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ABSTRACT: Symmetry-broken nanoparticles (NPs)  are impor- 
tant building blocks with directional interparticle interaction as a 
key to access the precise organization of NPs macroscopically. We 
report a facile, one-pot synthetic approach to prepare high-quality 
symmetry-broken plasmonic   gold  NPs  (AuNPs).   Symmetry- 
broken patterning is achieved through deficient ligand exchange 
of isotropic AuNPs with thiol-terminated polystyrene (PS-SH) in 
the presence of an amphiphilic  polymer  surfactant.  The 
concentration of PS-SH plays a dominant role in tuning surface 
patterning and coverage of AuNPs. The formation of asymmetric 
surface patches arises from the interplay between the conforma- 
tional entropy  of  polymer ligands and  the  interfacial energy 
between polymer-grafted AuNPs and the solvent. Our method illustrates new paradises to design asymmetric NPs with directional 
interparticle interactions to access the precise organization of NPs. 

 
 

olymer-grafted plasmonic nanoparticles (PGPNs) consist- 

ing of a plasmonic nanoparticle (NP)  core chemically 

grafted with polymer tethers have received continuous 
attention as part of functional polymer nanocomposites over 

the past decade.
1 

Polymers as surface ligands that dominate the 
interparticle interaction direct the organization of plasmonic 
NPs macroscopically to control their ensemble properties, such 

as tunable plasmonic properties of PGPNs.
1a,2  

For example, 

PGPNs with amphiphilic mixed polymer tethers
3  

or  block 

copolymers (BCPs)
4  

can assemble into abundant nanostruc- 

tures with promising applications in nanomedicine,
5  

sensing,
6 

and catalysis.
7  

While those assemblies are interesting, the self- 
assembly mechanism usually involves the  symmetry-broken 

rearrangement of polymer ligands.
8 

In many cases, such broken 
symmetry plays a key role in creating directional interaction of 
plasmonic NPs and thus the formation of  sophisticated 

assemblies.
9  

The symmetry-broken arrangement of polymers 
can be  done  through two strategies, including site-specific 

grafting and phase segregation.
10  

Site-specific binding relies on 
the recognition of the surface energy difference among, for 

example, different facets
2b,11   

and  corner  or  edge sites of 

plasmonic NPs.
10b,12 

It usually applies to anisotropic plasmonic 
NPs with distinct binding sites on the surface. On the other 
hand, phase segregation driven by  the  thermodynamically 
unfavorable mixing of ligands can pattern plasmonic NPs, even 

with  isotropic surface properties.
13  

Ligands with  different 
lengths and hydrophobicity have been demonstrated to form 

surface patterns, like Janus-type segregation
13a,14 

and strips,
15 

on NPs. 
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More recently, polymer ligands have been reported to show 
very similar hydrophobicity-driven  surface  patterning on 
plasmonic NPs. PGPNs with hydrophobic polymer ligands, 
for example, thiol-terminated  polystyrene  (PS-SH), undergo 
unique phase segregation when transferred from a good to a 

poor  solvent.
8b,16  

As chemically linked to  plasmonic NPs, 
hydrophobic PS-SH when collapsed can segregate to  form 
patches on plasmonic NPs instead of symmetric core shell 
coating. Although those surface patches of isotropic plasmonic 
NPs are interesting, the preparation condition is extremely 

delicate, for example, at extremely low concentrations  to avoid 
interparticle interactions. The other key challenge in hydro- 
phobicity-driven surface patterning of PGPNs is to control the 
low grafting density of PS-SH while balancing their colloidal 

stability during ligand exchange.
8b 

In this Letter, we propose to 
limit the  grafting density of  PS-SH simply through 
continuously reducing the concentration of PS-SH (CPS SH), 

namely, deficient ligand exchange (DLE).  To  address the 
stability of PGPNs, concurrently adding an amphiphilic BCP 
surfactant, like poly(acrylic acid)-block-polystyrene  (PAA-b- 
PS), can protect the PS patches to avoid interparticle 
interaction. Herein, a new “one-pot” DLE approach is reported 
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to rationally design surface patterning on spherical gold NPs 
(AuNPs). Our synthetic approach is summarized in Figure 1a. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. (a)  Surface patterning of AuNPs: core shell  (up)  and 

Janus-type (down) PGPNs. (b)  TEM and (c)  SEM of Janus-type 
PGPNs. (d) UV vis of citrate-capped AuNPs and Janus-type PGPNs 
in water. Histogram of (e) NAu and (f) diameter (d2) averaged from 
>200 NPs. 

 

 
In the mixture of PS-SH, PAA-b-PS, and AuNPs, the surface of 

 AuNPs is fully coated with brush-like polymers in the presence of sufficient PS-SH; thus, core shell nanostructures uniformly 
coated with polymers are observed in a poor solvent of PS. 
When reducing CPS SH, a clear morphological transition from 
core shell to Janus-type PGPNs is observed. Our key findings 
are 3-fold. First of all, we resolve the synthetic challenges in 
colloidal stability   of   asymmetric NPs  prepared  through 
hydrophobicity-driven surface patterning. Hydrophobic poly- 
mer ligands (either homopolymer

8b  
or BCP

16b,17
) show strong 

interparticle interactions, particularly in water. The addition of 
a nonbound BCP surfactant endows water solubility  of as- 
resultant Janus NPs with a concentration of >10 mg/mL. 
Second, the surface patterning of plasmonic NPs is achieved 
solely by varying the concentration of PS-SH. Without the 
interfacing from other  ligands, the  use of  single polymer 
ligands simplifies the symmetry-broken patterning of AuNPs. 
We tackle the long-standing issue to control the ligand density 
of polymers, especially in the low grafting density region, while 
retaining their  solubility. The  surface grafting density of 
hydrophobic PS ligands is clearly identified to  control the 
surface patterning. Third, control of the surface coverage of 
AuNPs and polymer domain size is showed by varying  the 
concentration and molecular weights (Mw) of PS-SH. It makes 
our  method  simple, general, and  highly reproducible. We 
expect that it opens new doors to design symmetry-broken 
PGPNs as unique building blocks for their hierarchical self- 
assembly.

18
 

To prepare Janus-type PGPNs, 0.45 mg of PS200-SH (Mw = 
20.8 kg/mol, Đ = 1.08, and 0.9 μM) and 20 mg of PAA107-b- 
PS55 (Mw  = 13.6 kg/mol, Đ = 1.2, and 73.5 μM) were first 

dissolved in 20 mL of dimethylformamide (DMF). Then, 0.2 
mL of preconcentrated citrate-capped AuNPs (13.1 ± 1.2 nm, 
5.2 mg, see SI for details) was added dropwise to the DMF 
solution of the two polymers. After sonication  for 1 min, the 
mixture was incubated overnight to ensure polymer grafting on 
AuNPs. Afterward, 3.6 mL of water (16 vol %  of  the final 
solution) was added to the mixture, and the solution became 

 

turbid immediately since water is a nonsolvent for PS. The 
mixture was then annealed at 100 °C for 1 h. The solution was 
subsequently cooled down  slowly with a  cooling rate  of 
approximately 10 °C per 1 h. The slow cooling process allowed 
the rearrangement of polymer chains to form more uniform 
nanostructure. After the self-assembly  was quenched with 
excess water, as-resultant PGPNs were collected by centrifu- 
gation (see SI for details). Figure 1b shows the representative 
transmission electron microscope (TEM) image of Janus-type 
PGPNs. The morphological asymmetry of Janus-type PGPNs 
can be visualized by the electron density contrast under TEM 
where dense Au domains (Figure S1) are darker and spherical 
polymer domains are much lighter (29.6 ± 2.2 nm in parallel 
to AuNPs, Figure 1f). Janus-type PGPNs were also confirmed 
by scanning electron microscope (SEM, Figure 1c) in which 
the contrast is reversed. The UV vis  spectroscopy of Janus- 
type PGPNs and citrate-capped AuNPs are given in Figure 1d. 
The localized surface plasmon resonance (LSPR) peak is 529 
and 520 nm for PGPNs and AuNPs, respectively. The sharp 
LSPR peak of PGPNs indicates the water solubility of Janus- 
type PGPNs. Janus-type PGPNs are stable in water and no 
obvious change was observed over three months. The average 
number of AuNPs per polymer domains (NAu) analyzed 

statistically over 200 individual PGPNs from TEM is 0.95. The 
yield of Janus-type  PGPNs is 91% without gradient 
centrifugation while around 9% of PGPNs have two polymer 
domains (Figure 1e). 

The  formation of  Janus-type PGPNs was not  observed 
without incubation overnight. Reducing the incubation time, 
like to less than 1 h, would result in the aggregation of AuNPs 
under annealing, as indicated by the color change from red to 
purple. This is presumably due to the lack of ligand protection. 
Our control experiments confirmed that both PS200-SH and 

PAA107-b-PS55  were critical to prepare high-quality Janus-type 

PGPNs. In the absence of PS200-SH, similar purplish color was 

seen  during  annealing.   Nanochain-like aggregates where 
AuNPs  were  linked  by  polymer micelles were  observed 
under TEM (Figure S2). Without PAA107-b-PS55, PGPNs 

crushed out from the solution as large clusters of AuNPs after 
addition of water (Figure S2). Therefore, we deduce that the 
amphiphilic BCP of PAA107-b-PS55   interacts with PS200-SH 

grafted AuNPs upon the  addition of water, driven by the 
hydrophobic interaction.  The collapse  of  PS ligands  on 
PGPNs, although destabilizing AuNPs in  the  DMF/water 
mixture, can  be  solubilized by  PAA107-b-PS55 acting as  a 
surfactant.

19
 

The  formation of Janus-type PGPNs largely depends on 
CPS200 SH.  With CPS200 SH  =  20.3 0.5  μM, there  are  clear 
morphological transitions of PGPNs from clustering to core
shell and eventually to Janus-type (see Figures S3 S8  with 
detailed statistics). At CPS200 SH = 20.3 μM, nanoclusters were 
observed under TEM (Figure 2a). The nanoclusters have a 
clear polymer outer shell with one or more AuNPs 
encapsulated. The size of nanoclusters is 51.2 ±  10.1 nm, 
and the NAu is 1.9. When decreasing CPS200 SH to 5.1 μM, the 

NAu shows a clear drop where 58% of PGPNs have individual 

AuNPs as the core. The average diameter decreases to 41.5 ± 
8.3 nm. Further reducing CPS200 SH  to  2.0 μM led to  the 
formation of eccentric PGPNs (Figure 2c). Polymer domains 
mostly segregated to form asymmetric coating on AuNPs. The 
NAu decreased to 1.15 with 86% of PGPNs having individual 
AuNPs per polymer domains (Figure 2g). Since polymer 
domains are not spherical, we defined the size of polymer 

https://doi.org/10.1021/acsmacrolett.1c00252?rel=cite-as&amp;ref=PDF&amp;jav=VoR
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Table 1. Structural Parameters of PGPNs Prepared with 

Different Concentrations of PS200-SH 
 

CPS200 SH 

(μM)  d1 (nm)  d2 (nm)  d3 (nm)  d2/d1 

 
stretching 

ratioa
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. (a e)  TEM of PGPNs prepared with different CPS200 SH 

(μM): (a) 20.3; (b) 5.1; (c) 2.0; (d) 0.9; (e) 0.5. Scale bars are 100 
nm. (f)  Schemes showing morphological transitions of PGPNs by 
reducing CPS SH (left) and definition of d1 and d2 of PGPNs (right). 

(g i) Plotting NAu (g), diameter of polymer domains (h), and d2/d1 

(i) vs CPS200 SH. dpolymer is d2 for Janus-type PGPNs. 

 
domains in two different directions, that is, across (d1) with 
and in parallel (d2) to AuNPs (Figure 2f). The d1 and d2 are 
14.8 ± 2.2 and 30.6 ± 2.0 nm, respectively, at CPS200 SH = 2.0 
μM. At CPS200 SH in the range of 2.0 to 0.5 μM, Janus-type 
PGPNs were observed with NAu close to 1 (Figures 2d,e and 
S6 S8),  although the size of polymer domains varied with 
CPS200 SH (Figure 2h). When further decreasing CPS200 SH to 0.2 
μM and below, the PGPNs were not stable in water where a 
new shoulder LSPR peak at 620 nm was observed (Figure S9). 
In those cases, PGPNs with two polymer domains were found 
similar to that without PS200-SH (Figures S10 S12). 

For Janus-type PGPNs, the surface coverage of AuNPs is 
controllable by varying CPS200 SH.  We used the ratio of d2/d1

 

20.3 44.0 ± 5.8 1.7 

10.1 39.9 ± 3.6 1.4 

5.1 35.7 ± 2.8 1.1 

2.0 14.8 ± 2.2 30.6 ± 2.0 32.5 ± 2.2 2.0 0.9 

0.9 15.4 ± 1.4 29.6 ± 2.2 1.9 

0.5 13.8 ± 2.1 21.2 ± 3.0 1.5 

0.2 12.5 ± 2.9 16.8 ± 3.2 1.3 

0.1 10.8 ± 2.0 14.5 ± 2.9 1.3 

0.04 9.9 ± 1.6 13.9 ± 2.3 1.4 
aNote: Stretching ratio for PS200-SH. 
 

 reached 0.41 per nm2. The ligand density decreases linearly with CPS200 SH (Figures S13 and S14) at CPS200 SH 5.1 μM; 

therefore, under deficiency of ligands, the grafting of PS200-SH 
on AuNPs follows a Langmuir adsorption model, where the 
ligand grafting is precisely controllable by decreasing CPS200 SH. 
When Janus-type PGPNs are identified as the major products 
at CPS200 SH = 2.0 μM, the grafting density of 0.1 per nm2, 
calculated from a linear extrapolation, is the critical value to 
allow phase segregation. 

Overall, hydrophobicity-driven   collapsing of  PS  ligands 
results in an elongated chain conformation, as observed in 
densely packed hydrophobic cores of micelles.

20  
We examined 

the grafting state of PS200-SH at various grafting densities at 
CPS200 SH 2.0 μM. With a focus only on core shell PGPNs 
 with discrete AuNPs as the core, the diameter (d3) of those core shell PGPNs is dependent on CPS200 SH (Table 1). The 
difference in the size of core shell  PGPNs suggests that the 
 chain stretching ratio (S) of hydrophobic  PS200-SH is varied among those core shell  PGPNs. If we consider the  BCP 
chains that are fully relaxed as not being chemically bound to 
AuNPs, the decrease of d3 is presumably due to the change in 
the chain stretching of PS200-SH at different grafting densities. 

that stands for the size difference of polymer domains at two 
different directions to quantify the surface coverage of AuNPs. 

The S of PS200 -SH can be calculated using 

A high ratio of d2/d1  is an indication of AuNPs presented close 
to the center of polymer domains, that is, a high coverage of 
AuNPs. Note that, since TEM only shows the 2D projection, 
the measured values of d1 from TEM will be smaller than those 
of the real d1. Although the statistical analysis (>200 NPs) 
would average out the difference among projection directions, 
it only provides semiquantitative  comparison of the surface 
coverage. At CPS200 SH  0.9 μM, the  d2/d1   of Janus-type 
PGPNs is 1.9 2  (Figure 2i and Table 1). The decrease of 
CPS200 SH led to the sharp drop of the d2/d1. At CPS200 SH = 0.2 
μM, the d2/d1  is 1.3. Given the stability of PGPNs, the d2/d1  of 
1.5 2 likely represents the optimal surface coverage of AuNPs 
to balance the phase segregation and their colloidal stability. 
The change in surface coverage of AuNPs further confirms our 
interpretation of deficient ligand coverage of AuNPs upon 
collapse. 

We have quantitatively estimated the grafting density since 

the deficiency of PS200-SH facilitates the structural transition of 
PGPNs. To do so, the BCP was selectively removed via 
thorough centrifugation  cycles in pure DMF. Since PAA107-b- 
PS55 is not chemically grafted on AuNPs, the residual polymers 
on PGPNs are presumably PS200-SH. The grafting density was 
calculated through the shell thickness using TEM (Table S1). 
For  CPS200 SH  =  20.3 μM, the  grafting density of  AuNPs 

(d3 − dAu)/2 − R 0,PS‐BCP 
S = 

R 0,PS200‐SH 

where d3 and dAu are the diameter of core shell PGPNs and 
AuNPs, respectively, and R0,PS BCP and R0,PS200 SH are the root- 
mean-square end-to-end distance of PS in PAA107-b-PS55  and 
 PS200-SH (Table S2), respectively. In all cases where clustering and core shell  PGPNs are the major products, the S is >1; 
therefore, polymer ligands are stretched to avoid the overlap 
with neighboring chains because of entropic repulsion. The 
phase segregation of ligands that will further increase the local 
grafting density cannot occur. The morphological transition 
from core shell to Janus-type only occurred at CPS200 SH = 2.0 
μM, with S 0.9 (Table 1). With a low grafting density, the 
decrease of entropic repulsion among ligands makes the phase 
segregation possible. The transformation took place instead of 
further compressing PS200-SH to maintain the low free energy 

of PGPNs. The asymmetric distribution of PS along the polar 
axis would minimize the interface of the solvent and PS200-SH 

ligands where AuNPs protruded out of polymers and became 
exposed to solution. 

The  decrease of PS200-SH resulted in  the  formation of 
spheroids. We  approximated the  shape  transformation of 
PGPNs using a spheroid model to estimate the average volume 

https://doi.org/10.1021/acsmacrolett.1c00252?rel=cite-as&amp;ref=PDF&amp;jav=VoR
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■ 

 

(VPGPNs) and surface area (SPGPNs) per NP (see SI for details). 
In contrast to abrupted changes in the aspect ratio from sphere 
to spheroid, VPGPNs  and SPGPNs undergo a continuous decrease 
with respect to CPS200 SH (Figure S15). It is interesting to note 
that VPGPN  and SPGPN are correlated linearly, regardless of the 
final shapes of  PGPNs. This suggests that  the  phase 
segregation occurs mainly to  minimize the  surface area of 
PGPNs with low density of PS-SH and avoid the energetic 
penalty in compressing polymer chains excessively. 

To  explore the  controllability over the  size of polymer 
domains, we examined PS-SH with different Mw (4.6 to 37 kg/ 
mol). The same concentration of PS-SH (ca. 0.9 μM) was used 
while maintaining the concentrations of BCPs and AuNPs 
constant. Uniform Janus-type PGPNs with >90% yields of NAu 

= 1 were seen for all PS-SH (Figures S16 S19). The size of 
polymer domains is dependent on the Mw of PS-SH (Figure 
3a). With PS44-SH, polymer domains are small, with a d2  of 

 

 
 

Figure 3. Plotting d2 (a) and d2/d1 (b) of Janus-type PGPNs vs Mw of 
PS-SH. 

 
17.4 ± 2.6 nm (Figure S17), while the d2 increases to 31.1 ± 
2.9 nm for PS356-SH. Interestingly, the d2/d1  seems to be less 
sensitive to the Mw of PS-SH (Figure 3b). It is in the range of 
1.9 1.7,  regardless of the  length of PS-SH. Those results 
confirm that the similar surface coverage of AuNPs can be 
achieved with a similar density of PS-SH during the DLE 
synthesis. 

Janus-type PGPNs show distinct surface properties. The 
exposed surfaces of PGPNs not covered by polymers can be 
used as seeds to  mediate the  further growth of a second 
metal.

16b,21   
Two proof-of-concept  experiments were carried 

out to grow Au and Pd on Janus-type PGPNs prepared with 
CPS200 SH = 0.9 μM. For Au grown on Janus-type PGPNs (Au@ 
Au), elongated Au domains with an average length of 23 nm 
were seen on the only one side of the original Au cores (Figure 
4a). The asymmetric growth of Au@Au resulted in a clear red- 
shift and broadening of the LSPR peak from 529 to 545 nm 
(Figure 4b), similar to the reported values of asymmetric Au@ 
Au NPs.

21 
A similar asymmetric growth was also seen for Pd@ 

Au (Figure 4c). The new Pd domains are extruded on the 
exposed surface of AuNPs as confirmed by scanning TEM 
energy-dispersive X-ray spectroscopy  (EDX) mapping (Figure 
S20). The LSPR peak of Pd@Au does not show a large shift 
but similar peak broadening as Au@Au.

16b,21,22 
In both cases, 

no other capping agents are needed and the BCP surfactant 
can stabilize PGPNs during the secondary growth. 

In summary, we demonstrated a facile synthetic approach to 
selectively pattern the surface of isotropic plasmonic AuNPs 
while undergoing ligand exchange with PS-SH. The concen- 
tration of PS-SH ligands played a central role in controlling the 
surface patterning of  AuNPs while PAA-b-PS acted  as  a 
surfactant to stabilize PGPNs. With sufficient PS-SH (CPS200 SH 

2  μM),   AuNPs  were  coated  isotopically   with  dense 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. TEM and normalized UV vis spectra of Au@Au (a, b) and 

Pd@Au (c, d) on Janus-type PGPNs. Scale bars are 100 nm in (a) 
and (c). 
 
 
 
 hydrophobic PS200-SH ligands that further formed clusters or core shell nanostructures in water. When the concentration of 
PS200-SH was deficient (0.2 μM CPS200 SH 2.0 μM), Janus- 
type PGPNs were produced with selective surface coverage on 
AuNPs. The  underlying mechanism of such structural 
transition was found to  be the interplay of conformational 
entropy of PS-SH ligands and the interfacial energy between 
PGPNs and  solvent. As-resultant core shell  or  Janus-type 
PGPNs were stable in water and those could be produced in 
scale-up syntheses. Other synthetic parameters like the size of 
AuNPs and  the  hydrophobicity/block length of  the  BCP 
surfactant that potentially  will lead  to another level  of 
controllability over the  asymmetric patterning of  polymer 
domains are currently undergoing. Our method is extremely 
simple to prepare high-quality symmetric-broken PGPNs with 
many potentials in hierarchical self-assembly and catalysis. 
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