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We have developed an efficient method for producing difunctional, bilateral nanospheres. A monolayer of
nanoparticles was prepared followed by deposition of a thin layer of metal. By varying the base particle and
metal deposited, bilateral nanoparticles were formed. The different regions of the nanoparticles were selectively
functionalized with polymer linkers containing specific terminal groups, thereby creating bilateral, difunctional
nanoparticles. Subsequent covalent cross-linking of different nanoparticles enabled the formation of stable
architectures with programmed hierarchy and controlled chemical composition.

1. Introduction

The future success of nanotechnology will rely on the
assembly of nanoscale building blocks to create highly specific,
anisotropically structured materials with embedded functionality
and physical properties. These engineered materials can be used
to create materials tailored for highly specific applications.
Recently, there has been much work in the preparation of self-
assembling aggregates. Many different groups have used Lang-
muir-Blodgett approaches,1-3 controlled solvent evaporation,4,5

biological or polymeric templating,6-10 and polymer and sur-
factant-assisted aggregation to prepare self-assembled ag-
gregates.11,12 However, a limitation of using symmetric com-
ponents is that the final material will also be symmetric.

Progress has been made toward the removal of symmetry in
nano-objects. For example, the selective growth of PbSe
nanoparticles upon the tips of CdSe nanorods13 is plausible
because of the different reactivity of the crystal faces.14-19 The
primary goal of our work is to control the arrangement and
interactions of asymmetric, spherical particles through selective
surface functionalization. By controlling the anisotropy and
composition of the particles, a variety of symmetric or asym-
metric materials can be prepared from a small number of
building blocks. Moreover, different particle and surface materi-
als can be utilized to generate particles and aggregates for
specific applications, e.g., designer surface layers, catalysts,
assemblies for ELISA-type assays, optical waveguide materials,
or novel three-dimensional materials (Figure 1).

In this work we report on methods to specifically surface
pattern and self-assemble nanospheres into hierarchical struc-
tures with a defined orientation. We describe a pathway to
circumvent the limitations of the symmetric assembly of spheres.
We present an engineering framework to tailor their assembly
using polymer chains to bind specifically to surface-patterned
regions of the nanospheres and act as cross-linkers. Furthermore,
this approach can be applied to nonspherical objects, i.e., rods,
tetrapods, and cubes.

2. Experimental Section

2.1. Preparation and Characterization of Polymer Linkers.
All reagents were ACS grade and purchased from Sigma-
Aldrich. The general set of reactions for synthesizing functional
polymer cross-linking chains is depicted in Scheme 1. First,
18-crown-6 (0.95 g, 3.6 mmol), dry THF (30 mL), and
acetonitrile (125µL, 2.40 mmol) were mixed with a solution
of potassium naphthalide (2.4 mL, 1 M in THF) to generate an
initiator. Next, ethylene oxide (15 mL, 301 mmol) was
introduced into the reaction flask via a cooled syringe, and the
reaction was stirred at room temperature for 48 h. The growing
alkoxide chain end was then terminated by addition of meth-
anesulfonyl chloride (0.37 mL, 4.8 mmol). At this stage, the
reaction could be treated with either thioacetic acid (0.52 mL,
10.0 mmol) or NaN3 (470 mg, 7.2 mmol) to install either a
mercapto or amino functionality at theω-chain end. The
synthesis of the poly(ethylene glycol) (PEG) linker containing
a siloxyl ether linkage will be reported elsewhere.25 The polymer
linkers used in this study had aMn of about 2800 g/mol with a
polydispersity of 1.13.

IR samples were prepared as neat films upon a NaCl plate,
and analysis was conducted on a Matteson Galaxy Series FTIR
3000. Number average molecular weights (Mn) and polydis-
persities (PDI) were determined using gel-permeation chroma-
tography in THF at 25°C and a flow rate of 1.00 mL min-1.
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Figure 1. Schematic of the bottom-up assembly of bilateral, difunc-
tional particles and aggregates.
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Three Polymer Standards Service columns (100 Å, 1000 Å, and
linear) were connected in series to a Thermoseparation Products
P-100 isocratic pump, autosampler, column oven, and Knauer
refractive index detector. Calibration was preformed using
polystyrene standards (Polymer Standards Service,Mp ) 400-
1 000 000;Mw/Mn < 1.10. Mass spectra were recorded on an
external source HiResMALDI (IonSpec Corp., Irvine, CA)
equipped with a 4.7 T magnet. The HiResMALDI was equipped
with an LSI 337-nm nitrogen laser. Mass spectra were also
recorded on a Proflex III MALDI-FT (Bruker-Daltonics, Bil-
lerica, MA) with a 337-nm nitrogen laser. The matrix used was
2,5-dihydroxybenzoic acid (5 mg/100µL in ethanol).

2.2. Preparation and Characterization of Bilateral Nano-
spheres and Aggregates.SiO2, carboxylate-functionalized
polystyrene, and nonfunctionalized polystyrene particles were
purchased from Polysciences, Inc. and Bangs Laboratories, Inc.
Beads were cleaned prior to use following manufacturer’s
guidelines. Typically, a monolayer of particles was prepared
on a substrate (glass, mica, or silicon) by either slow evaporation
of solvent or by using Langmuir-Blodgett techniques. Next,
the nanospheres were made anisotropic by coating with Au or
Ag layers. The metal layers were evaporated upon the substrate-
supported particles, either by thermal evaporation or sputter
coating.20-24 The metal-coated particles were released from the
substrate by either sonication or physically scraping the particles
from the surface. The morphology of the metal surface coating
(e.g. Au or Ag) was varied by deposition and thickness of
adhesion layers (e.g., chromium) and manipulating the deposi-
tion rate, the substrate temperature, and the operating pressure
in the deposition chamber. The bilateral nanospheres were then
selectively functionalized with PEG chains by incubating the
desired PEG with bilateral nanospheres in ethanol for a
minimum of 8 h. After rinsing to remove nonreacted material,
complementary nanospheres dispersed in ethanol were added
to construct nanospheres aggregates. The mixture was incubated
for another 8 h and subsequently rinsed. For SEM imaging,
dilute droplets of the ethanol solution containing PEG cross-
linked aggregates were placed on copper grids. Digital SEM
images were obtained using an FEI XL-30 SFEG operated at 5
kV.

3. Results and Discussion

3.1. Polymer Linkers. To link anisotropic spheres together
into prescribed hierarchical aggregates, poly(ethylene glycol)
(PEG) linkers of differing chain lengths (average molecular

weights ranging from 102 to 105 g/mol) and chain end
functionalities were prepared using living anionic ethylene oxide
polymerization coupled with high-yielding organic functional
group transformations (Scheme 1). The cyano chain end of the
R-cyano-ω-thioacetate PEG was transformed into either an
amine or carboxylic acid functional group. Confirmation of this
conversion was obtained through MALDI-TOF mass spectra,
FTIR spectra, and ninhydrin tests.

Figure 2 shows the MALDI-FT spectrum ofR-carboxy-ω-
thiol PEG. The spectrum shows a continuous distribution of
chains with one major and one minor series. The interval
between isotopic clusters of signals is 44m/z, which corresponds
to the repeat unit of PEG. Examination of the signal cluster at
2771 m/z, for example, showed a signal at 2769m/z, corre-
sponding to the empirical formula of C122H246O62ClS, with an
isotopic distribution in which the highest intensity signal is 2771
m/z. A calculated isotopic distribution pattern for this empirical
formula (2769 at 70.1%, 2770 at 96.5%, 2771 at 100.0%, 2772
at 77.4%, 2773 at 47.1%, 2774 at 23.8%, 2775 at 10.3%, and
2776 at 3.8%) matched the intensities of the experimentally
measured cluster of signals. This particular formula cor-
responded to a PEG chain structure of 59 repeat units, a-CH2-
CO2H R-chain end structure, and a-CH2CH2SH ω-chain end
structure. Additionally, the chain was co-ionized with a proton
and a molecule of H3O+Cl-, presumably residual acid from the
hydrolysis step. The minor series corresponded to ionization of
the chains with an additional molecule of H2O. Ninhydrin test
of this product yielded a negative result, which was expected
because the cyano chain end was hydrolyzed completely to a
carboxylic acid functional group. An IR spectrum of the starting

SCHEME 1: Synthetic Route for the Preparation of PEG Linkersa

a Conditions: (A) K/naphthalenide; (B) MsCl, Et3N then NaN3; (C) HSi(CH3)2OEt, [Pt]; (D) MsCl, Et3N then CH3COSH; (E) LiAlH4, THF; (F)
HCl, H2O, ∆; (G) PPh3, H3PO4

Figure 2. MALDI-FT spectrum ofR-carboxy-ω-mercapto PEG with
the chemical structure of the expected molecule ofm/z) 2771 g/mol
shown.
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R-cyano-ω-thioacetate PEG showed signals at 1984 and 1702
nm-1, consistent with the presence of nitrile and thioester
functional groups, respectively. After hydrolysis with HCl/H2O,
an IR spectrum showed signals at 3204, 2906, and 1685 nm-1,
corresponding to the presence of carboxylic acid and thiol
functional groups.

Figure 3 shows the MALDI-FT spectrum ofR-amino-ω-thiol
PEG. The spectrum showed a continuous distribution of chains
with one major and one minor series. The interval between
isotopic clusters of signals is again 44m/z, which corresponds
to the repeat unit of PEG. Examination of the signal cluster at
2839 m/z, for example, revealed that it was a convolution of
isotopic patterns for two species of empirical formulas
C128H259O62LiNS and C128H257O62LiNS. These formulas cor-
responded to a PEG chain structure of 62 repeat units, a-CH2-
CH2NH2 R-chain end structure, and a-CH2CH2SH ω-chain
end structure and to a PEG chain structure of 61 repeat units,
a -CH2CH2NH2 R-chain end structure, and a-CH2CH2SCd
OCH3 ω-chain end structure, respectively. Both chains were
co-ionized with a lithium ion, presumably residual from the
reduction step. The minor series corresponded to ionization of
the chains with an additional molecule of H2O and of a small
amount of dimer derived from the PEG chains with the-CH2-
CH2SHω-chain end structure. The ninhydrin test of this product
yielded a positive result, which confirms the presence of the
amino functional group. An IR spectrum of the product from
the reduction ofR-cyano-ω-thioacetate PEG with LiAlH4
showed signals at 3204 and 2906 nm-1, corresponding to the
presence of amino and thiol functional groups. Signals for the
thioacetate structere were not observed, even though the mass
spectrum clearly indicates the incomplete hydrolysis of this
group to the thiol chain end group.

3.2. Bilateral Nanospheres.As shown in Figure 4 (from left
to right, respectively), the quality of metal coatings may be
straightforwardly tuned from smooth, highly reflective continu-
ous layers to discrete nanoislands. This ability to tailor the
morphology of the coating affords another means for surface

patterning. We next covalently grafted functionalized PEG
chains onto the surface coatings and investigated procedures
for the assembly and cross-linking of such spheres into structures
such as “dumbbells” (two similar sized hemispherically attached
spheres) and “raspberries”26 (smaller particles of one type
attached to another particle). The surface patterning and
functionalization enables us to specifically link particles together
in predetermined orientations.

3.3. Controlled Aggregate Assembly.We now present two
prototypical structures, the dumbbell and raspberry configura-
tions. Both “half-raspberry” and “whole-raspberry” configura-
tions were easily obtained, whereas the dumbbell configuration
was rarely produced. Figure 5 illustrates the rarely observed
dumbbell architecture. The left particle is a 400-nm SiO2

nanosphere plated with Au and treated with an amine-function-
alized thiol PEG chain (HS-PEG-NH2), creating a thiol-gold
linkage to the surface. The right particle is a 510-nm polystyrene
nanosphere with a surface containing carboxylic acid functional
groups. In this case, the Au metal coating masks a portion of
the particle. The two particle types were then mixed together.
The PEG chains linked to the SiO2 particles extends the amine
ligand in the solution, which allows it to react with the
carboxylic acid of the polystyrene particle surface, thereby
creating the dumbbell structure (Figure 5).31

Figure 6 shows structures of the half-raspberry and whole-
raspberry morphology comprised of different types of nano-
particles. Figure 6A illustrates a cross-linking reaction between
400-nm SiO2 particles and 5-µm polystyrene particles. The
polystyrene particles were hemispherically coated with Ag and
functionalized with HS-PEG-NH2. The SiO2 particles were
hemispherically coated with Au and functionalized with car-
boxy-terminated thiol PEG (HS-PEG-COOH). In solution the
PEG-NH2-functionalized polystyrene particles reacted with the
PEG-COOH-functionalized particles to form the aggregate
structure. It is interesting to note that the structure of Figure
6A was more readily formed than the dumbbell structure of
Figure 5. One would expect that the formation of a bond
between the ends of two polymer chains would be less likely
than that of a single polymer chain finding a functionalized
surface.

Figure 6B illustrates the whole-raspberry morphology utilizing
14-nm gold nanoparticles27,28and 500-nm polystyrene particles.
The gold nanoparticles were treated with an HS-PEG-NH2 and
the polystyrene nanoparticles contained carboxylic acid moieties
already built into the surface. Similar to the dumbbell example
(Figure 5), here the PEG-NH2 needed to only interact with a
carboxylic acid surface site to create a cross-link.

3.4. Polymer Chain Properties and Cross-Bridge Forma-
tion. The rate at which the complementary pairing will occur

Figure 3. MALDI-FT spectrum ofR-amino-ω-mercapto PEG with
the chemical structure of the expected molecule ofm/z) 2839 g/mol
shown.

Figure 4. SEM imaging of anisotropic spheres. Particle aggregation
occurs upon solvent evaporation during sample preparation. Composi-
tion of nanoparticle for first image is polystyrene with Ag. Composition
of nanoparticles for last three images is SiO2 with Au.

Figure 5. SEM image of the rare dumbbell assembly of two
complimentary particles. Composition of particles: (left) 400-nm SiO2

plated with Au and functionalized with HS-PEG-NH2, (right) 510-nm
COOH-functionalized polystyrene plated with Au. The reaction between
the PEG-NH2 and COOH surface covalently cross-links the particles
together in a “dumbbell” configuration.
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is limited by the number of polymer chains on the surface of
the particle, i.e., the effective surface concentration of polymer
chains, and the spatial exploration of the reactive chain end.
The polymer energy potential determines this sampling rate,
and hence the kinetics of complimentary pairing between two
surfaces in close proximity. Once a particle is within a distance
less than the full extension of a polymer chain,L, a comple-
mentary bond can form (Figure 7, inset). However, there is a
higher energy cost for the polymer chain to stretch to an
extension greater than its equilibrium extension. This energy
cost translates into a shorter time that the chain will spend in a
given stretched configuration. As a result, the polymer cross-
linker provides additional means to tune the rate of particle-
particle pairing, i.e., kinetics, as well as the probability of
binding. Assuming that the polymer surface adsorption is low,
i.e., that there is no nearest neighbor overlap, end-grafted
polymers attached to a surface will adopt a “mushroom”
configuration, where the area per polymer chain on the surface
can be approximated by the square of the characteristic Flory

radius,RF
2.30 The number of grafted chains per particle can be

estimated from the area when two particles are in contact and
the length of the polymer cross linker. For example, with a 3000-
g/mol PEG chain, the number of chains on the functionalized
portion of the 400 nm particle is estimated to be 750 (e.g., Figure
5, inset of Figure 7). [If one approximates the area per polymer
chain on the surface asπRF

2, then the estimate for the number
of cross-bridges would be 658. In this case the factor ofπ in
the polymer chain area decreases the number of bonds by
approximately 70%.] Likewise, the area per carboxylic acid
group on the surface of the 510-nm polystyrene particles is 1.28
nm2 (Interfacial Dynamics Corp.), so there are approximately
1.4× 104 carboxylic acid sites available to which the comple-
mentary polymer chain ends may react. When one makes similar
assumptions for the case of the half-raspberries, there are again
about 950 potential polymer chain cross-bridges. Moreover, in
this case complementary chains on the two particles must meet
and react to form the cross-link. In the case of the much smaller
PEG-NH2-functionalized gold nanoparticles (14 nm), less than
25 polymer chains could potentially form bonds with the
complementary COOH groups on the 510-nm polystyrene
particles, yet these composite aggregates formed easily. In these
examples, the number of potential cross-bridges is insufficient
to explain the difference in efficacy of aggregate formation.
While there are other parameters, e.g., Brownian motion,
hydrodynamic effects, particle settling time, that have a hand
in determining the discrete rate and efficiency of particle
binding, on the basis of the similarity of our conditions in the
above cases, we hypothesize that a critical factor not typically
considered in predicting assembly efficiency may be the radius
ratio between the particles. Statistically, the likelihood of
particles A and B reacting will increase with the number of
possible interaction sites for A on B. The number of interaction
sites,Nsite, is simply the ratio of the available binding areas on
the two particles. For example, the preparation of dumbbell
structures was highly improbable, as the two particles only
possessed one point of contact, similar to two billiard balls
colliding. Conversely, the preparation of raspberries was facile
due to the increased number of possible areas of interaction
available on a large particle for smaller particles, e.g., marbles
lying on a table. The effects of the radius ratio and the particle-
particle interaction area may be expressed in a relationship to
quantify the maximum number of interaction sites,Nsite,
available for binding between two given particles and the length

Figure 6. (A) SEM image of a half-raspberry assembly of two complimentary particles. The large particle is 5-µm polystyrene plated with Ag and
functionalized with HS-PEG-NH2. The small particles are 400-nm SiO2 plated with Au that have been functionalized with HS-PEG-COOH. (B)
SEM image of whole-raspberry assembly of complimentary particles. Composition of particles: 14-nm Au functionalized with HS-PEG-NH2 and
500-nm COOH-functionalized polystyrene.

Figure 7. A plot of the number of interaction sites,Nsite, as a function
of the radius ratio of two interacting particles (where the length of the
polymer linker is negligible). Filled data points refer to the results in
Figures 5 and 6A. (Inset) Drawing illustrating the relationships between
R (particle radius),S (functionalized portion of the particle),Asite

(interaction site area), andL (length of the polymer chain).L is
determined by the composition and molecular weight of the polymer
chain and may be expressed as a fraction of the radius of the particle,
R.
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of the polymer cross-linker,L. The general form ofNsite for
two spheres of radiusR is given byNsite ) (4π/4π) (Rlg + Llg/
Rsm + Lsm)2. In the case of surface patterning, the functionalized
zone of the sphere,2πRS, is used, as illustrated in Figure 7:
Nsite ) (2πRlg/2πRsm) (Slg + Llg/Ssm + Lsm). When the length
of the chain is much shorter than the particle radius or the
polymer chains are on the order of the size of the particles, the
number of interaction sites may be approximated asNsite = (Rlg/
Rsm)2. As shown in Figure 7, as the radius ratio decreases, the
greater the likelihood that a given small particle will bind with
a large particle. This simple analysis is in agreement with our
anecdotal evidence (Figures 5 and 6) and suggests that the
number of interaction sites accurately depicts the difficulty of
particle-particle bond formation.

In summary, we have coupled synthesis and self-assembly
to produce, in situ, complex higher order structures of nano-
particle aggregates. We have developed anisotropic nanoparticles
and chain end reactive polymers to program the nanoparticle
surface for assembly. We have proposed a method to determine
efficiency of binding of a given pair of particles by looking at
the number of interaction areas available on the complementary
particle. To further modulate the efficiency of pairing, we
suggest future studies of the effect of tailoring the polymer cross-
linker properties. Control of the self-assembly process is required
to consistently yield desired hierarchical structures.
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