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The past decade witnessed tremendous progresses in nanopar-
ticle synthesis; nanoparticles can now be readily obtained with
great control of size, size distribution, and chemical makeup.' >
The next challenge in the field is to assemble nanoparticles into
desired structures for targeted applications.>* ® Most often
nanoparticles are passivated with an organic coating made up
of surfactants/polymer brushes; this organic coating is uniform
and centrosymmetric.®” While the centrosymmetric coating pre-
vents nanoparticles from aggregation and mediates their assem-
bly, the symmetry of the resultant nanoparticle ensembles is
limited, largely driven by close packing of the particles. However,
if the centrosymmetry is broken by using bicompartment polymer
brushes, the polymer brush-coated nanoparticles then become
anisotropic and much more versatile structures are feasible.'*!!
These nanoparticles coated with bicompartment brushes can be
viewed as one type of Janus nanoparticles (JNPs), the concept
that was discussed by De Gennes in his Nobel lecture in 1991.'
The Janus feature often leads to surfactant-like structures, and as
De Gennes pointed out, their assembly properties are intriguing:
for membranes comprised of closely packed JNPs, there are
interstices between the particles, which allows for mass transport
between the two sides (known as “breathable skin™).">

In addition to the breathable skin De Gennes mentioned, JNPs
have potential applications in self-assembly, surface control, and
optical as well as electronic devices and they have recently gained
much interests from the communities of materials science, chem-
istry, physics and biology."* Janus particles that have been
reported include or%anic JNPs (such as dendrimers,'* ' block
copolymer micelles,'’~** and nanofibers*>**) and hybrid JNPs
(such as micrometer-size beads,”> 2 dumbbell-, acorn-, or rasp-
berry-like clusters'>**73° and particles with bicompartment
surfactants*®~*® and/or polymer brushes.*~**). However, dis-
regarding the large body of work on Janus particle synthesis,
study on their assembly behavior, which is the key interest in this
field, is limited. Computer simulation has been used to demon-
strate that Janus particles (or, patchy particles) can assemble into
complex structures, which mimic living organisms such as
bacteria.'™'"**** Hong et al. recently demonstrated that Janus
particles with opposite electric charge on two hemispheres can
assemble into well-defined clusters having up to 13 particles.’’
With increasing ionic strength of the solution, 1 um diameter
Janus particles with hydrophobic and charged hemispheres
assembled into branched wormlike strings.”> Even fewer experi-
mental works on JNPs with diameters smaller than 20 nm have
been reported.™ One example is that Hatton group synthesized
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Scheme 1. Schematic Representation of Janus Nanoparticles (a) and
Nanoparticles Symmetrically Grafted with One-Component (b) as Well
as Binary Mixed (c) Polymer Brushes
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~20 nm Janus magnetic nanoparticles (Fe;04) with poly(acrylic
acid) PAA/sodium polystyrenesulfonate and PAA/poly(N,N-
dimethylaminoethyl methacrylate) brushes. pH- and tempera-
ture-responsive assembly behavior was observed.*’

Herein we report homo- and heteroparticle clusters formed by
Janus gold nanoparticles (J—AuNPs) with bicompartment poly-
mer brushes composed of poly(methyl methacrylate) (PMMA)
and poly(ethylene oxide) (PEO). Not only solution assembly
behavior of these J—AuNPs has been systematically studied,
heteroparticle clusters consisting of J—AuNPs and symmetrical
magnetite nanoparticles (S—MNPs, Fe;0,4) modified with PEO
brushes have also been formed by controlled particle assembly
in selected solvents. Furthermore, the assembly behavior of
J—AuNPs was compared with that of the AuNPs symmetrically
coated with PMMA/PEO mixed brushes. It is unambiguous that
the unique assembly behavior of J—AuNPs was because of their
Janus feature. These unique heteroparticle clusters are multi-
functional particles, which may potentially find applications in
bioimaging and drug delivery if semiconducting quantum dots
and/or responsive polymer brushes are used to fabricate these
clusters. Scheme 1 shows J—AuNPs and symmetric nanoparticles
grafted with one-component polymer brushes as well as binary
mixed polymer brushes.

Homoparticle assembly was investigated first. J—AuNPs
with bicompartment PEO and PMMA brushes (PEO; 14— Aug—
PMMA,g) were synthesized using the polymer-single-cr¥sta1-
templating method as reported (Supporting Information).*' The
subscript numbers of PEO and PMMA denote the degrees of
polymerization of the polymers while that of Au denotes the
diameter of the nanoparticle in nanometers. The polydispersity
indices (PDIs) of PEO and PMMA are 1.03 and 1.25, respec-
tively. Gel permeation chromatography (GPC), thermogravi-
metric analysis (TGA) and 'H NMR spectroscopy analysis
showed that the overall grafting density of PEO and PMMA
brushes was 0.52 chains/nm? (Supporting Information, Figures
S1—S3). The average number of PEO and PMMA chains per
AuNP is 32 and 26, respectively. The mass ratio of the PEO over
PMMA is approximately 1: 3.2. These AuNPs grafted with
bicompartment polymer brushes provide an ideal JNP system
for self-assembly study. Solubility tests showed that they readily
dissolved in good solvents of PEO and PMMA, such as acetone,
chloroform, tetrahydrofuran, and dimethylformamide. To investi-
gate the detailed solution assembly behavior, acetone and diox-
ane were chosen as model solvents. Upon dissolving PEO; 4—
Aug—PMMA s, the color of the acetone solution remained red
over the entire observation period (one month), indicating that
the particles were stable in acetone. However, the dioxane solu-
tion progressively changed from red to pale blue (Figure 1a).
Figure 1b shows the UV/vis spectra of PEO;1,—Augs—PMMA, g
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Figure 1. Solution assembly behavior of J-=AuNPs and S—AuNPs. (a) Physical appearance of J=AuNPs (1, 2) and S—AuNPs (3, 4) in acetone (1, 3)
and dioxane (2, 4) solutions after incubation for 1 min (top) and 90 min (bottom), UV/vis spectra of J—AuNPs (b) and S—AuNPs (c) in dioxane, and
(d) SPR band position with respect to time for both J-AuNPs and S—AuNPs.

in dioxane. The surface plasmon resonance (SPR) absorption
band red-shifted from 527 to 545 nm in ~50 min, and remained at
545—550 nm afterward. Both red shift of the SPR band and the
color change of the solution suggest that nanoparticle assembly
occurred, which caused delocalization of the surface plasmon of
AuNPs.

TEM experiments were conducted to confirm particle assem-
bly in dioxane. Samples were taken from the nanoparticle solution
and spin coated on a carbon-coated Ni TEM grid to minimize
particle aggregation during sample preparation. Figure 2 shows
PEO; 14— Aus—PMMA,(5 in dioxane at different times. JNPs
were well dispersed in dioxane at the beginning. Small clusters
of 2—7 JNPs can be seen for samples incubated for ~10 min
(Figure 2b). The size of the cluster continuously increased and the
ensemble became anisotropic, wormlike aggregates. After 35 min,
the wormlike aggregates appeared to be branched, approximately
0.1—1 um long and 50 nm wide (Figure 2d). There are approxi-
mately 7—15 nanoparticles along the short axis of the wormlike
aggregates. This structure is remarkably similar to the recently
reported ensemble formed by Janus particles with relatively large
size, where compromise between hydrophobic interaction and
charge repulsion at a given ionic strength led to the formation of
wormlike particle strings.”® In the present case, the wormlike
aggregates are believed to be due to the bicompartment polymer
brushes on these J—AuNPs. Dioxane is a relatively poor solvent
for PEO.>* Our previous experiments suggest that PMMA covers
approximately 3/4 of the AuNP surface while PEO covers 1/4.%!
As previously mentioned, there are ~32 PEO and 26 PMMA
chains per AuNP. This suggests that the local concentration of
PEO is much higher than that of PMMA. Therefore, PEO
“patches” prefer to be confined inside the aggregates so that
the overall free energy of the system can be minimized. Note that
the assembly is also reversible: as we add good solvent such as
acetone into the system, the aggregates dissemble and the SPR
band shifts back.

Note that nanoparticle chains can also be formed in symmetri-
cally functionalized nanoparticles.>*~> In order to demonstrate
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Figure 2. TEM micrographs of J—AuNPs (a—e) and S—AuNPs (f) in
dioxane after various incubation times.
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Scheme 2. Schematic Representations of the Assembly Behavior of
J—AuNPs (a) and S—AuNPs (b) in Dioxane
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that the formation of the wormlike aggregates in the present case
is because of the Janus feature of the nanoparticles, a control
experiment was performed. We synthesized AuNPs symmetri-
cally grafted with PEO/PMMA mixed brushes (S—AuNPs,
PEO; 14/PMMA 5,—Aug, Scheme 1c). Compared with J—AuNP
PEOI 14—Au6—PMMA208, S—AuNP PE01 |4/PMMA|52_AU6
has the same AuNP size. The molecular weights, PDIs of the
polymer brushes, and the overall polymer grafting density are
also comgarable with those of the INPs (M,"MMA ~ 152K g/
mol, PDIPMMA =1 19, M, PE°~5K g/mol, PDIPEO* 1.03, graft-
ing density ~1.2 chains/nm?). In the control experiment, these
S—AuNPs were dissolved in acetone and dioxane and the assembly
behavior was studied. The color as well as the SPR band position
of the S—AuNP solution in acetone or dioxane did not change as
compared to the J—=AuNPs. Figure 1¢ shows the UV/vis spectra
and Figure 1d shows the plot of the SPR band positions of
J—AuNPs and S—AuNPs in dioxane against time. The SPR
absorption band red-shifted for J—AuNPs while it remained
constant for S—AuNPs. Figure 2f shows that after 3 h incubation
in dioxane, S—AuNPs were well dispersed and aggregation was
not observed. This clearly confirmed that the previous wormlike
aggregate formation was due to the asymmetric property of
JNPs. Scheme 2 shows the J—AuNP and S—AuNP assembly
process in dioxane: for J—AuNPs, each particle has one PEO
“patch”. Since PEO tends to collapse in dioxane, the PEO patches
of adjacent J—AuNPs tends to coalesce, leading to the formation
of few particle clusters and wormlike aggregates (Scheme 2a).
This is similar to the formation mechanism of wormlike micelles
of block copolymers. However, for S—AuNPs, PEO and PMMA
brushes are uniformly distributed on the nanoparticle surface.
Although PEO chains also collapse in this case, because PMMA
chains evenly spread on the entire particle surface and stabilize
nanoparticles, the collapse of PEO chains does not lead to particle
aggregation (Scheme 2b).

The above work suggests that collapsing of PEO chains in
selective nonsolvents can lead to J—AuNP aggregation. Compared
with the well studied pH/ionic strength mediated aggregation of
symmetric nanoparticles, the present system is advantageous
because the aggregation could be directional. In order to further
explore this unique feature, we synthesized PEO-grafted sym-
metric MNPs (S—MNPs) to form AuNP—MNP heteroparticle
clusters. The design is based on two reasons: (1) Tailored hetero-
particle clusters of MNPs and AuNPs are multifunctional, having
unique properties from both MNPs and AuNPs. (2) Symmetric
PEO brushes were used for MNPs because, upon mixing with
J—AuNPs with PEO and PMMA brushes, these PEO—MNPs
can serve as “cross-linking points” where J—AuNPs can coalesce
on. To this end, 5K g/mol PEO-grafted 15 nm MNPs (PEO; 14—
MNP;;5) were synthesized as described in the Supporting Infor-
mation. PEO;;4,—MNP; s was incubated with J=AuNP PEO, 14—
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Figure 3. (a) UV/vis spectra of J—AuNP/S—MNP mixture at different
S—MNP/J—AuNP ratios. (b) SPR band shift with respect to the
S—MNP/J—AuNP ratio. Inset in part b shows the physical appearance
of the corresponding solutions.

Aug—PMMA, (g and the weight ratio of these two types of nano-
particles (ry/au) Was varied from 0 to 60:1. The mixture was first
dissolved in acetone for 15 min with sonication. The same volume
of dioxane was added dropwise and the mixture was stirred at
room temperature for 24 h. Inset of Figure 3 shows the photo
images of the solution color change with different ryj/a,. From
left to right, ry/au is ~5, 18, 44, and 60, respectively. The color of
the solution changes from pale blue to pale red, which indicates
that J—AuNPs are better dispersed with increasing PEO; 14—
MNP, 5 concentration. UV—vis study supported this conclusion.
Figure 3 shows that the SPR band of J— AuNPs blue-shifted from
557 to 529 nm when increasing rv/ay from 0 to 60:1. Note that
MNPs used in this work did not show absorption at the wave-
length around 400 to 700 nm.

We further used TEM to study the assembly behavior of
nanoparticles. As shown in Figure 4, compared with neat
J—AuNPs, as S—MNPs were added at a 5:1 ratio, the wormlike
aggregates were broken and heteroparticle clusters were formed,
where the larger MNPs (lighter contrast) are in the center,
surrounded by smaller AuNPs. The J—AuNP coating on the
S—MNP is relatively uniform. As rya, increased from 5:1 to
60:1, J—AuNPs remained on the surface of S—MNPs while
average particle number of AuNP per MNP (np/n4,) decreased
from 9 for ryija, = 5to 6 for 'M/Au= 18, to 4 for ryjay =44, and to
2 for ryvijau = 60 (based on counting ~100—200 clusters, Support-
ing Information, Figure S4). This observation is consistent with
the UV/vis results in Figure 3. When neat J—AuNPs were
dissolved in dioxane/acetone (1:1, v/v) mixed solvent, wormlike
aggregates formed. As PEO coated MNPs were added into
the system, the uniform coating of PEO on the MNPs surface
induced the PEO brushes on the J—AuNPs to collapse on MNPs,
forming a “core-shell” type of heteroparticle ensemble stabilized
by the outer PMMA brushes (insets in Figure 4b—e). As ryjau
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Figure 4. TEM micrographs of J—AuNP/S—MNP (PEO;4—Aus—
PMMA,3/PEO;14,—MNP;5) ensembles at different S—-MNP/J—AuNP
ratios (a—e). Insets of parts b—e show enlarged images of heteroparti-
cles clusters and the corresponding schematic illustrations. (f) TEM
micrograph of S—AuNP (PEO;;4/PMMA;5,—Aug) mixed with the
same S—MNP (PEO;;4,—MNPs). Because of uniformly distributed
PEO and PMMA brushes on the nanoparticle surface, PEO mediated
heteroparticle clusters were not observed.

Scheme 3. Schematic Representation of the Assembly Behavior of
J—AuNPs and S—MNPs in Acetone/Dioxane (Top) and TEM
Images of the Hetero-Clusters with Increasing S—MNP/J—AuNP
Ratio (Bottom)

Increasing ruymy

increases, the average AuNPs per MNPs decreased. Note that
in the cases that S—"MNPs were not completely covered with
J—AuNPs, more anisotropic ensembles were formed as shown in
Figure 4e. Scheme 3 shows the process of PEO induced hetero-
particle cluster formation.

Control experiment was also performed with symmetric
PEO, 14/PMMA | 5,—Aug mixing with the same PEO;1,—MNP;s.
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Because of the protection of PMMA brushes on the surface, the
PEO chain on S—AuNPs was not able to collapse on the surface
of S=MNPS. Uniformly dispersed AuNPs and MNPs mixture
were observed as shown in Figure 4f. Note that the inset of
Figure 4d resembles a CH4 molecule with S—MNP and AuNPs
representing C and H atoms, while the inset of Figure 4e mimics a
H,0 molecule with S—MNP as the oxygen atom and AuNP as
the H atom, respectively. Artificial molecules can thus be synthe-
sized. The “bond angles” are not precisely controlled, never-
theless, these heteroparticle clusters have defined nanoparticle
structures and particle ratio. More sophisticated techniques such
as nanoparticle lithography may be needed to combine with the
present technique to fabricate artificial molecules with precisely
controlled bond angles.*’ It is also worthwhile to point out that
this aggregation process is reversible and the clusters are respon-
sive to solvent properties.

In conclusion, we have synthesized J—AuNPs with bicompart-
ment polymer brushes consisting of PMMA and PEO. J—AuNPs
were synthesized using the polymer-single-crystal-templating
method and the grafting density of polymer brushes were char-
acterized using TGA, GPC, and '"H NMR. While the J-AuNP
PEO; 14— Aug—PMMA, g is soluble in good solvents for PMMA
and PEQ, interesting assembly behavior was observed in dioxane
and dioxane/acetone mixed solvents. Few particle-clusters and
wormlike aggregates were observed. Control experiment using
symmetric AuNPs coated with PMMA and PEO mixed brushes
confirmed that the assembly is because of the Janus feature of
PEO; 14— Aus—PMMA,ns. Intriguing heteroparticle clusters of
PEOI 14—Au6—PMMA208 and PE0114_MNPS were obtained in
dioxane/acetone mixed solvent and the formation mechanism
was attributed to PEO-mediated particle assembly. The relative
particle ratio can be controlled by varying the ratio of J—AuNPs
and symmetric MNPs. These heteroparticle clusters are multi-
functional and could potentially find applications in bioimaging
as well as catalysis fields.
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