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ABSTRACT: The emerging concept of tunable plasmonic chirality is mostly observed as a 16 

reconfigurable behavior or a feature of complex chiral plasmonic assemblies. For discrete colloidal 17 

particles, it is challenging to achieve reversible tunability or a transient response with regard to 18 

chiroptical activities, particularly in the visible or near-infrared region. Herein, we demonstrate a 19 

stimulus-responsive system based on chiral molecule-achiral plasmonic nanoparticles coated with 20 

polyaniline (PANI) as the variable dielectric layer, in which L/D-cysteine molecules are introduced 21 

between the gold core and the shell as a static chiral source, allowing the chiral transfer effect to 22 

be greatly amplified by the hot spot gap of sub-monomolecular thickness. By taking advantage of 23 

the responsive properties to either pH or the electric potential dual stimuli of PANI, which also 24 

provides a stable and real-time switchable dielectric environment for the whole system, dynamic 25 

tuning of the plasmon and its induced chiroptical activities of core-gap-shell nanoparticles@PANI 26 

were precisely obtained. This well-defined design provides an open platform for flexible and 27 

rational tailoring of plasmonic cores, chiral molecules, and variable dielectrics to chiroptical needs, 28 

which is important for realizing applications in chemical sensing, chiral nanocatalysis, 29 

enantioselective separations, and novel optical devices. 30 

 31 

Introduction 32 

Chirality refers to the geometric structure of an object that cannot be superimposed on its 33 

mirror image by translation or in-plane rotation.[1] Optically, substances with chiral characteristics 34 

also exhibit differences in the absorption of left- or right-handed circularly polarized (LCP or RCP) 35 

light, known as circular dichroism (CD).[2] Notably, the CD responses of most chiral biomolecules 36 

are generally located in the ultraviolet (UV) region and show extremely weak activity, often 37 
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requiring high concentrations to support them.[3] Recent studies have demonstrated an interesting 38 

form of coupling between chiral molecules and metal nanoparticles, which is associated with the 39 

localized surface plasmon resonance (LSPR) phenomenon, the strong electromagnetic field of 40 

which is able to enhance the CD signals of surface chiral molecules.[4-9] Meanwhile, chiral 41 

molecules can also induce dissipative chiral currents arising inside the particles and provide the 42 

feedback of a new CD response near the LSPR position of the particles. This effect is termed 43 

plasmon-induced chirality, CDLSPR or CDplasmon-induced.[10-12]  44 
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Herein, we demonstrate an active plasmonic chiroptical system based on chiral core-gap-shell 74 

gold nanoparticles@PANI (c-CGS Au NPs@PANI). The gold nanorod (Au NR) used as a core 75 

was loaded with cysteine (Cys) molecules as a chiral source, forming a gap of sub-monolayer 76 

thickness by the regrowth of the Au shell. This gap structure with a natural electromagnetic field 77 

hot spot significantly enhanced the CDLSPR response. At the same time, the inert Au shell acted as 78 

a protective layer to prevent external stimuli from disturbing the Cys molecules. Finally, the active 79 

dielectric layer PANI was coated on the Au shell surface to provide a reconfigurable dielectric 80 
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environment for the whole system (c-CGS Au NRs@PANI, Scheme 1), leading to the tunable 81 

LSPR and resulting in CDLSPR optical activities within the visible region in response to the external 82 

pH and electric potential modulation. Satisfyingly, $7:R?' J4' IA3S@JI%' ,H/*#*.,5 a wider 83 

wavelength range of CDLSPR modulation (around 60 nm shift), stability (more than 100 cycles), 84 

accuracy (10 nm/V), and fast switching response (< 1 s), further enhancing their potential in fields 85 

such as chiral optical device fabrication.'86 

 87 

Scheme 1. The c-CGS Au NRs@PANI-based dual-modulable active plasmonic chiroptical system. 88 

! !89 
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 133 

Figure 1. Characteristics of c-CGS Au NRs. (A) Schematic illustration of c-CGS Au NRs (I) 134 

prepared using 5 nM of Cys with TEM images (L-Cys: (B), D-Cys: (C)). (D) Schematic illustration 135 

of c-CGS Au NRs (II) prepared using 50 nM of Cys with TEM images (L-Cys: (E), D-Cys: (F)). 136 

(G) Schematic illustration of c-CGS Au NRs (III) prepared using 500 nM of Cys, with TEM 137 

images (L-Cys: (H), D-Cys: (I)). (J) CD (solid curves) and extinction (dashed curves) spectra of 138 

c-CGS Au NRs synthesized in the presence of different concentrations of Cys (top 5 nM; middle 139 

50 nM, and bottom 500 nM). Red and blue curves correspond to L-Cys and D-Cys groups, 140 

respectively. The scale bars are 200 nm. CD spectra at 800-900 nm were recovered by fitting a 141 

Bessel curve in origin software due to the severe disturbance by the light source conversion. The 142 

raw spectra were shown in the supporting (Figure Sb). 143 
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Interestingly, although it is an indisputable fact that the L-LSPR of Au NRs possesses a more 144 

prominent advantage in the active plasmonics, the stronger chiral response is a necessary 145 

prerequisite to be considered for active chiral plasmonics.[48, 49] As shown in Figure 1J middle and 146 

S9, CDT-LSPR of c-CGS Au NRs (II) showed the strongest chiral intensity, with a g-factor about 147 

0.0015 in absolute value around 600 nm, implying nonnegligible potential in active chiral plasmon 148 

studies. Furthermore, in consideration of the fact that the LSPR of Au nanospheres (Au NSs) is 149 

close to the T-LSPR of Au NRs in terms of extinction spectrum, similar c-CGS Au NSs were 150 

prepared (Figure S10). Although the c-CGS Au NSs also exhibited an enhancement for the chiral 151 

signal compared to the Cys-attached Au NSs, their CD intensity was still very weak and was 152 

accompanied by strong background noise (Figure S11). The reason for this may be their isotropic 153 

structure, which provides less potential for symmetry breaking of the internal electron oscillation 154 

paths, resulting in lower resonance coefficients, poorer chiral activities, and weaker tunability.[4, 50] 155 

?5',3,$(',.)!.8!@<=A!*,#&#-'0,-!&(7#0''2,-B)#$$>'I,H.-'.1'.4&,'./,'(13*.*1&'12'./,'>?@A'156 

!&5' :;"#$%-' @JI%' $1!.*&<' 6!3' (,)21)=,5' #0' 34)2!$.!&.7!33*3.,5' $/,=*$!+' 1H*5!.*9,'157 

(1+0=,)*B!.*1&"&)+!' :1)),3(1&5*&<+0-' ./,' >?@A' 3/*2.3' 12' (+!3=1&*$' &!&1(!).*$+,3' 21++16' ./,'158 

),+!.*1&3/*('3/16&'#,+16O&+,!'159 

-!+,-./ " .-/0' 1 2&*0)1!3'160 

where . is the refractive index sensitivity of the plasmonic nanoparticle, -/ is the variation of 161 

refractive index between different dielectric environments, 4 is the effective thickness of the 162 

dielectric environment, and 50 is the decay length of the electromagnetic field on the plasmonic 163 

nanoparticle surface. Obviously, the maximum -!+,-./  is strongly related to the -/  and 4 164 

values. It is well known that PANI can exist in 3*H'3.!.,3'6*./'5*22,),&.'),2)!$.*9,'*&5*$,3'!.'9!)*143'165 
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(8'9!+4,3'!&5' ),51H'3.!.,3O' +,4$1,=,)!+5*&,'#!3,' D>cF-' +,4$1,=,)!+5*&,'3!+.' D>?F-',=,)!+5*&,'166 

#!3,' DNcF-' ,=,)!+5*&,' 3!+.' DN?F-' (,)&*<)!&*+*&,'#!3,' D@cF-' !&5'(,)&*<)!&*+*&,' 3!+.' D@?F"&4-!'C/,'167 

$1&5*.*1&3'1)'=,!&3'.1'!$$1=(+*3/'./,'24++'3.!.,'.)!&321)=!.*1&'!),'12.,&'3,9,),-'34$/'!3'3.)1&<'168 

!$*5*$',&9*)1&=,&.3-'$/!&<,3' *&'!K4,143'!&5'&1&7!K4,143',+,$.)1+0.,',&9*)1&=,&.3'!&5'/*</,)'169 

(1.,&.*!+3-'6/*$/'6*++'5*),$.+0'!22,$.'./,'+*2,.*=,'12'./,'=!.,)*!+3"'%&'$1&.)!3.-'N?'D/2" 61.40F-'@c'170 

D/#3 62.05F-'>c'D/!3 61.68F'$!&'#,' .)!&321)=,5' *&'!' ),+!.*9,+0'<,&.+,'=!&&,).[34] It should be 171 

noted that the PANI layer thickness was important in terms of the following two points. The first 172 

point is the need to maximise the shift qualities of the LSPR peaks (-!+,-./) as well as the potential 173 

CDLSPR peak wavelength. The second point is the need to avoid excessive loss of chiral response. 174 

As shown in Figure S12A, B, the g-factor of the asymmetry parameter for c-CGS Au NRs (II) 175 

decreased after coating. This may be due to the achiral PANI shells increasing the total absorption, 176 

but having little effect on the absorption of LCP or RCP light. Additionally, a very low specific 177 

value for the g-factor was observed for the composite structure with the Au NSs as the core (Figure 178 

S12C, D), also indicating that anisotropic nanostructures are more suitable for active chiral 179 

plasmons. Based on the above considerations, the ideal situation is to obtain a larger peak shift by 180 

application of a thinner PANI layer, while avoiding the possible loss of CD signal intensity in 181 

response to external stimuli.'182 

We obtained the L-Cys induced c-CGS Au NRs (II)@PANI (L-c-CGS Au NRs (II)@PANI) 183 

with a layer thickness of 7 nm, 11 nm or 14 nm by repeating the polymerization cycles (Figure 184 

2A-D). As the PANI forming the outermost layer existed in the ES state, its refractive index was 185 

slightly larger than that of water (/4"5 6 1.33), resulting in a gradual red-shift of the T-LSPR 186 

positions after coating (Figure 2E, S13). To understand their LSPR characteristics, the L-c-CGS 187 

Au NRs (II)@PANI and pure PANI solutions were observed at both pH 2 and pH 12 (Figure 2F, 188 
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S14). At pH 2, the T-LSPR (590 nm) and longitudinal LSPR (L-LSPR, 797 nm) could be easily 189 

distinguished, and the ES state itself presented an extinction peak at 875 nm. At pH 12, the ES 190 

state was converted into the PB state (556 nm) due to the de-doping of protons, and the proximity 191 

of PB and T-LSPR led them to be coupled into a broad peak (646 nm). The red-shift of the L-192 

LSPR (from 797 to 863 nm) was also evidenced by the change from the ES to the PB state. For 193 

reference, similar LSPR shifts occurred in the case of c-CGS Au NSs@PANI (Figure S15A, B). 194 

As shown in Figure S16, the -!+,-./ of the composite structure with a PANI layer of 11 nm and 195 

14 nm were the same. Considering the overall chiral loss due to the PANI layer, we chose c-CGS 196 

Au NRs (II) coated with an 11-nm thick PANI layer for the following studies. 197 

 198 
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Figure 2. Characteristics of c-CGS Au NRs (II)@PANI. (A) Schematic illustration for coating c-199 

CGS AuNRs (II) with a PANI layer. TEM images of L-c-CGS Au NRs (II)@PANI after (B) one, 200 

(C) two, (D) three polymerization cycles. (E) T-LSPR peak positions at pH 2 and PANI layer 201 

thickness versus the number of polymerization cycles. (F) Normalized extinction spectra of L-c-202 

CGS Au NRs (II) coated with an 11-nm thick PANI layer (solid curves) and pure PANI (dashed 203 

curves) in the ES (green) and PB (purple) states. The scale bars are 100 nm. 204 

5C9"#$5.)$,D#!5&($3.),-!()*!5&($3.)9,)*%-#*!-2,0(&!(-',D,',#$>!Our exploration of the 205 

mechanism of pH modulation in more detail (Figure 3A) revealed the L-c-CGS Au NRs 206 

(II)@PANI aqueous solution displayed a visual transition from coffee to eggplant violet at pH 2 207 

and pH 12, respectively (Figure 3B). Then, using L-c-CGS Au NRs (II)@PANI as a typical case 208 

(Figure 3C), the T-LSPR peak at 590 nm was not disturbed by the ES peak at a pH of 2, and the 209 

corresponding CDT-LSPR peak was also located nearby (601 nm), both of which had narrow peak 210 

widths. As shown in Figure 3D, after the H+ in the solution was completely consumed by OH-, the 211 

H+ in the outer layer of the PANI "microenvironment" participated in the neutralization, with de-212 

doping leading to the start of the transition to the PB state, which explains the sudden change in 213 

peak positions starting around pH 8. The change in peak positions was not significant between pH 214 

10 and 12, indicating that the PANI had completed proton de-doping. Ultimately, the T-LSPR peak 215 

red-shift was about 57 nm to 647 nm, while the corresponding CDT-LSPR peak also completed a 216 

similar red-shift (Figure 3F-H, S17A-C). Such a significant chiral peak shift cannot be explained 217 

solely by the contribution of changes in dielectric constant and the T-LSPR itself, which suffered 218 

from the low sensitivity of T-LSPR, but also on the contribution of the PB state involved in the 219 

peak coupling.[52] Similar results were observed in the case of D-c-CGS Au NRs (II)@PANI 220 

(Figure 3E, I-K and S17D-F). 221 
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 222 

Figure 3. pH-modulated plasmonic and CD-switching behavior of c-CGS Au NRs (II)@PANI. 223 

(A) Mechanism of the chiral signal amplification and dielectric environment switching by proton 224 

doping and de-doping. (B) Digital image of L-c-CGS Au NRs (II)@PANI solutions at pH 2 and 225 

pH 12. (C) TEM image of L-c-CGS Au NRs (II)@PANI. (D) Schematic representation of OH- 226 



 14 

entering the PANI microenvironment from solution at different pH values. (E) TEM image of D-227 

c-CGS Au NRs (II)@PANI. (F) Normalized extinction spectra, (G) CD spectra of L-c-CGS Au 228 

NRs (II)@PANI and (H) their corresponding peak positions in response to different environmental 229 

pH values. (I) Normalized extinction spectra, (J) CD spectra of D-c-CGS Au NRs (II)@PANI and 230 

(K) their corresponding peak positions in response to different environmental pH values. The scale 231 

bars are 100 nm. 232 

E&#-'0,-(&! 5.'#)',(&90#$5.)$,D#! 5&($3.),-! ()*! 5&($3.)9,)*%-#*! -2,0(&! (-',D,',#$>!233 

Compared with pH modulation, manipulating the CD peak response with the assistance of 234 

electrical potential was definitely a more attractive strategy (Figure 4A).[35] To enable voltage 235 

manipulation and device fabrication, we employed a Langmuir-Blodgett (LB)-like technique in 236 

which a large monolayer film was formed by nanoparticle self-assembly at the water-oil interface 237 

and subsequently transferred onto the ITO surface (Figure 4B, C and S18). Here, the PANI layer 238 

also acted as a physical spacer to avoid strong coupling between particles, or between particles and 239 

the substrate, allowing the monolayer to display LSPR properties similar to that of discrete 240 

nanoparticles. In addition, the LB state exhibited no significant extinction in the visible and near-241 

infrared regions (Figure S15C, D). Further, taking the L-c-CGS Au NRs (II)@PANI as an example, 242 

PANI was in the ES state under a higher voltage (0.4 V) and pH 2. The T-LSPR position of the 243 

monolayer was located near 592 nm, while the corresponding CDT-LSPR peak was located near 602 244 

nm, which were slightly red-shifted compared to the corresponding peak positions of discrete 245 

nanoparticles. It should be noted that for some oriented solid samples, linear dichroism and linear 246 

birefringence are the main artifacts that may be observed during CD measurements.[53] To exclude 247 

the above effects, we confirmed the consistency of the chiral spectral information from different 248 

positions as well as the g-factor values (Figure S19). As the voltage was reduced to -0.3 V, the ES 249 
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state gradually transitioned to the LB state, and the T-LSPR and CDT-LSPR peaks both underwent 250 

the red-shifts of 12 nm and 14 nm to 604 nm and 616 nm, respectively (Figure 4D-F, S20A-C). 251 

The peak shapes of the D-c-CGS Au NRs (II)@PANI also showed similar red-shift trends (Figure 252 

4G-I, S20D-F). These results supported our findings regarding the advantages offered by electrical 253 

potential as a stimulus source, such as achieving more accurate manipulation while avoiding 254 

sudden changes in signal output. 255 

 256 
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Figure 4. Electrical potential-modulated plasmonic and CD-switching behavior of a c-CGS Au 257 

NRs (II)@PANI monolayer film. (A) Mechanism of dielectric environment-switching by 258 

electrochemical redox. (B) Schematic illustration of the three-electrode electrochemical cell for 259 

the real-time measurement of the extinction and CD spectra of the c-CGS Au NRs (II)@PANI 260 

monolayers on an ITO substrate. (C) SEM image of large area L-c-CGS Au NRs (II)@PANI 261 

monolayer films loaded on an ITO surface. (D) Normalized extinction spectra and (E) CD spectra 262 

of L-c-CGS Au NRs (II)@PANI and (F) their corresponding peak positions in response to different 263 

voltages. (G) Normalized extinction spectra and (H) CD spectra of D-c-CGS Au NRs (II)@PANI 264 

and (I) their corresponding peak positions in response to different environmental pH values. The 265 

scale bar is 500 nm. 266 

;'(F,&,'74! 0#D#0$,F,&,'74! ()*! $1,'-2,)6! 0('#! .8! G;@"! ()*! ,'$! -2,0.5',-(&! 0#$5.)$#>! To 267 

further evaluate the LSPR and CDLSPR dual response, the reversibility and stability of c-CGS Au 268 

NRs@PANI were investigated. Firstly, the L-c-CGS Au NRs (II)@PANI solution was switched 269 

in turn between pH 2 and pH 12. The shifts in the T-LSPR peak positions and the corresponding 270 

CDT-LSPR peak positions presented good reversibility during the five cycles (Figure 5A). The 271 

electrical potential group also showed stable performance over the same cycles (Figure 5B). The 272 

extinction intensity, chiral response and electrochemical activity curves did not degrade 273 

significantly before or after 100 scan cycles, indicating the good reproducibility of the ES and LB 274 

states based on electrical potential switching (Figure 5C-E, S21). Finally, as it was not easy to 275 

record instantaneous extinction spectra as in other reports,[36] we measured the falling current 276 

stabilization time to reflect the switching rates of the monolayer by using the amperometric i-t 277 

method at a fixed voltage, which is approximately 500 ms (Figure 5F).[54] The larger signal shifts 278 

from pH modulation and the small range of precise responses from electrical potential modulation 279 
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reflect the complementary advantages of this material in terms of suitability to different optical 280 

scenarios with excellent reversibility and stability. 281 

 282 

Figure 5. Electrochemical response performance. (A) Peak positions corresponding to extinction 283 

(squares) and CD (circles) of L-c-CGS Au NRs (II)@PANI at pH 2 (green) or pH 12 (purple) 284 

during five cycles. (B) Peak positions corresponding to extinction (squares) and CD (circles) of L-285 

c-CGS Au NRs (II)@PANI monolayers at 0.4 V (green) or -0.3 V (red) during five cycles. (C) 286 

Extinction spectra of L-c-CGS Au NRs (II)@PANI monolayers at 0.4 V (green) and -0.3 V(red) 287 

before and after 100 scans. (D) CD spectra of L-c-CGS Au NRs (II)@PANI monolayers at 0.4 V 288 
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(green) and -0.3 V(red) before and after 100 scans. (E) Cyclic voltammograms of L-c-CGS Au 289 

NRs (II)@PANI monolayers before and after 100 scans. (F) Switching time of L-c-CGS Au NRs 290 

(II)@PANI monolayers at fixed voltages of 0.4 V (green) and -0.3 V (red). 291 

 292 

Conclusion 293 

In summary, we demonstrated a simple and robust bottom-up wet chemical approach to the 294 

synthesis of discrete gold nanostructures with dynamically tunable electrochemical plasmonic 295 

chiroptical activities. Uniquely, this study focused on the induction of a well-defined CDT-LSPR from 296 

an inconspicuous T-LSPR in the extinction spectra that provides the potential for chiroptical 297 

activity tuning. With external stimuli such as pH or electric potential, the CDT-LSPR all responded 298 

with similar peak wavelength shifts as the T-LSPR. Meanwhile, the c-CGS Au NRs (II)@PANI 299 

showed excellent stability and reversibility, the ability to switch optical features in real-time, as 300 

well as flexible designability and processability. The above properties indicate that a similarly 301 

well-defined discrete active plasmonic structure could be a strong candidate for the fabrication of 302 

novel optical devices, such as optical switches, transducers and filters. 303 
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