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Abstract 

Epitaxy has been demonstrated to be a powerful technology to precisely engineer strains at the 

atomic level to modulate semiconductor device properties. However, it is not suitable for strain 

engineering in nanoscale lattice structures, such as two-dimensional ligand-based plasmonic 

nanoparticle superlattices (termed as soft plasmene nanosheets). Although unidirectional 

tensile straining has been applied to soft plasmene nanosheets, strain engineering wasn’t 

omnidirectional across the entire lattice structures. Here, we report on omnidirectional strain 

engineering of soft plasmene nanosheets by utilizing thermoresponsive hydrogel in conjunction 

with temperature programming. Pristine plasmene nanosheets were naturally under 

compressive straining states upon formation, which could be transferred onto poly(N-

isopropylacrylamide) hydrogel. In the model gold@silver nanocube plasmene system, the 

constituent building blocks could be switched between non-coupling and strongly-coupling 

states simply by modulating temperature, corresponding to the highest tensile and compressive 

straining conditions, respectively. This led to a significantly broad plasmonic spectral shift of 

over 200 nm. Consequently, it caused drastically different surface enhanced Raman scattering 

(SERS) enhancements of model Raman dyes, which are reversibly switchable simply by 

heating and cooling. Our temperature-enabled omnidirectional strain engineering is extendable 

to other plasmonic nanosheets, indicating its generality and versatility.     

Key words: 2D plasmene nanosheets, strain engineering, soft plasmonics, hydrogel, 

thermoresponsive. 
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Introduction 

The strain engineering of two-dimensional (2D) materials, including graphene1-3 and 2D 

transition-metal dichalcogenide (TMD),4, 5 is recently emerging as an exciting field because it 

endows the tunable electronic structures and consequently the manipulable electronic and 

photonic performance of 2D materials by applying mechanical strain.6, 7 In analogy to those 

atomically thin 2D sheets, the plasmonic nanoparticles (coined as “plasmonic atoms”8) have 

recently used as the building blocks to successfully construct the 2D plasmene nanosheets by 

drying-mediated self-assembly.9-11 In this context, the strain engineering of 2D plasmene 

nanosheets opens new avenues to tailor nanoscale lattices for fine-tuning their materials 

properties. 

Self-assembled plasmene sheets are usually stressed upon formation.10-12 Breaking the 

equilibrium of build-in strain in the free-standing nanosheets by either controlling the 

asymmetry in ligand distribution13 or programing the ion beam milling14 would enable building 

complex 3D nanostructures by controlling local stress relaxation. Recently, our group has 

integrated plasmene nanosheets from constituent building blocks gold@silver 

nanocubes/nanocuboids,15 gold nanocubes16 and gold nanobipyramids17 with soft elastomer to 

investigate stretch-modulated plamonic behaviours. Note that uniaxial straining was applied in 

these reports, and nanoscale lattices were not strained uniformly with significant spatial 

variances in some cases. Due to the Poisson’s ratio, the lattices were typically strained 

horizontally but compressed in normal directions, leading to anisotropic alignment of building 

blocks.16 In addition, such nanoscale lattices were essentially stretched to only a small strain 
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levels (<10%)17 due to cracking/delamination of plasmenes. Therefore, there are still strong 

coupling among constituent plasmonic nanocrystals even under large strain levels. 

Here, we report on a temperature-controlled omnidirectional strain engineering of 2D plasmene 

nanosheets by integrating them with thermoresponsive poly(N-isopropylacrylamide) 

(PNIPAm) hydrogel. Not only can plasmenes be uniformly strained, but also their constituent 

building blocks can be switched reversibly from non-coupling (large interparticle spacing) to 

strongly coupling (small interparticle spacing) states simply by modulating temperature levels. 

This led to a ~200-nm plasmonic peak-shifting window observed for gold@silver nanocubes 

(Au@Ag NCs). In agreement with the strain engineering of plasmonic lattice spacing, SERS 

enhancement level of 4-aminothiolphenol (4-ATP) could be rationally controlled by heating-

cooling process. Our temperature-based strain engineering approach is general, extendable to 

other building blocks such as gold nanorods (AuNRs)-based plasmene nanosheets. 

 

Results and discussion 

To start with, we used Au@AgNCs as a model system to illustrate the temperature-enabled 

strain engineering of 2D plasmene nanosheets. Firstly, the ~40 nm-sized core-shell 

Au@AgNCs were synthesized by a seed-mediated method that has been reported in the 

literature.18 The transmission electron microscope (TEM) image (Figure S1a) clearly shows 

the core-shell structure of Au@AgNCs that are highly monodispersed (Figure S1b). The as 

synthesized Au@AgNCs were initially stabilised by hexadecyltrimethylammonium bromide 

(CTAB) in water, showing a yellow color and a dominant LSPR at ~430 nm (Figure S2). Such 
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Au@AgNCs were relatively stable in the aqueous solution even when high temperature 

conditions (Figure S3). The CTAB-capped Au@AgNCs were then undergone a ligand 

exchange during which the CTAB was replaced by the mixture of two ligands - 

polyvinylpyrrolidone (PVP) and 4-ATP. 4-ATP was introduced into the nanosheets as the 

model Raman analyte for the later heating-cooling-controlled SERS performance. The sharp 

LSPR peaks of PVP/4-ATP-capped Au@AgNCs in both ethanol (EtOH) and chloroform 

(CHCl3) indicate that the Au@AgNCs were well-dispersed in organic solvents after ligand 

exchange without obvious aggregation (Figure S2). The red-shifted LSPR peak was attributed 

to the increased refractive index of solvent.19 Following the previously reported two-step 

drying mediated self-assembly method,9 the concentrated PVP/4-ATP-capped Au@AgNCs in 

mixed EtOH and CHCl3 were drop-cast on the surface of a water droplet siting on the rigid 

substrates (silicon wafer or glass).  

After the complete solvent and water evaporation, the closely packed Au@AgNC plasmene 

nanosheet was formed on the substrate (Figure 1a and Figure S4), which was followed by in-

situ polymerization of PNIPAm hydrogel (Figure 1b). Cross-sectional SEM image indicated 

that plasmenes were partially incorporated into PNIPAm hydrogels (Figure S5). Upon lifting-

off, plasmenes bonded hydrogel sheets were then immersed into water to remove dimethyl 

sulfoxide (DMSO) and unreacted monomers. This step also resulted in swelling the hydrogel, 

therefore, exerting a tensile strain on the plasmene nanosheets (Figure 1c). The Au@AgNCs 

were closely-packed but became well-separated after hydrogel swelling. Upon heating in a 

water bath, the PNIPAm hydrogel would de-swell and generate a compressive strain on the 

Au@AgNCs nanosheets uniformly, recovering to its original closely packed state (Figure 1d 
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and supporting online video). This process was reversible, during which the closely packed 

Au@AgNCs became well-separated again upon cooling. 

At the cooling state, plasmene nanosheets displayed a yellow color akin to suspension of 

Au@AgNCs in water (Figure 1e and Figure S2), indicating a weak plasmonic coupling among 

Au@AgNCs in nanosheet. At the heating state, the compressive strain would result in the 

obvious metallic lustre of the nanosheet due to the strong coupling between Au@AgNCs 

(Figure 1f). Further optical microscopic and spectrometric analysis proved the compressive 

strain-enhanced plasmon coupling. As shown in Figure 1g, the nanosheet exhibits a dominant 

LSPR peak at ~410 nm (blue solid curve) at the tensile strained state, comparable to the 

resonance peak for discrete Au@AgNCs in EtOH (black dashed curve). It proves the absence 

of plasmonic coupling with an expected yellow color in transmission optical microscope image 

(Figure 1g, right bottom). In contrast, at the compressive strained state, this peak intensity 

enhances substantially accompanying with a shoulder peak at ~630 nm (red solid curve), 

demonstrating the increased number density of Au@AgNCs with strong plasmonic coupling. 

A completely different color in transmission optical microscope image further confirmed the 

strong plasmonic coupling (Figure 1g, right top). The overall plasmonic profile was similar to 

that of nanosheet formed on glass (Figure 1g, grey dashed curve), indicating the recovery of 

initial state. When cooling down, the nanosheet almost recovered back to the non-coupling 

state, showing a good reversibility (Figure 1g, green solid curve). 

The stress exerted on plasmenes was largely in plane. To prove this, in the control experiment, 

the same amount of Au@AgNCs were impregnated into 3D PNIPAm hydrogel matrix (Figure 



 

7 
 

S6a). In this control system, the Au@AgNCs were well-separated without coupling effect no 

matter at tensile or compressive straining states. As a result, no obvious color change was 

observed no matter by naked eyes (Figure S6b, S6c) or by optical microscope (Figure S7). 

Although a good reversibility was also observed, it only showed a small LSPR peak shift of 

~10 nm (Figure S8) possibly due to the increased refractive index of PNIPAm hydrogel at 

compressive state.20 This is in sharp contrast of ~200-nm plasmonic spectral shift for plasmene-

based system. 

By gradually ramping temperature from 23 to 43 °C with an increment of 1°C, we investigated 

how compressive strain levels influenced plasmonic profiles. As the temperature level 

increases, leading to the plasmonic coupling peak gradually red shifts simultaneously with 

enhanced peak intensity (Figure 2a and Figure S9). We estimated the compressive strain in 

hydrogel based on the hydrogel dimensional changes (Figure 2b, black triangles). The 

compressive strain was estimated to increase from 0% to ~80% when the temperature increased 

from 23 to 43 °C. The plasmonic coupling peak position (lc) was accordingly summarized at 

different temperatures (Figure 2b, blue circles). Both plots of strain vs temperature and lc vs 

temperature display a sigmoid-like trend. If we chose the intensity at 640 nm (the highest peak 

position in the range of 23 – 43 °C), we obtained a similar sigmoid-like curve (Figure 2c). All 

of these are consistent with typical thermoresponsive behaviours of PNIPAM (Figure S10) 

directly related to its phase transition.21 It is noted that the incorporation of plasmene nanosheet 

only show a negligible effect on the thermoresponsive behaviours of PNIPAM hydrogel 

(Figure S10). Since the volume phase transition of PNIPAm hydrogel is reversible,21 our strain 
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engineered plasmonic responses of Au@AgNC nanosheet in PNIPAm hydrogel is also highly 

reversible with repeatable peak switching (Figure 2d and 2e).  

The aforementioned results demonstrate PNIPAM hydrogel offers an effective strategy for 

active strain engineering plasmene nanosheets, which we hypothesize would enable adjusting 

Raman hot spots. To prove this, the Raman signal of 4-ATP was analysed at the cooling and 

heating states. Figure 3a shows the representative Raman spectra of 4-ATP molecules when 

the tensile and compressive strains were applied on Au@AgNC nanosheet by cooling and 

heating the PNIPAm hydrogel. The Raman signal of 4-ATP was weak at tensile straining 

(Figure 3a, blue curve) but enhanced significantly at the compressive state (Figure 3a, orange 

curve). This could be well-interpreted by the decreased the interparticle spacing between 

Au@AgNCs, leading to the intensified electromagnetic “hot spots” due to the strong 

coupling.22 When the nanosheet was recovered to the tensile straining state, the Raman 

spectrum almost recovered back to its original state, which further proves that the strain 

engineering of Au@AgNC nanosheet is completely reversible. We chose three characterized 

Raman peaks of 4-ATP at 1074, 1144 and 1579 cm-1 to summarize the Raman intensity change 

under strain engineering. As shown in Figure 3b, the Raman intensity of these three peaks at 

compressive straining is about 30 times of that at tensile straining and almost recovered to the 

initial intensity when the compressive strain was released. Such reversibility can be well 

maintained even after 6 cycles of strain applying and releasing (Figure S11). Note that SERS 

signal was the highest but decreased a bit for the following cycles. This might be due to 

“stripping-off” effect, which is not contradictory to the reversible plasmonic properties in 

Figure 2. In the 1st cycle of heating, the PNIPAm chains may collapse and deposit onto the 
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surface of Au@AgNCs. Upon cooling, a small amount of 4-ATP molecules might be “stripped 

off” from Au@AgNCs as PNIPAM chains swell. Nevertheless, in the following cycles, the 

overall SERS performance of our sample is reversible. 

To prove the benefit of 2D plasmene nanosheets, the SERS performance of the control sample 

(i. e. Au@AgNCs-impregnated PNIPAM hydrogel) was also investigated. Interestingly, the 

sample shows completely different SERS profile from Au@AgNC nanosheet under the 

compressive strain. Instead of characteristic 4-ATP signals, strong SERS peaks from PNIPAm 

were observed (Figure 3c and Figure S12). The Raman intensity could be also recovered when 

the compressive strain was released (Figure 3c, green curve). As for the plasmene nanosheets, 

Au@AgNCs essentially sat on top of the PNIPAm hydrogel with minimal polymeric chains 

surrounded even under heating compressive straining state (Figure S13a), hence 4-ATP SERS 

signal dominated (Figure 3a). In contrast, Au@AgNCs were essentially embedded into 

polymeric PNIPAm matrix in the impregnated system (Figure S13b). Hence, the strong SERS 

signals of PNIPAm rather than 4-ATP dominated in the impregnated system under the heating 

state, which can be attributed to PNIPAm chain collapsing and adsorbing onto Au@AgNC 

surfaces. This enhancement was evidenced by the control experiment in the absence of 

Au@AgNCs at the same compressive state, in which the Raman signal of PNIPAm molecules 

remained very weak (Figure S14). An addition factor for the enhanced SERS signal of PNIPAm 

is the increased number density of Au@AgNCs (Figure S6), as supported by enhanced 

plasmonic resonance intensity (Figure S8). The absence of strong coupling rendered 4-ATP 

signal remaining insignificant.  
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It has to be noted that the SERS enhancement mechanisms for 2D plasmene nanosheets onto 

hydrogel and Au@AgNCs-impregnated hydrogel are different. For the former, the SERS 

enhancement is due to plasmonic coupling effects; whereas, for the latter, the increased number 

density of Au@AgNCs plays a dominant role in enhancing Raman intensity. We kept the same 

4-ATP grafting density in those two different systems (~ 5 × 105 4-ATP per nanocube) and 

compared their SERS enhancement. For the plasmene-based system, its Raman intensity at the 

heating state was about 30 times of that at cooling state (Figure 3b); but for the impregnated 

system, its Raman intensity at the heating state was about 4 times of that at cooling state (Figure 

3d). This can be well explained by the aforementioned “hot spots” effects. As for the nanosheet 

system, it experienced the changes from plasmonic decoupling to strong coupling (Figure 1d), 

hence causing big changes in SERS signals. In contrast, Au@Ag NCs remained sparsely 

distributed and well-spaced in the impregnated system even under the compressive heating 

state (Figure S6a). Therefore, the enhanced Raman signal was not attributed to “hot spot” 

effects but due to increased number density of Au@Ag NCs. 

Note that structures of plasmenes under cooling tensile stretching states were not perfect. The 

broader extinction spectra of the nanosheets at the cooling state (Figure 1g, blue solid curve) 

than that of discrete Au@AgNCs (Figure 1g, black dash curve) indicates the presence of small 

scale coupling from dimers, trimers or oligomers as illustrated in Figure S15. Such structures 

might form at the stage of self-assembly on Si wafer and couldn’t be separated during the 

tensile straining process. In spite of its insignificant amount, such structures had “hot spots”, 

which could significantly contribute to SERS signal. Due to this, Raman signal of 4-ATP from 

2D plasmene-based sample at the cooling state (1074 cm-1, Figure 3b) is ~ 6-fold and ~ 22-fold 
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higher than that from the 3D Au@AgNC-impregnated sample at heating and cooling states, 

respectively. 

Since the two-step drying mediated method to fabricate plasmene nanosheets is general and 

versatile,9 we further extended the temperature-enabled strain engineering to the Au nanorods 

(AuNRs)-based plasmene nanosheets. Following the same fabricating procedure as that of 

Au@AgNC nanosheet, the AuNRs with length of ~46 nm and width of ~17 nm (Figure S16) 

were firstly ligand exchanged into PVP/4-ATP-capped ones. Different from Au@AgNCs, 

AuNRs showed two distinct LSPR peaks, one was transverse LSPR located at ~514 nm and 

another was longitudinal one located at ~690 nm (Figure S17). A ~18-nm red shift in the 

extinction spectra was observed when the PVP/4-ATP-capped AuNRs were dispersed in 

CHCl3, which is similar to that of PVP/4-ATP-capped Au@AgNCs.  The PVP/4-ATP-capped 

AuNRs were then self-assembled into 2D nanosheet on Si wafer (Figure S18).  

After transferring AuNR plasmene nanosheets into PNIPAm hydrogel, we then investigated 

the strain engineering of AuNR-based nanosheet by programming temperature. The 

compressive straining did not cause obvious color change (Figure S19) but did exhibit apparent 

LSPR peak shift (Figure 4a). In tensile straining state, AuNR nanosheet exhibits LSPR peaks 

close to the discrete AuNR in aqueous solution, demonstrating the weak plasmonic coupling 

(Figure 4a). Both the longitudinal and transverse LSPR peaks shifted to red when heating-

induced compressive strain was applied. The gradually increased compressive strain could be 

achieved by ramping temperature levels, leading to corresponding evolution of plasmonic 

profiles (Figure S20). The longitudinal LSPR peak shifted from 693 to 830 nm (Figure 4b), 
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and the transverse one shifted from 553 to 631 nm (Figure 4c) along with the increased intensity 

(Figure S21). Corresponding to the temperature-enabled strain engineering of plasmonics, 

consistent SERS enhancement was observed. At compressive straining, the Raman signal of 4-

ATP on the surface of AuNRs were ~4-time enhanced (Figure 4d), which is due to the enhanced 

coupling between AuNRs caused by decreased interparticle spacing.  

 

Conclusions 

The past several years have witnessed significant research interest in soft electronics. In 

contrast, soft plasmonics remain largely underexplored in spite of recent progress in elastomer-

bonded system. Here, we describe a thermoresponsive hydrogel-based strain engineering 

approach allowing for actively tunning nanoscale interparticle spacing reversibly. Unlike 

elastomer-bonded counterparts, the temperature-enabled strain engineering is omnidirectional 

and uniform, offering significantly larger degree of modulating plasmonic profiles. We 

achieved a 200 nm spectral shift regime with Au@AgNC-based plasmene nanosheets. 

Correlating with plasmonic strain engineering, drastically different SERS enhancements could 

be switched between heating and cooling states. The strain engineering of 2D plasmene 

nanosheets reported here is general and in principle extendable to arbitrary constituent building 

blocks. Hence, it represents a simple yet effective strategy to dynamically modulate their 

optical property for novel applications in future soft optoelectronics. 
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Figures 

 

Figure 1. Heating-cooling-controlled plasmonic responses of soft plasmene nanosheet. (a-

c) Schematic fabrication (cross-section view) of PVP/4-ATP-capped Au@Ag NC nanosheet 

embedded in PNIPAm hydrogel: (a) fabrication of plasmene nanosheet on rigid substrate (e.g. 

Si wafer) by two-step drying-mediated self-assembly method, (b) formation of hydrogel on 

nanosheet in a glass-based mold by in-situ polymerization, (c) lifting-off nanosheets embedded 
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in hydrogel from rigid substrate into water, allowing the solvent exchange from DMSO to water 

during which the hydrogel swelled, which leads to the tensile straining of nanosheet. (d) 

Schematic illustration (top view) of temperature-enabled reversible strain engineering of 

plasmene nanosheet that has been embedded in PNIPAm hydrogel, which leads to the evolution 

of interparticle spacing of nanosheet under heating-cooling process. (e-f) The digital photos of 

nanosheet in PNIPAm hydrogel at (e) tensile straining and (f) compressive straining states 

(scale bar: 0.5 cm). (g) Extinction spectra of nanosheet in hydrogel at tensile straining (blue 

solid curve), compressive straining (red solid curve), recovered to tensile straining (green solid 

curve), non-coupled Au@Ag NC in ethanol (black dashed curve) and strong-coupled 

nanosheet on rigid glass substrate (gray dashed curve). (Right panels: corresponding 

transmission optical microscope images of nanosheet in hydrogel at compressive straining (top) 

and tensile straining (bottom) states, scale bar: 100 µm).   
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Figure 2. Gradual strain engineering by ramping temperature. (a) Representative extinction spectra 

of nanosheet at several temperatures during heating process. Summarized (b) coupling plasmonic peak 

position (lc) and (c) intensity at 640 nm when temperature gradually increased from 23 °C to 43 °C and 

(d-e) corresponding reversibility of plasmonic peak (lmax) and intensity.  
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Figure 3. Heating-cooling-controlled SERS enhancement. (a) Representative SERS spectra of 4-

ATP molecule in (a) Au@AgNC nanosheet and (c) discrete Au@AgNC in hydrogel at tensile (blue 

curve), compressive (orange curve) and recovered (green curve) state. (b, d) Corresponding summarized 

Raman intensity at 3 characterized Raman shift positions of 4-ATP.  
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Figure 4. Temperature-enabled strain engineering of gold nanorod-based nanosheet. (a)Extinction 

spectra of AuNR nanosheet in PNIPAm hydrogel at tensile (black solid curve), compressive (red solid 

curve) and recovered (blue dashed curve) states and the discrete AuNR in aqueous solution (green 

dotted curve). Strain-engineered (b) longitudinal and (c) transverse plasmonic peak position of AuNR 

nanosheets in hydrogel when temperature changed from 23 °C to 43 °C. (d) Raman intensity of 3 

characteristic peaks of 4-ATP molecules on the surface of AuNRs at tensile, compressive and recovered 

state.   
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