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Abstract: Chemical patterning of inorganic substrates by soft lithography has enabled various high-tech
applications and cutting-edge fundamental research. In this paper, we report on methods for the grafting
and patterned grafting of block copolymer nanotubes onto glass and mica surfaces. Under optimized
conditions the density of such grafted nanotubes can be high, and most of the grafted tubes are in a standing
position even after solvent evaporation. Surfaces modified with exotic reagents such as block copolymer
nanofibers or nanotubes may find applications in biosensing, etc.

I. Introduction

Chemical patterning of inorganic substrates using soft lithog-
raphy has enabled various high-tech applications and cutting-
edge fundamental research.1-3 Chemically patterned surfaces
have, for example, been used in controlling surface wettability,4

in crystal engineering,5 in minimizing biomolecule nonspecific
adsorption,6 in enabling biosensoring and high-throughput
biomolecule analysis,1 and in production of microlens arrays7,8

and magnetic nanoparticle arrays.9 Fundamental research en-
abled includes the controlled anchorage, i.e., the projection size
and spatial arrangement control, of cells on surfaces and then
the subsequent interrogation of properties of single cells and
cell clusters.1 While traditional reagents for chemical patterning
of surfaces have many advantages, which include their ready
availability, the patterning of surfaces with more exotic reagents
such as block copolymer nanofibers10-26 or nanotubes27-34 may

turn out to be more advantageous for certain applications such
as directed cell growth35 and the creation of superhydrophobic
or superhydrophilic surfaces,36,37 where surface roughness on
the nanometer- and micrometer-scale is required.38 Surfaces
grafted with block copolymer nanotubes may lead also to new
applications that have not been contemplated before. In this
paper, we report on methods for grafting block copolymer
nanotubes onto mica and glass substrates. Under optimized
conditions the density of such grafted nanotubes can be high,
and most of the grafted tubes are in a standing position even
after solvent evaporation. It is further demonstrated that the
nanotubes can be used to pattern surfaces chemically.

Preparation of the nanotubes used here has been reported
before.39,40 They were derived from polystyrene-block-poly(2-
cinnamoyloxyethyl methacrylate)-block-poly(tert-butyl acrylate),
PS-PCEMA-PtBA. The preparation involved casting films from
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the triblock containing some PS homopolymer (Af B, Scheme
1). In such films, PtBA and PCEMA formed hexagonally packed
concentric core-shell cylinders dispersed in the PS matrix.41-43

The films were then irradiated to cross-link the PCEMA shell
cylinders. PS-PCEMA-PtBA nanofibers were separated from
one another or levitated out of the films by stirring such films
in THF (B f C), which is a good solvent for PS, un-cross-
linked PCEMA, and PtBA. They were shortened by ultrasoni-
cation to expose the core PtBA chains at the fiber ends.
Nanotubes with poly(acrylic acid)- or PAA-lined cores were
obtained after the hydrolysis of thetert-butyl groups from the
PtBA cores (Cf D). To introduce amino groups to the ends
of the nanotubes, we reacted the end-exposed PAA chains with
poly[4-(2-aminoethyl)styrene]-block-polystyrene-block-poly[4-
(2-aminoethyl)styrene], PAES-PS-PAES (Df E). The PAA
chains in the core of the nanotubes were reacted also with
fluoresceinamine to make the nanofibers fluorescent for fluo-
rescence microscopy studies (Ef F).

To graft nanotubes, we started by introducing amino groups
onto mica or glass surfaces by treating them with 3-aminopro-
pyltrimethoxysilane (APTMS). The amino groups were reacted
with succinic anhydride, suberic acid, or PAA to convert the
amino groups to carboxyl groups. Nanotubes were attached via
amidization between the amino terminal groups of the nanotubes
and the surface carboxyl groups. To pattern the surfaces, we
used a photolithographic process.44 We started by spin-coating
a thin layer of poly(2-cinnamoyloxyethyl acrylate), PCEA, on
a glass or mica substrate. The surface was then irradiated using

a TEM grid as the mask to cross-link PCEA in areas under
exposure. Regions not exposed were freed of PCEA after solvent
development and were functionalized by APTMS to introduce
amino groups. Nanotubes were grafted onto areas containing
amino groups using suberic acid as the connector yielding
nanotube-patterned surfaces that are analogous to those deco-
rated by metal nanorods.45

Aside from possible applications of grafted nanotubes in
modifying surface properties, we envision potential applications
of fluorescent block copolymer nanoposts as anchors for
biomolecules in sensor devices and in immunoassays just as
fluorescent metal nanorods do.46,47 One can also imagine the
use of these nanoposts with PS surfaces to direct the macro-
scopic alignment48 along nanopost axial direction of cylindrical
domains of PS-containing diblocks, where PS serves as the
matrix block and the other block segregates to form cylinders.
Like carbon nanotubes,49 fluorescent water-dispersible nanotubes
prior their grafting may be used in areas ranging from bioim-
aging to tissue engineering.

II. Results and Discussion

Polymer Characterization. The methodologies for the
synthesis of PS-PCEMA-PtBA and PAES-PS-PAES of other
compositions have been described before39 and were, therefore,
not repeated here. Homopolymer PCEA was derived from poly-
(2-hydroxyethyl acrylate) or PHEA. The precursor to PHEA
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Scheme 1. Preparation of Amino-End-Functionalized and Fluorescein-Encapsulated Nanotubes
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was poly(trimethylsiloxyethyl acrylate) or P(HEA-TMS), which
was prepared by free radical polymerization following proce-
dures also reported before.50 For characterization, the size
exclusion chromatography (SEC) polydispersity indicesMw/Mn

were measured in THF based on PS standards. The specific
refractive index increments dnr/dc and light scattering (LS)
weight-average molar massesMw were determined in THF for
PS-PCEMA-PtBA and P(AES-TMS)-PS-P(AES-TMS), respec-
tively, where P(AES-TMS) denotes poly{4-[2-N,N-bis(trimeth-
ylsilyl)aminoethyl]styrene}, a precursor to PAES. The ratios
n/m/l between the numbers of repeat units for the PS, PCEMA,
and PtBA blocks for the PS-PCEMA-PtBA triblock andn/m/n
for P(AES-TMS)-PS-P(AES-TMS) were determined from1H
nuclear magnetic resonance (NMR) analysis. Table 1 sum-
marizes the characteristics of the samples used in this study.
We have included the weight-average number of repeat units
calculated using the LSMw and NMR n/m/l or n/m/n values
rather than the number-average number of repeat units for PS,
PCEMA, PtBA, and P(AES-TMS) in the table because the SEC
Mw/Mn values were inaccurate for the triblock.

Nanotubes with Grafted PAES-PS-PAES Terminal Chains.
The preparation of PS-PCEMA-PAA nanotubes with grafted
terminal PAES-PS-PAES chains has been reported by us
before.39 The process involved first film formation from PS-
PCEMA-PtBA/PS. By adjusting the mass fraction between PS-
PCEMA-PtBA and PS to 3.0/1.0, we obtained a total volume
fraction of 32% for PCEMA and PtBA. The PCEMA and PtBA
blocks in such films formed core-shell cylinders dispersed in
the PS matrix. The PCEMA shell cylinders were then cross-
linked by UV irradiation of the films and the cross-linked
cylinders were separated from one another under vigorous
stirring in THF to yield nanofibers. The nanofibers were
subsequently cut short by ultrasonication to expose the core
PtBA chains. Before use, the samples were purified by
centrifugation precipitation.

Figure 1 shows a TEM image of the nanofibers that we used.
Hemispherical end caps are not seen for most of the fibers
suggesting the exposure of the PtBA core chains at the fiber
termini. The average diameter of the fibers in the figure is 65
( 7 nm. The weight- and number-average lengths of the
relatively short fibers with their entire contours seen in Figure
1 are 540 and 370 nm, respectively.

Treating the nanofibers with trifluoroacetic acid led to the
hydrolysis of PtBA to PAA, producing nanotubes with PAA-
lined cores. Amino groups were grafted to the nanotube ends
by reacting PAES-PS-PAES with the end-exposed PAA chains
of the nanotubes. To estimate the number of PAES-PS-PAES
chains,ng, attached to each nanotube end we reacted the PAES
amino groups with Rhodamine B following a method described
before.39 After sample purification, the Rhodamine B absorbance
was determined and used in combination with the number-

average TEM length, diameter, and the estimated molar mass
of the nanotubes to evaluateng.39 Assuming that each PAES-
PS-PAES chain reacted with five Rhodamine B molecules we
obtained ang value of∼32. In reality, not all of the AES groups
in the free PAES block could react with Rhodamine B. We
believe that theng value should be higher.

Fluorescein-Encapsulated Nanotubes.The residual AA
groups in the core of the nanotubes were further reacted with
fluoresceinamine again by amidization to introduce fluorophores.
The covalent attachment of fluorescein to the nanotubes could
be judged by the light yellow color that the nanotubes bore after
reaction with fluoresceinamine and sample purification. As-
suming that fluorescein groups inside the nanotube cores have
the same extinction coefficient as fluoresceinamine, we deter-
mined quantitatively a fluoresceinamine labeling amount of
0.128 g per gram of nanotubes.

Surface Modification by APTMS. The APTMS treatment
method has been practiced by many researchers to modify the
surface of mica as sample support for atomic force microscopy
applications51 and its effectiveness is thus expected. We
confirmed the effectiveness of this method from a water contact
angle change before and after APTMS treatment of a surface.
Before APTMS treatment, water spread well on a mica surface
and we had difficulty in estimating such a small water contact
angle. After APTMS treatment, the water contact angleθw

increased to 46( 5° as shown in Figure 2. We did not determine
the θw value on glass substrate after APTMS treatment as we
expected the reactions to be similar and occur with comparable
effectiveness. This assessment is confirmed by our ultimate
success in grafting fluorescent nanotubes on glass surfaces as
will be discussed later.

To gain more insight into the mechanism for water contact
angle changes, we determined also the ethylene glycol contact
angleθEG for an APTMS-treated mica surface and alsoθEG at
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Table 1. Characteristics of the Triblock Copolymers Used

sample
SEC

Mw/Mn

dnr/dc
(mL/g)

LS Mw × 10-4

(g/mol)
NMR
n/m/l n m l

PS-PCEMA-PtBA 1.14 0.145 11.8 5.0/1.0/1.1 630 125 135
P(AES-TMS)-PS-P(AES-TMS) 1.21 0.193 2.3 1.0/41/1.0 5 200 5
PCEA 2.58 0.142 2.0 80

Figure 1. TEM images of nanofibers after ultrasonication and purification
by centrifugation.
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different surface treatment stages with results shown in Table
2. The surface energyγ of a solid substrate can be normally
broken into a dispersion componentγD and a polar component
γP. With the γD and γP values known for water and ethylene
glycol andθW andθEG measured on a given solid substrate, we
calculatedγD and γP for the substrate following an equation
proposed by Owen and Wendt.52,53These values are also listed
in Table 2.

Reaction of APTMS-Modified Surfaces with Succinic
Anhydride. We have previously successfully reacted succinic
anhydride with hydroxyl groups of polymers to introduce
carboxyl groups.54,55The amidization reaction should occur more
readily than the esterification reaction between hydroxyl groups
and succinic anhydride. To ensure a high degree of amino group
conversion, a large excess of succinic anhydride was used. After
reaction, the surfaces were rinsed with 0.1 M HCl to ensure
that the resultant carboxyl groups are in the acidic form.

Occurrence of the above reaction was again supported by
results of Table 2 fromθW and θEG measurements. After the
introduction of the carboxyl groups, theθW and θEG values
decreased substantially. Application of the Owen and Wendt
equation showed that the surfaces after succinic anhydride
treatment became considerably more hydrophilic and polar as
characterized by a largeγP value.

Reaction of APTMS-Modified Surfaces with PAA.Amidiza-
tion between amino and carboxyl groups is used to make
polypeptides.56 Amidization between the terminal amino groups
of PS-PCEMA-PAA nanotubes and the carboxyl groups on the
surfaces of water-soluble nanospheres has previously allowed
us to prepare super-surfactant.39 This reaction has also allowed

us to couple nanotubes of different compositions to prepare
block copolymer nanotube multiblocks.40 Its effectiveness here
in grafting the PAA chains to APTMS-modified surfaces was
thus expected.

There were no changes, within experimental error, in theθW

andθEG values in Table 2 before and after PAA chain grafting.
Our literature search revealed that theθW value of PAA is 46°.57

Thus, the insignificant changes in theθW andθEG values after
PAA grafting was probably due to the accidental match between
the surface properties of PAA and APTMS-modified mica
surfaces. Furthermore, the PAA chains, possessing reduced
conformational flexibility relative to small-molecule carboxyl
groups, may not react with all of the surface amine groups.
Despite no changes inθW andθEG, our success in grafting PAA
will become self-evident later when we discuss the highly
efficient attachment of amino-terminated nanotubes on to PAA-
modified mica or glass substrates.

Nanotube Grafting on Succinic Anhydride and PAA
Modified Mica Surfaces. Nanotubes bearing terminal amino
groups were grafted to succinic anhydride- or PAA-modified
mica or glass substrate again via amidization. Figure 3 shows
AFM images of two regions of a mica sample grafted with
nanotubes, where the mica plate was modified with succinic
anhydride prior to nanotube grafting by soaking the plate in a
nanotube solution at 0.2 wt % inN,N-dimethylforamide (DMF)
containingN,N′-dicyclohexylcarbodimide (DCC) and HBT (1-
hydroxybenzotriazole). The fact that the nanotubes were co-
valently attached to the mica surface was established from the
following observations. First, they could not be rinsed off the
substrate regardless of how many times we tried to rinse the
samples with DMF. Second, we have repeated the nanotube
grafting and DMF rinsing procedure under conditions otherwise
identical to those utilized in a normal grafting experiment except
the omitted DCC use. Such a control experiment showed a lack
of nanotubes on mica surface after DMF rinsing.

The three-dimensional (3D) image in Figure 3 reveals that
the grafted objects can be classified roughly into two categories.
The relatively long tubes belong to category one. These tubes
lie flat on the mica surface with a tube diameter of 46( 6 nm
as estimated from the peak height of 21 such tubes. This value
is smaller than 65( 7 nm determined from TEM for the PS-
PCEMA-PtBA nanofibers of Figure 1, suggesting the flattening
of the nanotubes on a substrate after solvent evaporation. The
relatively short fibers belong to category two. They seem to
stand vertically on the mica surfaces with height typically less
than∼250 nm. The standing tubes are not perfectly cylindrical
but assume the shape of an AFM tip because the tip was not
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Figure 2. Photographs of water droplets on APTMS-modified mica (a), PS plate (b), mica grafted with nanotubes using succinic anhydride (c), and suberic
acid (d) as the connector. The width of each picture frame corresponds to∼8 mm.

Table 2. Results of Surface Free Energy Measurements

sample θW θEG

γD

(mJ/m2)
γP

(mJ/m2)

APTMS-modified mica 46( 5 39( 2 45 44
mica after succinic
anhydride treatment

19 ( 2 28( 1 51 70

mica after PAA treatment 44( 4 39( 2 44 47
nanotube-grafted mica using

succinic anhydride as spacer
90 ( 1 55( 8 34 2.2

nanotube-grafted mica using
PAA as spacer

68 ( 3 41( 2 44 15

nanotube-grafted mica using
suberic acid as spacer

101( 4 51( 2 37 0.3

PS plate 82( 2 56( 4 34 8
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infinitely thin and was imaged by the standing nanotubes. The
observation of many standing tubes suggests that the tubes were
attached to the mica surfaces mainly via end grafting. The fact
that the tubes remained standing despite the tapping force
exerted by the oscillating AFM tip suggests that the tubes were
grafted on the surface via multi PAE-PS-PAE chain attachment.
The longer tubes could not retain their standing position after
solvent evaporation probably because not all of the tubes were
perfectly vertically grafted. At the same slanting angle, a longer
tube produces a larger down or falling force on the connecting
or hinging PAE-PS-PAE chains and is thus more likely to fall
down after solvent evaporation. A tube does not stand perfectly
vertically for potentially several reasons. A principal cause might
be that the tubes were not cut by ultrasonication perfectly
perpendicular to their axial direction.

While the figure clearly shows that we were successful in
grafting the nanotubes, the grafting density is, however, rather
low. We tried to increase the grafting density by increasing the
nanotube solution concentration in DMF to 3.2 wt %. This did
not increase the grafting density noticeably. This prompted us
to suspect that the grafting density was limited by the acces-
sibility of the carboxyl groups on the surface of a succinic
anhydride modified mica plate. While the carboxyl group
monolayer might be dense, such groups should be concentrated
in a thin or essentially two-dimensional (2D) layer. Efficient
reaction between such a monolayer and the PAES-PS-PAES
chains attached to the end of a nanotube requires a PAES block
to lie flat on the monolayer surface. The difficulty in achieving
such a PAES conformation explains the low nanotube grafting

density. To overcome this difficulty, an excess of PAA was
reacted with APTMS-modified mica and amino-functionalized
nanotubes were then reacted with the grafted PAA chains. Figure
4 shows two AFM images of a mica plate after nanotube
grafting. The grafting density is now much higher. While
standing nanotubes were found predominantly in most AFM
images such as the one shown in the 3D image on the right,
lying and slanting nanotubes are seen still in certain images
such as the one shown in the left 2D image of Figure 4.

Water Contact Angles. Despite the low grafting density,
water contact angle on a nanotube-grafted glass plate using
succinic anhydride as the spacer was high at (90( 1)° as shown
in Figure 2. This represents a substantial increase from (19(
2)° for the succinic-acid-covered surfaces and is even higher
than (82( 2)° measured on a flat PS plate. Thus, this suggests
a dramatic topographic effect of the nanotubes in modifying
surface properties.38

Despite the higher nanotube grafting density, theθW value
on nanotube-grafted surfaces using PAA as the connector was
low at 68( 3°. This apparent controversy had its roots most
likely in the standing position adopted by most nanotubes in
this case. With standing nanotubes, the water droplets may rest
on the polar terminal amino groups.

Nanotube Grafting Using Suberic Acid as the Connector.
In the above-discussed cases we created carboxyl-group-
modified surfaces in one step, and the surface carboxyl groups
were reacted with PAES-terminated nanotubes to graft the
nanotubes in a subsequent step. A molecule containing two or
more carboxyl groups can be used to couple APTMS-modified

Figure 3. AFM images of nanotubes grafted on mica surface using succinic anhydride as the connector.

Figure 4. AFM images of nanotubes grafted on mica surface using PAA as the connector.
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mica and PAES-PS-PAES-modified nanotubes also using a one-
pot strategy. Such a strategy is simpler but should lead to a
mixture of products because suberic acid can also couple
different nanotubes. We decided to try this approach as we
thought that the uncontrolled coupling could increase the surface
roughness. Figure 5 shows two AFM images of nanotubes
grafted on mica using suberic acid as the connector. The lying
tubes can now reach heights exceeding 600 nm suggesting
extensive inter-tube linking and nanotube piling. More interest-
ingly, theθW value is now (101( 4)°, which is larger than (90

( 1)° on surfaces using succinic anhydride as the connector in
agreement with the increased surface roughness effect.

Patterned Grafting of Nanotubes.Our strategy for achieving
patterned grafting of nanotubes is illustrated in Scheme 2. To
obtain a glass plate with a chemically patterned surface, we
started by spin-casting a PCEA film. The film was irradiated
using a TEM grid as the mask to cross-link PCEA in the grid
square regions (Af B). PCEA in the unexposed TEM grid
bar regions was rinsed off by ultrasonication in chloroform for
2.5 h (Bf C). We then exposed the patterned plates to APTMS

Figure 5. AFM images of nanotubes grafted on mica surface using suberic acid as the connector.

Figure 6. Fluorescence microscopic (left) and AFM (right) images of the glass surface after grafting of nanotubes onto a patterned surface.

Scheme 2. Processes Involved for Patterned Grafting of Nanotubes
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and DPEA (N,N-diisopropylethylamine, Cf D). After APTMS
treatment, the cross-linked PCEA regions were mostly removed
by ultasonication in chloroform for another 3.5 h (Df E).
Amino-patterned surfaces were then reacted with nanotubes
using suberic acid as the connector (Ef F) to yield finally
nanotube-patterned surfaces. Suberic acid rather than PAA or
succinic anhydride was used mainly for experimental simplicity.
Except steps Af B and Cf D, our success in achieving the
other steps has been confirmed by AFM and/or fluorescence
microscopy.

Figure 6 shows a fluorescence microscopic image of a
nanotube-patterned glass surface. The fluorescent nanotubes are
expectantly concentrated in the original TEM grid bar regions
which were not irradiated during the PCEA film photolysis step.
Such a conclusion is confirmed also by AFM experiments with
an image shown in Figure 6. Aside from confirmation of
nanotube concentration in the grid “bar” regions, we notice the
presence of some nanotubes in the mesh square regions as well.
This was possible because a cross-linked PCEA film was
partially permeable to APTMS and DPEA under our experi-
mental conditions. We did not attempt further optimization of
reaction times between APTMS and mica surfaces because the
selective grafting of the nanotubes in the grid bar regions is
unambiguously evident here already.

III. Conclusions

Mica or glass plates with surface amino groups were prepared
by exposing such plates to APTMS and DPEA. Such amino
groups were then converted to carboxyl groups via reaction with
succinic anhydride or PAA. The PAA core chains of PS-
PCEMA-PAA nanotubes could be used not only for the
introduction of terminal functional amino groups but also for

the introduction of fluorescent dyes such a fluoresceinamine.
Such nanotubes bearing terminal amino groups could be attached
covalently to mica or glass plates bearing surface carboxyl
groups. When PAA was used as the connector between the
nanotubes and APTMS-modified mica or glass surfaces, the
nanotube grafting density was high. Most of the grafted
nanotubes remained standing even after solvent evaporation.
Suberic acid could be used to couple nanotubes and APTMS-
modified mica or glass surfaces in a one-pot process. The
nanotube-grafted surfaces in the last case were rugged and not
well-defined probably for the concurrent coupling of different
nanotubes during the tube grafting process. Water contact angle
on such surfaces was substantially larger than that on PS plates
despite the incomplete surface coverage by nanotubes. Reacting
nanotubes bearing terminal amino groups with carboxyl-
patterned surfaces allowed patterned grafting of the nanotubes.
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