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Abstract

Broad application of polymeric stimuli-responsive smart nanohybrids requires 

understanding the mechanisms governing active control. Ensemble techniques have identified 

inhomogeneous polymer collapse in microgels that potentially arise from heterogeneous 

interchain interactions and differences in core size. A single-particle examination would establish 

the influence of core size and internal polymer network heterogeneity on local interactions that 

contribute to the observed inhomogeneous polymer collapse dynamics of nanohybrids. Using 

single-particle dark-field spectroscopy, we investigated the complex polymer collapse profiles of 

core-shell plasmonic nanohybrids comprising of thermoresponsive poly(N-isopropylacrylamide) 

(pNIPAM) encapsulated gold nanorods (AuNRs). We report that the polymer collapse behavior 

was independent of the core size. For thinner polymer shells, we observed hysteresis in the 

collapse of AuNR@pNIPAMs, likely related to local pNIPAM aggregation due to interchain 

hydrogen bonding. For thicker polymer shells, we observed a broad polymer collapse 

distribution that we attributed to a two-step phase transition that arises from a polymer network 

density gradient. Our single-particle approach relates the internal heterogeneity of the polymer 

network of nanohybrids to the mechanisms underlying heterogeneous phase transitions that 

traditional, ensemble-averaged approaches are unable to discern.

Keywords: nanohybrids; thermoresponsive polymer; active control; plasmonics; heterogeneity; 

nanoparticles
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Introduction

Polymer-based stimuli-responsive smart materials are advancing adaptive sensing,1-4 

drug delivery,5-8 catalysis,9-11 and separations.12-14 The switchable nature of the materials 

improves the overall performance through externally controlled “on” and “off” states. To achieve 

precise control over active materials at the macro- and nanoscale, the polymer composition must 

be optimized.15-17 Increasing the cross-linker density increases the rigidity, which decreases the 

magnitude of polymer conformational changes.18-20 Combining several stimuli-responsive 

monomers introduces multiple toggles to control the “on” and “off” states.10,21 The combination 

of highly modular stimuli-responsive soft-materials with already promising inorganic 

nanomaterials results in a growing repository of smart nanohybrids for a broad range of 

applications.

Nanoscale insight into the mechanisms governing the phase transitions of stimuli- 

responsive nanohybrids is necessary. Theoretical modeling, neutron spin echo, and small-angle 

neutron scattering showed that polymer cross-linker density is highly variable, resulting in non­

uniform swelling and collapse of the polymer matrix.20,22-26 Transient absorption, UV-vis 

spectroscopy, and dynamic light scattering (DLS) demonstrated reversible collapse16,27-30 and 

hysteresis31-33 of stimuli-responsive polymers. For core-shell nanohybrids, although DLS 

reported single-step phase transitions, static light scattering and micro-differential scanning 

calorimetry revealed two-step polymer phase transitions that were attributed to surface 

curvature-induced polymer chain crowding.17,34-36 These ensemble-averaged observations of 

stimuli-responsive nanohybrids preclude inferences into underlying differences between 

individual nanohybrids that arise from both the core size heterogeneity and the internal 

heterogeneity of the polymer network. Thus, it is possible that underlying heterogeneity in the 

core size and polymer network structure, which arises from variable monomeric units between 

cross-linking points, are nontrivial contributors to these inhomogeneous phase transitions of 

nanohybrids.37 Because many potential applications of these smart materials rely on their 

nanoscale structure-function relationships, single-particle examinations of these relationships are 

necessary.

Single-particle techniques probe the dynamic stimuli-induced response of individual 

plasmonic nanohybrids. Cryo-transmission electron microscopy (TEM) and atomic force 

microscopy (AFM) can obtain the steady-state morphology,15,38-40 whereas wet-AFM and liquid­
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cell TEM can probe the dynamic response of single stimuli-responsive nanohybrids.41-43 To 

complement these morphological techniques, optical methods can observe the internal dynamics 

of single nanostructures.44-48 Single-molecule fluorescence microscopy techniques have 

successfully interrogated three-dimensional morphological changes of polymer microgels.47,48 

However, the incorporation of plasmonic cores into the polymer matrix poses a problem for 

fluorescence-based methods due to efficient quenching.49 To circumvent this complication, we 

use hyperspectral dark-field imaging to monitor the scattering spectra of plasmonic nanohybrids 

while undergoing temperature-induced collapse and expansion of the polymer shell as the 

changes of the single-particle plasmon resonance can be directly related to changes in the 

surrounding environment, especially near the interface between the nanoparticle core and the 

polymer shell.

In this work, we exploited the sensitivity of the plasmonic cores to interfacial changes to 

garner insight into the influence of underlying heterogeneity on stimuli-induced polymer phase 

transitions of core-shell nanohybrids. We synthesized thermoresponsive poly(N- 

isopropylacrylamide) (pNIPAM) encapsulating gold nanorods (AuNRs), shown in Figure 1A, 

and termed AuNR@pNIPAMs.50 As depicted in Figure 1B, the pNIPAM shell experiences a 

reversible volume phase transition (VPT) near 32 °C, the lower critical solution temperature 

(LCST) of linear pNIPAM.16,31,51 The VPT temperature (VPTT) is a function of both the LCST 

of linear chain pNIPAM and the cross-linker density and, as such, the VPTT typically ranges 

from 32-35 °C.26,52 Above the VPTT, pNIPAM collapses and the refractive index (n) increases.18 

The plasmonic properties of the AuNR cores make them ideal sensors for changes in n because 

the longitudinal surface plasmon resonance energy peak (Eres) shifts in response to changes in the 

local n.53-55 The observed resonance energy changes (AEres) of AuNR@pNIPAMs were 

attributed to conformational changes of the polymer that led to local n changes. In addition, Eres 

is an indicator of AuNR size and shape,56 which allowed us to investigate the influence of AuNR 

core size heterogeneity on polymer collapse. Using a calibrated heating laser to alternate the 

temperature between 25 °C (Tc) and 42 °C (Th), we observed hysteresis and behavior consistent 

with two-step phase transitions of pNIPAM for single AuNR@pNIPAMs with minimal 

influence of AuNR core size.
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Figure 1. Synthesis and characterization of thermoresponsive AuNR@pNIPAMs. (A)

Synthesis of nanohybrids for the free-radical seeded precipitation polymerization of pNIPAM 

from NIPAM monomers and BIS crosslinkers with AuNRs as the seeds. (B) Cartoon of 

AuNR@pNIPAMs in the expanded and collapsed forms at Tc and Th, respectively. (C) 

Gaussian fits of the longitudinal surface plasmon resonance measured by temperature- 

controlled UV-vis spectroscopy of AuNR@pNIPAM3oo nanohybrids (left) and 

AuNR@pNIPAM58o nanohybrids (right) at Tc and Th. The top insets are false color SEM 

micrographs of the AuNR core (gold) and pNIPAM shell (green). Please note the scaling for 

each SEM micrograph. The bottom insets are the initial UV-vis spectra at 20 °C. (D) AEres 

from the initial measurement at 20 °C as the sample was heated (A) and cooled (V) for 

AuNR@pNIPAM3oo nanohybrids (left) and AuNR@pNIP AMs so nanohybrids (right). The 

filled markers are the measurements at Tc and Th. The horizontal gray bar represents the fitting 

error. The vertical line is the literature reported VPTT of pNIPAM.51

Methods

Core-shell AuNR(a),pNIPAM Synthesis
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AuNRs were synthesized using the previously published sodium oleate method from the 

Murray group and were characterized with TEM and UV-vis spectroscopy (Figure S1).57 To 

synthesize the nanohybrids, we followed the procedures developed by Contreras-Caceres et al. 

for free-radical seeded precipitation polymerization of N-isopropylacrylamide (NIPAM, Sigma 

Aldrich, >99%) cross-linked with N,N'-methylenebisacrylamide (BIS, Sigma Aldrich, 99%) 

from the surface of AuNRs.58 To do this, the capping ligands were replaced by vinylacetic acid 

(Alfa Aesar, 96%). The AuNRs were centrifuged at 7000 rpm for 30 minutes and then 

redispersed in 100 mL of water. The AuNRs were heated to 70°C and stirred at 700 rpm. Once 

70°C was reached, 600 pL of vinylacetic acid was added to the solution and left to react for 1 

hour.58,59 The AuNRs were centrifuged at 7000 rpm for 30 minutes, the supernatant was removed 

and the AuNRs were redispersed in 50 mL of water. The 84 x 26 nm AuNRs were added to 56.6 

mg NIPAM and 7.7 mg BIS (10 mM NIPAM, 10 mol% BIS) and are termed 

AuNR@pNIPAM300 nanohybrids. The 89 x 28 nm AuNRs were added to 96.8 mg NIPAM and 

13.1 mg BIS (17 mM NIPAM, 10 mol% BIS) and are termed AuNR@pNIPAM580 nanohybrids. 

The solutions were equilibrated for 15 minutes at 70 °C and stirred at 400 rpm under bubbled 

ultrapure nitrogen in a water-cooled reflux system. Once equilibrated, 100 pL of 0.1 M 2,2'- 

Azobis(2-methylpropionamidine) dihydrochloride (Matrix Scientific, 95+%) was injected into 

the solution and the reaction proceeded for 1 hour. The nanohybrids were then centrifuged for 45 

minutes at 9000 rpm and then redispersed in water. The AuNR@pNIPAMs were stored at room 

temperature.

Ensemble Characterization

The nanohybrids were characterized with DLS and UV-vis spectroscopy. DLS (Malvern 

Zen 3600 Zetasizer) measurements of AuNR@pNIPAM300 nanohybrids and 

AuNR@pNIPAM580 nanohybrids at 20 °C and 50 °C can be found in Table S1. At all 

temperatures, AuNRs registered as 96 ± 6 nm for the 84 x 26 nm AuNRs and 120 ± 20 nm for 

the 89 x 28 nm AuNRs and can also be found in Table S1. For UV-vis temperature-controlled 

measurements, a Jasco J-1500 CD spectrometer with a Peltier thermostatted single position cell 

holder was used. A spectrum, with a spectral resolution of 0.1 nm, was taken every 2 °C, from 20 

to 52 °C, and then at 52, 42, 22, and 20 °C (Figure 1C, 1D, and S2A). The UV-vis spectra were 

fit to a Gaussian to account for the inhomogeneous broadening that results from the 

heterogeneity of the colloidal AuNR cores.60
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Water Cell Preparation

The nanoparticles were spincast on the surface of oxygen plasma-cleaned transparent 

indium tin oxide (ITO) coated substrates (Evaporated Coatings Incorporated, 55 ohm/sq, 22 x 22 

mm glass coverslips) for 1 minute at 4000 rpm with an acceleration of 2000 rpm. The 

hydrophilic surface of the substrate minimizes the interaction between pNIPAM and the surface, 

which is conducive to pNIPAM microgels maintaining their spherical shape and stimuli- 

responsive dynamics.47 All nanoparticle solutions were diluted to achieve an average particle 

density of ~3 particles per 100 pm2. Using a low particle density, we avoided interparticle 

plasmon coupling that could impact observed AEres.61 To create a water cell, two adhesive 

spacers (Grace Bio-Laboratories, 0.12 mm thick) and a modified silicon spacer (Grace Bio­

Laboratories, 0.5 mm thick) were placed on the ITO substrates. A neutral solution of 10 mM 

HEPES (Sigma Aldrich) in water was used to fill the cell. A glass coverslip was placed on top of 

the cell and the cell was pressure sealed between two aluminum plates.

Hyperspectral Dark-Field Imaging and Heating Apparatus

To investigate the optical response of the AuNR@pNIPAMs, we used a homebuilt 

hyperspectral microscope, described in detail in a previous publication.46 Briefly, an inverted 

microscope (Zeiss AxioObserver m1) fitted with a dark-field condenser (NA = 1.4) illuminated 

the sample with white light from a 100 W halogen lamp and a collection objective (Zeiss 

PlanAchromat 63x, variable NA set to 0.7) collected the scattered light from the nanoparticles. 

With the microscope internal 1.6x magnification, the total magnification was 100.8x. The 

scattered light was directed through a slit with a width of 20 pm onto a grating (150 gr/mm, 800 

nm blaze wavelength) in a spectrograph (Princeton Instruments, Acton SP2150i). The dispersed 

light was collected with a charge-coupled device camera (Princeton Instruments, PIXIS 400).

The camera and spectrograph were mounted on an electronically driven translation stage 

(Newport Linear Actuator, LTA-HL) that scanned across the field of view to create a 

hyperspectral datacube using custom LabVIEW software (National Instruments). A 1064 nm 

heating laser (Cobalt Rumba 3000, continuous wave) was aligned in wide-field epifluorescence 

configuration. To direct the laser to the sample, a dichroic mirror was used (Semrock NFD01- 

1064-25-D). A 1000 nm shortpass filter (ThorLabs DMSP1000) was placed in the detection path 

to remove residual heating laser excitation.
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To control the temperature in the thin water cell, we created a calibration curve that 

relates the output power of the heating laser to the temperature in the field of view. This 

calibration was done by building a cell containing a thermocouple (Omega, 5SC-TT-K-40-36) 

and monitoring the temperature of the water as the laser power was increased. For continuous 

wave wide-field epifluorescence illumination, the temperature should achieve thermal 

equilibrium within the focal volume of the laser spanning the thickness of the water cell.62-63 As 

the ITO substrate is a reasonable heat conductor, it is possible that the substrate under laser 

illumination is at a higher temperature than what the thermocouple reports. However, ITO 

absorption at 1064 nm is negligible and does not increase the local temperature the particles 

experience.64-65 Without laser illumination, the temperature of the water reached a maximum 

temperature of 25°C, below the published VPTT of pNIPAM microgels with similar crosslinking 

densities.16 Because the objective absorbs -65% of the photons at 1064 nm and the damage 

threshold is unknown, we selected the laser power that achieved a temperature 10°C above the 

published VPTT, which we hypothesized would be sufficient to achieve complete polymer 

collapse of the nanohybrids while preventing irreversible thermal damage to the objective.

Data Acquisition and Analysis of Single Particles

Three hyperspectral scattering images of-1500 pm2 were acquired prior to heating at Tc. 

Turning the heating laser on and off, the sample was cycled between Th and Tc four times and a 

hyperspectral image was acquired at each temperature. After the final Tc measurement, two 

additional hyperspectral images were taken at Tc. Although polymer collapse and expansion are 

considered to be nearly instantaneous,24-28-30 we equilibrated the sample for five minutes in the 

dark between acquisitions to allow the temperature to stabilize and the complete 

expansion/collapse of the polymer. The pixel integration time was 3 s for an overall image 

acquisition time of-7.5 minutes.

All data was analyzed with Python 2.7. After hyperspectral image processing, all particle 

spectra were fit to a single Lorentzian prior to normalization. Normalized spectra are shown for 

better comparison of AEres and the spectra prior to normalization of the representative single­

particles for each sample can be found in Figure S3. Acquiring single-particle spectra avoids the 

inhomogeneous linewidth broadening observed in the ensemble spectra and, as such, a 

Lorentzian profile provides a more accurate physical description of the spectra.66-67 To limit the 

analysis of aggregates, particles with an intensity greater than twice the median intensity were
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removed. Spectral fits with intensities in the lowest 5% were discarded to remove particles with 

low signal to noise ratios that would result in large errors in the fit parameters. To determine the 

limit of detection for AEres, the standard deviations of Eres of the first three and last three 

measurements of the remaining particles were averaged (±0.5 meV). The average of the first 

three measurements determined the initial Eres for each particle. Although changes in intensity 

are also observed (Figure S3), AEres appears to be a more straightforward indicator of reversible 

polymer collapse. An in-house image processing Python script using scikit-image modules was 

used to determine the diameter of the polymer shell from scanning electron microscopy (SEM) 

micrographs.68

Finite Difference Time Domain (FDTD) Simulations

The commercial software package Lumerical FDTD Solutions was used to simulate the 

scattering cross-sections of AuNRs in various experimental conditions. A hemisphere capped 

cylinder was chosen to model the geometry of the AuNRs. All simulations were performed using 

an AuNR with dimensions of 87 x 27 nm, the average size of the AuNRs studied in this work. 

The dielectric function for gold was extracted from the measured values by Johnson and Christy 

and Olmon et al.69,70 A semi-infinite ITO substrate with n of 1.86 was used to model the 

substrate in single-particle measurements. The computational mesh size was set to 1 nm (unless 

otherwise stated), and the default convergence criteria were used. Perfectly matched layers were 

employed around the entire system.

For the simulations of AuNRs in water with different temperatures, the temperature- 

dependent n of water (Figure S2B) were calculated using the equation and fitting parameters 

from Thormahlen et al. and used as the background.71 The computational mesh size was set to 

0.5 nm.

To capture the effect of polymer collapse on the AuNR scattering cross-section, we 

simulated the conditions replicating the phase transition extremes: expanded and collapsed.

When expanded, the local AuNR environment is predominantly water, with limited contributions 

from pNIPAM.18 When pNIPAM collapses, pNIPAM’s contribution to the local n increases with 

the expulsion of water. Thus, we used a n of 1.37 to represent the expanded, water-rich pNIPAM 

shell and a n of 1.46 to represent the collapsed, water-poor pNIPAM shell to model the effect of 

polymer collapse on the AuNR scattering cross-sections.18,72 To further mimic experimental 

conditions, the pNIPAM shell was set to 100 nm for the expanded condition and 5 nm for the
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collapsed condition. Figure S4A illustrates the simulation technique employed to estimate the 

AuNR sensing volume, i.e. the average volume from the AuNR surface where a change in n can 

no longer be detected.73 It is important to note that the effect of the ITO substrate on AEres 

becomes evident only when the polymer collapses within the sensing volume of the AuNR (~36 

nm) and the n of ITO contributes to the total n experienced by the AuNR (Figure S4B).

Results & Discussion

AuNR@pNIPAMs with two different polymer shell thicknesses were synthesized as 

described in the Methods section.57-59 The AuNR@pNIPAMs were characterized by SEM, 

shown in Figure 1C insets, and had average diameters of 300 ± 40 nm (AuNR@pNIPAM300) and 

580 ± 20 nm (AuNR@pNIPAM580). Temperature-dependent DLS measurements (Table S1) at 

20 °C revealed slightly different sizes, with AuNR@pNIPAM300 nanohybrids and 

AuNR@pNIPAM580 nanohybrids having average diameters of 333 ± 4 nm and 530 ± 10 nm, 

respectively. At 50 °C, above the VPTT, both AuNR@pNIPAMs collapsed to similar DLS- 

determined sizes of 130 ± 4 nm and 130 ± 1 nm, respectively. It is important to note that the DLS 

cumulant fit assumes isotropic scatterers and, in the case of the expanded nanohybrids, is likely a 

reasonable approximation of the size, especially when compared with the dimensions extracted 

from the SEM micrographs. However, in the case of the collapsed nanohybrids, the shell 

thickness is at least 82% smaller than the longest dimension of the core, resulting in anisotropic 

scatterers that require applying theoretical models to depolarized DLS to extract the precise 

dimensions.74,75 Thus, our DLS measurements serve as an initial verification and qualitative 

approximation of the temperature-induced VPT rather than to determine the absolute sizes. The 

similar diameters measured at 50 °C for the two AuNR@pNIPAM samples may be the result of 

the much thinner, collapsed polymer shells and, therefore, the AuNR core size dominated the 

overall hydrodynamic dimensions. Note that the size distributions of the AuNRs used were 

almost the same (see Figure S1). AuNRs did not exhibit temperature-induced changes in 

hydrodynamic diameter (see Ensemble Characterization in the Methods section).

When heated, the ensemble Eres of AuNR@pNIPAMs decreased in energy. We 

performed temperature-controlled UV-vis spectroscopy to observe the ensemble AEres of 

colloidally suspended AuNR@pNIPAMs. Figure 1C illustrates that increasing the temperature 

from Tc to Th decreases Eres by 1.5 ± 0.7 meV for AuNR@pNIPAM300 nanohybrids and by 3.6 ± 

0.4 meV for AuNR@pNIPAM580 nanohybrids. This decrease in Eres is attributed to an increase
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in n of the collapsed polymer, which has been observed and predicted previously for pNIPAM on 

Au nanospheres.52,55 For fully collapsed shells for both types of nanohybrids, the water 

environment will also contribute to the average n experienced by the cores. The observed larger 

AEres for the AuNR@pNIPAM580 nanohybrids can be explained considering that increasing the 

molecular weight of the polymer network increases the effective collapsed polymer shell n 

experienced by the plasmon.55,76 Additionally, AEres does not plateau above the VPTT as 

observed previously for gold nanospheres, which may result from the higher sensitivity of AuNR 

cores to local n changes.16,18,52,53 The steady decrease in AEres above the VPTT may also arise 

from heterogeneity in the VPTT of individual nanohybrids resulting from inhomogeneous cross­

linker distribution or polymer density gradients.17,23 In contrast, the Eres of AuNRs increased by 4 

± 2 meV when heated as a result of the decrease in n of water with increasing temperature 

(Figure S2).71

Upon cooling, the ensemble AEres of AuNR@pNIPAM300 nanohybrids exhibited 

hysteresis, whereas the AEres of AuNR@pNIPAM580 nanohybrids did not. When cooled, the 

AuNR@pNIPAM300 nanohybrids exhibited a 1.6 meV decrease in Eres between the initial and 

final 20 °C measurements, indicative of hysteresis (Figure 1D, left). Conversely, Eres of 

AuNR@pNIPAM580 nanohybrids returned to the initial value upon cooling and did not exhibit
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Figure 2. Single-particle measurements and the relationship between AEres and changes

in n. (A) Schematic of dark-field excitation and heating laser illumination of particles in a 

closed aqueous cell. (B) Calibration curve of the temperature as a function of laser power. The 

error bar is the same for all points. The red marker indicates the power used to achieve Th. 

Representative spectra of an (C) AuNR and (D) AuNR@pNIPAM3ooat Tc (laser off) and Th 

(laser on). Insets are the Lorentzian fits at Tc and Th. (E) FDTD simulated scattering cross- 

sections of an 87 x 27 nm AuNR on an ITO substrate in water. Inset is the calculated n of 

water at 24 °C (blue) and 50 °C (red) employed in the simulations. (F) FDTD simulated 

scattering cross-sections of an 87 x 27 nm AuNR with a 100 nm thick shell with n of 1.37 

(blue) and a 5 nm thick shell with n of 1.46 (red) in water on an ITO substrate.

lysteresis (Figure ID, right). Hysteresis in pNIPAM phase transitions has previously been 

observed and may arise from dissimilar polymer network density or from interchain hydrogen 

bonds that form aggregates that persist even after cooling below the VPTT for the 

AuNR@pNIPAM3oo nanohybrids.17313177 80
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Single-particle hyperspectral dark-field spectroscopy showed that the direction of Eres 

shifts was consistent between single-particle and ensemble measurements. The nanoparticles 

were spincast onto a transparent substrate, sealed in a liquid cell, and imaged with a 

hyperspectral dark-field microscope as described in the Experimental Section.46 A near-infrared 

laser was aligned into the microscope in a wide-field, epifluorescence configuration to heat the 

aqueous environment as depicted in Figure 2A. Figure 2B is the calibration curve that relates the 

laser power to the temperature of the sample in the field of view. We used a laser power of 194 

mW to raise the temperature above the VPTT to Th (Figure 2B, red marker). Figure 2C and 2D 

illustrate that, under laser illumination, Eres increased by 3.7 meV for a representative AuNR and 

decreased by 15.8 meV for a representative AuNR@pNIPAM300, consistent with the direction of 

ensemble Eres shifts.

FDTD simulations of scattering cross-sections confirmed the trend of experimentally 

observed AEres. FDTD calculated Eres of an 87 x 27 nm AuNR increased by 1.9 meV as the 

temperature of the water-only environment increased from 24 and 50 °C due to the temperature 

dependence of n of water (Figure 2E). The simulated results are consistent with the temperature- 

dependent ensemble UV-vis measurements of bare AuNRs (Figure S2). To model the pNIPAM 

environment surrounding the AuNR core, we simulated the two extremes of the pNIPAM phase 

transition. When the pNIPAM shell is expanded, the environment surrounding the AuNR core is 

predominantly water and pNIPAM has limited influence on n.18 With pNIPAM collapse, the 

water is expelled and the contribution of pNIPAM to the local n increases. Therefore, we 

modeled the expanded pNIPAM shell as a water-rich environment with n of 1.37 and the 

collapsed pNIPAM shell as a water-poor, polymer-rich environment with n of 1.46.72 To 

represent the collapsed state, a 5 nm pNIPAM shell thickness was used to represent the shell 

thickness at 50 °C (see Table S1 for temperature-dependent DLS swelling measurements). To 

represent the expanded state, the thickness was set to 100 nm, larger than the ~36 nm sensing 

volume of the AuNR (see discussion in the Supporting Information under Figure S4). Taking 

into account the temperature-dependent n of water and the ITO substrate, our simulations report 

a 58.6 meV decrease in Eres with polymer collapse, which agree with the experimentally 

observed decrease in Eres. The FDTD simulations correctly predict the direction of AEres, but 

overestimate the magnitude.
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Figure 3. Reversibility and hysteresis in single particle spectra in response to 
temperature cycling. (A-D) AuNR, (E-H) AuNR@pNIPAM3oo, and (I-L) 
AuNR@pNIPAM58o . (A, E, I) Lorentzian fits of the longitudinal plasmon resonance of 
representative single particles. The solid lines indicate the initial (black), final Tc (25 °C, blue), 
and final Th (42 °C, red) measurements. The dashed lines indicate the intermediate Tc and Th 
measurements. (B, F, J) Corresponding AEres (•) at successive Tc and Th. The vertical red bars 
indicate Th. The average AEres of all single particles (o) is included for comparison. (C, G, K) 
Scatter plots of AEres at the first and final Th for all single particles measured. The stars are the 
representative particles from A, E, and I, respectively. (D, H, L) Histograms of AEres for the 
first and final Th with the number of particles measured listed in the upper right corner. The 
horizontal gray bar in all plots represents the limit of detection of the instrument (±0.5 meV).

Considering the good agreement between experimental results and theory for the bare 

AuNRs in Figure 2C and 2E, we attribute the overestimation of AEres of simulated 

AuNR@pNIPAMs to the limitations of our model that arose from unknown parameters of the 

polymer shell. The FDTD simulations did not account for the polymer network density at the 

surface of the AuNRs or the polymer density gradients spanning the pNIPAM shell, as neither of 

these parameters are known at the single-particle level.17-55 Additionally, the cross-linker density, 

which determines the polymer volume fraction of the collapsed shell, likely varies throughout the
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polymer shell, consequently varying n within the sensing volume of the core.20,55,72 We note that 

the choice of gold dielectric data also did not explain the observed overestimation (Figure S5). In 

light of the simplifications imposed upon the FDTD model by the unknown parameters discussed 

above, it is not surprising that a quantitative agreement was not achieved for the magnitude of 

AEres, consistent with Tagliazucchi et al.55

AEres of single particles was reversible and followed the average trend of the population. 

Figure 3A and 3B show thatEres of a representative AuNR increased by an average of 3.8 meV at 

Th. At Th, Eres of representative AuNR@pNIPAM300 and AuNR@pNIPAM580 nanohybrids 

decreased an average of 24.7 meV and 2.9 meV, respectively (Figure 3E, 3F, 3I and 3J). At Tc, 

Eres shifted in the reverse direction. Additional spectra of single particles in Figure S6-S8 

illustrate that the magnitude of AEres varied between particles, but followed the average trend of 

the population.

The magnitude of AEres was independent of core size within the AuNR sample size 

distributions. Figure 3C, 3G, and 3K indicate that, although AEres varied between particles, the 

magnitude was independent of the initial Eres and, accordingly, the core size. The variation in 

AEres magnitudes could arise from differing polymer network chain lengths that would change 

the n of the polymer shells, but this effect is unlikely because the measured AuNR@pNIPAM 

diameters only varied by 20 to 40 nm based on SEM measurements.76 Alternatively, 

heterogeneous polymer network density could account for the variable AEres observed.24,55 

Overall, we obtained core-independent trends that, at Th, Eres increased for AuNRs, decreased for 

AuNR@pNIPAM300 nanohybrids, and exhibited minimal changes for AuNR@pNIPAM580 

nanohybrids.

Single AuNR@pNIPAM300 nanohybrids exhibited hysteresis of AEres with additional 

temperature cycling between Tc and Th. Figure 3E and 3F illustrate that Eres of the representative 

AuNR@pNIPAM300 did not return to the initial Eres at Tc, and the magnitude of this difference 

increased with additional cycles. Figure 3G and 3H also indicate that the majority of 

AuNR@pNIPAM300 nanohybrids experienced hysteresis, indicated by the growing shift of AEres 

between the first and final Th. With successive Tc, Eres decreased in energy as compared to the 

initial Eres for AuNR@pNIPAM300 nanohybrids, but not AuNR@pNIPAM580 nanohybrids 

(Figure S9). This observation agrees with our ensemble UV-vis measurements. Hysteresis in the 

VPT of pNIPAM results from pNIPAM aggregates formed by interchain hydrogen bonds that
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are not disrupted when cooled.32,77-79 This likelihood of pNIPAM aggregate formation decreases 

with increasing polymer network chain length, which accounts for the limited hysteresis 

observed for AuNR@pNIPAM580 nanohybrids.78

For AuNR@pNIPAM580 nanohybrids, the broad distribution and unexpected minimal 

changes in AEres indicate competing factors that govern the local n the core observes. Based on 

ensemble results (Figure 1), we expected at least twice the average AEres for AuNR@pNIPAM580 

nanohybrids than AuNR@pNIPAM300 nanohybrids, which was not observed in Figure 3I-3L 

(see Table S2). It is possible that Th is lower than the VPTT for the AuNR@pNIPAM580 

nanohybrids. However, we observe large changes in the peak intensity at Th that may arise from 

either a decrease in size of the polymer shell or an increase in the local n observed (Figure 

S10).56 These large changes in intensity, in concert with the ensemble UV-vis AEres, support that 

Th is sufficient to change the observed local n, which most likely arises from the collapse of the 

polymer shell. For the subset of AuNR@pNIPAM580 nanohybrids that exhibited increases in Eres 

at Th (Table S3, Figure S8A), it is possible that the n of water decreased within the sensing 

volume of the AuNR and minimal polymer collapse occurred. It is also possible that pNIPAM 

readily collapsed when AuNR@pNIPAM580 nanohybrids were colloidally suspended, but not 

when spincast on a substrate. However, Figure S8B and S8C show reversible collapse of the 

polymer and ~30% of AuNR@pNIPAM580 nanohybrids exhibited decreases in energy greater 

than or equal to the ensemble AEres (3.6 ± 0.4 meV) at Th.

The complexity of the polymer collapse profile of the AuNR@pNIPAM580 nanohybrids 

could result from a prominent two-step phase transition that was masked at the ensemble level 

such that the inner region VPT occurs at Th and the outer region VPT only occurs at temperatures 

higher than Th. Shan et al. reported that pNIPAM experienced two phase transitions on Au 

nanospheres and, as the polymer network chain length increased, the second phase transition 

broadened and shifted to lower temperatures.35 The two phase transitions arose from (1) a 

densely packed inner region and (2) a hydrated coiled outer region.35,36,79 The first region 

collapsed at the traditional VPTT, but the second region gradually collapsed over a broad range 

of temperatures.79 Although Shan et al. did not introduce cross-linkers, we suspect that the two 

regions exist on a curved surface as presented by Reimhult and coworkers.17 According to 

Reimhult et al., nanoparticle cores result in VPTs with multiple peaks distinguishable in DSC 

over larger temperature ranges than the LCST of linear pNIPAM chains.17 Thus, we attribute the
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heterogeneity in AEres and deviation from the ensemble behavior for AuNR@pNIPAM580 

nanohybrids to a two-step phase transition that exhibits a gradual collapse of the hydrated coiled 

outer region over a broad temperature range.35,40

Conclusions

Our study probes the influence of the internal heterogeneity of the polymer network of 

stimuli-responsive plasmonic nanohybrids on observed single-particle spectral changes and 

relates these observations to complex polymer phase transitions. In this study, we varied the 

AuNR Eres and the polymer shell thickness to investigate the influence of the core size and shell 

thickness on polymer phase transitions. We observed that the magnitude of AEres was 

independent of the initial Eres, indicating a core size-independent polymer collapse. Contrary to 

ensemble observations, single-particle measurements revealed that the two polymer thicknesses 

investigated here did not have similar collapse profiles. For AuNR@pNIPAM300 nanohybrids, 

we observed hysteresis in polymer collapse that likely resulted from interchain hydrogen bonds 

that persisted after the temperature decreased below the VPTT. For AuNR@pNIPAM580 

nanohybrids, we inferred a complex polymer collapse profile due to a two-step phase transition 

that ensemble UV-vis spectroscopy was unable to discern. These observed complex polymer 

phase transitions may be further compounded by the influence of the variable cross-linker 

density spanning the polymer shell on the local n observed by the core. It is evident, especially in 

the case of the thicker polymer shell, that commonly employed ensemble techniques, such as 

UV-vis spectroscopy, obscure the internal heterogeneity of the polymer network that influences 

the phase transitions of these nanohybrids. As a result, the observed polymer-induced Eres shifts 

were also more complex than current theoretical descriptions. Our single-particle approach 

revealed internal polymer network heterogeneity and is a promising step toward relating local 

differences in polymer chemistry to non-uniform VPT behavior. Using this single-particle 

approach, further work that varies the cross-linker concentrations could shed light on the 

influence of the cross-linker density on the collapse dynamics of polymer shells of similar 

thicknesses. Modifying the illumination geometry to achieve higher temperatures will further our 

understanding of the two-step phase transitions that we inferred for the AuNR@pNIPAM580 

nanohybrids. Further experimental work and updated theoretical descriptions are needed to 

quantify local differences in polymer chemistry at the nanoscale and relate these polymer 

properties to the mechanisms governing phase transitions, especially in the case of nanohybrids.
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