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ABSTRACT: We report a polymer brush-based approach for fabricating multivalent patchy nanoparticles (NPs) with the number
of nanodomains (valency) from 6 to 10, potentially from 1 to 10, by exploiting the lateral microphase separation of binary mixed
homopolymer brushes grafted on NPs with a radius comparable to the polymer sizes. Well-defined mixed brushes were grown on
20.4 nm silica NPs by two-step surface-initiated reversible deactivation radical polymerizations and microphase separated laterally
upon casting from a good solvent, producing multivalent NPs on 2D surfaces. A linear relationship between valency and average core
size for the corresponding valency was observed. The mixed brush NPs exhibited abilities to form “bonds” through the overlap of
nanodomains and to change the valency when interacting with adjacent NPs. This method could open up a new avenue for studying
patchy NPs.

P atchy particles are a class of unconventional particles
where the surface is patterned with a small number of

discrete, distinct domains.1−5 These particles, including the
simplest version, Janus particles with contrasting properties on
the opposite sides of the particles,6−9 hold promise for many
applications.1−9 They are used as effective Pickering emulsion
stabilizers,8 for constructing meta-materials with complex
structures that cannot be achieved with particles of uniform
surface characteristics,1,2 and for building colloidal assemblies
that mimic organic compounds (colloidal molecules).3

Polymer brushes have emerged as a versatile bottom-up
means for fabricating patchy NPs owing to their ability to
undergo self-reorganization in response to environmental
changes.4,10−14 Most notably, surface patterning of homopol-
ymer-grafted NPs with relatively low grafting densities was
attained upon lowering solvent quality to collapse the uniform
brushes into surface-pinned micelles, producing patchy NPs
with a small number of domains or helicoidal patterns.4,10,11

Multicomponent brushes provide greater flexibility toward
patchy NPs and assemblies.12−20 Programmed surface
patterning and assembly of diblock copolymer-grafted gold
NPs were realized by first formation of patchy NPs through the
collapse of the inner block and then self-assembly into small,
well-defined clusters.14 Soft patchy NPs with a polymeric core
were made from ABC triblock copolymer micelles by
collapsing one of the two outer blocks in the corona and
self-assembled into complex well-ordered structures.5 Despite
the progress, it remains a challenge to prepare patchy NPs with
a valency from 1 to 10 using polymer brush-grafted NPs (hairy
NPs).
Herein we report a method for fabricating patchy NPs with

the number of nanodomains (valency) from 6 to 10 (i.e.,
multivalent NPs21), potentially from 1 to 10, without resorting
to poor solvents by using binary mixed homopolymer brush-
grafted small NPs. These NPs can form “bonds” through the
overlap of their nanodomains and change their valency

according to the environment. Mixed brushes, composed of
two distinct homopolymers randomly or alternately end-
tethered on a surface, exhibit intriguing behaviors.21−32

Simulations have shown that for mixed brushes on spherical
NPs with a radius comparable to the polymers’ unperturbed
root-mean-square end-to-end distances (Rrms), various islanded
structures are formed from lateral microphase separation of the
two grafted polymers, yielding multivalent NPs with 2 to 12
(except 11) nanodomains.21,31,32 The valency is governed by
core size, grafting density (σ), chain length, etc., among which
core size plays a significant role.31 Moreover, upon assembly,
polymer microphase separation competes with NP close
packing; both commensurate and incommensurate structures
could occur, rendering this type of multivalent particles
intrinsically adaptable.
We synthesized mixed poly(tert-butyl acrylate) (PtBA)/

polystyrene (PS) brushes on 20.4 nm silica NPs (Scheme 1). A
monochlorosilane-terminated asymmetric difunctional initiator
(Y-I-Silane), containing one atom transfer radical polymer-
ization (ATRP33) initiating group and one nitroxide-mediated
radical polymerization (NMRP34) initiating moiety, was
immobilized onto 20.4 nm silica NPs (see the Supporting
Information). The initiator-functionalized NPs were used for
growing brushes by sequential surface-initiated ATRP of tert-
butyl acrylate at 75 °C and surface-initiated NMRP of styrene
at 120 °C, each with the addition of a free initiator.35,36 A total
of nine mixed brush NP samples with a fixed PtBA Mn of 19.6
kDa and various PSMns (from 6.1 to 31.5 kDa) were prepared.
The calculated PS grafting densities were in the range of 0.27−
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0.49 chains/nm2,37 similar to σPtBA (0.37 chains/nm2). The
PtBA’s Rrms was estimated to be 8.3 nm, while the PS Rrms

values ranged from 5.2 to 11.7 nm,36,38 comparable to the
radius of silica NPs. With increasing PS Mn, the volume
fraction of PS ( f PS) increased and became greater than 0.50 at
PS Mn = 20.0 kDa. The characterization data and calculated
values are summarized in Table 1.

To visualize the NPs’ morphologies, transmission electron
microscopy (TEM) was performed. The brush NPs were drop-
cast on carbon-coated TEM grids from CHCl3 at 0.25 mg/mL,
annealed with chloroform vapor for >3 h, and stained with
RuO4 for 7 min. RuO4 selectively stains PS, making it dark
under TEM.36 Figure 1a−j shows TEM micrographs of one
PtBA NP without staining and single NPs of nine mixed brush
samples. All mixed brushes were microphase separated,
yielding spoke-like multivalent NPs with a small number of
nanodomains extending outward from the core. The most
common valency was 8 except for BNP-6.1k, whose nano-
domains were difficult to discern due to the short nano-
domains (Figure 1b). The clearest multivalent NPs were found
for the samples with PSMn from 10.9 to 23.0 kDa (Figure 1d−
h). The size of brush NPs and the length of dark nanodomains
increased with increasing PS Mn. The PS domains were
somewhat uniform in width when the PS Mn was ≤15.2 kDa
(∼7 nm for BNP-12.9k) but became truncated wedge-like at

PS Mn = 20.0 kDa.39 Upon further increasing PS Mn, the dark
domains gradually enclosed the bright nanodomains, and for
BNP-27.6k and -31.5k the bright domains were fully covered
by PS chains. Note that the degrees of polymerization (DPs) of
PS for BNP-27.6k (265) and -31.5k (302) were significantly
larger than the PtBA’s DP. This is consistent with the
simulation result that for asymmetric mixed brushes with a
large chain length asymmetry the laterally phase-separated
layer is covered with the longer species.30

The observed multivalent NPs under TEM are 2D
projections; therefore, the valency V

r

w
∼ , where r is the NP

radius and w is the nanodomain width. Compared with other
patchy brush NPs, the valency here arises from the intrinsic
lateral microphase separation of mixed brushes and therefore
can be tuned by varying parameters such as Mn, f, Flory−
Huggins parameter, and σ. Moreover, r plays a significant role,
as shown above and by simulations.31,32 The silica NPs used
here exhibited a certain dispersity. To elucidate how the core
size affected the valency, BNP-15.2k was stained for 2 min,
which made both core NP and PS nanodomains visible under
TEM (Figure 1k). We analyzed 102 NPs for core size and
valency, and the results are plotted in Figure 1k. A trend was
seen that the valency decreased with decreasing core
dimension, and each valency corresponded to a size range,
which qualitatively agreed with the simulation results.32 A
linear relationship between valency and average core size for
each valency was observed (Figure 1l), with a slope of 0.42.
Extrapolation showed that monovalent (i.e., Janus NPs),
divalent, and tetravalent NPs would be obtained from mixed
brush NPs with a core diameter of 2.8, 5.2, and 10 nm. Kim et
al. studied mixed brush-grafted, ∼3 nm gold NPs in toluene by
neutron scattering and found that with increasing molecular
weights the brush NPs phase separated into Janus NPs.40 Note
that di- and tetravalent NPs could self-assemble into
uncommon square lattices.41

These multivalent NPs can interact with each other and
form “bonds”. Figure 2 shows TEM images of BNP-15.2k,
from individual NPs to various-sized clusters and NP lattice.
Bonds were formed between NPs via the overlap of
nanodomains, much like the σ-bond formation through
head-to-head overlap of electron orbitals. The bonded domains
were slightly darker and similar in length to unbonded
nanodomains (i.e., dangling bonds). In Figure 2c, the
formation of two bonds, indicated by arrows, appeared to be
in the process. As mentioned earlier, 8 was the most frequent
valency of individual NPs, and analysis of 304 hairy NPs
showed an average valency of 7.86 ± 0.95. For the lattice
(Figure 2l), the most common valency appeared to be 6.
Analysis of different-sized assemblies found that the average
valency per NP decreased gradually from 7.86 ± 0.95 for

Scheme 1. Synthesis of Binary Mixed Homopolymer Brushes on 20.4 nm Silica NPs and Formation of Multivalent NPs with an
8-Valent NP as an Example

Table 1. Characterization of Mixed PtBA/PS Brush-Grafted
Silica NPs

hairy NPs
PS Mn (kDa),

Đ
a

σPS (chains/
nm2)b

PS Rrms
(nm)c f PS

d

BNP-6.1k 6.1, 1.27 0.45 5.2 0.27

BNP-9.7k 9.7, 1.26 0.37 6.5 0.32

BNP-10.9k 10.9, 1.18 0.33 6.9 0.32

BNP-12.9k 12.9, 1.28 0.32 7.5 0.35

BNP-15.2k 15.2, 1.17 0.27 8.1 0.35

BNP-20.0k 20.0, 1.18 0.39 9.3 0.51

BNP-23.0k 23.0, 1.17 0.37 10.0 0.53

BNP-27.6k 27.6, 1.19 0.40 10.9 0.59

BNP-31.5k 31.5, 1.25 0.40 11.7 0.62
aThe number-average molecular weight (Mn) and dispersity (D̵) were
determined by size exclusion chromatography (SEC) using PS
standards. The Mn and D̵ of PtBA were 19.6 kDa and 1.20,
respectively. We previously found that the PtBA Mn from SEC was
similar to the Mn determined from the monomer conversion.36 bσPtBA:
0.37 chains/nm2. cThe Rrms values of PtBA and PS were calculated
using Rrms = (C∞nl

2)1/2, where C∞ is the characteristic ratio, n is the
backbone C−C bond number, and l is the C−C bond length (1.54
Å).38 The C∞ for PtBA was unavailable, and we used PS C∞ (9.5) for
estimating PtBA’s Rrms, giving 8.3 nm. dThe densities of PtBA (1.008
g/cm3) and PS (1.052 g/cm3) were used in calculating f PS.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.1c08261
J. Am. Chem. Soc. 2021, 143, 16919−16924

16920



individual NPs to 7.12 ± 1.05 for dimers (212 NPs analyzed),
6.55 ± 0.91 for trimers (123 NPs), 6.40 ± 0.91 for tetramers
(156 NPs), 6.35 ± 1.00 for 5-mers (115 NPs), 6.24 ± 0.70 for
6-mers (84 NPs), 6.07 ± 0.79 for 7-mers (126 NPs), 6.09 ±

0.65 for 8- to 10-mers (150 NPs), and 5.95 ± 0.48 for the
lattice (212 NPs) (Figure 2m), indicating that these multi-
valent NPs were environmentally adaptable. This intriguing
observation can be attributed to the competition of two
separate self-assembly processes: brush microphase separation,
which leads to a finite, NP size-dependent valency for
individual NPs, and NP close packing on 2D surfaces, which
prefers a hexagonal symmetry. The NP’s valency is preserved
when it is commensurate with the lattice site’s coordination
number 6. However, when they are incommensurate, the NP
packing dominates the assembly process and the brushes
appear to be able to reconfigure their nanodomain sizes to
adapt to the lattice, indicating that the lattice’s packing
requirement could overwrite the core size’s effect. It is also
possible that the brushes could dictate the packing of smaller
NPs. Computer simulations have shown that when the ratio of
the spherical core radius (r) to the polymer size (Rrms in the
unperturbed state) in the symmetric mixed brush-grafted NPs
is <1, the most stable NP packing is simple cubic crystal
lattices in 3D and square arrays in 2D (i.e., brushes
dominate).32 At the ratios of r to Rrms > 1, the most stable
NP arrangement is body-centered-cubic lattices in 3D and
hexagonal arrays in 2D (i.e., core NPs dominate).

Figures 3 and S10 show the TEM micrographs of small and
large NP assemblies for nine mixed brush samples, respectively.
While the bonds between NPs for BNP-6.1k to -15.2k were
formed by dark nanodomains, they changed to bright domains
for BNP-20.0k, -23.0k, and -27.6k. This bond inversion was
caused by the changes of relative molecular weights and f PS.
When the PS Mn was ≥20.0 kDa ( f PS > 0.50), PtBA became
the minority component, forming the bonds between NPs. For
BNP-6.1k, the bonds were rather weak due to the short PS
chains. On the other hand, for BNP-31.5k, PS was significantly
longer than PtBA, making it difficult for PtBA nanodomains to
form bonds, as evidenced by the dark gaps between mutually
pointing bright nanodomains. Interestingly, the PS bonds in
Figure 3e bulged out in the center, while they were straighter
in Figure 3b,c, indicating that the PS in BNP-15.2k was more
relaxed. Similarly, the PtBA bonds were more flower-like in
BNP-20.0k and -23.0k but more uniform in width in BNP-
27.6k (Figure S10).
In summary, we demonstrated the fabrication of multivalent

NPs with a valency of 6 to 10 utilizing the spontaneous
microphase separation of binary mixed brushes grafted on NPs
with a radius similar to the polymer sizes. A linear relationship
was observed between valency and average core size. These
NPs can form bonds through the overlap of nanodomains, and
the valency decreased with increasing NP number in the
assembly, showing the NPs’ adaptability. Moreover, we
observed the bond inversion from one polymer to another

Figure 1. TEM micrographs of one PtBA-grafted silica NP (a), BNP-6.1k (b), -9.7k (c), -10.9k (d), -12.9k (e), -15.2k (f), -20.0k (g), -23.0k (h),
-27.6k (i), and -31.5k (j). Scale bar: 50 nm. The mixed brush NPs were stained with RuO4 for 7 min. (k) Plot of valency vs core size for BNP-15.2k
after being stained with RuO4 for 2 min. Scale bar: 25 nm (see Figure S9 in the Supporting Information for a guided view of nanodomains, where
for each multivalent NP dashed lines with a larger circle are drawn). (l) Plot of valency versus average core diameter for the corresponding valency
with the standard deviation. The star, diamond, and circle indicate mono-, di-, and tetravalent NPs from extrapolation.
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with the change of relative molecular weights of the two
polymers. The multivalent NPs presented here were on 2D
surfaces (i.e., 2D multivalent NPs). Fox et al. previously
observed by cryo-electron tomography that mixed poly(acrylic
acid)/polystyrene brushes grafted on 50−90 nm silica NPs
phase separated laterally in N,N-dimethylformamide.42 On the
other hand, simulation studies showed that mixed brushes in
nonselective solvents phase separated laterally over a wide
range of solvent conditions when the two polymers were
sufficiently immiscible.21,31,43 Thus, it is feasible to make 3D
multivalent NPs from mixed brush-grafted small NPs in
solvents. We plan to explore 3D multivalent NPs by using
cryo-TEM, selective cross-linking of nanodomains, freeze-

drying, etc. By tuning the core size and brush parameters,
multivalent NPs with a valency from 1 to 10 are likely
achievable, and thus this bottom-up approach could open up
new opportunities for studying patchy NPs, not only in the
fabrication but also in the self-assembly behavior in 3D, e.g., by
changing the solvent quality, and in 2D, e.g., at the air−water
interface by the Langmuir−Blodgett technique.
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Figure 2. TEM micrographs of individual NPs, different-sized assemblies, and NP lattice for BNP-15.2k (a−l). (m) Plot of average NP valency
versus NP number in the assembly.

Figure 3. TEM micrographs of small NP assemblies of BNP-6.1k (a), -9.7k (b), -10.9k (c), -12.9k (d), -15.2k (e), -20.0k (f), -23.0k (g), -27.6k (h),
and -31.5k (i).
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Experimental Section; TEM micrographs of large NP
assemblies for nine mixed brush NP samples (PDF)
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