
Polymer 303 (2024) 127115 

 
 
 
 
 
 

 

 

Polymers on plasmonic metal nanoparticles: From symmetric coating to  

asymmetric surface patterning

Hanyi Duan a, Debasmita Muhuri b, Jie He a,b,* 

a Polymer Program, Institute of Materials Science, University of Connecticut, Storrs, CT, 06269, USA 
b Department of Chemistry, University of Connecticut, Storrs, CT, 06269, USA 

 

 

 

A  B  S  T  R  A  C  T  
 

We summarize recent advances in the design of hybrid nanostructures through the combination of synthetic polymers and plasmonic nanoparticles (NPs). We 

categorize the synthetic methods of those polymer-coated metal NPs into two main strategies: direct encapsulation and chemical grafting, based on how NPs interact 

with polymers. In direct encapsulation, NPs with hydrophobic ligands are physically encapsulated into polymer micelles, primarily through hydrophobic in- 

teractions. We discuss strategies for controlling the loading numbers and locations of NPs within polymer micelles. On the other hand, polymer-grafted NPs (PGNPs) 

have synthetic polymers as ligands chemically grafted on NPs. We highlight that polymer ligands can asymmetrically coat metal NPs through hydrophobicity-driven 

phase segregation using homopolymers, BCPs and blocky random copolymers. This review provides insights into the methodologies and mechanisms to design new 

nanostructures of polymers and NPs, aiming to enhance the understanding of this rapidly evolving field.  
 

 

1. Introduction 

 

The past two decades have witnessed remarkable progress in wet- 

chemical synthesis of metal nanoparticles (NPs) in terms of their well- 

controlled sizes, shapes, and chemical composition [1 4]. Those NPs 

representing atoms and molecules, to some extent, as building blocks to 

design new functional macroscopical materials through bottom-up 

approach, have attracted much attention [5 7]. Plasmonic NPs are 

among the most popular NPs due to their distinctive optical properties 

originating from localized surface plasmon resonance (LSPR) defined as 

the coherent oscillation of free electrons under excitation of light at a 

specific wavelength [8,9]. The electromagnetic field of plasmonic NPs 

can be amplified when two or more NPs are brought into proximity [10, 

11]. Interestingly, the plasmonic coupling of NPs can result in collective 

properties such as new plasmonic model not existing in discrete NPs [12, 

13]. When coupled at a distance smaller than their particle sizes, the 

enhanced electromagnetic field in between NPs induces a strong local 

dipole change of molecules that further enhances their Raman scattering 

[14,15]. This concept has been broadly used for sensing and detection in 

surface enhanced Raman spectroscopy (SERS) [16 20]. While the 
controllable self-assembly of plasmonic NPs in solution provides a 

paradigm to utilize their plasmonic features, how to program their as- 

semblies and achieve desired ensemble properties remains as an unmet 

challenge. 

Adding polymer as surface ligands to NPs or encapsulating NPs into 

polymers offers such a possible solution to tailor their assemblies 

[21 23]. Synthetic polymers can control the interparticle interaction 

and thus guide how metal NPs self-assemble [24 26]. Using polymers as 
surface ligands for NPs is advantageous. First of all, as-synthesized 

colloidal NPs are usually capped by molecular ligands (or capping li- 

gands) and they are stabilized by either electrostatic repulsion in 

aqueous solution or weak steric interaction in organic solvents [27 29]. 

Those colloidal NPs can be easily destabilized by ionic strength or other 

competitive binding species like thiols, amines or acids [30 33]. 

Grafting polymers on NPs provides a large steric repulsion, because the 

size of polymer is often comparable to that of NPs. The polymer layer as 

a nanometer buffer helps overcome van der Waals attraction between 

NPs to provide stable solvation and improve their long-term colloidal 

stability. The polymer layer can also prevent the atomic dissolution from 

metallic cores, as their chemical buffer zooms against strong acids or 

oxidants. Secondly, polymers can stabilize NP assemblies. In a kineti- 

cally controlled process (most of NP assemblies are kinetic products), 

polymers effectively freeze the assembled structures and prevent their 

irreversible precipitation or reversible dissociation [34]. This is 

extremely important for electron microscopic characterization of NP 

assemblies where those assembled nanostructures are kinetically frozen 

during solvent removal. Third, polymers may create nanostructures on 

the surface of NPs under specific conditions and generate NPs with 
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unique structural asymmetry as reported recently [35 38]. Such topo- 

logical features provide directional interactions that are of key impor- 

tance for their controllable self-assembly in terms of both direction and 

strength. These characteristics through the coupling of NPs and polymer 

are often missing in their pristine or capping ligand counterparts. 

There are different ways to hybridize polymers and NPs. In the 

current review, we will categorize them as physical adsorption (poly- 

mers have no covalent interaction with NPs) and chemical grafting 

(polymers are chemically bound to NPs). In physical adsorption, hy- 

drophobic molecular ligands are usually used to first modify the surface 

of NPs. Synthetic polymers like amphiphilic block copolymers (BCPs) 

are further added together with water to trigger the physical encapsu- 

lation of NPs. The hydrophobic interaction between NPs and polymers 

drives such physical adsorption of polymers onto clusters or other ag- 

gregates of NPs. On the other hand, chemical grafting usually involves 

polymers having one or more binding motif(s) to NPs. Polymers are 

grafted from or to NPs covalently, also termed as polymer-grafted 
NPs (PGNPs). As surface ligands, polymers that dominate the interpar- 

ticle interaction can drive the self-assembly of PGNPs. To simplify the 

discussion, we will summarize our review based on how polymers 

interact with NPs. We will first introduce the encapsulation of NPs with 

molecular ligands in synthetic polymer mediated by hydrophobic 

interaction, with a focus on symmetric/asymmetric surface coating and 

NP clustering in polymer domains. In the second part, we will cover the 

polymer-guided self-assembly of PGNPs in solution. Patchy NPs with 

precisely controllable topological structures will be highlighted with 

new synthetic strategies such as phase separation of mixing ligands and 

hydrophobicity driven surface dewetting. Those polymer-induced 

surface asymmetry of NPs will be discussed as building blocks for 

polymer-guided self-assembly. Overall, we interpret the methodology 

and mechanistic insights with our own understanding on polymer ligand 

chemistry of NPs, which we think would be helpful for readers to 

fundamentally appreciate the forefront of the topic. 

 
2. Surface coating of polymers on NPs guided by small molecule 

ligands 

 

Ligands play a crucial role in dispersing colloidal NPs in solution to 

prevent their aggregation. Hydrophobicity/hydrophilicity of NPs is 

solely dominated by their surface ligands. While NPs capped with hy- 

drophobic ligands are not stable in aqueous solution, they can be 

encapsulated in hydrophobic cores of polymer micelles. Amphiphilic di- 

block BCPs as an example can self-assemble into core-shell nano- 

structures with a hydrophobic core and a hydrophilic corona upon 

adding a selective solvent like water. In the presence of NPs capped with 

hydrophobic molecular ligands, hydrophobicity can drive physical 

encapsulation of NPs into polymer micelles, also known as co-self- 

assembly. Taton s group pioneered the co-self-assembly of metal NPs 
and amphiphilic BCPs [39]. The co-self-assembly can be carried out by 

mixing citrate-capped gold NPs (AuNPs) with a small amount of 

n-dodecanethiol (DT) and amphiphilic polystyrene-block-poly (acrylic 

acid) (PS100-b-PAA13) in DMF. DT would quickly modify AuNPs to 

generate a hydrophobic surface. Upon the addition of water, hydro- 

phobic AuNPs became thermodynamically unstable in the solvent 

mixture, and they could be physically encapsulated by the hydrophobic 

PS core of PS100-b-PAA13. Those hybrid core-shell nanostructures were 

 

 
 

Fig. 1. (a) Scheme showing the impact of RAu/Rg ratio on the number of NP inside polymer micelles. (b) TEM images showing the size effect of AuNPs encapsulated 

by PS100-b-PAA13 (0.1 mg/mL) (from left to right: dAu = 4.1, 12.3, 30.0 and 52.4 nm). (c) TEM images showing the effect of relative AuNP surface area on the 

polymer shell thickness (from left to right: [PS100-b-PAA13]/nAAu = 2.6, 13, 65 and 325). Reprinted with permission from Ref. [39]. Copyright 2005 American 

Chemical Society. 
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stabilized by hydrophilic PAA corona. The number of AuNPs inside the 

PS core was dependent on the relative size of AuNPs and the chain length 

of PS, defined as the ratio of dAu/Rg (dAu is the diameter of AuNPs and Rg 

is the radius of gyration of the PS block, Fig. 1a). With dAu/Rg ≈ 1 (dAu = 

4.1 nm), the clusters of multiple AuNPs with each polymer micelle were 

observed. In the case of dAu/Rg > 1 (dAu = 12.3, 30.0 and 52.4 nm), 

core-shell NPs with discrete AuNPs in each micelle were found (Fig. 1b). 

The shell thickness was also tunable by adjusting the relative ratio of 

polymer concentration to the total surface area of AuNPs 

([PS100-b-PAA13]/AAu). Increasing the BCP concentration or decreasing 

the AuNP concentration (proportional to the surface area of AuNPs) 

effectively increased the shell thickness from 9 nm to 40 nm without 

changing the number of AuNPs encapsulated as shown in Fig. 1c. The PS 

shell thickness can be further controlled by BCP, where a longer PS block 

length (N) resulted in a thicker polymer shell under the same concen- 

tration. The scaling law was described as lshell N0.33. Later, the same 

group also demonstrated that AuNPs encapsulated within the core-shell 

structures exhibit a red-shifted plasmon resonance and prevent the cy- 

anide etching due to the existence of the hydrophobic PS shell [40]. 

The early examples from the Taton group provide the key roadmap of 

the co-self-assembly strategy to design hybrid core-shell nanostructures 

with exquisite shell thickness control, although it is highly desirable to 

precisely control the number of NPs inside the polymer micelle to obtain 

core-shell structure with exactly two, three, or multiple NPs. For plas- 

monic NPs, the number of NPs is of key importance to control their 

interparticle plasmon coupling. In terms of the precise number of NPs in 

each core-shell nanostructure, kinetic control became more important. 

However, hydrophobicity-driven self-assembly of NPs, in the absence of 

amphiphilic BCPs, is a continuous process where the number of NP 

clusters will continuously increase till precipitating out from solution 

[41]. Amphiphilic BCPs as surfactants can encapsulate NP clusters at any 

given stage of self-assembly to control the average number of NPs in 

each nano-assembly. The number in NP clusters would always be 

polydisperse. 

To get the precise number of NPs in each cluster, a density-gradient 

separation is needed. That is, after triggering the co-assembly of NPs and 

polymers, separating aggregates containing different numbers of NPs 

will be carried out. Chen et al. reported the preparation of AuNP dimers 

and trimers in the core-shell structures by density-gradient centrifuga- 

tion (Fig. 2a) [34]. With 15 nm AuNPs modified by 2-naphthalenethiol, 

the clustering of AuNPs was first triggered by adding NaCl in a mixture 

of DMF and water induce the random aggregation of AuNPs. Afterwards, 

PS154-b-PAA60 was introduced to encapsulate those aggregates in the 

early stage, leading to a mixture of hybrid core-shell NPs with 71 % of 

single AuNP, 24 % of dimers, 5 % of trimers and 0.5 % of tetramers 

before purification. Those clusters with different numbers of AuNPs had 

different density and they could be separated by density-gradient 

centrifugation in a concentrated CsCl solution (11 % top layer + 62 % 

bottom layer). Two distinct color bands of red and yellow were gener- 

ated after the first-time centrifugation, corresponding to discrete AuNPs 

and dimers, respectively. The separated dimers had a purify of 85 % as 

examined by TEM and it could be further boosted to 95.1 % after a 

second time centrifugation. After most of individual AuNPs and dimers 

were extracted, trimers could be isolated with a purify of 81 % by 

applying the same method to a pre-enriched solution, which gave a blue 

band after centrifugation. Purified clusters showed distinct color 

resulting from their surface plasmon coupling. The longitudinal LSPR 

bands located at 600 nm and 610 nm were observed, corresponding to 

dimers and trimers of AuNPs, respectively. The hotspots generated by 

interparticle coupling between dimers or trimers can be further used for 

SERS [42]. Similar synthetic strategy can be used for Au Ag core-shell 
NPs (20 nm) to prepare pure dimer (85 %) and trimers (70 %) of 

those bimetallic NPs (Fig. 2b). The reason for the choice of core-shell 

Au Ag is due to the higher SERS sensitivity of Ag. The averaged SERS 

intensity for dimers and trimers was 16 and 87 times higher than that on 

discrete NPs, respectively, due to the enhanced plasmon field in between 

those NP clusters. The assembly-encapsulation-separation method as a 

powerful tool to control nanoclusters with high purity also enables the 

study of their plasmon coupling in NP clusters with different packing 

geometry [43]. 

Those clusters of dimers and trimers often consist of NPs with 

identical sizes and shapes. To mimic the complexity of chemical bonds, 

NP building blocks can further be tailored with different sizes or 

chemical identities. The same group demonstrated the stoichiometric 

control over the assembly of NP clusters [44]. The two AuNP building 

blocks with same size (d = 18 nm), namely A- and B NP, capped by 

tetrathiol and citrate, respectively. The A-NP with excess of thiols on the 

surface was capable of binding B-NP. When treating A-NP with excessive 

B-NP (A/B = 1/16), A-B clusters formed; then, those dimeric clusters 

were encapsulated by PS-b-PAA. The stoichiometry of A-B clusters could 

be controlled by balancing the charge repulsion and van der Waals 

interaction. With continuously decreasing the ionic strength of the 

 

 
 

Fig. 2. (a) NP clusters purification by gradient centrifugation. Sample A: NP cluster solution was layered on the top of CsCl aqueous solution; Sample B: A after 20 

min centrifugation; Sample C: separation of a pre-enriched trimer solution. TEM images for a1, b2, and c3 represent purified monomer, dimer and trimer encap- 

sulated by PS154-b-PAA60, respectively. Reprinted with permission from Ref. [34]. Copyright 2009 American Chemical Society. (b) SERS spectra of 2-naphthalene- 

thiol obtained in purified Au Ag NP monomer, dimer, and trimer encapsules. Reprinted with permission from Ref. [42]. Copyright 2010 American Chemical Society. 
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solution, AB2-type clusters could be formed with a yield of 89.4 % after 

purification. The charge repulsion between B-NP could be further 

compromised with salt. AB3-and AB4-type clusters were also synthesized 

with a yield of 65.6 % and 64.9 %, respectively. 

Homogeneous surface grafting with hydrophobic molecular ligands 

usually leads to the concentric encapsulation of NPs or NP clusters into 

polymer micelles where the conformational entropy of polymer chains is 

minimum. Thus, it is thermodynamically not possible to tune the loca- 

tion of NPs inside polymer micelles by merely changing the concentra- 

tion of BCPs and molecular ligands. Breaking the surface homogeneity of 

NPs by simply introducing another hydrophilic ligand can impact how 

NPs would interact with polymer micelles. Park and her group demon- 

strated the control of NP distribution in polymer micelles by tuning the 

surface hydrophobicity of NPs [45]. Two thiol ligands namely 

n-dodecanethiol (DT) and mercaptoundecanol (MUL) were used to 

modify AuNPs (radius ~2.5 nm) as hydrophobic and hydrophilic li- 

gands, respectively. Those AuNPs with mixed ligands could 

co-self-assemble with PS250-b-PAA14 in DMF and water, subsequently 

followed by dialysis against water to freeze their assemblies. Due to their 

small sizes, AuNPs tended to form clusters during encapsulation. With 

100 % DT, AuNPs segregated into clusters at the center of the PS core 

(Fig. 3b). When increasing the mole fraction of hydrophilic MUA, AuNP 

clusters gradually moved to the interface of PS and PAA forming 

symmetry-breaking Janus-type nanostructures (Fig. 3c). With the mole 

fraction of MUA over 50 %, amphiphilic AuNPs uniformly resided at the 

interface of PS and PAA as surface decors shown under transmission 

electron microscopy (TEM, Fig. 3d). The calculation suggested that the 

interfacial energy between the two polymer blocks (PS and PAA) and 

AuNPs would be minimized at 60 100 % of MUL surface coating relative 
to DT, consistent with experimental observation. Interestingly, with 100 

% MUL surface coverage, AuNPs could decorate the surface of pre- 

formed polymer colloidal structures like 1-D rod-like micelles or com- 

mercial PS-COOH beads, affording various nanocomposites that would 

be difficult to prepare using simultaneous co-self-assemble method 

(Fig. 3e g). Such strategy is also capable of producing assemblies with 

multiple components such as layered structures with iron oxide NPs 

arranged in between PS core and AuNPs located at the PS-PAA interface. 

The same group has applied this method to polymersomes, where 

polymer vesicles uniformly decorated with NPs were fabricated through 

the interfacial co-self-assembly of MUL-capped AuNPs (2.3 nm) and 

amphiphilic BCPs (PS-b-PAA or PEO-b-PLA) [46]. 

With larger AuNPs (dAu/Rg > 1), it is also possible to control the 

distribution of individual NPs in polymer micelles. Chen s group 

demonstrated a mix-and-heat method to synthesize Janus-type NPs 

using 15 nm AuNPs capped by a mixture of hydrophobic/hydrophilic 

ligands (Fig. 4a) [47]. This method relied on the binding competition of 

hydrophobic/hydrophilic ligands and subsequent ligand separation on 

the surface of NPs. A hydrophobic molecular thiol with a long alkyl tail 

(C15) was used as LA, whereas diethylamine or 4-mercaptobenzoic acid 

was used as hydrophilic ligands, labelled as LB. Such mixed ligands were 

grafted on AuNPs while annealing in the presence of PS150-b-PAA60. 

When the ratio of LA/LB varied from 1/0 to 1/22 and 1/132, AuNPs 

moved from the center of polymer micelles to the surface where the 

nanostructures evolved from core-shell to slightly eccentric and finally 

high eccentric (Fig. 4b g). The increase of the LB/LA ratio would lead to 

more exposed surface of AuNPs. Such an eccentric encapsulation of NPs 

was considered under a near-equilibrium condition as revealed by the 

fact that the ligand association/dissociation and separation directly 

resulted from the balance of surface hydrophilicity/hydrophobicity. 

Symmetry-breaking encapsulation has also been achieved on aniso- 

tropic NPs like 2-D nanoprism (NPr). Anisotropic NPs have different 

surface facets originating from their asymmetrical structural features 

which further allow selective ligand absorption under specific condi- 

tions [25,49 51]. Such selective ligand grafting may come from surface 

atoms with low coordination numbers, e.g., edge, corner, or tip sites with 

higher surface energy and loosely packed capping agents. Chen et al. 

reported that amphiphilic BCPs could selectively patch tip and/or edge 

sites of AuNPrs (length of 59 nm and thickness of 21 nm) induced by the 

selective grafting of ligand islands (Fig. 4h) [48]. AuNPrs were first 

mixed with 2-naphthalenethiols (2-NAT) as ligands and PS49-b-PAA154 

as the BCP surfactant in DMF and water (82 : 18, vol), followed by 

thermal annealing at 110 ◦C for 2 h. After purification, patchy AuNPr 

with three polymer nanospheres functionalized at tips were received at 

C2-NAT = 0.12 M. The selective polymer coverage was attributed to the 

presence of 2-NAT at tips and the subsequent BCP adsorption driven by 

hydrophobic interaction. The polymer nanospheres were uniform with a 

 

 

Fig. 3. (a) Schematics to show the different location of NPs in polymer micelles. (b d) TEM images showing NP clusters located at the center, edge and interface of 

polymer micelles, respectively. (e) Schemes showing the rod-like micelle decorated with AuNPs. (f) TEM images of rod-like micelles before (left) and after (right) 

AuNPs decoration. (g) TEM images of PS beads before (left) and after (right) AuNPs decoration. Reprinted with permission from Ref. [45]. Copyright 2013 American 

Chemical Society. 
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Fig. 4. (a d) Scheme to show the formation of concentric (b) and eccentric (c and d) AuNP-polymer nanostructures by small molecular ligand phase separation 

followed by subsequent BCP adsorption. (e, f and g) TEM images of purified AuNP coated by polymer at ligand ratio (LA:LB) of 1:0 (e), 1:22 (f) and 1:132 (g). 

Reprinted with permission from Ref. [47]. Copyright 2008 American Chemical Society. (h) Scheme showing the preparation and self-assembly of patchy AuNPrs. (i) 

Low magnification TEM image of tip patched AuNPrs. (j) TEM images of tip patched AuNPrs at two different view directions. (k) Histograms of the cover length l and 

patch thickness t of the patchy AuNPrs. (l and m) TEM images and schematics showing the star and slanting diamond assemblies. Reprinted with permission from 

Ref. [48]. Copyright 2019 American Chemical Society. 

 

 

Fig. 5. (a) TEM image showing the Janus AuNP obtained by the self-polymerization of BDT. (b) NMR spectra of Janus AuNP in mixture of D2O and DMSO‑d6 with 

different volume ratio (Bottom to top: DMSO‑d6 vol% increased from 70 % to 100 %). (c and d) TEM images of patchy AuNPs with different morphology obtained by 

the addition of a second thiol. Reprinted with permission from Ref. [53]. Copyright 2021 American Chemical Society. 
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low dispersity in the cover length of the patch along the prism contour 

and shell thickness, ca. 4 % and 13.5 %, respectively. When continuously 

increasing C2-NAT from 0.12 to 2.5 M, polymer nanospheres evolved to 

trefoil, T-shaped and eventually reuleaux triangle that covered the 

entire edge sites of AuNPrs. The thickness of polymer domains was 

tunable by changing the BCP concentration. Tip-patched AuNPr could 

serve as building blocks for directional self-assembly (Fig. 4l and m). 

When increasing the ionic strength to screen the electrostatic repulsion 

of patchy AuNPrs, they self-assembled into stars and slanting diamond 

nanostructures, where nanoprisms were arranged in face-to-face and 

side-by-side, respectively. Recently, the same group demonstrated the 

preparation of AuNPrs with asymmetric polymer patches by utilizing the 

polymer-polymer attraction to control the number of tip patches on 

AuNPrs [52]. They proposed that the existing polymer at tips would 

attract free polymer chains in solution and break the adsorption sym- 

metry at specific conditions due to more favorable chain-chain inter- 

action. Such theoretic interpretation was validated by the fact that the 

increase of annealing temperature or 2-NAT concentration would lead to 

the decrease in the yield of patchy AuNPrs with symmetry-breaking 

polymer nanospheres. Specifically, single patched AuNPrs with a yield 

as high as 82 % could be obtained at 90 ◦C and C2-NAT = 25 nM. Those 

nanostructures could further self-assemble into nano-bowtie by patch 

merging. 

More recently, Jesse et al. demonstrated a distinct strategy to prepare 

patchy nanostructures with molecular ligands through in situ polymer- 

ization [53]. 60 nm AuNPs were mixed with benzene-1,4-dithiol (BDT, 

Fig. 5a) in a buffer solution. Those dithiols could not only modify the 

surface of AuNPs chemically, but also undergo self-polymerization by 

forming disulfide bridges. The polymerized BDT chains (pBDT) had a 

hydrophobic backbone which could progressively assemble onto the 

surface of NPs covered by pre-adsorbed BDT and led to the formation of 

polymer patches (~40 nm) (Fig. 5b). The patch size was controllable by 

the BDT concentration. The introduction of a second monothiol had a 

great impact on the patch morphology (Fig. 5c and d), where a dimer or 

octahedral conformation of patches was seen with 4-aminothiophenol 

(ATP) or 4-mercaptobenzoic acid (MBA). When nonthiol aromatic dye 

was added together with BDT, the location of Au core relative to the 

patch could be adjusted from eccentric (fluorescein sodium) to 

concentric (rhodamine B and azure A chloride). 

 

3. Asymmetric surface patterning induced by polymer ligands 

 

Using polymer ligands to functionalize NPs has received numerous 

interests in the past decade. The long backbone of polymer ligands 

makes it possible to rationally integrate hydrophilicity/hydrophobicity 

and incorporate diverse chemistry/functional groups to the hybrid 

nanostructures, as compared to small molecules. Polymer ligands have a 

binding motif (e.g., thiols and carbenes) to link a long polymer backbone 

to NP cores. For noble metal NPs, thiol has been used as the binding 

motif in most of reported PGNPs due to its synthetic versatility and 

moderate binding strength, although some other ligands like N-hetero- 

cyclic carbene (NHC) are also documented recently [54,55]. When 

adding polymers on the surface of NPs, the hydrophobicity or amphi- 

philicity was often utilized to drive the self-assembly of PGNPs. For 

example, Zubarev et al. demonstrated the amphiphilicity-driven self-- 

assembly of AuNPs grafted by V-shaped BCPs [56]. Kumacheva s group 

reported the self-assembly of ABA triblocky gold nanorods (AuNRs) 

tethered with PS [25]. Later, amphiphilic BCP ligands like PS-b-PEO-SH 

or mixed polymer brushes have been reported to drive the self-assembly 

of metal NPs as clusters, vesicles, or tubules in water [57 59]. 

Furthermore, the encapsulation of PGNPs in cylindrical polymer mi- 

celles through templating by supramolecular block copolymer 

self-assembly was also demonstrated by Zhu s group [60,61]. Those 

self-assembly nanostructures of PGNPs in various assemblies have been 

summarized in our recent review paper [21,62]; thus, we will not 

discuss them here in detail. Instead, we will focus on the use of polymer 

ligands to asymmetrically coat metal NPs with an emphasis on 

hydrophobicity-driven surface dewetting. 

In 2016, Kumacheva s group has conceptualized a surface patterning 

method using hydrophobicity-driven phase segregation of PS on the 

surface of AuNPs [63]. Cetrimonium bromide (CTAB)-capped AuNPs 

with different size (20 60 nm) were modified by thiol-terminated 

polystyrene (PS-SH, 29 50 kDa) in DMF, to which water (4 vol%, very 

close to its critical water concentration) was introduced to trigger the 

collapse of PS chains. While PS ligands may graft on AuNPs randomly, 

the PS shell could evolve from core-shell uniform coating to asymmetric 

patches, by changing its surface grafting density (Fig. 6a). The patch 

formation and morphology were dependent on the NP diameter (D), PS 

ligand length (R, chain radius) and grafting density ( ). PS domains 

segregated as patches at a low or on small NP. When keeping and D as 

constant, the decrease of the ratio of R/D would increase the patch 

number per NP. As an example, 20 nm AuNP with 50 kDa PS-SH at a 

grafting density of 0.03 chain/nm2 gave single patch NP with a yield of 

98 %. When D increased to 34 nm, the yield of NPs with single patch and 

two patches were 34 % and 53 %, respectively. Those trends could be 

explained by considering the balance of polymer-solvent interfacial 

energy and the energy cost for stretching end-tethered PS. 

Hydrophobicity-driven phase segregation of polymer ligands provided 

new insights into patterning NPs with defined polymer domains. How- 

ever, those PS-patched AuNPs were not water-soluble. The concentra- 

tion window of water to trigger the formation of patches was very 

narrow in order to maintain the colloidal stability of NP. In addition, the 

NP concentration need to be relatively low to avoid random aggregation. 

Those drawbacks limited the application of this method for scalable 

syntheses of polymer-patched NPs. To overcome those challenges, other 

studies have shown the use of amphiphilic BCPs or random copolymers 

to drive surface dewetting strategies for scalable syntheses, where those 

polymer-patched NPs can be dispersed in water [37,64,65]. 

Using the blocky random copolymers of PEO45-b-P (AA -r-St1- )y-b- 

PStx-SH, with , x, and y variables representing the number of repeating 

units in each block, respectively, Nie and co-workers have demonstrate 

water-soluble polymer-patched AuNPs [37]. PEO45-b-P (AA -r-St1- 

)y-b-PStx-SH could graft on AuNPs (35.8 nm) through dynamic 

detachment/attachment upon thermal annealing (Fig. 6b). When the 

thermal annealing reached a temperature above the upper critical so- 

lution temperature in a DMF/water mixture, polymer ligands became 

 

Fig. 6. (a) Schemes to show the formation of a three patched AuNP driven by 

hydrophobicity and its electron tomographic reconstruction image. Adapted 

with permission from Ref. [63]. Copyright 2016, Nature Publishing Group. (b) 

Schemes to show the dynamic ligand exchange between the polymer grafted 

AuNP and free micelle. (c) SEM images of patchy AuNPs with different mor- 

phologies. Reprinted with permission from Ref. [37]. Copyright 2021 American 

Chemical Society. 
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very dynamic to exchange with free polymer micelles. This dynamic 

detachment/attachment controlled the equilibrium distribution of 

polymer ligands on AuNPs, likely through oxidative elimination and 

reductive addition as proposed by Liu et al. [66] The change in water 

content and the volume fraction of the PS block, f = x/(x + y), could tune 

the number of polymer domains, e.g., 1 6 patches per AuNPs (Fig. 6c). 

For example, with 10 or 20 vol% of H2O, one or two patches per AuNPs 

were formed with a yield of 97.5 % and 85 %, respectively, using 

PEO45-b-P (AA0.3-r-St0.7)200-b-PSt633-SH as ligands. With a constant 

water content of 20 vol%, a decrease in the hydrophobic fraction (f) 

from  0.76  to  0.49  (P  (AA0.3-r-St0.7)200-b-PSt270)  or  0.39  (P 

(AA0.3-r-St0.7)200-b-PSt175) would generate AuNPs with three patches or 

four patches, respectively. At f = 0.49, lowering the H2O content to 5 vol 

% would afford open-configuration patch. Therefore, the number of 

polymer patches on AuNPs could be lowered through either increasing 

water content or decreasing the fraction of the PS block within the 

blocky random copolymer. The formation of polymer patches was a 

result of the dynamic binding of copolymer brushes and the molecular 

exchange between free polymer micelles and grafted AuNPs. As revealed 

by TGA results, at elevated temperatures the grafting density gradually 

decreased from 0.047 to 0.019 chains/nm2 due to the labile Au S bonds 
and the increase of polymer solubility. 

Recently, our group reported the preparation of Janus-type patchy 

NPs through one-step hydrophobicity-driven surface dewetting with a 

BCP surfactant [35]. Asymmetric patterning of spherical AuNPs could be 

achieved by lowering the concentration of polymer ligands where they 

would dewet the surface of AuNPs at a critical low ligand density driven 

by the minimization of interfacial energy between polymers and sol- 

vents. Citrate-capped AuNPs (13.1 nm) were first mixed with PS200-SH 

(0.9 M) as hydrophobic ligands and PS55-b-PAA107 (73.5 M) as an 

amphiphilic BCP surfactant in DMF. Afterwards, 15 vol% of water was 

introduced to the DMF solution and the mixture was then annealed at 

100 ◦C for 1 h. The final products were quenched in excess water and 

purified to remove free polymers. TEM characterization revealed 

snowman-like structures where one micelle-like patch (d = 29.6 nm) on 

the surface of each AuNP were formed with a yield of 91 % (Fig. 7a). The 

polymer patch was composed of PS ligands and the PS block from the 

BCP, whereas the PAA block served as a corona to stabilize those hybrid 

structures. The concentration of PS200-SH was founded to play a key role 

in the morphology of patchy NPs. When the concentration of PS200-SH 

was in the range of 20.3 to 0.5 M, clear morphological transitions from 
nanoclusters to core-shell NPs, and eventually to Janus NPs were 

observed. The mechanism behind this dewetting phenomenon is that the 

decrease in the concentration of PS200-SH as a Langmuir adsorption 

model enabled precise control over surface grafting. At a high grafting 

density, PS ligands were stretched and the phase segregation did not 

happen due to steric repulsion of polymer ligands. However, at a low 

grafting density with relaxed PS chains, the surface dewetting was 

observed to minimize the interface of polymers and solvents. In the 

presence of BCPs, the segregated PS domains were further covered and 

stabilized by BCPs. The obtained Janus type patch NPs had excellent 

colloidal stability in water due to the presence of hydrophilic PAA and 

those NPs could be stored in a high concentration for several months. 

Compared to the binary mixed ligands and solely BCP ligands, this 

method showed robustness in terms of simplicity and ligand 

accessibility. 

We explored the self-assembly of these patchy AuNPs through 

directional interactions provided by their surface asymmetry [36]. The 

seed-mediated growth was employed to grow the Au core from 14 nm to 

up to 40 nm while retaining the polymer patch size, as a means to 

 

 
 

Fig. 7. (a) Schemes showing the preparation of Janus type patchy AuNPs and their corresponding TEM and SEM image. Adapted with permission from Ref. [35]. 

Copyright 2021 American Chemical Society. (b) Schemes showing the two-way self-assembly of grown Janus AuNPs and the corresponding TEM images of as- 

semblies. Adapted with permission from Ref. [36]. Copyright 2022 Royal Society of Chemistry. 
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precisely control the polymer surface coverage of AuNPs. As guided by 

polymer domain, Janus-type patchy AuNPs could self-assemble in two 

different directions, namely head-to-head (H H, along exposed metal 

surface) and tail-to-tail (T-T, along the covered surface by polymer mi- 

celles) (Fig. 7b). In the head-to-head mode, the van der Waals interac- 

tion of the exposed Au surface was used to achieve the close contact of 

Au cores. This generated strong interparticle plasmon coupling since less 

ligands existed in between AuNPs. Hydrophobicity-driven self-assembly 

was applied in the T-T mode where CTAB was replaced by 

thiol-terminated poly (ethylene oxide) (PEO-SH) and BCPs were washed 

away by DMF. The resulting PS-AuNP-PEO (in DMF) had mixed polymer 

brushes of PS-SH and PEO-SH distributed on different sides of AuNPs. As 

an analogue of molecular amphiphiles, those NPs could assemble into 

clusters along the PS-covered surface in water. The obtained clusters had 

a newly formed polymer domain composed of original PS ligands be- 

tween patchy AuNPs, which led to relatively weak plasmon coupling. 

The H H and T-T assembly products could be tuned by the size of grown 

AuNPs, and the underlined mechanism was the balance of interparticle 

interaction that can be tuned by the surface coverage. 

We further extended the ligand deficiency exchange method to 

achieve site-specific polymer grafting on AuNRs [38]. The typical syn- 

thesis was carried out in the mixture of DMF and water containing 

PS169-SH as polymer ligand and PS40-b-PEO114 as a BCP surfactant. 

Morphological transitions were observed with varying the concentra- 

tions of PS169-SH and water (Fig. 8a). At a high concentration of 

PS169-SH, core-shell structures where AuNRs were fully covered by 

polymer shells were formed; while at low concentration of PS169-SH or 

high water content (>9 vol%), high-purity dumbbell-like AuNRs with 

two polymer domains capped at each end were synthesized, exceeding 

94 % purity. The critical ligand density was found to be ca. 0.08 

chains/nm2. Interestingly, dumbbell-like AuNRs could further poly- 

merize into plasmonic chains at a water content of 9 vol% within 2 min 

when annealing at 90 ◦C (Fig. 8b). To understand the mechanism of 

chain formation, a time-dependent study of supracolloidal polymeriza- 

tion was conducted using UV vis spectroscopy and TEM. Upon 

annealing at 90 ◦C, a significant red shift in the LSPR peak indicated the 

end-to-end polymerization of these dumbbell-like AuNRs into chains. 

TEM characterization confirmed the growths of nanorod chains at 

different annealing periods. The kinetics of this transition were found to 

be strongly temperature- and solvent-dependent (Fig. 8d). A higher 

temperature and a lower water content accelerated the transition from 

dumbbell-like AuNRs to nanorod chains, while a higher water content 

and a lower temperature slowed down the transition (Fig. 8c and d). The 

activation step was attributed to the deprotection of dumbbell-like 

AuNRs by removing BCP, highlighting the crucial role of temperature 

and solvent in governing the solubility change of PS domains. In addi- 

tion, site-specific polymer grafting on AuNRs could also be achieved by 

controlling the binding strength of polymer ligands to AuNRs at different 

crystalline facets [25,49,67], oxidative elimination with selective 

removal of polymer ligands [66], and solvent quality-mediated ligand 

exchange [68]. Murphy s group demonstrated that disulfide containing 
PEO-S-S-PEO would replace CTAB selectively at the two ends of AuNRs, 

while, thiol-terminated PEO (PEO-SH) replaced CTAB on the entire 

surface of AuNRs [49]. In a similar study, Zhu et al. demonstrated a 

solvent quality-mediated strategy to control regio-selective modification 

of AuNRs where PEO-SH would selectively go to the tips in a poor sol- 

vent of CTAB [68]. Such regioselectivity was attributed to a lower 

mobility of CTAB on the side of AuNRs. Furthermore, site-specific 

polymer grafting could also result from oxidative elimination strategy 

where the selective detachment of polymer ligands was seen through the 

oxidation etching of surface atoms at the two ends of AuNRs as reported 

by Liu s group [66]. 
The self-assembly of patchy NPs could be highly directional due to 

their structural anisotropy induced by polymer ligands. However, such 

self-assembly behaviour usually produces uncontrollable structures in 

terms of their equilibrium dimensions. An important feature in molec- 

ular bonding is self-limiting and self-sorting where the bond only forms 

between interacting atoms at a specific bonding number. PGNPs with 

various polymer ligands do not show regioselective self-sorting assem- 

bly, owing to lack of quantitively self-limiting interparticle interaction. 

 

 
 

Fig. 8. (a) Schemes showing the preparation of core-shell, dumbbell-like and 1-D chain patchy AuNRs. (b c) UV vis absorption spectra of patchy AuNRs (9 vol% 

H2O) during thermal annealing at 90 ◦C (b) and 80 ◦C (c) at different times. (d) Plotting the longitudinal plasmon band of patchy AuNRs at different water content 

against thermal annealing time 100 ◦C. Adapted with permission from Ref. [38]. Copyright 2023 American Chemical Society. 
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One possible solution to address their molecule-mimicking self-assembly 

is to introduce the complementary interactions to those building blocks 

through ligand engineering of polymers. Nie and co-workers reported 

the controlled self-assembly of isotropic NPs through charge interaction 

[69]. The strategy is based on the utilization of electrostatic interactions 

between oppositely charged particles. They first demonstrated the 

periodically alternating co-assembly of PGNPs with different sizes as a 

colloidal analogy of polymer synthesized from condensation such as 

Nylon-66. Two BCP ligands with negative or positive charges were 

synthesized as PS-b-poly (acrylic acid-r-styrene)-SH (Sx (A S1- )y) or 
PS-b-poly  (N,N-dimethylaminoethyl  methacrylate-r-styrene)-SH  (Sm 

(D S1- )n), respectively. When grafting those ligands to NPs, the PS block 

served as buffering layer to provide colloidal stabilization in organic 

solvents and the other block containing randomly polymerized ionic 

monomers as acid or basic groups would produce directional attractions 

due to opposite charges. Simple mixing of NPs with those two ligands in 

THF in the presence of acetic acid would lead to the formation of 1-D 

nanochains with 100 % alternating sequence. Such a self-sorting as- 

sembly process is dominated by the charge interaction-induced oligo- 

merization and diffusion-controlled polymerization. Later, they further 

developed the atom-bonding mimicking strategy, as a self-limiting 

process, to assemble NPs in a way like constructing molecules from 

atoms [5]. NPs with different sizes were functionalized with 

thiol-terminated PEO-b-poly (acrylic acid-r-styrene) [PEO-b-P (AA-r-St)] 

and PEO-poly (N,N-dimethylaminoethyl methacrylate-r-styrene) 

[PEO-b-P (DMAEMA-r-St)], denoted as the NP-A and NP-B, respectively. 

By mixing NP-A and NP-B in THF, electrostatic attraction between 

polymer ligands with opposite charges drove the formation of colloidal 

bonding of ABx (x = 1, 2, 3, 4, 5 and 6) that mimicked the molecular 

bonding of two atoms. The ratio x determined by the total amount of 

acid and base groups (NA and NB) could be adjusted by stoichiometric 

control of NP-A/NP-B, grafting density, acid/base fraction in ligand and 

NP size. Importantly, the assembly of NP-A and NP-B is self-limited, 

which means that there would be no colloidal binding after the 

neutralization of A-B was done. Such self-limiting binding formation 

feature underlies the atom-bonding mimicking strategy to form colloidal 

clusters with a defined number of bonding . 

 

4. Summary and outlook 

 

In summary, we reviewed recent advances in designing hybrid 

nanostructures through the combination of synthetic polymers and 

plasmonic NPs. We categorize two strategies based on how NPs interact 

with polymers: direct encapsulation and chemical grafting. In direct 

encapsulation, NPs with hydrophobic ligands are physically enclosed 

within polymer micelles, primarily through hydrophobic interactions. 

We discussed strategies for controlling the loading numbers and loca- 

tions of NPs within polymer micelles. When using a single type of hy- 

drophobic ligand on NPs, direct encapsulation typically results in 

symmetric polymer coatings on NPs. The hydrophobicity-driven co-self- 

assembly of NPs and amphiphilic BCPs is often kinetically controlled to 

yield NP clusters with different numbers of NPs, requiring density- 

gradient centrifugation to separate clusters with precise numbers of 

NPs. When using binary or mixed hydrophobic/hydrophilic ligands, the 

location of NPs and their clusters in polymer micelles can be controlled 

to be either concentric or eccentric, depending on the balance of their 

surface ligand species. Alternatively, polymer ligands can asymmetri- 

cally coat metal NPs through hydrophobicity-driven phase segregation. 

We highlight the asymmetric surface patterning of metal NPs using 

homopolymers, BCPs, and blocky random copolymers. Symmetry 

breaking is of key importance in colloidal synthesis and self-assembly to 

generate anisotropic interparticle interactions and guide the self- 

assembly of colloidal NPs. By selectively patching polymer ligands on 

the surface of NPs, these ligands provide directional interactions that 

drive the self-assembly of NPs. The use of complementary interactions 

on polymer ligands can further provide self-limiting interactions among 

NPs, controlling colloidal clustering to mimic atomic bonding. 

There has been tremendous progress in designing new hybrid 

nanostructures of polymers with plasmonic NPs. Several remaining 

challenges will require ongoing efforts in this field. First of all, the 

customizable design of synthetic polymers and plasmonic NPs remains a 

significant challenge. Although there have been advancements in un- 

derstanding the surface engineering of plasmonic NPs, particularly in 

asymmetric surface patterning using hydrophobic polymers, precise 

control over these ligands in terms of domain sizes, numbers, and 

chemical functionalities on NP surfaces is still in its early stages. For 

instance, isotropic AuNPs grafted by hydrophobic PS ligands can 

potentially have multiple polymer domains upon the change of solvent 

quality, if the size of AuNPs is much larger than the end-to-end distance 

of PS. These polymer domains often exhibit ill-defined sizes and random 

distributions on AuNPs [63]. The use of these patched NPs as building 

blocks for self-assembly is, therefore, limited by their unpredictable 

synthesis. With the rapid evolution of their surface chemistry, new 

synthetic methods are highly desirable to achieve next-level control 

synthesis of polymer/NP hybrids with potentially customizable nano- 

structures. Secondly, the length scale of polymers offers advantages for 

the colloidal stability of grafted NPs and for guiding their self-assembly. 

Yet, this length scale is also at the limit of strong plasmon coupling. For 

instance, polymers used as surface ligands bind to metal NPs in an 

extended brush-like conformation. These brush-like chains create large 

interparticle distances, even in a poor solvent, that significantly weakens 

the plasmon coupling of metal NPs. The conformation of polymer chains 

is a crucial parameter for controlling the optical properties of plasmon 

NP assemblies, but it has not been extensively studied before. Our group 

recently demonstrated that multidentate but weak binding motifs, like 

COOH in poly (acrylic acid), can bind to metal NPs through surface 

wrapping [70]. These multidentate polymer ligands can significantly 

decrease interparticle distances in NP aggregates, enhancing interpar- 

ticle plasmon coupling. Lastly, most studies on hybrid nanostructures of 

polymers and plasmonic NPs have predominantly focused on precious 

metals like Au and Ag. While these metals are chemically stable and 

easily prepared through wet-chemical synthesis, they are not 

cost-effective. Plasmonic NPs containing Cu, for example, have not been 

explored in terms of their polymer encapsulation or surface grafting. 

Importantly, the LSPR bands of precious metals are limited to the visible 

and infrared range. For biological applications of hybrid polymers and 

plasmonic NPs, such as surface-enhanced Raman scattering (SERS) of 

biomacromolecules, the resonance peaks of proteins and DNA are at 

250 300 nm [71]. Other metal NPs, like aluminum, have a broader LSPR 
that could bring new excitement to use the hybrid nanostructures of 

polymers with plasmonic NPs [72 74]. 
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