on clean surfaces, leading to homogeneous
thin films. Stabilization of the films by photo-cross-linking
under a photoresist mask82 followed by copious rinsing
with DMF (or CHCl3), to remove the unlinked polymer, led
to the patterned surface shown in Figure 5. The films
revealed to be particularly stable upon treatment with
MeOH, C2H4O, or H2O. Selective deposition of the
CNT materials was accomplished by dipping the pat-
terned PS1-coated surfaces into a dispersion of Thy-
MWCNTs (0.5 mg mL�1) in DMF (Figures 5a�c) or CHCl3
(Figures 5d�f) for two hours, followed by repetitive
washing and drying cycles. Directed by the complemen-
tary triple ADA�DAD H-bonding interactions, functiona-
lized Thy-MWCNTs were confined only on those surface
regions actually covered by photo-cross-linked polymer
PS1. This was confirmed by fluorescence microscopic
imaging measurements, which clearly show a monolayer
of adsorbed Thy-MWCNTs from DMF only on the irregu-
lar regions of the polymeric patterned grids (Figure 5b;
only PS1-patterned surfaces are shown in Figure 5a). SEM
micrographs (Figure 5c) corroborated the presence of
Thy-MWCNTs regularly distributed on the patterned
surface. It was also noticed that, increasing the concentra-
tion of the Thy-MWCNTs dispersion, the monolayer
coverage increased (SI-12). Surprisingly, despite the high-
er H-bonding competitiveness of DMF with respect to
CHCl3, higher and homogeneous coverage was obtained
with dispersions of Thy-MWCNTs in DMF (Figure 5a�c).
Conversely, deposition from CHCl3 dispersions produced
inhomogeneous surfaces in which aggregated Thy-
MWCNTsmaterial was adsorbed on the patterned poly-
mer (Figure 5d�f). At a first view, this observation can be

contradictory. However, this is attributed to the better
dispersibility of Thy-MWCNTs in DMF, as homomolecular
double H-bonding Thy�Thy interactions are weaker in
such a solvent. Nevertheless, it is interesting to note that
upon evacuation of the organic solvents, the deposited
Thy-MWCNTs displayed unprecedented stability, being
resistant to further washing cycles. Reference experi-
ments, in which polymer PS1 has been replaced with
PSCl (see Experimental Part), were performed in order to
demonstrate the effectiveness of the complementary
H-bonding interactions for the controlled adsorption of
functionalized CNTs. As expected, SEM imaging indicat-
ed the absence of Thy-MWCNTs on the patterned
PSCl polymer after identical treatment. Similar results
have been also obtained when a dispersion of pristine
MWCNTs were deposited on PS1-containing patterned
surfaces, demonstrating the need for the thymine moi-
eties on theCNTs' exosurface to locally confine the carbon
materials on the polymeric layer (SI-13).
In conclusion, by means of directional triple hetero-

molecular H-bonding interactions, it was possible to
prepare stable CNT�polymer hybrids following a self-
assembly approach. The recognition between the
components is driven by the establishment of triple
complementary H-bonds between the di(acetylamino)
pyridine and thyminemoieties, respectively appended
on the polymer and on the MWCNTs' external car-
bon wall. Microscopic and spectroscopic techniques
unambiguously confirmed the formation of the hy-
brid PS1 3 Thy-MWCNTs complexes, as obtained from
apolar noncompetitive solvents such as CHCl3 or TCE.
Spectroscopic results proved that the supramolecular
recognition between these two components occurs via

Figure 5. Imaging of the patterned surfaces by (a, d) fluorescence (10�), (b, e) optical (10�), and (c, f) SEM microscopy after
the deposition of a dispersion of Thy-MWCNTs in DMF (a�c) and CHCl3 (d�f).
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the H-bonding recognition, as no hybrid PS1-MWCNT
complexes formed from the dispersion mixtures of
pristine MWCNTs and the polymers. In a set of unpre-
cedented experiments combining “bottom-up” and
“top-down” approaches, we have also engineered the
first patterned surfaces inwhich functionalizedMWCNTs
have been selectively adsorbed on patterned surfaces
as obtained by microlithographic photo-cross-linking of
PS1 deposited on glass or Si. All patterned surfaces have
been characterized by optical, fluorescence, and SEM
imaging techniques, showing the local confinement
and deposition of the CNT materials on the specifically
designed polymeric microgrids. The quality of the pro-
duced Thy-MWCNTs monolayer patterns basically de-
pends on the polymer photo-cross-linking resolution82

and the concentration of the Thy-MWCNTs dispersion.
These results are of significant importance since they
open new possibilities toward the controlled manipula-
tion of CNTs for the engineering of CNT-based elec-
tronic devices or biomaterials. For instance, merging the
“top-down” and the “bottom-up” approaches, it can be
envisaged to controllably organize and manipulate bio-
compatible functionalizedCNTsonvarious substrates for
producing bioactive surfaces for the directed growth of
neuronal cells on patterned surfaces.83
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