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ABSTRACT: We report here a unique, simple method for synthesizing polymer film gradients with
nanometer thickness through diffusion controlled surface polymerization. Polar solvents, especially water,
have previously been shown to increase the rate of atom transfer radical polymerization (ATRP) of numerous
monomers. That result made it apparent that the rate of ATRP polymerization could be regulated by the
concentration of water in the polymerization solution. On the basis of this observation, we successfully
developed a simple method for preparing polymer thin film gradients on substrates by water concentration
gradient formed along the surface of substrates. An initiator attached substrate was placed in a two-layer
system of water and a polymerization solution in which the diffusion of water into the polymerization
solution resulted in a monomer concentration gradient, leading to varied polymerization rates along the
substrate, and finally polymer thin film gradients. Poly(ethylene glycol) methacrylate (PEGMA) gradient
thin films formed on silica surfaces have thickness ranging from a few of hundreds of angstroms to more
than 1000 Å.

Introduction

Polymeric thin films are of increasing importance for their
applications in electronic, optical, medical, and chemical devices,
and for chemical and biological separations as both passive and
active components.1 In the past decade, a variety of synthetic
methods have been developed togroworganic andpolymeric thin
films.2-7 Recently, polymer thin film gradients have received
much attention.8,9 Gradient surfaces are substrates having a
directional continuous variation in variety of physicochemical
properties. A key advantage of the gradient surfaces is that a
single sample can be used to investigate the effects of variation on
multiple surface parameters; this advantage should significantly
improve the efficiency of research and development.10

Some recent exciting developments for surfaces with conti-
nuous molecular gradients are taking place at the interdiscipli-
nary areas between chemistry and biology, with examples that
include substrates for biological separations11-13 and for investi-
gation of protein adsorption and cell adhesion.14-18 Surfaces
having gradient thickness of PEG-based building blocks have
received particular attention.19-23 Because PEG has superior
resistant toward nonspecific protein adsorption,24 it is a com-
monly used surface patterning material for designing biosensor
matrices.25-27 PEG gradient surfaces have also been used to
monitor protein adsorption and cell adhesion.19,28-30

Various methods have been developed for generating polymer
gradients on surfaces. Among other methods, surface-initiated
polymerization is one commonly used approach to generate poly-
mer brush gradients. Various surface polymerizationmethods have
been developed for this purpose, including living radical polymeri-
zation on a molecular gradient of an initiator,10,31,32 physical
immersion of a substrate,33 polymerization solution draining

method,34,35 dynamic potential gradient by electrochemistry,36,37

and temperature gradient through controlled heating.10,38

One of our major interests is to develop better materials for
separation of biomacromolecules such as proteins. Our assump-
tion is that a gradient surface should interact with biomacro-
molecules in a continuously changing manner so that superior
separation of biomacromolecules can be achieved. In pursuit of
this goal, the present study seeks to develop a new and effective
method for preparing a PEG-based polymer thin film gradient.
Herein, we wish report a simple, efficient method by creating a
monomer concentration gradient on the surface of a substrate
during surface-initiated atom transfer radical polymerization
(ATRP). In this study, a water-soluble monomer, poly(ethylene
glycol) methacrylate (PEGMA), which can introduce PEG
chains to the thin film gradient, is employed to demonstrate
our strategy. Aqueous ATRP of numerous monomers has been
reported and shown to be living and fast.39 The high dielectric
constant of polar solvents, especially water, has been shown to
significantly accelerate the polymerization rates of ATRP.40,41

On the basis of this observation, our idea is to create a water and
monomer concentration gradient along a substrate, which leads
to a polymerization rate gradient and finally forms a polymer film
gradient. Experimentally, we used a two-layer system of water
and a polymerization solution where diffusion of reaction mole-
cules created themonomer concentration gradient (Scheme 1). In
this paper, the process, synthesis, and characterization of the
polymer thin film gradient will be described.

Experimental Section

Materials. CuCl (99.5%), CuCl2, 5-hexen-1-ol, H2PtCl6,
HSiCl3, 2-bromo-2-methylpropionyl bromide, poly(ethylene
glycol) methacrylate (PEGMA, average MW 360), 2, 20-bipyr-
idine were obtained from Aldrich. CuCl was purified according
to the published procedure.42 Toluene was dried over 4 Å mole-
cular sieves before use. Water used in this work was purified
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to a specific resistance of ca. 18MΩ 3 cm using aMilli-Q system.
All other reagents were used as received from commercial
sources.

Measurement. The thickness of PEGMA film was measured
by a null-ellipsometer (RudolphAuto EL-II, Fairfield, NJ). The
X-ray photoelectron spectroscopy (XPS) analysis was carried
out on a ESCALAB 250 XPS, using Al KR as the radiation, to
determine the surface composition. AFM images were collected
using a Multimode V atomic force microscope (Veeco Inc.).
1HNMR (500 MHz) spectra were obtained on a Bruker DRX
500 spectrometer.

Synthesis of Pent-40-enyl 2-Bromo-2-methylpropionate, 1. As
shown in Scheme 2, 2-bromo-2-methylpropionyl bromide
(27.3 g, 0.12 mol) was added dropwise to a cold solution of
5-hexen-1-ol (10.9 g, 0.11 mol) and triethylamine (13.2 g, 0.13
mol) in dry CH2Cl2 at 0 �C. After being stirred under nitrogen
atmosphere for 2 h, the solution was warmed to room tempera-
ture in 2 h and grew dark in color. The reaction was left
overnight. The precipitated triethylamine hydrochloride was
removed by filtration, and the solution was washed with satu-
rated aqueous ammonium chloride and water. The organic
phase was then dried overnight using MgSO4. After filtration,
CH2Cl2 was then removed, and the crude product was purified
by flash chromatography on a column of silica gel with a
mixture of petrol/ethyl acetate =75/1 as an eluent to yield
pent-40-enyl 2-bromo-2-methyl propionate, 1 as a colorless oil
(24.6 g, 90%). 1H NMR (CDCl3, δ in ppm): 1.46 (m, 2H), 1.68
(m, 2H), 1.94 (s, 6H), 2.08 (m, 2H), 4.16 (t, 2H), 4.96-5.06 (m,
2H), 5.75-5.85 (m, 1H).

Synthesis of 5-Trichlorosilylpentyl 2-Bromo-2-methylpropio-

nate, 2. In a 100 mL two-neck round-bottom flask with a
magnetic stir bar and rubber septum purged with nitrogen for
15 min were mixed pent-40-enyl 2-bromo-2-methyl propionate
(21.6 g, 87 mmol) and 14.2 mg H2PtCl6 in 0.5 g of 2-propanol.
The flask was cooled in an ice/water bath for 15 min. Then,
trichlorosilane (18.3 g, 135 mmol) was added dropwise in 2 h.
The reaction mixture was stirred under nitrogen overnight at
room temperature. Unreacted trichlorosilane was completely
removed under vacuum to yield the initiator as liquid.
(quantitative yield) 1H NMR (CDCl3, δ in ppm): 1.35-1.73,
(m, 10H), 1.93 (s, 6H), 4.17-4.20 (t, 2H).

Silicon Surface Cleanup. The silicon wafers were ultra-
sonically cleaned for 5 min with acetone. After being washed

with DI water, the wafers were treated with piranha solution
(70% H2SO4 þ 30% H2O2 (30% concentrate)) for 30 min at
70 �C. The wafers were then rinsed thoroughly with a large
amount of Nanopure water (18.2MΩ-cm), and dried in oven at
120 �C for 1 h.

Surface Functionalization with InitiatorMonolayer.As shown
in Scheme 3, 5-trichlorosilylpentyl 2-bromo-2-methylpropio-
nate as the initiator (1.0 mL) was added to 50 mL of dry toluene
(anhydrous, 99.8% from Sigma), and stirred for 5 min. The
solution was then transferred to a shallow beaker loaded with
cleaned silicon wafers. The beaker was covered with aluminum
foil and heated for 4 h in an oil bath at 60 �C. The reacted wafers
were removed from the solution and cleaned by an ultrasonic
bath in toluene for 1 min and rinsed again with toluene,
methanol and acetone. The wafers were then baked in an oven
at 110 �C for 1 h. After baking, the film thickness of the
assembled initiator monolayer was measured with an ellipso-
meter and determined to be 10.3 Å.

Synthesis of PEGMA Films on Silicon Wafer. As shown in
Scheme 4, in a typical reaction, a PEGMA monomer mixture
having a 1.5 M concentration was prepared by adding 6.0 g of
PEGMA (MW=360, 16.7 mmol) and 5.0 g of water to a 50 mL
round-bottom flask. Then, 0.075 g of bipyridyl (0.48 mmol),
0.0054 g of CuCl2 (0.04 mmol) and 0.02 g of CuCl (0.2 mmol)
were added to the flask under a nitrogen atmosphere. The flask
was sealed with a rubber septum and the mixture was stirred for
10min. Then 5mLof themixture was transferred by syringe to a
flask charged with a wafer having an initiator monolayer
assembled on the surface. The reaction was allowed to continue
for periods of time ranging from 30 min to 8 h. The wafer then
was rinsed with nanopure water and air-dried.

Synthesis of PEGMA Film Gradient on Silicon Wafer. In a
typical reaction, an aqueous PEGMA monomer solution was
prepared by adding 18 g of PEGMA (MW=360, 50mmol), 15 g
of water, 0.224 g of bipyridyl (1.4 mmol), 0.06 g of CuCl
(0.6 mmol), and 0.0164 g of CuCl2 (0.12 mmol) to a 50 mL
round-bottom flask under a nitrogen atmosphere. The mixture
was stirred for 15 min to form a homogeneous solution. A
24 mm � 30 mm (width � length) silicon wafer piece having an
initiator monolayer assembled thereon was placed in a 140 mL
beaker in upright end-on-end longitudinal position. The beaker
was then placed in an oven filled with N2. The well-mixed
PEGMA monomer solution prepared was carefully added to
the beaker so as to form a first layer that covered 2/3 of the
siliconwafer.Apipetwas then used to gently add 30mLwater to
the beaker so as to form a second layer. The beaker was covered
with aluminum foil. The oven was then pumped to form a
vacuum and slowly filled nitrogen to keep a positive pressure
for the polymerization reaction. After reacting at room tem-
perature for 6 h, the wafer were rinsed with nanopure water and
dried with air-flow. The thickness of the PEGM film was
measured by an ellipsometer.

Measurement of the Thickness of the PEGMA Films. Thick-
ness of the PEGMA films was measured by an ellipsometer at
various points across the wafer. The wavelength of the laser
beam employed for the measurement was 632.8 nm, and the
angle of incidence is 70�. The refractive index of the initiation
monolayer and the PEGM film is estimated to be 1.54. The
refractive index was calculated using the group contribution
method.43 The thickness is reported as an average of 10 mea-
surements on a given sample of film. The oxide layer (SiO2)
on the bare silicon wafer was determined to be 18.2 Å thick.

Scheme 1. Using a Two-layer System To Generate a Thin PEGMA
Polymer Film Gradient

Scheme 2. Synthesis of Pent-40-enyl 2-Bromo-2-methylpropionate, 1,
and 5-Trichlorosilylpentyl 2-Bromo-2-methylpropionate, 2

Scheme 3. Self-Assembling an Initiator Monolayer of 5-Trichlorosi-
lylpentyl 2-Bromo-2-methylpropionate
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The thickness of the PEGM film layer in combination with the
initiator monolayer was obtained by subtracting the contribu-
tion of the oxide layer.

Results and Discussion

The surface initiator molecule was prepared by reaction of
5-hexen-1-ol with 2-bromo-2-methylpropionyl bromide in the
presence of triethylamine to give the ester 1, which was sub-
sequently hydrosilylated with trichlorosilane in the presence of
H2PtCl6 to afford the trichlorosilyl derivative 2 (Scheme 2). The
overall yield for the two stepswas 90%, and the structure of 2was
confirmed by 1H NMR. For the subsequent surface-initiated
ATRP, 2 was treated with a cleaned silicon wafer to form a self-
assembled monolayer of initiator moieties on silicon substrate
(Scheme 3).

Following surface functionalization, XPS was used to confirm
the formation of the initiatormonolayer. Figure 1 shows theXPS
spectrum and high resolution elemental scan of the initiator
monolayer film. The survey spectrum showed four elements:
silicon (2s, 150 eV; 2p, 103.4 eV), carbon (1s, 285.5 eV), oxygen
(1s, 532.7 eV) and bromide (3d, 70.2 eV). The C 1s core-level
spectrum of the Si-initiator surface include three peak compo-
nents having binding energy at about 284.6, 286.3, and 288.8 eV,
attributable to the C-H/C-C, C-O, and O-CdO species,
respectively. These results indicated that the initiator film for
the subsequent ATRP reaction had been successfully immobi-
lized on the silicon surface.

The AFM image reveals that the self-assembled initiator
monolayer is smooth and uniform (Figure 2). The surface was
homogeneous with rms roughness of ∼18 Å.

Next, we carried out surface-initiated ATRP of PEGMA on the
self-assembled initiator monolayer surface. We grew PEGMA
thin films on silicon wafers with three different monomer con-
centrations: 1.0, 1.5, and 2.1M. The thickness of the PEGM thin
films was measured by an ellipsometer. The correlation of the
PEGMA film thickness with the polymerization time is summar-
ized in Figure 3. For each of the measurements, the relative
standard deviation (% RSD) is less than 3%, indicating that the
film surface is uniform. The results show the PEGMA film
thickness increases with the increase of the polymerization reac-
tion time. In all cases, the film thickness increases linearlywith the
reaction time after the initial introduction period of polymeriza-
tion (about 1 h). The results also show that a less concentrated

Scheme 4. Growing PEGMA Film on Silicon Substrate Using Surface-Initiated ATRP

Figure 1. XPS survey spectrum and high-resolution elemental scan of Br 3d, C 1s, and Si 2p of the initiator monolayer modified silicon surface.

Figure 2. AFM topographic image of the self-assembled initiator
monolayer.
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monomer solution leads to the formation of a thicker film on the
wafer at constant polymerization time. The slope of PEGMA
film growth is 21.5, 48.1, and 111.9 Å/h, respectively, for mono-
mer concentration of 2.1, 1.5, and 1.0M, respectively. After 4 h of
polymerization, the PEGMA thickness is increased to 293.3 and
118.3 Å for 1.5 and 2.1M polymerization solutions, respectively.
Clearly, water accelerates this surface ATRP considerably and
this acceleration increases with higher water concentration. At
lower PEGMA concentration, water concentration was higher,
and hence, the surface ATRP was faster. Our surface polymeri-
zation result is consistent with the finding that water plays an
important role as an accelerator in solutionATRPreaction rather
than merely acting as a diluent.41

After surface-initiated ATRP of PEGMA, the chemical com-
position on silicon surface changed significantly. Figure 4 shows
the XPS spectrum of a PEGMA film formed by ATRP poly-
merization (1.5 M, 3 h). While the bromide and silicon signal
disappeared, the increasing intensity of the oxygen peaks relative
to the carbon signal agrees with the introduction of PEGMA film
to the surface. The C 1s core-level spectrum of the PEGMA film
surface shows three peak components having binding energy at
about 284.6, 286.1, and 288.6 eV, attributable to the C-H/C-C,
C-O, andO-CdOspecies, respectively. These results confirmed
that the surface-initiated ATRP reaction was successful in
immobilizing PEGMA layer onto the silicon surface.

With the successful demonstration that water concentration
can control the surface ATRP rate, we began to investigate
conditions for generating PEGMA polymer thin film gradient.
The basic concept for our approach is schematically illustrated in
Scheme 1. Specifically, a silicon wafer functionalized with a
monolayer of initiator molecule was placed in a beaker in an
upright, end-on-end longitudinal fashion. A PEGMA polymeri-
zation solution was poured gently to form layer 1, which was
followed by the formation of a water layer 2 on top of the organic

layer. Water in layer 2 will gradually diffuse into PEGMA
monomer layer (layer 1), whereas the monomer and the other
reagents in layer 1 will slowly diffuse into water layer. Those
diffusions form a monomer concentration gradient across the
surface of the initiator-bonded silicon wafer, thereby resulting in
the formation of a PEGMA film gradient with a graded increase
in thickness across the surface of the silicon wafer.

A specific experiment was carried out as the following. A
PEGMA monomer solution (1.5 M) was carefully added to a
140 mL beaker to form a first layer of PEGMA monomer
solution covering two-thirds of the silicon wafer (24 mm width
� 30 mm height). Into this solution, 30 mL water was gently
added to form a second layer. The difference of the monomer
concentrations in those two layers caused the diffusion of the
monomer and polymerization reagents, forming a monomer
gradient along the wafer. After polymerization at room tempera-
ture for 6 h, the wafers were rinsed with Nanopure water and
dried with air-flow. The thickness of the polymer thin film was
measured at intervals beginning at the end of the wafer resting on
the bottom of the beaker (Figure 5). The bottom end of the wafer
will be identified hereinafter with regard to the 24 mm � 30 mm
silicon wafer dimensions as the 0 mm end of the wafer. The
PEGM film thickness, measured from 0 mm to 4.5 mm, stayed
constant at 450 Å, indicating that 6 h reaction timeperiodwas not
long enough to enable the water layer to diffuse into the PEGMA
monomer layer covering the 0 to 4.5 mm portion of the silicon
wafer. The PEGMAfilmgradient thickness asmeasured from the
4.5mmportion of the siliconwafer and up, however, resulted in a
linear increase of PEGMAfilm thickness from450 to 1400 Å. The
linear increase in PEGMA film thickness was attributed to the
PEGMA monomer concentration gradient, which was formed
when the water layer diffused into the PEGMA monomer layer.
The PEGMAfilm gradient slope is 165 Å/mm. It should be noted
that the diffusion should create a PEGMA concentration gra-
dient in the opposite direction from the concentration gradient of
water, i.e., at a higher water concentration the PEGMA concen-
tration should be lower. This should create an opposite impact on
the polymerization rate: while high [H2O] increases the rate, lower
[PEGMA] should lower the rate. Apparently the water accelera-
tion effect is predominant here. It was noted that the film
thickness at the far right side of the wafer had some fluctuation
and gradually decreased to zero. We attribute this to the non-
linear diffusion and very low monomer concentration, even
approaching zero monomer concentration at the far right end
of the wafer.

The AFM images also help to reveal the continuous change of
the nanometer thick film gradient (Figure 6). Parts A and B of
Figure 6 represent images of PEGMA film gradient in different

Figure 3. Correlation of PEGMA film thickness versus surface polym-
erization time on silicon wafers.

Figure 4. XPS survey spectrumandhigh-resolution elemental scanofC
1s of the PEGMA film modified silicon surface (monomer concentra-
tion, 1.5 M; reaction time, 3 h).

Figure 5. PEGMA film thickness vs the position on the silicon wafer
using two layers of liquids: 1.5Mmonomer aqueous solution andwater.
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areas. The film thickness for the film in part A is 45.67 nmand the
rms roughness was 12 Å; the film thickness for the film in part B is
125.47 nm and the rms roughness is 10 Å. These results showed
that the gradient film was smooth and homogeneous. The
thickness of polymer thin film increases with the distance from
the bottom edge of the silicon wafer, agreeing well with the
ellipsometry measurement (Figure 5).

Another PEGMA film gradient was prepared by a two-layer
system of water and bulk PEGMA polymerization solution. The
bottom layer was prepared by using the same protocol as
described above, except without adding any water. After 5 h of
reaction at room temperature, the thickness of the thin PEGM
film gradient was measured and plotted in Figure 7. Figure 7
indicates that the bulk PEGMApolymerization solution caused a
different monomer concentration gradient to be formed, which
affected the graded increase in thickness of the PEGM gradient
film being grown on the initiator-coated substrate.

Using different monomer concentrations, the film gradient
shapes and slopes are different. Those differences are determined
by the diffusion of water, monomer, and other reaction partici-
pating reagent molecules. The parameters that determine the
formation of the monomer gradient include initial monomer
concentration, reaction temperature, reaction pressure, the
height of the liquid layers, and so on. Despite the simplicity of
this method for surface gradient formation, to achieve high
accuracy and reproducible results, the multiple parameters for
producing the monomer diffusion need to be well designed and
carefully controlled. The mechanism of this method for film
gradients will be further investigated.

In conclusion, we successfully developed a simple method for
preparing polymer thin film gradients by using a new concept for
concentration gradient controlled ATRP. The slope of the
gradient can be fine-tuned by adjusting the monomer concentra-
tion and polymerization time. The PEGMA gradient films
have thickness ranging from a few of hundreds of angstroms to
more than 1000 Å. Generally, this provides a convenient method
to prepare polymer thin film gradients for many potential
applications.
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