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Morphology Control of Structured Polymer Brushes
Marin Steenackers, Alexander K�ller, Nirmalya Ballav, Michael Zharnikov,
Michael Grunze,* and Rainer Jordan*

The surface-initiated photopolymerization (SIPP) of vinyl monomers on
structured self-assembled monolayers, as defined by two-dimensional
(2D) initiator templates for polymer growth, is investigated. The 2D
templates are prepared by electron-beam chemical lithography (EBCL)
of 4’-nitro-4-mercaptobiphenyl (NBT) and chemical conversion to an
asymmetric azo initiator (4’-azomethylmalonodinitrile-1,1’-biphenyl-4-
thiol). Ex situ kinetic studies of the SIPP process reveal a linear increase
in the thickness of the polymer layer with the irradiation/polymerization
time. The effect of the applied electron dosage during the EBCL process
upon the final thickness of the polymer layer is also studied. The correla-
tion between the electron-induced conversion of the 4’-nitro to the
4’-amino group and the layer thickness of the resulting polymer brush
indicates that the polymer-brush grafting density can be directly con-
ACHTUNGTRENNUNGtrolled by the EBCL process. NBT-based template arrays are used for the
combinatorial study of the influence of the lateral structure size and the
irradiation dosage on the morphology of the resulting polymer-brush
layer. Analysis of the array topography reveals the dependence of the
thickness of the dry polymer layer on both electron dosage and structure
size. This unique combination of EBCL as a lithographic technique to
locally manipulate the surface chemistry and SIPP to amplify the created
differences allows the preparation of defined polymer-brush layers of
controlled morphologies.
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1. Introduction

Surface-initiated polymerization (SIP) has been widely
used for the preparation of dense and well-defined polymer
brushes on solids.[1] This concept has been demonstrated for
all types of polymerization including free[2] and controlled[3]

radical, living anionic,[4] and living cationic[5] polymerization.
Precise control of the grafting location, brush density, and
thickness of the polymer brushes can be realized by using a
monomolecular template provided by self-assembled mono-
layers (SAMs) bearing the initiator sites as surface-bonded
two-dimensional (2D) initiator systems. SAM systems also
offer the possibility to control the lateral distribution of the
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grafting sites by various techniques, such as microcontact
printing,[6] 2D gradients,[7] or scanning probe microscopy
based techniques.[8]

Recently, we reported the synthesis of patterned poly-
mer brushes on the micro- and nanometer scales by combin-
ing so-called electron-beam chemical lithography
(EBCL)[9,10] on SAMs of 4’-nitro-4-mercaptobiphenyl
(NBT) on gold, and amplification of the primary structure
by radical SIP of styrene.[11] The reaction scheme, which
starts from a homogeneous SAM of NBT and ends with SIP
on structured 2D azo initiator systems, is outlined in
Figure 1. The irradiation-induced crosslinking of the biphen-
yls enhances the stability of the monolayer due to the multi-
ple adhesion sites of the entire layer, which allows polymeri-
zation at elevated temperatures as well as by UV irradia-
tion.[12] Recently, the preparation of freestanding nanosheets
of SAMs of the crosslinked biphenyl was demonstrated.[13]

While larger SAM areas can be structured by EBCL
using an electron flood gun in combination with a stencil
mask, much smaller and more complex structuring can be
fabricated by “direct writing” with a focused electron beam
(e-beam). In combination with SIPP, micro- and nanometer-
sized structures can be prepared side by side on a single
substrate.[14] This opens the possibility to study the effect of
various chemical or physical parameters on the brush prop-
erties by creating arrays of structures or polymer-brush gra-
dients on a single substrate. The advantage of this combina-
torial approach was first impressively demonstrated by
Genzer and co-workers,[15] who fabricated gradient polymer-
brush systems with a continuous variation of polymer chain
length, grafting density, (block) copolymer composition, and
so on. Since then, many research groups have taken advant-
age of the combinatorial approach by fabricating and using
gradients or arrays of structured polymer brushes[16–19] to
study various properties of the brush surface, as well as the
impact of synthetic or compositional parameters on the
morphology and properties of the brush gradients, or to per-
form high-throughput screening for tissue compatibility.[19]

With the reported experimental techniques, such as continu-
ous removal/immersion of the reactive substrate into a
monoACHTUNGTRENNUNGmer solution or use of a moving shutter during
photopolyACHTUNGTRENNUNGmerization, the lateral dimensions of gradients are
at the macroscopic scale. Much smaller array features, in
which the structural dimensions approach the dimensions of
the grafted macromolecules, can be prepared by the combi-
nation of EBCL and SIP, as demonstrated by Zauscher and
co-workers[20, 21] and by us.[11,14]

Besides variation of the chemical composition of the
polyACHTUNGTRENNUNGmer brush, the morphology and topography of the
brush layer determines the overall properties of the polymer
coating. Here, we studied the dependence of the thickness
of the dry polymer layer on the polymerization time (at
lmax=350 nm) in a complete set of experiments on individu-
al samples. Moreover, we studied the influence of the ap-
plied electron dosage and the characteristic structure size
(50–1000 nm) on the height and morphology of the resulting
polyACHTUNGTRENNUNGmer brushes in a combinatorial approach.

Figure 1. a) Electron-beam irradiation of NBT SAMs on Au ACHTUNGTRENNUNG(111)
through a stencil mask or by direct writing with a focused electron
beam. b) Crosslinking of the biphenyl moieties with simultaneous
conversion of the nitro to the amino-group results in structured
SAMs of 4’-amino-1,1’-biphenyl-4-thiol (cABT). c) Diazotization and
coupling with malonodinitrile gives a 4’-azomethylmalonodinitrile-
1,1’-biphenyl-4-thiol (cAMBT) SAM that bears an asymmetric azo ini-
tiator. d) SIP by exposure to a vinyl monomer and heating or UV irra-
diation results in a patterned polymer-brush layer.
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2. Results and Discussion

The asymmetric surface-bound azo compound 4’-azome-
thylmalonodinitrile-1,1’-biphenyl-4-thiol (cAMBT), formed
after EBCL and wet chemical conversion (Figure 1), is suit-
able for the thermal[22] and photochemical[22, 23] SIP of a
broad variety of vinyl monomers. Recently, we investigated
the effect of the polymerization conditions (temperature
and irradiation wavelength) on the increase in the thickness
of the polymer layer as a function of the reaction time.[24] It
was shown that the SIPP of styrene at room temperature
leads to denser, more homogeneous, and significantly thick-
er polymer brushes as compared to the thermally initiated
SIP. Furthermore, it was found that using an irradiation
source for the SIPP with wavelength below l=300 nm
caused the degradation of polystyrene brushes and maxi-
mum layer thicknesses were found to be around 10–20 nm.

Our preliminary results demonstrated that SIPP by irra-
diation with light of a spectral distribution between 300 and
400 nm (lmax=350 nm) leads to much thicker polymer
brushes. Figure 2 shows an atomic force microscopy (AFM)
image of a typical polymer structure obtained by EBCL
using a stencil mask with circular openings of radius 1 mm
and polymerization of styrene with a UV irradiation time of
tP=10 h. The SIPP resulted in well-defined polymer-brush
patterns. As for the thermally initiated SIP or the SIPP at
lmax=300 nm, polymer structures selectively grew on the
electron-irradiated areas; however, since no polymer pho-
tolysis occurred, the layer thicknesses are significantly great-
er.

Ex situ kinetic studies of individual samples at different
UV irradiation times (2–24 h) revealed an almost linear re-

lationship between the thickness of the dry polymer brush
and the duration of the irradiation, up to a thickness of
�200 nm achieved after irradiation for 20 h (Figure 3).

Longer irradiation times did not result in a further increase
of the layer thickness. Under these conditions, we observed
that the bulk monomer phase became highly viscous. This
indicates significant polymer content in the monomer phase
due to the autoinitiated polymerization of styrene in solu-
tion under UV irradiation. The limited film growth can
therefore be explained by either the limited mass transport
of the remaining monomer and/or the higher termination
rate by combination of radical chain ends in solution and on

the surface. Experiments
with an irradiation time over
30 h could not be performed
due to the solidification of
the reaction mixture.

In contrast to the findings
of Dyer et al. ,[25, 26] who pro-
posed a four-stage growth
model for the SIPP of sty-
rene on azobisisobutyroni-
trile (AIBN)-type initiators,
no significant deviation from
this linear thickness increase
at UV irradiation times rang-
ing from 0 to 20 h could be
observed. Our findings are
similar to those of REhe
et al.[23] who also observed a
linear thickness increase.
Note, however, that both ex-
perimental setups (light
source, reaction vessels, irra-
diation geometry) and initia-
tor systems and UV intensity
(Dyer et al.: 1.6 mWcm�2;
REhe et al.: 30 mWcm�2;
here: 9.2 mWcm�2) are dif-

Figure 2. AFM image, height profile along the black line shown in the image, and depth analysis of pat-
terned polystyrene brushes (20020 mm2). SIPP by UV irradiation (lmax=350 nm). Irradiation time: 10 h.
Depth analysis of the scan gives an average height (h) and standard derivation (s) of the polymer layer
thickness.

Figure 3. Thickness of the dry polymer layer hd as a function of UV
irradiation time (lmax=350 nm) as measured by AFM on structured
polymer brushes (1-mm radius, 4-mm spacing, EBCL at 50 eV; elec-
tron dosage: 60 mCcm�2).
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ferent in the three experiments and may influence not only
the growth rate but also the growth characteristics.

Besides the polymerization of styrene, this SIPP reaction
can be used for any vinyl monomer that can be polymerized
by free-radical polymerization. Up to now, we have success-
fully tested methyl methacrylate (MMA) and acrylic acid
(AAc). However, the increase of the thickness of the dry
polymer layer hd with the irradiation time was found to be
specific for each monomer. The differences in thickness
growth rate correlate roughly with the rate of polymeri-
zation of the monomers in solution. For example, after 3.5 h
of irradiation, SIPP of MMA gave layer thicknesses of
120 nm and after only 10 min AAc gave a brush thickness
of 290 nm. However, a systematic study of the kinetics for
these monomers was not performed.

Notably, the presented process for the fabrication of
structured polymer layers proved to be very reliable in
terms of the reproducibility of the locus and thickness of
the polymer layers on the substrate. However, in some ex-
periments we noticed deviations in the morphology of indi-
vidual polymer structures, that is, that the thickness of the
polymer layer varies to some extent within a single pattern
feature. Especially at the outer edges of the patterned field,
we noticed the formation of “soft-boiled egg” shapes (Fig-
ure 4b) instead of the regular dots (Figure 4a). Closer in-
spection revealed that these complex polymer structures
were caused by local inhomogeneous electron irradiation of
the NBT SAM (i.e., interference at mask edges with a con-
siderable gap between mask and substrate); the existence of
such interference has been previously demonstrated by
X-ray absorption spectromicroscopy.[27] This finding indi-
cates a direct dependence between the thickness of the po-
lymer layer and the locally applied electron dosage.

To study the influence of the electron dose during
EBCL on the thickness of the resulting polymer brush, we
prepared a “gradient surface” on which the electron dose
was continuously increased within a defined area, instead of
irradiation of a large number of individual areas with differ-
ent irradiation dosages. Apart from being faster, this ap-
proach guarantees that all further reaction parameters
remain constant. This was performed with a focused e-beam
of a scanning electron microscope (SEM) coupled to a pat-
tern generator (direct e-beam writing).

Figure 5 displays an AFM image of the resulting poly-
mer structure (width 10 mm; length 50 mm) along with the
gradient of the applied electron dosage from 0 to
115 mCcm�2 and the corresponding height profile along the
gradient direction. Figure 6 shows a detailed view of the
same structure at the onset of the gradient prepared with
electron dosages from 0 to 20 mCcm�2. Clearly, the height
of the resulting polymer brush can be directly controlled by
the applied electron dosage for the reductive conversion of
NBT to the cABT monolayer within the EBCL step. As
outlined in Figure 1, the consecutive conversion by diazoti-
zation of cABT and coupling of cAMBT is only possible for
the reduced cABT form and only there can SIPP occur. In
the polymer-brush regime, the thickness of the dry brush
layer hd scales not only with the degree of polymerization
but also with the grafting density (polymer-brush conditions:

Figure 4. Three-dimensional representations of AFM images of the
polystyrene dots. The structures were generated by electron irradia-
tion of an NBT SAM using a stencil mask with a circular opening of
radius 1 mm and subsequent SIPP in the presence of bulk styrene at
lmax=350 nm. a) Structure obtained after homogeneous electron
irradiation of an NBT SAM. b) Polystyrene dot with a “soft-boiled
egg” shape caused by inhomogeneous electron irradiation.

Figure 5. AFM image and height profile of a polystyrene grafting-den-
sity gradient. The image was recorded by three individual scans for
better resolution. The measurement was performed in tapping mode
under ambient conditions. The electron dosage for the EBCL was line-
arly increased from 0 to 115 mCcm�2 going from left to right, as indi-
cated by the scale bar at the top of the AFM image.
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hd=Mns/1NA, where Mn, s, 1, and NA are, respectively, the
number-average molar mass, grafting density, bulk density
of the grafted polymer, and AvogadroHs number). Since the
reaction conditions are the same for the entire gradient, the
increase of the height of the polymer layer can be correlated
with the continuous increase of the grafting density. EBCL
thus provides a direct tool to control not only the 2D locus
of a grafting point for the SIP process but also, by variation
of the locally applied electron dosage, the grafting density,
and hence adds a third dimension to the morphology con-
trol of structured polymer brushes.

As is apparent from Figures 5 and 6, the height of the
gradient polymer brush is not a linear function of the locally
applied electron dose but follows, after an induction period
between 0 and 5 mCcm�2, an exponential function. (The
onset is caused by the fact that the electron-irradiation
dwell time had to be optimized for high doses of up to
115 mCcm�2 and short writing time. The initial electron
dose of <4 mCcm�2 cannot be controlled accurately if a
maximum final dose of 115 mCcm�2 is applied within the
same irradiation process.) This dependence agrees with pre-
vious ex situ X-ray photoelectron spectroscopy (XPS) and
Fourier-transform infrared (FTIR) spectroscopy data on the
nitro-to-amino conversion as a function of the applied elec-
tron dosage.[9] Moreover, full nitro-to-amino conversion was
observed at �35 mCcm�2, which coincides nicely with the
dose corresponding to the maximum height of the polymer-
brush layer of hd=380 nm in the gradient (Figure 5), which
we interpret as the gradient area with the maximum grafting
density.[9] A similar thickness/dosage dependency was also
reported in earlier experiments on the chemical coupling of
small molecules to the cABT monolayers created by EBCL
at different electron dosages.[28] Also here, the highest graft-
ing densities were observed on the NBT areas irradiated
with a dosage between 30 and 50 mCcm�2 and primary elec-
tron energies of 2.5 keV. The height increase as a function
of the electron dosage, H(D), could be fitted exponentially:
H(D)=H0 ACHTUNGTRENNUNG[1�expACHTUNGTRENNUNG(�D/D0)], where H0 is the maximum mea-
sured height, D is the applied electron dose, and D0 is a
measure of the process efficiency.

However, the data reported earlier in Reference [9]
showed a relatively large scattering because of the ex situ

method (e.g., because of surface contamination). To investi-
gate the electron-induced conversion of NBT to cABT, simi-
lar but more reliable and detailed XPS characterization of
this process was carried out in situ. The irradiation was per-
formed by 10 eV electrons, and the dose was varied from 0
to 120 mCcm�2. Similar to the previous results,[9,27] the N 1s
spectra of the irradiated NBT SAMs exhibited the charac-
teristic emission related to the pristine nitro species and ir-
radiation-induced amino species. The intensity of the former
and latter emission decreases and increases, respectively,
with progressive irradiation following the nitro-to-amino
transformation. The respective intensities and the total in-
tensity of the N 1s signal are presented as a function of the
irradiation dose in Figure 7a. The extent of the nitro-to-
amino conversation derived from the above intensities is
plotted in Figure 7b.

The electron-dosage-dependent conversion of the
4’-nitro group of the NBT monolayer to the 4’-amino group
of the resulting cABT SAM follows clearly the exponential
function suggested earlier, and corroborates our interpreta-

Figure 6. Three-dimensional plot of the AFM height image of the gra-
dient polymer brush shown in Figure 5 for a dose range of
0–20 mCcm�2.

Figure 7. Results of the analysis of the N 1s XPS spectra of the NBT
SAMs exposed to 10 eV electrons. a) Extent of the nitro-to-amino
conversion derived from the intensities given in (b). b) Intensities of
the N 1s emissions related to the nitro and amino groups as well as
the total N 1s intensity as functions of irradiation dose
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tion of the direct dependence of the brush height on the lo-
cally applied electron dose. Comparison of these in situ re-
sults with our previously reported data also reveals more
about the dependence of the conversion on the energy of
the irradiation used. While the complete NBT-to-cABT con-
version is achieved at an electron dosage of �35 mCcm�2

and at energies of �50 eV, an irradiation dosage of
�120 mCcm�2 is needed for the same conversion at elec-
tron energy of 10 eV (Figure 7). This result can be explained
by the fact that not only the primary but also secondary
electrons with energies of 5–10 eV contribute to the conver-
sion. Primary electrons with a higher kinetic energy create a
much larger number of secondary electrons (originating
mostly from the substrate), and are therefore more efficient
for the conversion than electrons of 10 eV energy, which
create only a small number of secondary electrons.

As seen in Figure 5, the height of the polymer-brush gra-
dient does not increase monotonously over the entire range
of the applied doses. After a maximum polymer layer thick-
ness of 380 nm is reached at a dosage of �35 mCcm�2, the
thickness slowly but steadily decreases again. Although
SAMs with aromatic mesogens show a significantly higher
stability towards electron irradiation as compared to alkyl-
based monolayers due to the irradiation-induced crosslink-
ing reaction,[29] it was found that terminal functions of bi-
phenyl or terphenyl SAMs are decomposed and desorb
from the monolayer at higher dosages and high energies of
the primary electrons. This effect was recently reported for
thiol-functionalized terphenyl SAMs[30] and was also previ-
ously observed for the NBT films.[9] Along with the nitro-to-
amino conversion, the total nitrogen content in the latter
films was found to decrease slowly with progressive irradia-
tion at high electron dosage. This was attributed to the irra-
diation-induced desorption of the 4’ function, and was about
11% of the total nitrogen content at full nitro conversion at
an electron energy of 50 eV. Both this behavior and the de-
crease of the total nitrogen content at the SAM/ambient in-
terface are exactly reproduced by the experimental curves
in Figure 7, as far as one scales down the dosage for 10 eV
electrons by a correction factor accounting for the depend-
ence of the nitro–amino conversation rate on the primary-
electron energy. In Figure 7 a slow but steady decrease of
the total nitrogen content is visible, and at a dosage of
120 mCcm�2 the loss of surface functionality is about 20%
as compared to the value corresponding to the onset of sat-
uration for the nitro-to-amino conversion. For the gradient
polymer brush, this means a slower but constant loss of den-
sity of the SIP initiators, which results in decreasing polymer
grafting density for areas exposed to dosages above 30–
35 mCcm�2. Indeed, the section analysis in Figure 5 shows a
slow and near linear decrease of hd from 380 nm at
30 mCcm�2 to 110 nm at 115 mCcm�2.

Although the grafting-density gradient shows that the
height of the polymer brushes is directly related to the sur-
face concentration of amino groups, the possibility that the
kinetics of SIPP varies with s cannot be excluded without
measuring the molar masses of the grafted brushes. This
issue has been pointed out by Genzer et al.[15] for the poly-
merization of acrylamide by atom-transfer radical polymeri-

zation (ATRP) on initiator gradient substrates. However,
their data indicated that the degree of polymerization of the
grafted polymers was not noticeably affected by the local in-
itiator concentration. In contrast to this finding, a recent
study[31] reports a complex, nonlinear relationship between
the film growth rate and the initiator density. Also in this
case, ATRP (of 2-hydroxyethyl methacrylate) was used as
the SIP reaction. While the film growth rate is constant with
the polymerization time, which suggests good control of the
radical polymerization, the dependence on the surface ini-
tiator concentration suggested a significant influence of the
bimolecular termination reaction due to the high local radi-
cal concentration at the surface. As in the SIPP reaction
presented here, the polymerization proceeds via a free-radi-
cal mechanism and, moreover, free polymerization occurs in
the monomer solution. Hence a grafting of growing polymer
chains onto the surface may occur, and therefore the above-
mentioned results are not directly applicable. Considering
this, the good control of the layer morphology by a free-rad-
ical polymerization technique becomes even more surpris-
ing.

At this point, it can be concluded that it is possible to
fine tune the morphology of a polymer brush with EBCL by
controlling the local grafting density for the free-radical
SIPP. Alternatively, the brush height is, within a broad reac-
tion-time window, a linear function of the UV irradiation/
polymerization time. These two parameters already allow a
fine-tuning of the general morphology of polymer layers
and even the control of individual structures on a substrate,
as demonstrated by the brush gradient.

Recently, Patra and Linse[32,33] performed computer-sim-
ulation studies to correlate the width of a nanostructured
polymer brush with a given degree of polymerization to the
resulting height of the structure. Since for nanostructured
brushes, the length of the grafted macromolecules is compa-
rable to the dimension of the lateral structures, the height is
a function of the width because of the instant drop of the
local grafting density at the edges. This allows a conforma-
tional relaxation of the stretched chains within the brush
and, therefore, a decrease of the brush height. These theo-
retical studies were corroborated by recent experimental
findings in co-operation with the group of Zauscher.[21]

For a quantitative study of the effect of the e-beam dose
and the initial structure widths on the resulting brush mor-
phology, we created an array of isolated structures by vary-
ing the irradiation dosage as well as the feature diameter
over the entire pattern. This excludes known proximity ef-
fects of the electron irradiation in densely patterned regions.
Furthermore, the local brush height of a continuous-gradi-
ent pattern is always influenced by the brush grafting densi-
ty in the vicinity, and the study of isolated patterns gives a
more precise relationship between the patterning parame-
ters and the resulting brush morphology.

Figure 8 shows the AFM image of the fabricated poly-
mer-brush array with systematic variation of the electron
dosage from 5 to 100 mCcm�2 and a dot diameter from 50
to 1000 nm. In Figure 9, the maximum heights of the poly-
styrene dots are plotted as functions of the electron irradia-
tion dosage for structures of the respective primary diame-
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ters. Qualitatively, the same dosage/height dependence as in
the grafting gradient experiment can be observed. Between
a dosage of 0 and 30 mCcm�2, hd increases strongly with the
dosage and the thickest polymer brushes were obtained at a
dosage of 30 mCcm�2. Also, a steady decrease of hd at dos-
ages above 30 mCcm�2 is visible, which reflects the constant
reduction of the grafting site density due to the desorption
of the 4’ functionality of the SAM. Moreover, the depend-
ence of height on the applied dosage value and, thus, the
local grafting density is more pronounced for larger struc-
tures.

The measured polymer-brush thickness as a function of
the irradiation dosage in the EBCL step can be fitted by

using the function hd(D)=hd0ACHTUNGTRENNUNG[1�expACHTUNGTRENNUNG(�D’/D0)]�D’S, where
hd is the dry brush height, hd0 is the brush height at maxi-
mum NBT-to-cABT conversion, D’ is the onset corrected
dosage, D0 describes the efficiency of the conversion, and S
is the stability factor describing the radiation-induced
damage of the monolayer template. The exponential term
of the fit function (hd0ACHTUNGTRENNUNG[1�expACHTUNGTRENNUNG(�D’/D0)]) describes the elec-
tron-irradiation-induced conversion of the 4’-nitro to the 4’-
amino group according to GçlzhLuser et al.[28] The second
linear term (�D’S) relates to the steady decomposition of
any chemical functionality upon electron irradiation (see fit
for the data series for d=1000 nm in Figure 9a). This equa-
tion describes the effective initiator (precursor) density for
the SIPP process created by the EBCL. The good agree-
ment of the fit with the experimental data unambiguously
shows that EBCL controls the local initiator density and, in
consequence, the grafting density and height of the resulting
brush. The direct correlation between the polymer-brush

Figure 8. AFM image (50050 mm2) of an array of structured poly-
ACHTUNGTRENNUNGstyrene brushes recorded in tapping mode under ambient conditions.
a) Dots with a diameter of 1000, 500, 250, 100, and 50 nm and an
electron irradiation dose of 5 to 100 mCcm�2 were patterned on an
NBT SAM on gold. The patterns were then amplified by the SIPP of
styrene. b) Detailed second AFM scan of the 12012 mm2 area indicat-
ed in (a), which shows three 100-nm dots at a radiation dose of 85,
87.5, and 90 mCcm�2 (top row, from left to right) and six dots with a
diameter of 50 nm (middle row: irradiation dose 35, 37.5, and
40 mCcm�2; bottom row: irradiation dose 85, 87.5, and
90 mCcm�2). The visible stripe was created intentionally for orienta-
tion within the array.

Figure 9. a) Height of the polymer-brush dots shown in Figure 8 as a
function of electron irradiation dose for dots with diameters of 50,
100, 250, 500, and 1000 nm (polymerization time=16 h). The fit
function used for the data series with d=1000 nm is hd(D)=hd0-
ACHTUNGTRENNUNG[1�expACHTUNGTRENNUNG(�D’/D0)]�D’S (see text for details). The values used were
hd0=273 nm, D’=D�3.5 mCcm�2, D0=8 mCcm�2, and
S=1.53 nmmCcm�2. b) Unified plot of the normalized hd and nor-
malized amino-group content versus the irradiation dose for all struc-
tures.
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height and the surface amino-group concentration, as creat-
ed by EBCL, is summarized in Figure 9b. The correlation is
good for structures with d=1000–250 nm. As the individual
dots become smaller, the influence of the structure footprint
size on the layer thickness becomes apparent. As a result of
the normalization, the scattering of the height values in-
creases for layer thicknesses below 30 nm.

The strong dependence of the resulting hd on the lateral
structure size of the polymer-brush dots (see Figure 8) is il-
lustrated in Figure 10. These results are in agreement with

the recent results by Zauscher et al.[21] This behavior can be
explained by considering that grafted polymers located at
the border of the structures extend to the polymer-free sur-
face to minimize entropic energy. This leads to less chain
crowding and, thus, less chain stretching in the vicinity and
consequently to a lower hd. Such a relaxation becomes more
effective as the structures become smaller. Interestingly, for
0.5- and 1-mm structures, hd still increases significantly. This
long-range phenomenon probably underlines the highly co-
operative effect within dense polymer brushes, and Zausch-
er et al.[21] reported an influence of the pattern diameter on
the brush height for diameters up to 3 mm. The effect of the
variation of the lateral structure size on hd is also significant
when we compare the brush height in the arrays (Figure 8)
and in the gradient (Figure 5). While an electron dosage of
25 mCcm�2 creates layer thicknesses from 25 to 222 nm for
the dot array, hd in the grafting density gradient (10M
50 mm2) was measured as 370–375 nm for the area irradiated
with the same electron dosage and same energies. Note that
the gradient and the array depicted in Figures 5 to 8 are
from the identical substrate and, thus, identical reaction
conditions were applied.

The possibility of the brushes extending to polymer-free
surface regions also results in a widening of the structures.
In recent studies by Zauscher and co-workers on the impact
of the structure footprint on the resulting polymer-brush
morphology this issue could not be addressed, because there
the brushes are located on “…gold features raised above
the background by �40 nm, which results in additional lat-
eral growth of polymer brushes.”[21c]

In Table 1, the width at half maximum height (w1/2) of
the dot structures created under identical polymerization
conditions and dosage (25 mCcm�2) were measured by
AFM and are compared to the diameter of the patterns cre-
ated by EBCL. The values in Table 1 show that the lateral
broadening of the structures is about 100 nm and nearly in-
dependent of the pattern diameter. This result indicates that
the individual polymer chain growth is not affected by the
respective structure size.

3. Conclusions

Ex situ kinetic studies of the SIPP process on structured
SAMs of cAMBT revealed a linear increase of the polymer-
brush thickness with the UV irradiation/polymerization time
over a wide reaction-time window. Furthermore, the effect
of the applied electron dosage on the thickness of the brush
layer was studied. The correlation between the dosage-de-
pendent conversion of the 4’-nitro to the 4’-amino group
and the layer thickness of the resulting polymer brush leads
to the conclusion that the polymer-brush grafting density,
and thus the brush height, can be directly controlled by the
EBCL process. This allowed the fabrication of defined graft-
ing-density gradients on the micrometer scale.

Besides gradient structures, structure arrays were pre-
pared for the combinatorial study of the effect of the lateral
structure size and the irradiation dosage on the morphology
of the resulting polymer-brush layer. Analysis of these
arrays revealed the dependence of hd on both electron
dosage and the structure width.

This unique combination of EBCL as a lithographic
technique to locally manipulate the surface chemistry and
SIP to amplify the created differences allows the prepara-
tion of polymer-brush layers of controlled morphologies in
three dimensions. We are currently investigating the possi-
bility of creating more complex 3D architectures on the
micro- and nanometer scales using the correlations found.

4. Experimental Section

SAM preparation: The preparation of the NBT SAMs,[11]

methyl malonodinitrile, and the surface-bonded initiator
(cAMBT)[34] were performed as previously reported.

Figure 10. Maximum thickness of the polystyrene brush as a function
of the initial pattern size (dot diameter). The layer thickness of poly-
styrene brushes formed under identical conditions
(dose=25 mCcm�2; polymerization time=16 h) in the gradient
(Figure 5) was 370–375 nm.

Table 1. Lateral dimensions of nanopatterned polystyrene brushes
compared to the original feature diameter created by EBCL (d=diam-
eter of the pattern created by EBCL, w1/2=width at half maximum
height of the polymeric structures).

d [nm] w1/2 [nm] w1/2�d [nm]

1000 1099 99
500 600 100
250 337 87
100 209 109
50 156 106
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EBCL: A flood gun (50 eV, 60 mCcm�2) was used to irradiate
the NBT SAMs through a stencil mask (Quantifoil Micro Tools,
Jena; hole radius: 1 mm, center-to-center distance: 4 mm) placed
directly onto the substrate. The dose for EBCL writing was cali-
brated by using a Faraday cup placed on the same holder as the
SAM samples. The accuracy of the calibration was better than 5–
10%. Direct writing with a focused e-beam was performed with
a LEO 1530 SEM with Raith Elphy Plus pattern generator system
(REPGS) software. The e-beam energy was set at 3 keV; the base
pressure during the irradiation was �5010�6 mbar. For fabrica-
tion of the polymer-brush gradient, 100 parallel lines each of
width 500 nm were written with a focused beam using a step
size typically between 5 and 20 nm and a beam current between
10 and 400 pA.

In situ XPS studies: For XPS monitoring of the chemical
changes upon irradiation, pristine NBT SAMs were irradiated
with 10 eV electrons. The doses were estimated by multiplication
of the exposure time by the current density (�19 mAcm�2). The
electron gun was mounted at a distance of �15 cm from the
sample to ensure uniform illumination. The base pressure in the
chamber during irradiation was 1010�8 mbar. The irradiation
dose was calibrated using a Faraday cup. The accuracy of the
calibration was better than 5–10%.

The XPS characterization was performed immediately after ir-
radiation, without exposure of the irradiated films to ambient
conditions. The measurements were performed with an AlKa
X-ray source and an LHS 11 analyzer. The acquisition of spectra
was carried out in normal emission geometry with an energy res-
olution of �1.0 eV. The X-ray source was operated at a power of
260 W and positioned �1.5 cm away from the samples. The
energy scale was referenced to the Au 4f7/2 peak of alkanethio-
late-coated gold at a binding energy of 84.0 eV.[35] For each
sample, a wide-scan spectrum and the C 1s, N 1s, and Au 4f
narrow-scan spectra were measured. Emphasis was placed on
the N 1s spectra, since they provided direct information on the
chemical identity of the SAM/ambient interface, which is of
major importance for SIP.

The XPS spectra were fitted by symmetric Voigt functions
using a Shirley-type background. The fits were performed self-
consistently; the same fit parameters were used for identical
spectral regions.[35]

SIPP: A freshly prepared SAM of cAMBT was submerged in
approximately 2 mL of freshly distilled and degassed styrene
(Fluka) in a glass photoreaction vial. Polymerization was allowed
to complete within different time periods (0–25 h) under irradia-
tion with UV light (lmax=350 nm, 9.2 mWcm�2) in a Rayonet
photochemical reaction chamber (Branford, Connecticut) at room
temperature. After photopolymerization, the samples were re-
moved from the reaction solution and immediately washed with
toluene. To ensure that only chemically grafted polystyrene re-
mained on the surface, all substrates were additionally cleaned
by Soxhlet extraction with toluene overnight.

AFM: AFM images were acquired in tapping mode with a
Nanoscope IIIa scanning probe microscope (Veeco Instruments);
standard cantilevers were used. The thickness of the polymer
layer was evaluated from 20020-mm2 scans of structured poly-
mer surfaces (radius 1 mm). In most cases, image analysis was
performed on raw data sets; however, in some selected cases
the images had to be smoothed by the software routine provid-

ed with the instrument. The topography of the structured surfa-
ces was analyzed using the depth analysis routine of the soft-
ware. Here, two distinct populations of the height distribution
were found (one for the bare substrate including substrate sur-
face roughness and one for the polymer structure plateaus in-
cluding edge bias and roughness, see Figure 2). The difference
between the maxima of both distributions was taken as the aver-
age height of the polymer-brush features. The given error s (Fig-
ures 2 and 3) was taken from the distribution originating from
the polymer features. Thus, the structure quality (bias, height
distribution of single and all structures) and surface roughness
of the polymer features were taken into account.
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