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ABSTRACT: The fabrication of versatile gold nanoparticle
(Au NP) arrays with tunable optical properties by a novel
host−guest interaction are presented. The gold nanoparticles
were incorporated into polymer brushes by host−guest
interaction between β-cyclodextrin (β-CD) ligand of gold
nanoparticles and dimethylamino group of poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA). The
gold nanoparticle arrays were prepared through the template
of PDMAEMA brush patterns which were fabricated
combining colloidal lithography and surface-initiated atom-
transfer radical polymerization (SI-ATRP). The structure
parameters of gold nanoparticle patterns mediated by polymer
brushes such as height, diameters, periods and distances, could be easily tuned by tailoring the etching time or size of colloidal
spheres in the process of colloidal lithography. The change of optical properties induced by different gold nanoparticle structures
was demonstrated. The direct utilization of PDMAEMA brushes as guest avoids a series of complicated modification process and
the PDMAEMA brushes can be grafted on various substrates, which broaden its applications. The prepared gold naoparticle
arrays are promising in applications of nanosensors, memory storage and surface enhanced spectroscopy.
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■ INTRODUCTION

Fabrication of ordered metallic nanostructures provides the
opportunities to accurately control the optical properties and
have recently attracted much attention for its potential
applications in a wide range of areas including nanosensors,1

memory storage,2 surface enhanced fluorescence3 and surface
enhanced Raman spectroscopy.4 For the ordered metal arrays,
the optical properties can be well controlled by varying
structure parameters, such as morphology,5 period and
spacing,6,7 which is fascinating characteristic of metallic
nanostructures, giving us leverage to properly optimize
performance of the arrays for practical applications. Because
of the importance associated with nanostructured surfaces, a
number of lithography techniques combined with technology of
metal deposition, including electron beam lithography,8

photolithography,9 nanoimprint lithography,3 stencil lithogra-
phy,6 and colloid lithography,10 have been developed to
fabricate such metallic surfaces. However, precision instruments
are often required for the metal deposition. The introduction of
metal nanoparticles into patterned polymer templates provide a
facile method to fabricate metallic nanostructures based on
“bottom-up” strategy and low-cost electroless deposition.11

Self-assembling diblock copolymer monolayer films can be

employed to produce large surface area ordered metallic
nanoparticle arrays with size of dozens of nanometers
resolution.12 However, the control of structure size of the
polymer template involves the variation of molecular weight of
the block copolymer, which lacks convenience in structural
control.13 Polymer brushes possess multiformity, multifunc-
tional groups, and well-defined structure, which can serve as
perfect template for preparation, stabilization and application of
NPs,14,15 and many patterned polymer brushes with versatile
morphologies and tunable sizes have been fabricated.16 As a
result, it is convenient to fabricate metal nanoparticle arrays via
patterned polymer brush templates.
In recent years, a wide range of methods have been utilized

to introduce metal nanoparticles into polymer template,
including hydrogen bonding interaction,17 hydrophobic inter-
actions,18 host−guest interaction,19 electrostatic attraction,20

covalent linkage,21 and in situ synthesis of nanoparticles in
polymers.22 Among them, the use of host−guest interaction
allows the arrangement of metal NPs to the polymers with
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good stability and controllable uniform size, and a lot of studies
have been reported about the host−guest interaction between
noble metal NPs and polymers.19,23−26 Cyclodextrin capped
NPs is favored for its facile preparation, which are usually used
to fabricate supramolecular aggregates by self-assembly of CD
capped NPs and polymers.19,25,26 However, the polymers often
involve complicated modification process to graft groups as
guest in the host−guest interaction. Besides, few studies focus
on assembling CD capped NPs on polymer thin films, although
the interaction between cyclodextrins and polymer have been
reported by some groups.27−29 Hence, it is necessary to develop
a simple method to assemble nanoparticles on template of
polymer films.
Here, we report a novel method to fabricate gold

nanoparticle arrays by incorporating gold NPs into PDMAEMA
brush patterns by host−guest interaction. The Au NPs were
synthesized using β-cyclodextrin as ligand and the PDMAEMA
brushes were prepared by surface-initiated atom-transfer radical
polymerization. The β-cyclodextrin ligand of gold nanoparticles
serves as host and dimethylamino groups of PDMAEMA serves
as a guest to form hybrid films by host−guest interaction.28 The
direct utilization of the PDMAEMA brushes as guest avoids a
series of complicated synthesis, in comparison with modifica-
tion of other groups as guest in previous studies.26,29 Besides,
the polymer brushes can be grafted on various substrates, such
as silicon, silica, glass, gold, polythylene terephthalate (PET)
and so on, which extends its applications.30 In our work, the
structure parameters of gold nanoparticles nanopatterns
mediated by polymer brushes can be arbitrarily tuned by
tailoring the etching time or size of colloidal spheres in the
process of colloidal lithography. The effect of various structures
on the optical properties of gold nanoparticle arrays has been
discussed. The PDMAEMA polymers can serve as template not
only for incorporation of Au NPs but also for mineralization of
a series of inorganic oxides, such as silica, titanium dioxide, and
calcium phosphate.31−33 Inorganic oxides -metal NPs compo-
site nanostructures can be fabricated by introducing a certain
amount of Au NPs and inorganic oxides by biomineralization to
the PDMAEMA patterns successively, which will indicate
synergistic effect for its applications. For example, titanium
dioxide-metal NPs composite nanostructures are important
materials in the application of photo catalytic applications.34,35

■ EXPERIMENTAL SECTION
Materials. Fused silica wafers were cut into 2.0 × 2.0 cm2 pieces.

CuBr2 was provided by Alfa. Aminopropyltrimethoxysilane (ATMS),
2-bromoisobutyryl bromide, CuCl, 1,1,4,7,10,10-hexamethyltriethyle-
netetramine (HMTETA) were purchased from Aldrich. 2-
(Dimethylamino)ethyl methacrylate was purchased from TCI.
Dichloromethane, triethylamine, methanol, and absolute ethanol
were used as received. The water used in all experiments was
deionized and doubly distilled prior to use.
Preparation of PDMAEMA Brushes on Surfaces. The fused

silica wafers were cleaned in the mixture of 98% H2SO4/30% H2O2
(volumetric ratio 7:3) for 30 min under boiling (Caution: strong
oxide), and then rinsed with deionized water several times, and
followed by drying with an N2 stream. Next, these wafers were placed
in a sealed vessel, on the bottom of which was a few drops of ATMS.
The vessel was put in an oven at 60 °C for 1 h to enable the ATMS
vapor to react with the −OH groups on the silica wafers. After that,
wafers functionalized with −NH2 were immersed in the solution of 10
mL of anhydrous dichloromethane and 100 μL of triethylamine. The
ATRP initiator (2-bromoisobutyryl bromide, 100 μL) was added into
the solution at 0 °C, and the mixture was left for 1 h at this
temperature then at room temperature for ∼15 h. The wafers were

cleaned by anhydrous dichloromethane absolute ethanol for several
times, and dried by N2 flow.

For the polymerization of PDMAEMA, 8 mg (0.03 mmol) of
CuBr2, 100 μL (0.35 mmol) of HMTETA, 2 mL of water, 2 mL of
methanol, and 4 mL of DMAEMA were added into a vial, and then the
mixtures were shaken in an ultrasonic bath until a homogeneous blue
solution was formed. The mixtures were degassed by ultrapure
nitrogen flow for 30 min. Subsequently, 25 mg (0.25 mmol) of CuCl
was added into the solution, and it was shaken in an ultrasonic bath
until dissolved absolutely. Lastly, the wafers with initiators were
immersed in the solution from 15 min to 3 h under the nitrogen flow
at room temperature. After polymerization, the samples were cleaned
by absolute ethanol and deionized water for several times.

Preparation of Patterned PDMAEMA Brushes. PDMAEMA
brush nanopatterns were prepared by colloidal lithography using a 2D
polystyrene (PS) colloidal crystal as a mask. First, 2D PS colloidal
crystals were prepared by a modified interfacial method on the wafers
with PDMAEMA brush films.36 The PS microspheres used in our
work were 580 nm. Subsequently, oxygen reactive ion etching (RIE)
operating at 10 mTorr pressure, 50 SCCM flow rate, and RF power of
30 W with an ICP power of 100 W was carried out for a length of time
ranging from 240 to 420 s. Finally, PDMAEMA brush nanopatterns
were obtained after the remaining PS microspheres were removed by
dimethylformamide under an ultrasonic bath.

Preparation of the Composite PDMAEMA/gold NPs Arrays.
The gold nanoparticles capped with beta-cyclodextrin were synthe-
sized according to previous procedure.37 briefly, 1 mL gold
nanoparticles (0.5 mg/mL) and 1 mL borate buffer (pH = 9.18)
were mixed in a small weighing bottle. Then the substrates grafted
with PDMAEMA brushes or patterned PDMAEMA brushes were
added in the mixed solution and incorporate for 8 h on table
concentrator. Finally, the substrate was rinsed with deionized water
several times and dried by N2 flow.

Characterization. The atomic force microscopy (AFM) images
were recorded in tapping mode with a Nanoscope IIIa scanning probe
microscope from Digital Instruments under ambient conditions. The
thicknesses of the PDMAEMA brush films were measured by
Dektak150 surface profiler (Veeco). Transmission electron micro-
scope (TEM) was conducted using a Hitachi H-800 electron
microscope at an acceleration voltage of 200 kV with a CCD cinema.
Ultraviolet visible (UV−vis) absorption spectra were obtained using a
Shimadzu 3600 UV−vis−NIR spectrophotometer. X-ray Photo-
electron Spectroscopy (XPS) was investigated by using ESCALAB
250 spectrometer with a mono X-ray source Al K excitation (1486.6
eV).

3. RESULTS AND DISCUSSION

Preparation and Characterization of Polymer Brush/
Au NP Hybrid Films. The PDMAEMA brushes were grown
on silicon substrates by ATRP reaction and the thickness of
brushes can be adjusted from 22 to 130 nm through varying the
polymerization duration. The gold nanoparticles were synthe-
sized via reduction with sodium borohydride in the presence of
perthiolated CD. The gold nanopaticles were introduced into
PDMAEMA brushes by host−guest interaction. The calculated
diameter of β-CD decorated gold nanopaticles is 4.3 nm and
the UV−vis absorption spectrum of the Au NPs with
absorption band at around 513 nm (Supporting Information
Figure S1a). The average Au nanoparticle is covered by ∼22
covalently attached β-CD ligands estimated by previous
report.38 After incorporated in the polymer brushes, the gold
nanopaticles are close to each other and the absorption band is
red-shifted to 538 nm (Supporting Information Figure S1b). It
is mainly attributed to the perturbation of the dielectric
constant around the nanoparticles, and the encompassment of
the polymer brushes increases the surrounding dielectric
constant of the Au NPs, resulting in red shift of the spectra.21
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To further investigate the distribution of Au NPs in the brush
films, AFM was used to analyze hybrid films. The surface of the
bare PDMAEMA brushes appears homogeneous and smooth,
and the surface morphology become rough after introducing Au
NPs within the brush layer (Figure 1). In the meantime, the

root-mean-square (rms) roughness was measured as 0.45 nm
for the bare polymer brush surface, and increased apparently to
2.49 nm for the hybrid films because of incorporation of Au
NPs. The immobilized NPs are present in the form of domains,
which is probably attributed to surface aggregation visually in
the dry state and thus leads to the loss of uniformity.39

Moreover, upon drying, the polymer brushes in the hybrid films
present collapse state and bring adsorbed NPs close to each
other.40

The XPS characterization confirms the successful incorpo-
ration of Au NPs into PDMAEMA brushes (Figure 2). The

presence of characteristic peak of Au 4f (Figure 2b) indicates
the existence of Au compared with bare PDMAEMA brushes
(Figure 2a). The binding energy for Au 4f7/2 and 4f5/2 have
been measured as 87.4 and 83.8 eV respectively, which are
consistent with Au0 oxidation state.38

The Au NPs hardly aggregate and show good stability in the
polymer brushes, as shown in TEM measurements. TEM

sample was prepared by dissolving the polymer brush/gold
nanoparticles hybrid layer from the substrate by HF solution,
and transferring the dispersed materials onto a carbon-coated
Cu grid. Au NPs immobilized within the brushes is clearly
visible and were well dispersed with an average diameter of 4.60
nm (Figure 3b). Compared with the initially synthetic Au NPs

with an average diameter of 4.52 nm (Figure 3a), the size and
monodispersity of the dissolved Au NPs has negligible change,
indicating the good stability of Au NPs in the polymer brushes.
Besides silicon substrate, the hybrid films can be grafted on

flexional PET substrates and microcap with the aid of
PDMAEMA brushes (Supporting Information Figure S2),
which extends its applications.

Host−Guest Interaction between Au NPs and
PDMAEMA Brushes. The inclusion complexation can be
formed between side group of PDMAEMA and β-CD by host−
guest interaction.28 Thus, polymer brush/gold nanoparticles
hybrid films can be fabricated based on host−guest interaction
between β-CD cavity of gold nanoparticles and dimethylamino
group of PDMAEMA (as shown in Figure 4a). The formation

of host−guest interaction between Au NPs and PDMAEMA
brushes is confirmed by immersing the sample in DMAEMA
monomer aqueous solution. The excessive DMAEMA mono-
mer acts as competitive guest and water facilitates dissolution of
Au NPs. The obvious decrease of absorption at 538 nm for the
sample after addition of DMAEMA monomer aqueous solution
demonstrates that most of Au NPs are displaced from polymer
brushes and released back to solution (Figure 4b), which is
attributed to dissociation of interaction between β-CD ligand of
Au NPs and PDMAEMA brushes. Because of the existence of

Figure 1. AFM images of the PDMAEMA brushes (a) before and (b)
after the incorporation of Au NPs. Size are 0.9 μm × 0.9 μm.

Figure 2. XPS wide-scan spectrum of (a) PDMAEMA brushes. Inset
shows its C 1s core level spectrum. (b) PDMAEMA brushes
immobilized Au NPs. Inset shows its Au 4f core level spectra.

Figure 3. TEM images of (a) the synthetic Au NPs and (b) the
dissolved Au NPs from the silica by HF solution.

Figure 4. (a) Sketch of host−guest interaction between gold
nanoparticles and PDMAEMA brush. (b) UV−vis absorption
spectrum of PDMAEMA brushes immobilized Au NPs before and
after immersing in DMAEMA monomer aqueous solution for 72 h.
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many dimethylamino groups on PDMAEMA brushes, few Au
NPs still remain on the polymer brushes (Figure 4b).
To investigate the influence factor on composite process, Au

NPs have been incorporated by different composite time and
different thickness of polymer brushes. Figure 5a shows that the

intensity of the absorbance band increases with the increase of
composite time. The absorbance intensity increases fast at the
beginning and then slows down after 5 h, and finally stops after
24 h. The phenomenon can be explained as follows: the Au
NPs may mainly absorb on the surface rapidly at first, which is
resulted from direct contact between Au NPs and polymer
brushes. When the NPs occupy majority of the surface of the
polymer brushes, the Au NPs have to permeate into polymer
brushes by migrating themselves through breaking equilibrium
of host−guest interaction, thus slowing down the speed of
incorporation. After 24 h, the Au NPs may be hindered by the
high density of polymer brushes and reach capacity. When
incorporation time were immobilized at 8 h, by increasing
thickness of polymer brushes from 22.8 to 128.8 nm, the
intensity of absorbance bands increase in the meantime, which
is attributed to increment of absorbed Au NPs (Figure 5b). The
absorption bands of the different thickness of hybrid films
remain about the same, indicating almost no aggregation of the
Au NPs in the polymer films. It is further confirmed by
characterization of thickness difference between PDMAEMA
brushes and corresponding PDMAEMA/Au hybrid films, and
the thickness difference increases with the increase of the
thickness of polymer brushes (Supporting Information Table
S1). This is because thick polymer brushes can provide more
binding sites and have good swinging flexiblility. The thickness

increments are 26.9, 34.2, 37.3, and 42.8 nm, respectively, after
introduction of gold nanoparticles, which are larger than the
diameter of gold nanopaticles for at least 6 times, indicating a
multilayer infiltration of gold nanoparticles in polymer brushes.

Tunable Structure and Optical Property for the Gold
Nanoparticle Arrays. The fabrication process for polymer
brush/gold nanoparticles hybrid nanoarrays is outlined in
Figure 6. First, the PDMAEMA brushes were grown on silicon

substrates by ATRP reaction. Then, a 2D PS colloidal crystal
was prepared by the modified interface method on the substrate
with a film of PDMAEMA brush, and subsequently the
PDMAEMA brush patterns were fabricated by oxygen RIE
using 2D PS colloidal crystal as masks. At last, the patterned
polymer brush/gold nanoparticles hybrid nanoarrays are
obtained by immersing the above-mentioned sample in the
solution of β-CD decorated gold nanopaticles for 8 h.
The nanostructures of PDMAEMA brushes/Au NP hybrid

arrays can be precisely controlled by varying etching time.
Figure 7 shows AFM images of PDMAEMA/Au NP hybrid
arrays by etching PDMAEMA brush films with a thickness of
160 nm for 240 s (Figure 7a), 300 s (Figure 7b), 360 s (Figure
7c) and 420s (Figure 7d) using a 2D PS colloidal crystal of 580
nm in period as masks. In the process of colloidal lithography,
the PS colloidal crystal is etched by oxygen plasma first and
then the PDMAEMA brush films without the protection of PS
spheres are etched by oxygen plasma. With the increasing of the
etching time, the PS spheres become small and the voids
become large, which results in small polymer brush nanodots
after removing the mask of PS microspheres. The change of
morphology of PDMAEMA/Au hybrid nanopatterns (Figure
7a−d) comply with similar trend with polymer brush nanodots.
When polymer brushes were etched for 240 s and integrated
with Au NPs, the bridged hybrid film patterns are formed on
the substrate with height about 222 nm. When etching time
increases to 300, 360, and 420 s, the height decreases to 189,
159, and 124 nm, and the diameter correspondingly decreases
to 472, 426, and 433 nm, respectively, in the meantime. Cross-
sectional profiles shows that all hybrid film patterns exhibit
tapered profile the same as polymer brush patterns,41 so various
gold nanoparticle arrays can be fabricated by patterned polymer
brushes with various morphology and structure.
The influences of different structures on absorption spectra

of the prepared gold nanoparticle arrays are shown in Figure 7e
and f. All the structures present an absorption peak around 538

Figure 5. UV−vis absorption spectrum of PDMAEMA brush/Au NPs
hybrid films with (a) different composite time and (b) different
thickness of polymer brushes.

Figure 6. Procedure of fabricating polymer brush/Au NP hybrid
nanoarrays by host−guest interaction.
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nm, which is assigned to Au NPs resonance coupled via
nonpropagating localized surface plasmons.5 In addition to this
coupled nanoparticles cluster resonance, another absorption
peak (λs) in the appears, and the appearance of λs is ascribed to
interaction between the surface plasmon resonance effects of
the Au NPs and bragg scattering of the ordered nanoarrays.4,7,42

The location of the λs can be controlled by varying the structure
parameters of the patterns. For the nanopatterns with a period
of 580 nm, the λs is blue-shifted from 761 to 716 nm, 691 nm,
and until partly overlapping with 538 nm absorption peak and
showing as a broaden absorption peak respectively with the
decrease of feature size (as shown in Figure 7e). For the
nanopatterns with a period of 320 nm and 1 μm, λs can be
adjusted to shorter wavelength region and near-infrared region,
respectively (Figure 7f). More tunable optical properties can be
presented by changing periods, heights, and distances between
two gold nanocluster dots of the hybrid nanoarrays.

4. CONCLUSION
We provides a versatile, low-cost, and very efficient method to
fabricate nanoscale patterns of nanoparticles. Polymer brush/
gold NPs hybrid nanoarrays are fabricated based on host−guest
interaction between β-CD cavity on the gold nanoparticles and
dimethylamino group of PDMAEMA. The gold nanoparticles
present good stability in the polymer brushes. The influence
factor of composite process has been discussed, including
composite time and thickness of polymer brushes. By the use of
colloidal lithography, the structures of gold nanoparticle arrays
mediated by polymer brushes can be tuned. Besides, the spectra

of gold nanoparticle arrays varys from visible region to near-
infrared region various with the control of structure parameters.
The polymer brush/Au NP hybrid nanoarrays can be fabricated
by combining different polymer brush patterns, such as
elliptical nanorings and nanodiscs, stripes, and hierarchical
patterns,41,43,44 and this complicated hybrid structures will
bring about new optical properties. Moreover, arbitrary
nanoparticles modified by β-CD such as semiconductor
nanocrystals and magnetic nanoparticles can be introduced
into the patterned polymer brushes, and various patterned
hybrid materials with different functions can be fabricated. We
believe that these materials are very useful in sensors, surface
enhanced spectroscopy, magnetic storage device, antifake
application, and biointerfaces.
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