
PAPER www.rsc.org/nanoscale | Nanoscale

D
ow

nl
oa

de
d 

on
 1

7 
M

ar
ch

 2
01

1
Pu

bl
is

he
d 

on
 1

9 
O

ct
ob

er
 2

01
0 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
0N

R
00

56
5G

View Online
Programming nanostructures of polymer brushes by dip-pen
nanodisplacement lithography (DNL)†
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We report a facile and versatile scanning probe based approach—dip-pen nanodisplacement

lithography (DNL)—for manipulating nanostructures of polymer brushes. Nanostructured polymer

brushes with sizes as small as 25 nm are made by DNL patterning of the initiator molecules and

subsequent surface-initiated polymerization. Nanoconfinement effects including chain collapsing and

spreading are observed in the nanopatterned polymer brushes. In addition to chemical structure, size,

topography and shape, our approach can also readily program the grafting density, chain

configuration, hierarchical structure and multiplexing of the polymer brushes, which allows for the

realization of complex chemical surfaces.
Introduction

Polymer brushes, polymers with one end tethered on a surface,

are of great interest in the past decade because of their abundant

diversity in chemical and mechanical properties.1–7 The

patterning of polymer brushes with well-defined molecular

architecture, chemical functionality, lateral size and topograph-

ical structure are critical to the realization of functional surfaces,

which can find a wide variety of applications in cell biology,

tissue engineering, medical science, actuation, optical and elec-

tronic devices.8–17 Patterning ultrafine (size less than 100 nm)

polymer brushes also opens up the opportunity towards the

fundamental understanding of polymer chain dynamics and

transitions.18

In general, patterned polymer brushes are mostly fabricated by

surface-initiated polymerization from patterned initiator mole-

cules. Recently, several lithography techniques have been

developed for making nanopatterns of functional polymer

brushes, including electron-beam lithography,18–20 nanoimprint

lithography,21–24 microcontact printing,25–27 and various scanning

probe lithography (SPL) methods.28–32 Among the many

advances, SPL methods are particularly attractive due to the

combinatorial attributes of chemical flexibility, low-cost, high

resolution and high registration; and they offer highly scalable

throughput with the use of tip arrays.33–39 Dip-pen nano-

lithography (DPN) represents the constructive SPL approach for

making polymer nanostructures. The process consists of DPN-

tip direct-writing of initiator molecules, and subsequent growth

of polymer brushes from the initiator-patterned areas. Although

the patterning process is simple and straightforward, the diffu-

sion of the initiator limits the application of this technique

because: (1) the diffusion rate is difficult to control, and varies
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a lot between different initiator molecules; and (2) volatile initi-

ator molecules can diffuse onto random areas of the surface

through air, and thus are not ideal for DPN patterning. On the

other hand, a destructive SPL approach such as nanoshaving

relies on selective removal of an inert self-assembled monolayer

(SAM) which protects the surface from contamination, and

subsequent solution backfilling of initiator onto the uncovered

areas. Because the initiator is assembled on a chemically confined

surface, the pattern size is not affected by molecular diffusion.

Rather, the dynamic exchange between initiator and inert SAM

molecules associated with the multiple solution processes may

induce many defects on the pattern surfaces. The need for an

additional liquid reaction cell is also regarded as a drawback.

Herein, we report the fabrication of programmable polymer

brushes by a novel, facile, and versatile scanning-probe-based

approach called Dip-Pen Nanodisplacement Lithography

(DNL). Inspired by DPN and nanoshaving, DNL combines the

attributes of both techniques to yield a high resolution, high

registration, solution-free and diffusion-limited tool for deliv-

ering initiator molecules onto a surface in air and ambient

conditions. Complex nanostructures of polymer brushes with not

only controllable chemical structure, topography, size and shape,

but also grafting density, polymer chain configuration, hierar-

chical structure, and multiplexing can be readily made by this

method.
Results and discussion

The DNL process is schematically illustrated in Fig. 1A. First, an

atomic force microscope (AFM) tip inked with initiator mole-

cules is brought into contact with a surface modified with a dense

SAM. Under high load (>10 nN), the SAM molecules are

mechanically cleaved away by the AFM tip, and the initiator

molecules simultaneously self-assemble onto the uncovered areas

of the surface to achieve the ‘‘nanodisplacement’’. The SAM acts

as a resist layer to protect the other areas of the surface from

contamination by the diffusion of ink molecules. As a result, the

feature size is equal to the cleaving area and is independent of

environmental conditions. Polymer brushes are then grown from

the initiated areas by surface-initiated polymerization. At low
This journal is ª The Royal Society of Chemistry 2010
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Fig. 1 (A) Schematic illustration of the fabrication of polymer brushes

by DNL. (B) LFM image of a MUDBr square written by DNL. (C)

MUDBr nanodots made by DNL at constant tip–substrate contact force

(1000 nN), but different tip–substrate contact time. Each dot was made

by indenting the tip onto the MHA-Au one at a time.
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load (1–3 nN), the AFM tip does not cleave the SAM so that it

can be used for reading, allowing for high registration patterning.

We demonstrate herein patterning of the initiator, u-mercap-

toundecyl bromoisobutyrate (MUDBr), on 16-mercaptohex-

adecanoic acid (MHA) passivated gold substrate by DNL, and

then grow polymer brushes by surface-initiated atomic transfer

radical polymerization (SI-ATRP).13,40

We first study the DNL writing of MUDBr. In a typical

experiment, a contact mode AFM tip (Vistaprobes) was first

inked with MUDBr by immersion in an ethanol solution of 1

mM MUDBr for 10 s and drying in the air. This will produce

a large amount of ink molecules on the tip which can typically

last for the duration of a one-day DNL experiment. The MUDBr

inked tip was then loaded onto an XE-100 AFM (Park System)

and used for DNL patterning onto a gold substrate that was

previously coated with MHA. The movement of the tip was

precisely controlled by programming the x–y–z piezo of the

AFM with XE-100 lithography software. As proof-of-concept,

a 2 mm � 2 mm MUDBr square was first written by scanning the

same area at high tip–substrate contact force (1000 nN, 4 mm s�1),

and imaged by lateral force microscopy (LFM) mode with the

same tip at 1 nN (Fig. 1B). Lower lateral friction, which arises

from the more-hydrophobic bromoisobutyrate terminal groups

of MUDBr, was indeed observed only at the high force scanned

area, indicating that the displacement of MHA by MUDBr

occurred site-selectively, critical for high resolution patterning.

Similar to the microstructure, nanodots and nanolines of

MUDBr can be made by indenting or shaving the MHA-Au

surface with the MUDBr-inked tip at high force, respectively.

Again, lower lateral friction arising from the MUDBr was

observed only at the ‘‘nanodisplacement’’ positions. The resolu-

tion (defined here as smallest lateral feature size) of the MUDBr

feature is mainly controlled by the radius of curvature of the

writing tip, and is independent from the tip–substrate contact

time. Fig. 1C shows a 5 � 5 array of MUDBr dots made with

constant indentation force (1000 nN), but different indentation
This journal is ª The Royal Society of Chemistry 2010
time spanning from 0.1 s to 10 s. Each dot was generated by

a single indentation so as to generate the smallest feature size.

The size of the 25 dots measured by LFM appeared to be

uniform. The average feature size calculated by measuring the

radius with the XE-100 software (assuming circular features) is

26 � 4 nm. This is because that the expansion of the MUDBr

feature on gold by surface diffusion is prohibited by the MHA

resist layer. Note that the shapes of the MUDBr features are not

perfectly circular, which can be attributed to the grain boundary

of polycrystalline gold and the shape of the writing tip. The

resolution can be potentially improved by using a shaper tip and

flatter gold substrate (such as <111> Au), and vice versa.

Nanolines produced by single shaving (1000 nN) but different

scanning speed have a similar line width resolution of 27 � 4 nm

(Fig. S1 in the ESI†).

Note that MUDBr is volatile and can self-assemble onto an

uncovered gold surface through random diffusion in the air.

Fortunately, the DNL approach is particularly suitable for

volatile inks because the MHA layer can effectively passivate the

gold surface, i.e., no bare gold surface is available for MUDBr

unless it is uncovered by the DNL cleaving. Furthermore, DNL

can make good use of the volatile nature of MUDBr for high

speed patterning without humidity control as a consequence of

the fact that the assembly of MUDBr does not necessarily

depend on the water meniscus. For example, we could write the 2

mm � 2 mm MUDBr square at 100 mm s�1 and 20% relative

humidity (Fig. S2, ESI†). In contrast, direct-write SPL tech-

niques such as DPN typically operate with a lower speed (0.1–4

mm s�1) because the formation of a water meniscus, which is

inevitable to the writing process, is interrupted at high scan

speed. Such volatile molecules are not ideal to be patterned by

DPN because the non-patterned gold surface can be easily

contaminated by the ink (Fig. S3, ESI†). Compared with

destructive SPL techniques such as nanoshaving and nano-

grafting, DNL is simpler and faster since it does not require

additional solution backfilling process and the liquid cell. The

characteristics of DPN, nanografting, and DNL are briefly

summarized in Table S1 in the ESI.†

We then study the growth of polymer brushes from the

MUDBr pre-patterns made by DNL. Very importantly,

combined with SI-ATRP, DNL offers the unique capability for

programming the chemical structure, topography, size, shape,

grafting density, chain configuration and multiplexing compo-

nents of polymer brush nanostructures on a surface. As

proof-of-concept, we patterned poly[2-(methacryloyloxy)ethyl-

trimethylammonium chloride] (PMETAC) brushes.15,17,21,25 First

of all, uniformed nanostructures of PMETAC brushes with

<10% size variation in all dimensions can be achieved by SI-

ATRP from MUDBr features previously made by DNL at the

same conditions. For example, Fig. 2A shows a tapping mode

AFM image of a 5 � 5 nanodot array of PMETAC with 99 � 9

nm in width, and 7 � 5 nm in height. No growth of polymer

brushes was observed at the MHA-passivated areas, further

confirming that the previous DNL process was highly site-

selective.

The size of PMETAC can be tailored by changing the size of

the corresponding MUDBr feature. We made a series of MUDBr

dots with different scanning size at 1 mm s�1 and 1000 nN. The

MUDBr dots measured by LFM are 68 nm, 93 nm, 136 nm,
Nanoscale, 2010, 2, 2614–2618 | 2615
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Fig. 2 (A) AFM topographic image of 5 � 5 array of PMETAC dots.

(B) LFM image of MUDBr of different feature sizes made by DNL. (C)

AFM topographic image of PMETAC brushes grown from the MUDBr

features in B. (D) Cross sectional profiles of B (upper) and C (lower).
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199 nm, 272 nm (Fig. 2B). PMETAC brushes grown from the dot

series under the same conditions are 210 nm, 226 nm, 274 nm,

355 nm, 379 nm in width, and 4 nm, 11 nm, 20 nm, 28 nm, 33 nm

in height (Fig. 2C). Notably, the size the PMETAC feature, D, is

larger than that of the corresponding MUDBr footprint,

d (Fig. 2D). The D/d ratio decreases with increasing d (Fig. 3A).

On the other hand, the height of the PMETAC feature, h, also

increases with increasing d, although the polymer brushes were

grown at the same solution. Such a phenomenon can be

explained by a recent theoretical model by Jonas et al.,41 which

takes into account both of the chain entropy and wetting energy
Fig. 3 (A) The ratio of PMETAC size to corresponding MUDBr

footprint, D/d (solid square), and height of polymer brushes, h (empty

circle), versus the MUDBr footprint, d. (B) A model of the nanobrush

droplet. The chains at the periphery of the droplet try to spread on the

surface, and the relaxation of the chains at the rim of the features creates

extra room for neighboring chains further inside the nanobrushes, which

relax by tilting away from the normal to the surface and by decreasing the

distance between their ends. (C) ‘‘PolyU Logo’’ of the Hong Kong

Polytechnic University. (D) AFM topographic image of a PMETAC

pattern of PolyU Logo made by DNL and SI-ATRP. (E) A zoomed-in

AFM topographic image of D, showing the center-to-center distance of

the nanolines is 100 nm, while the width of the lines is �75 nm.

2616 | Nanoscale, 2010, 2, 2614–2618
of nanoscale patterned polymer brushes. In the present system,

the AFM images show that PMETAC nanodots form a droplet-

like structure (Fig. 3B). The chains at the periphery of the droplet

try to spread on the surface because the quaternary ammonium

groups of PMETAC have an affinity for the carboxylic back-

ground. The relaxation of the chains at the rim of the features

creates extra room for neighboring chains further inside the

nanobrushes, which relax by tilting away from the normal to the

surface and by decreasing the distance between their ends. That

results in a decrease in the maximum height of the brush, and an

increase in the lateral dimension of the brush compared with that

of the initiator footprint. Such nanoconfinement phenomenon is

more pronounced for smaller diameter. In the above AFM

measurements, although tip broadening effect will overestimate

the feature size, the trend of size variation should still be true and

parallel.

Arbitrary structures of polymer brushes can be made by

programming the initiator pattern through the XE-100 lithog-

raphy software. To demonstrate an example, we took a bitmap of

the ‘‘PolyU Logo’’ of the Hong Kong Polytechnic University

(Fig. 3C) and converted the colored areas into a pattern con-

sisting of various lengths of vertically parallel line segments with

100 nm center-to-center spacing at the x axis. MUDBr was

written according to this pattern by DNL at 10 mm s�1 and 1000

nN, and then PMETAC was grown. Fig. 3D shows the tapping

mode AFM image of the as-made PMETAC hierarchical arbi-

trary structure. The zoomed-in AFM image confirms that the

line spacing is indeed 100 nm, while the width of the nanoline is

�75 nm (Fig. 3E). The height and width of the nanolines seem to

be uniform over the pattern.

Very interestingly, and importantly, we found that the grafting

density of the polymer brushes was dependent on the tip–

substrate contact force in the DNL process. A series of 2 mm � 2

mm MUDBr squares were written by DNL on the same substrate

at 4 mm s�1, but with a different tip–substrate contact force,

ranging from 5 nN to 1000 nN. PMETAC were then grown in the

same polymerization solution from all the MUDBr squares

simultaneously, and imaged by tapping mode AFM. We

observed a mono-increase in the thickness of the polymer

brushes with an increasing force (Fig. 4A). For example, PME-

TAC brush grown from MUDBr written at 1000 nN is �16 nm

thick, but only �2 nm thick for the 100 nN counterpart. We

attribute this effect to the increase in grafting density at higher

contact force. With a harder applied force, more MHA resist was

removed so that greater amount of MUDBr was assembled,

leading to a higher grafting density of the polymer brushes.

Compared with traditional methods that use an initiator/inert

molecule mixture to adjust the grafting density,42 our approach

opens up the opportunities for high resolution and site-specific

control of the grafting density, and allows for the fabrication of

a hierarchical structure with different grafting densities and chain

configuration. Notably, such mutli-level chemical structures are

critical to the realization of many functional surfaces.4,9,26,43–45 As

a proof-of-concept experiment, we patterned a three-layer hier-

archical initiator structure consisting of three co-centered square

features of different grafting densities. First, a 30 mm � 30 mm

bottom layer of loose MUDBr square was patterned at 4 mm s�1

and 100 nN. Second, a middle 11 mm � 11 mm square was

patterned on top of the bottom layer at 500 nN. Third, a third
This journal is ª The Royal Society of Chemistry 2010
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Fig. 4 (A) Thickness of PMETAC brushes versus the tip–substrate

contact force used for DNL writing of the underlined MUDBr. (B) AFM

topographic image of a hierarchical PMETAC structures made by three-

step DNL with different grafting densities (scan size: 60 mm� 60 mm). (C)

AFM phase image of B (scan size: 60 mm � 60 mm). (D) Cross sectional

profile of B, and a scheme showing that the chain configuration can be

controlled by varying the grafting density, leading to the thickness

difference.
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1 mm � 1 mm central square was patterned at 1000 nN. Finally,

PMETAC brushes were grown. Indeed, tapping mode AFM

reveals a three-step-thickness topography of the as-made PME-

TAC hierarchical structure (Fig. 4B), while the phase image

shows a very low contrast, indicating that the surface is covered

with the same chemicals (Fig. 4C). The bottom polymer layer has

the least thickness because the polymer chains collapse into

a ‘‘mushroom’’ morphology as a result of very low grafting

density. The central layer has the highest thickness because the

polymer chains are closely packed and stretched up into

a ‘‘brush’’ morphology (Fig. 4D).

Lastly, we demonstrate the fabrication of multiplexed polymer

brushes towards a multifunctional surface. A 100 mm � 100 mm

pattern consisting of line segments of PMETAC was first made

by DNL and SI-ATRP, as stated above. NaN3 was used to
Fig. 5 (A) AFM topographic image of two multiplexed polymer brushes

made by multi-cycle DNL and SI-ATRP. The scan size is 60 mm� 60 mm.

(B) Zoomed-in image of A.

This journal is ª The Royal Society of Chemistry 2010
ensure termination of the ATPR initiator after the first growth.

Previously, we have proven that NaN3 could effectively termi-

nate the Br initiator.25 The non-displaced MHA areas were still

available for second DNL patterning. Because the DNL tip can

be used for reading, we could readily relocate the tip to the first

pattern area. A second polymer brush, poly (N-iso-

propylacrylamide) (PNIMPAm), was then patterned (shorter

line segments) across the first PMETAC pattern. Again, the

result nanostructures are highly uniform and site-selective

(Fig. 5). In principle, one can make as many polymer compo-

nents as possible once there is still spare MHA area available.
Conclusions

In summary, we have reported the fabrication of highly

programmable nanostructures of polymer brushes enabled by

DNL. The DNL method has several important attributes. (1)

The nanodisplacement process is a combination of constructive

and destructive procedures. (2) The method is diffusion-limited.

The MHA resist prevents the gold surface from undesirable

surface and air diffusion, so that the resolution of this method is

mainly defined by the radius curvature of the tip. In the present

work, the resolution is�25 nm using a 20-nm-sharp tip. (3) DNL

operates in air and ambient conditions, without the need for

liquid cell or careful control over the environment humidity. (4)

DNL is ideal for patterning volatile molecules in the air. To the

best of our knowledge, this is the first reported SPL technique

aiming at patterning volatile molecules in the air. (5) The grafting

density of patterned molecules is force-dependent, which allows

for precise site-selective tailoring of a surface at the molecular-

level. (6) The writing tip can be used for reading at low force,

enabling high resolution and high registration patterning of

multiple functional polymers. In principle, one can create

surfaces with wide-ranging combinations of chemical structure,

topography, size, shape, grafting density and chain configuration

of various polymer brushes by controlling the DNL parameters,

the choice of initiators and monomers and the polymerization

conditions. This will benefit a large number of applications and

fundamental researches, especially those in materials science,

biotechnology and life science.
Experimental

Materials: NaN3, 11-mercapto-1-undecanol, 16-mercaptohex-

adecanoic acid (MHA), N-isopropylacrylamide (NIPAm), 2-

(methacryloyloxy)ethyltrimethylammonium chloride (METAC),

N,N,N,N,N-pentamethyldiethylenetriamine (PMDETA), 2,2-

dipyridyl, Cu(I)Br, and Cu(II)Br2, triethylamine, dime-

thylformamide, dichloromethane, alcohol and ethanol were

purchased from Aldrich and used without further purification.

u-Mercaptoundecyl bromoisobutyrate (MUDBr), for ATRP

was synthesized from 11-mercapto-1-undecanol and 2-bromo-2-

methylpropionyl bromide by using a modified procedure

according to ref. 13.

Preparation of MHA-Au: Self-assembled MHA monolayers

were formed on the surface of gold films by immersion of the

films into 5 mM MHA solutions at room temperature for 48 h.

The substrates were rinsed sequentially in ethanol and hexane,

and then dried under a stream of nitrogen. Note: immersion for
Nanoscale, 2010, 2, 2614–2618 | 2617
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short time such as 1 h may resulted in less-dense MHA mono-

layers, which may lead to contamination in DNL.

SI-ATRP: Polymer brush growth was achieved by placing the

patterned gold substrates in Schlenk tubes under an N2 atmo-

sphere and adding degassed solutions. The solution to prepare

PMETAC composed of 9.2 g METAC, 10 mL of MeOH, 2,2-

dipyridyl (0.48 g), Cu(I)Br (0.12 g), and Cu(II)Br2 (0.019 g) and

the polymerization time was 10 h at room temperature. After

taking out the substrates from the polymerization solution, they

were rinsed extensively with H2O and MeOH.

Two-component SI-ATRP: The terminal Br of the PMETAC

brush was passivated by immersing it into a 0.12 M NaN3/

dimethylformamide (DMF) solution for 50 h. It was then

ultrasonically cleaned with de-ionized water and dried under

a stream of nitrogen. A second MUDBr pattern was written onto

this substrate. Then, the substrate was immerged in Schlenk

tubes again under an N2 atmosphere and degassed solutions. The

solution for preparation of the PNIPAm was composed of

NIPAm (12.6 g), CuBr (0.16 g), and PMDETA (0.70 mL) in 6.3

mL H2O and 6.3 mL MeOH. The polymerization was allowed to

proceed for 5 min at room temperature. The polymerization

mixture was poured into ice-cold MeOH. The substrates were

also finally rinsed with H2O and MeOH, and dried.
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