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Recent advances in the field of self-assembly have led to the development of a plethora of
new technologies derived from soft lithography that enable alternative ways of fabricating
thin films with two- and three-dimensional patterns on material surfaces. Techniques
involving the patterning of thicker polymer layers grafted to the substrate have been
developed, based on selectively decorating the material surfaces with polymerization
initiators and then performing the polymerization directly on the surface. Using this
technology, the thickness of the overcoat film can be adjusted by simply varying the
polymerization conditions (time, monomer concentration, polymerization temperature).
Using these techniques, we have developed two simple methodologies that allow for
combinatorial variation of selected properties of polymers anchored on surfaces, most
notably the polymer grafting density and the polymer molecular weight.
C© 2003 Kluwer Academic Publishers

1. Introduction
Recent advances in the field of self-assembly have led
to the development of a plethora of new technologies
derived from soft lithography [1] that enable alterna-
tive ways of fabricating two- and -three dimensional
patterns on material surfaces. Many soft lithography
techniques are based on controlled deposition of self-
assembled monolayers (SAMs) [2]. Various structural
patterns with dimensions ranging from hundreds of
nanometers to several micrometers are created on the
material surface using a “pattern-transfer element” or
stamp that has a three-dimensional structure molded
onto its surface. Because of the molecular nature of the
SAMs, the surface patterns generated via soft lithog-
raphy are thin—their thickness ranges typically from
several Angstroms to several nanometers. Some appli-
cations, particularly those involving subsequent micro-
fabrication steps, such as etching, require that thicker
layers of the surface coating be formed. Hence, tech-
niques involving the patterning of thicker polymer lay-
ers grafted to the substrate have been developed [3–10].
The latter group of technologies is based on selectively
decorating the material surfaces with polymerization
initiators and then performing the polymerization di-
rectly on the surface (“grafting from”). Using this tech-
nology, the thickness of the overcoat film can be ad-
justed by simply varying the polymerization conditions
(time, monomer concentration, polymerization temper-
ature).

While useful for creating substrates with well-
defined dimensional chemical patterns of various
shapes and dimensions, the soft lithography technolo-
gies always produce sharp boundaries between the dis-
tinct chemical regions on the substrate. However, for
some applications, it is desirable that the physico-

chemical characteristics, such as wetting of the sub-
strate, change gradually. This can be accomplished by
producing surfaces with a position-dependent and grad-
ually varying chemistry. In these so-called “gradient
surfaces,” the gradient in surface energy is responsible
for a position-bound variation in physical properties,
most notably the wettability [11, 12]. Recent studies
have reported on the preparation of molecular gradients
on length scales ranging from nanometers to centime-
ters [13, 14, 30].

All gradient techniques presented to date led to
the formation of two-dimensional gradient patterns.
The manufacture of miniature devices and applications
in lithography often requires the formation of three-
dimensional structures. In this paper, we outline two
simple methodologies that allow for combinatorial vari-
ation of selected properties of polymers anchored on
surfaces, most notably the polymer grafting density and
the polymer molecular weight (or equivalently length).

2. Anchored polymers with grafting
density gradients

Surface anchored polymers with a grafting density gra-
dient represent macromolecular systems, in which the
number of polymers per unit area of the surface changes
gradually as a function of the position on the surface. We
will show that such structures can be prepared by first
forming a concentration gradient of the polymerization
initiator on the surface and followed by the “grafting
from” polymerization [15, 24].

2.1. Formation and properties
of the gradient initiator

We formed gradients of polymerization initiator on
flat silica substrates using the methodology proposed
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by Chaudhury and Whitesides [11]. Specifically,
1-trichlorosilyl-2-(m/p-chloromethylphenyl) ethane
(CMPE) was mixed with paraffin oil (PO) and the
mixture was placed in an open container that was
positioned close to an edge of a silicon wafer. As
CMPE evaporated, it diffused in the vapor phase and
generated a concentration gradient along the silica
substrate. Upon impinging on the substrate, the CMPE
molecules reacted with the substrate OH functionali-
ties and formed a SAM. The breadth and position of the
CMPE molecular gradient can be tuned by adjusting
the CMPE diffusion time and the flux of the CMPE
molecules. The latter can be conveniently adjusted by
varying the chlorosilane:PO ratio and the temperature
of the CMPE:PO mixture. In order to minimize any ph-
ysisorption of monomer and/or the polymer formed in
solution on the parts of the substrate that do not contain
the CMPE-SAM, we backfilled the unexposed regions
on the substrate (containing unreacted OH function-
alities) with n-octyl trichlorosilane, (OTS). After the
OTS-SAM deposition, any physisorbed CMPE and
OTS molecules were removed by thoroughly washing
the substrates with warm deionized (DI) water (75◦C,
resistivity > 16 M�·m) for several minutes.

Fig. 1 shows the variation of the contact angle of
deionized water, θDIW, on the CMPE-SAM covered
substrate (closed circles) and the substrate that was
backfilled with OTS-SAM (open circles) as a func-
tion of the position on the substrate. The CMPE source
(CMPE:OTS ratio = 1:1) was allowed to diffuse for
2 min at 88◦C, the OTS was deposited for 15 min at
room temperature. The data in Fig. 1 illustrate that the
contact angle of CMPE decreases gradually from ≈77◦
down to ≈0◦ as one moves across the substrate starting
at the CMPE side. The open circles indicate that af-
ter the OTS deposition, the regions on the substrate far
from the diffusing source are covered with a complete
OTS monolayer (θDIW ≈ 100◦). As one traverses across
the CMPE gradient, the contact angle decreases from
≈100◦ (OTS side) down to ≈88◦ (CMPE side). The
minute increase of the contact angle within the CMPE-

Figure 1 Dependence of the DI water contact angle, θDIW, on the
position along the gradient substrate measured after the CMPE-SAM
formation (solid circles) and after backfilling with the OTS-SAM (open
circles) (From [24]).
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Figure 2 Carbon K-edge PEY NEXAFS spectra collected from the
CMPE (top) and OTS (bottom) SAMs. The arrow marks the position
of the 1s → π∗ transition for phenyl C C, present only in the CMEP-
SAM specimen (From [24]).

SAM is likely a result of a small interpenetration of
OTS into the CMPE SAM.

Near-edge X-ray absorption fine structure (NEX-
AFS) spectroscopy was used to provide detailed chem-
ical and structural information about the SAMs on the
substrate [16, 17]. The NEXAFS spectra were col-
lected in the partial electron yield (PEY) at the normal
(θ = 90◦), grazing (θ = 20◦), and so-called “magic”
angle (θ = 55◦) incidence geometries, where θ is the
angle between the sample normal and the polarization
vector of the X-ray beam. In Fig. 2 we plot the car-
bon edge K-edge PEY NEXAFS spectra taken from
the CMPE-SAM (top) and OTS-SAM (bottom) sam-
ples. The NEXAFS spectra collected at the “magic”
angle were indistinguishable from those recorded at
the normal and grazing incidence geometries, reveal-
ing that the CMPE-SAMs are not oriented, rather they
formed a “liquid-like” structure. This observation is in
accord with recent studies from Chaudhury and Allara
groups who studied the transition between the “liquid-
like” and “semi-crystalline-like” structures in hydro-
carbon SAMs [18]. The NEXAFS spectra in Fig. 2
both contain peaks at 286.0 and 288.5 eV that cor-
respond to the 1s → σ ∗ transition for the C H and
C C bonds, respectively. In addition, the spectrum of
CMPE also exhibits a very strong signal at 284.2 eV,
which can be attributed to the 1s → π∗ transition for
phenyl C C (cf. Fig. 2) [16]. The latter signal can thus
be used as an unambiguous signature of CMPE in the
sample. With the X-ray monochromator set to 284.2 eV,
we collected the PEY NEXAFS signal by rastering the
X-ray beam across the gradient. The lines in Fig. 3 show
the variation of the PEY NEXAFS intensity measured
at 284.2 eV across the gradient samples prepared by
diffusing CMPE for 2 min from mixtures with various
CMPE:PO ratios equal to 1:1 (solid line), 1:2 (dashed
line), 1:5 (dotted line), and 1:10 (dash-dotted line). In
the reminder of the paper, we refer to such substrates
as S1, S2, S5, and S10, respectively. The data in Fig. 3
reveal that the PEY NEXAFS intensity from the C C
phenyl bond, and thus the concentration of CMPE in the
sample, decreases as one moves from the CMPE side of
the sample towards the OTS-SAM; the functional form
closely resembles that of a diffusion-like profile. Exper-
iments using variable angle spectroscopic ellipsometry
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Figure 3 PEY NEXAFS intensity at E = 284.2 eV as a function of
the position the substrates containing the initiator gradients made from
mixtures of various CMPE:OTS ratios (w/w) equal to 1:1 (solid line),
1:2 (dashed line), 1:5 (dotted line), and 1:10 (dash-dotted line) (From
[24]).

(VASE) confirmed that only a single monolayer was
formed along the substrate.

2.2. “Grafting from” on the gradient
initiator surfaces

The polymerization of poly(acryl amide) (PAAm)
was performed by atom transfer radial polymeriza-
tion (ATRP), as described earlier [19–21]. After the
reaction, any physisorbed monomeric and polymeric
acrylamide was removed by soxhlet extraction with
deionized water for 48 h and dried with nitrogen. In
addition, PAAm brushes were grown on silica gels
(DavisilTM, grade 645, surface area ≈300 m2/g) us-
ing the procedure outlined in [20]. The PAAm poly-
mers were grown and purified using the same condi-
tions as described above. The PAAm chains were then
cleaved from the silica support with a 10% (w/w) so-
lution of HF for 2 h, neutralized by adding sodium
carbonate and filtered. Size exclusion chromatography
was used to analyze the molecular weight of the cleaved
PAAm macromolecules (Mw = 17 kDa, polydispersity
index = 1.7) [24]. We note that Huang and Wirth re-
ported a value of Mw = 15.6 kDa for the concentration
of monomer, polymerization temperature and time that
were the same as in our experiments [20].

2.3. Properties of grafted polymer layers
VASE was used to measure the thickness of the dry
polymer film, h, as a function of the position on the
substrate. The results for the PAAm gradient prepared
on the S1 substrate are shown in Fig. 4. The data in Fig. 4
reveal that h decreases gradually as one moves across
the substrate starting at the CMPE edge. Note that the
concentration profile of the polymer follows that of the
CMPE initiator (solid line in Fig. 4). Because the poly-
mers grafted on the substrate have all roughly the same
number of segments (see discussion below), the varia-
tion of the polymer film thickness can be attributed to
the difference in the density, σ , of the CMPE grafting
points on the substrate. The grafting density can be cal-
culated from σ = hρNA/Mw, where ρ is the density of
PAAm (=1.302 g/cm3), NA is the Avogadro’s number,
and Mw is the polymer molecular weight.
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Figure 4 Dry (h, open squares) and wet (H, closed squares) thickness of
the PAAm brush and the CMPE concentration (solid line) as a function of
the position on the substrate S1 (CMPE:PO concentration = 1:1) (From
[15]).
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Figure 5 Wet thickness of the PAAm brush (H) as a function of the
PAAm brush grafting density (σ ). The schematic illustrates the confor-
mations of the surface-anchored PAAm as a function of the grafting
density (From [24]).

The substrates with the grafted PAAm were placed
into a solution cell that was filled with DI water
(pH ≈ 7), a good solvent for PAAm, and incubated for
at least 5 h. The wet thickness of grafted PAAm in DI
water, H, was measured using VASE. The values of H
for samples prepared on CMPE:PO = 1:1 gradients are
shown in Fig. 4. The data show that H decreases as
one traverses across the substrate stating at the CMPE
side. Similar experiments were performed with PAAm
brushes grown from gradient CMPE substrates pre-
pared from various CMPE:PO concentrations.

In Fig. 5 we plot the wet polymer thickness as a func-
tion of the PAAm grafting density on the substrate. The
data in Fig. 5 reveal that at low σ , H is independent of
the grafting density. Hence the chains are in the mush-
room regime. At higher polymer grafting densities, H
increases with increasing σ , indicating the brush behav-
ior. The crossover between the two regimes occurs at
σ ≈ 0.065 nm−2. By fitting the data in the brush regime
to H ∼ N σ n we obtain n equal to 0.37 ± 0.04 (sub-
strate S1), 0.39 ± 0.05 (substrate S2), and 0.40 ± 0.06
(substrate S5). We note that n obtained by fitting the
experimental data is slightly higher that the predicted
value of n = 1/3; this observation is in agreement with
recent reports [22]. A remark has to be made about
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the possible variation of the chain length with graft-
ing density. Jones and coworkers recently reported on
studies of grafting from polymerization of poly(methyl
methacrylate) using ATRP from substrates having var-
ious surface densities of the polymerization initiator,
ω-mercaptoundecyl bromoisobutyrate [23]. Their
study revealed that the grafting density of the polymer
depends on the grafting density of the initiator. How-
ever, based on the data presented in [23] it is uneasy to
discern whether the kinetics of the polymerization also
depends on the grafting density of the initiator. Cur-
rently we have no means of measuring the molecular
weight of the grafted brushes directly on the gradient
substrate. While we cannot exclude the possibility that
the length PAAm chains polymerized on the various
parts of the molecular gradient substrate varies with
σ , we note that the fact that the curves in Fig. 5 su-
perimpose on a single master curve indicates that the
polymers have likely very similar lengths, which is not
surprising for the rather short anchored polymers syn-
thesized in this work.

In addition to the measurement of the wet brush thick-
ness, we have also performed wettability experiments
as a function of the PAAm grafting density on the sub-
strate [24]. Our aim was to corroborate the ellipsometric
data and provide more insight into the polymer pack-
ing in the surface grafting density gradient. In Fig. 6
we plot the dry PAAm thickness, h, (closed symbols)
and the contact angles of DI water, θDIW, (open sym-
bols) as a function of the position on the substrate for
samples prepared on the S1 (squares) and S5 (triangles)
substrates. In both samples, the dry thickness of PAAm
decreases gradually as one moves across the substrate
starting at the CMPE edge. The θDIW values increase as
one traverses across the substrate stating at the CMPE
side. The increase in θDIW is not monotonous, it follows
a “double S”-type shape. While the “double S”-type
dependence of θDIW on the position on the sample is
detected in both S1 and S5 samples, there are differ-
ences in the plateau values. Specifically, while for the
S1 sample, the three plateaus are located at θDIW ≈ 40◦,
≈83◦, and ≈100◦ the corresponding values for the S2
sample are θDIW ≈ 47◦, ≈70◦, and ≈97◦. Based on the
dry thickness data and our previous discussion, the three
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Figure 6 Dry thickness of PAAm (h, closed symbols) and contact angle
of DI water (θDIW, open symbols) as a function of the position on the
substrate for samples prepared on the S1 and S5 substrates (From [24]).

plateaus in the contact angle behavior can be attributed
to the wetting characteristics inside the brush, mush-
room, and OTS (no PAAm) regions. At distances far
away from the CMPE edge, where the θDIW values are
high, there is no grafted PAAm on the sample. The con-
tact angle experiments detect the presence of the OTS
monolayer. By moving closer towards the CMPE edge,
the contact angles decrease by ≈20−30◦ indicating that
some polymers are present on the substrate. However,
their grafting densities are low so that the probing liquid
can penetrate between the grafted chains; the measured
contact angles represent a weighted average between
the PAAm and OTS. Upon approaching the mushroom-
to-brush transition region, the contact angle further de-
creases. The decrease is steeper for PAAm on the S1
substrate and more gradual for the S2 sample, indicat-
ing that the density of PAAm increases more rapidly
in the former case. The contact angles in the lowest
plateau are θDIW ≈ 40◦ and ≈47◦ for samples S1 and
S5, respectively. In independent experiments, we have
established that the θDIW of a pure PAAm is ≈35–38◦
[25]. Because in both cases the PAAm polymers grafted
on the substrate have roughly the same degree of poly-
merization, the variation of the polymer film thickness
can be attributed to the difference in the density of the
CMPE grafting points on the substrate. Specifically,
close to the CMPE edge, the PAAm macromolecules
form a dense brush on the S1 substrate and a “semi-
dense” brush on the S5 substrate.

The previous discussion revealed that θDIW depends
on the grafting density of the PAAm chains on the sub-
strate. Earlier we have shown that the wet thickness of
PAAm prepared on substrates with various CMPE con-
centrations can be collapsed on a single master curve
when plotted as H vs. σ . One would thus expect that
also the wettabilities of the substrates plotted versus the
PAAm grafting density should exhibit similar universal
behavior. In Fig. 7 we plot the negative cosine of θDIW
as a function of the grafting density of PAAm on sub-
strates S1 (squares) and S5 (triangles). As anticipated,
the data collapse on a single master curve. A close
inspection of the results present in Fig. 7 shows that
the data can be divided into three distinct regions. For
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Figure 7 Negative cosine of the contact angle of DI water as a function
of the PAAm grafting density on the substrate for samples prepared on
the S1 and S5 substrates. The lines are meant to guide the eyes (From
[24]).
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σ > 0.1 nm−2, the chains are expected to be in a brush
regime—the wettabilities are close to the pure PAAm
(−cos(θDIW) ≈ −0.79). For σ < 0.011 nm−2 the PAAm
chains form mushroom conformations on the substrate.
In this regime, the wettabilities change slightly because
the distance between the chains also changes, although
they are already loosely separated on the substrate.
At grafting densities 0.011 nm−2 < σ < 0.1 nm−2, the
slope of −cos(θDIW) changes rather rapidly. The data
in Fig. 7 show that the position of the mushroom-to-
brush crossover determined using the wettability ap-
proach is in accord with the ellipsometric measure-
ments (the transition location was established to be at
σ ≈ 0.065 nm−2). However, in the former case, the tran-
sition region extends over almost one order of magni-
tude in σ , which is broader, as expected [26–28], that
the transition region predicted by the H vs. σ data. We
speculate that the small difference between the widths
of the mushroom-to-brush region inferred from both
types of experiments is likely associated with the in-
accuracy in H , which was obtained indirectly by the
model fitting of the VASE data.

3. Anchored polymers with molecular
weight gradients

In addition to the polymer grafting density, polymer
molecular weight is another important molecular pa-
rameter that influences profoundly the properties of
surface-anchored polymers. The thickness of the an-
chored polymer layers is proportional to the degree
of polymerization of the anchored polymer. For some
applications, it would be convenient to have samples
with anchored polymers having variable degrees of
polymerization.

3.1. Polymer brushes with gradients
in length

We have recently designed a method leading to the
preparation of surface-anchored polymers with a vari-
able degree of polymerization [31]. The samples are
prepared in a polymerization chamber with a verti-
cally positioned sample holder. Tubing, attached at the
bottom of the chamber, is connected to a micropump,
which controls the flow rate removal of the solution
from the chamber. The brush formation proceeds as
follows. The chamber is initially loaded with a solu-
tion comprising a monomer, bipyridine, CuCl2, and
the solvent. The chamber is purged with nitrogen for
a couple of minutes in order to remove any oxygen
present. CuCl is added and the silicon wafer, covered
with a chemisorbed initiator, is lowered into the solu-
tion. The polymerization proceeds following the stan-
dard scheme [29]. During the reaction, the micropump
removes the solution from the chamber causing a steady
decrease in the vertical position of the 3-phase (sub-
strate/solution/inert) contact line. The profile (includ-
ing the “steepness”) of the polymer brush length gradi-
ent on the substrate is controlled by varying the removal
rate of the polymerization solution.

Poly(methyl methacrylate) with a variable degree of
polymerization anchored to silica surfaces was synthe-

sized following the room-temperature ATRP polymer-
ization scheme described earlier [8]. In the main part
of Fig. 8 we plot the variation of the PMMA brush
thickness after drying (measured by ellipsometry) as a
function of the position on the substrate. The inset de-
picts the variation of the same quantity but as a function
of the polymerization time. The data in the inset illus-
trate that, as expected, the thickness increases linearly
with polymerization time, in accord with previous re-
ports [8, 29]. We have tested the feasibility of varying
the solution removal speed. The arrows in Fig. 8 mark
the instances where the exhaust speed was reduced two
times during the polymerization. As apparent from the
data, the polymerization rate as a function of time was
not affected (inset) but the “steepness” of the gradient
increased correspondingly.

Our experiments revealed that the parameters of the
polymer brush—notably the polymer growth rate and
polydispersity—are controlled by the amount of CuCl2
added to the reaction vessel (cf. Fig. 9) [31]. This
finding is not that surprising given the nature of the
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substrate. The inset shows the dependence of the PMMA brush length
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reaction. The key reaction in ATRP is the reversible
activation-deactivation process using metal (M)/ligand
(L) complexes:

P − X + M I X/2L ←−−−→ P∗ + M II X2/2L ,

where M is usually Cu, X is Cl or Br. The propagating
radical, P∗, produced by the halogen atom transfer from
P − X to the M I X /2L complex will undergo polymer-
ization until it is deactivated by the M II X2/2L complex.
The quick speed of the activation-deactivation cycles
compared to rate of polymerization and the low concen-
tration of the active species (relative to the P − X ones)
lead to polymers with narrow polydispersities. MCl2 is
usually added to the reaction mixture to regulate the
reaction rate and chain polydispersity. We believe that
the combinatorial design of our system is conveniently
suited for such studies because it allows for complete
probing of the anchored polymer properties and study-
ing the polymerization kinetics in confined geometries
[31].

3.2. Polymer brushes with gradients
in chemistries

A nice feature of the set up is the ability to create
complex architectures that would otherwise be diffi-
cult to build. For example, the brush length gradient
of poly(methyl methacrylate) (PMMA), can be subse-
quently immersed into a solution of another monomer,
say styrene, thus forming a grafted diblock copoly-
mer PS-b-PMMA. This set up is possible because the
PMMA brush acts as a living macroinitiator for the
subsequent polymerization of PS. Depending on which
side of the styrene length gradient is immersed first
into the styrene solution, either a copolymer brush with
a variable length but a constant composition (longer
PMMA chains first), or a copolymer with a constant
length but variable composition (shorter PMMA chains
first) is formed. In the previous example, we assumed
for simplicity that the rates of immersion will be ad-
justed such that the rates of polymerization of styrene
and methacrylate would be equal.

We have succeeded in preparing the first polymer
composition gradient brush anchored on the solid
substrate [32]. Specifically, we have first anchored
poly(hydroxylethyl methacrylate) (PHEMA) brush
with a molecular weight gradient. The sample was then
rotated vertically and immersed in the solution con-
taining MMA, bipyridine and CuCl/CuCl2 in a wa-
ter/methanol solution. The PHEMA sample acted as a
macroinitiator, hence a PHEMA-b-PMMA copolymer
was produced. The data Fig. 10 show the dry thick-
ness measured by ellipsometry on the PHEMA brush
(closed squares), PMMA brush in PHEMA-b-PMMA
(open squares), and the total PHEMA-b-PMMA brush
(crosses squares) as a function of the position on the
substrate. The idea behind this experiment was to pre-
pare a copolymer with a gradual variation of the com-
position and a constant total thickness. The data in
Fig. 10 show that we have succeeded only partially.
While there is a clear variation of the composition along
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the copolymer, the total thickness of the PHEMA-b-
PMMA copolymer does not stay constant. Several pa-
rameters are expected to influence the properties of
the copolymers. First, the activity of the macroinitia-
tor (PHEMA in this case) would crucially depend on
the length. Second, we may be suffering from com-
plications in wetting at the three-phase contact line
meniscus. Considering that the initiator-covered sub-
strates are hydrophobic and that the PHEMA grown
onto the substrate is slightly hydrophilic, the menis-
cus shape and the wetting angle may initially change
during the polymerization. This may explain the con-
cave thickness profile of PHEMA in the initial stages
of the polymerization. While more work is needed to
fine-tune the preparation of polymers with a variable
molecular weight anchored on substrates, the results
discussed here illustrate the feasibility of the novel strat-
egy for preparing combinatorial polymer brushes with
a variable molecular weight and chemical composition.

4. Summary
We have presented two new fabrication methods lead-
ing to the formation of combinatorial surface-grafted
polymers. We have shown that polymer brushes with
gradient variation of their grafting densities on solid
substrates can be generated by first depositing molec-
ular gradients of polymerization initiators on solid
silica-covered substrates, and performing polymeriza-
tion from the substrate bound initiator centers (“grafting
from”). We have also outlined a method for preparing
assemblies comprising arrays of polymer brushes with
a variable polymer molecular weight. We have shown
that the latter methodology can be extended to prepare
complex combinatorial brush structures with variable
chemistries and morphologies.
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