An auxetic thermo-responsive nanoplasmonic optical switch
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Abstract
Development and use of metamaterials have been gaining prominence in large part due to the possibility of creating platforms with ‘disruptive’ and unique optical properties. However, to date the majority of such systems produced using micro or nanotechnology, are static and can only perform certain target functions. Next-generation multifunctional smart optical metamaterials are expected to have tuneable elements with the possibility of controlling the optical properties in real time via variation in parameters such as pressure, mechanical stress, voltage, or through non-linear optical effects. Here, we address this challenge by developing a thermally controlled optical switch, based on the self-assembly of poly(N-isopropylacrylamide)-functionalised gold nanoparticles on a planar macroscale gold substrate. We show that such meta-surfaces can be tuned to exhibit substantial changes in the optical properties both in terms of wavelength and intensity, through the temperature-controlled variation of the interparticle distance within the nanoparticle monolayer as well as its separation from the substrate. This change is based on temperature induced auxetic expansion and contraction of the functional ligands. Such a system has potential for numerous applications, ranging from thermal sensors to regulated light harnessing.
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Introduction
Tuneable metamaterials are at the forefront of the expanding area of photonics.1-4 Their programable and responsive nature has resulted in the fabrication of exceptionally versatile platforms with applications in sensors5-7, displays8, and cloaking9 amongst others. Nanoparticles (NPs) on metallic substrates (NPoMS), holds promise for achieving tunability. The coupling between dissipating localized plasmons of NPs and surface plasmons on the metallic substrate can be tuned statically by the size, shape and materials of the two components.10 However, as important but often neglected is the significance of  the substrate-to-NP array distance which contributes heavily to their spectral properties. Furthermore, if such parameters can be controlled dynamically, it becomes possible to tune the optical response in real-time.11, 12 For example, it has been shown that tuning optical properties can be achieved via piezo actuation13 or mechanical stretching/shrinking of elastic quasi-2d-films.14, 15 Another example is the voltage controlled assembly and disassembly of NP arrays at electrochemical liquid/liquid or solid/liquid interfaces.16, 17 It was shown that one can reversibly assemble and disassemble NP arrays when the potential of the substrate is switched. This could also be used to tune the interparticle distance and as a result the reflectance spectra.17  Similarly, assembly/disassembly of NPs at an electrochemical interface of two immiscible electrolytic solutions, can be used to build an electro-switchable mirror /window metasurface.16 Alternatively by oxidizing or charging the spacer between NPs and substrate, researchers also confirmed that the gap width can induce intriguing changes in the scattering11 and Raman18 signals. Theoretical calculation have estimated that these plasmonic effects could be further enhanced by tuning both the interparticle distance within a NP array and the gap width between the NP array and the substrate, at the same time.19 However, fast real-time control of these optical ‘switches’ remains a challenge.

[bookmark: _GoBack]Alternative plasmonic switches, providing similar function, are based on a nontrivial, thermo-auxetic mechanism, which has relatively fast response times. Its key component is Poly(N-isopropylacrylamide) (pNIPAM), which is a  water-soluble thermo-responsive polymer that had been widely used for various sensors and actuators, due to its desired operating temperature and sharp transition (within ~5 °C) and good reversibility around its lower critical solution temperature (LCST).20, 21 Below the LCST (~ 32 °C), the hydrogen bonds between the water molecules and the C=O and N-H groups on pNIPAM dominate, rendering the chains of pNIPAM extended (Figure 1a-i).22 Above the LCST, the hydrogen bonds break, and the interaction of hydrophobic methyl groups and the main-chain hydrocarbons with each other results in a more coiled conformation.22 By functionalizing NPs or substrates with pNIPAM, a temperature dependent change in ligand length can be achieved resulting in an excellent means for auxetically tuning the structure and the resultant optical properties. Typical strategies involve utilizing this polymer to anchor plasmonic NPs randomly into another polymer matrix23, on micro-gel24 or in bulk solutions25. The optical signal can be manipulated when a three-dimensional change of thermo-responsive polymer reduces/increases the interparticle distance, though the relatively rough control over the coupling between NPs could induce peak broadening or restricting tunability.23, 26-29 Another more versatile  approach is to coat the NPs with pNIPAM20, 30 and even use them at a liquid-liquid interface.31 To date there have been no works reported where both the interparticle and gap-to-substrate distance within a monolayer array of thermally responsive NPs has been used to tune to the optical properties.

Below we propose and explore the properties of such a switch that relies on the coupling between NPs within the array as well as between NP’s and the substrate. As a result, an exceptional optical phenomenon is obtained that is not achievable by linearly adding the optical signals from the two cases individually. A monolayer of pNIPAM-Au NPs is allowed to self-assemble on a planar Au substrate, with the temperature controlled by a Peltier heating/cooling element. We show thermo-responsive behaviour whereby we can continuously tune the optical properties of such metasurfaces, producing a shift in the dip of the plasmon resonance between 562-596 nm. By comparing theses experimental spectra with effective medium theory (EMT)19 and simulations, we show that it is possible to control the average distance between NPs and substrate by shrinking/expanding the NIPAM shell within the range of 1.8 – 4.0 nm.

Results and discussions
Initially 16 ± 1 nm citrate stabilized Au NPs were synthesized and further functionalized by incubating with amine terminated pNIPAM (see Figure S1 for TEM images and Raman spectrum). The NPs were then made to self-assemble at a water | 1,2-dichloroethane interface followed by transferring onto octane-thiol functionalized 125 nm thick Au substrates (see methods for details). The substrate was immersed in pure water and the temperature modulated between 20 and 50 °C using a closed loop PID controller and a Peltier heating/cooling element. A fibre coupled optical reflection probe was used to collect the spectra (Figure S2). 
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Figure 1 Working principles of the thermo-responsive meta-surface. (a) Molecular scale (i) and nanoscale (ii & iii) scheme of the swelling (left, cold)/shrinking (right, hot) of pNIPAM-NP array on gold substrate. The pNIPAM shell around the gold NPs gives the gap width between NP array and substrate as g and interparticle distance as 2g (ii). (b) Experimental (solid) and theoretical fitted (dashed) reflectance spectra of pristine gold substrate, pNIPAM NP array on gold substrates at low/high temperature and pNIPAM NP array on a liquid-liquid interface (LLI). (c) Digital camera photos of pristine Au substrate, pNIPAM-NP arrays on Au substrates at low/high temperature. 

First, the optical properties of the pNIPAM-NP array on the gold substrate were examined prior to thermal experiments. Compared to pristine gold, it is not hard to notice the emergence of a reflectance dip in the green-yellow region at both 20 and 50 °C (Figure 1b) for the NP array on substrate. However, the 16 nm Au NP array alone without a substrate (such as at a liquid-liquid interface) produces a reflectance peak.16, 19 This non-linear effect is directly due to the proximity between NPs and distance between NP array and substrate. We have previously studied this theoretically using EMT and have explained that the dip originates from coupling of plasmon excitations between individual NPs with each other in the array, and between the substrate and the array (dashed lines in Figure 1c).19  Optical images clearly show direct evidence of this effect, Figure 1c. This is also the reason that the wavelength of the dip for the array-on-substrate sample is significantly red-shifted when compared to the peak absorbance maxima in the bulk NP solution (Figure S3).

The thickness or length of the ligand is denoted by g, therefore, the gap distance between NP and substrate can be denoted as g + 1 /nm (with 1 nm being the approximate thickness for a monolayer of octanethiol), whilst the interparticle spacing within the array can be defined as 2g, Figure 1a-ii. At low temperature (20 °C, Figure 1a left), g is large and corresponds to the ‘swollen’ state of pNIPAM which is manifested in the bluer reflectance dip (~562 nm, Figure 1b). Whereas at higher temperature (50 °C, Figure 1a right) the pNIPAM shell decreases in g, resulting in a decrease in interparticle distance and the array-substrate gap, and hence a red-shift in the reflectance dip (~596 nm, Figure 1b). This spectral change can be directly observed from the macroscale photos of the samples (Figure 1c). Although scanning electron microscopy (SEM) imaging requires dehydration of the sample and cannot be used to calculate g, such images are helpful to confirm the successful assembly of NP array on substrate and to visualize whether a monolayer or alternatively multilayer is obtained, Figure S4. 

Many reports have demonstrated that a superlattice of NP clusters could generate very interesting optical signals.32, 33 The long range plasmonic coupling of ordered NP clusters could induce secondary optical peaks apart from the main peaks. However, in our case, we construct a continuous NP array on a metallic substrate, not the discontinuous ordered NP clusters as in the above-mentioned literature, thus, no secondary peaks could be and were observed. Our theory shows that in the case of substantial dispersion of the gap distance between NPs, the dip in reflectivity will be substantially broader and less deep, with the maximum position not located where it is currently seen, rather shifted to red.17, 19 Here, we see a different picture, where the measurements correspond to  close to ideally structured hexagonal NP arrays.

Temperature dependence on reflectivity
To better understand the thermal response of this system, we examined reflectance spectra at varying temperatures. Although the visible response of the metasurface to temperature change takes minutes, we first maintained each designated temperature for 30 min to ensure that the system fully reaches equilibrium.  As shown in Figure 2a, the spectra red-shifts with increasing temperature. This can be clearly seen in Figure 2b where the wavelength at 50% reflectance is plotted as well as the reflectivity at 600 nm. Impressively a shift of up to 36 nm could be obtained and was most pronounced around the LCST where the drastic change of the conformation of pNIPAM molecules induces the most significant swelling/shrinking rates ; for free pNIPAM in solution this takes place at 32 °C.20
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Figure 2 Static temperature dependent responses of pNIPAM NP array on gold substrate. (a) Static experimental (solid) reflectance spectra and theoretical fits (dashed lines) at different temperatures. (b) Wavelength at 50% reflectance and the reflectance at 600 nm [both from panel (a)] at different temperatures. (c) Static spectra of experimental change of reflectance (ΔReflectance, solid) and theoretical fits (dashed) at different temperatures vs pristine Au substrate. (d) Dip wavelength extracted from panel (c) and pNIPAM thickness, g, calculated from theory. 
. 

By subtracting the reflectance signal from that of the pristine gold substrate, the change of reflectance is shown in Figure 2c. Plotting the data in this format enables a better understanding of the change in optical properties due to the swelling/shrinking of pNIPAM.  Importantly, there is an excellent match between the theoretical simulations (based on the effective medium theory of Ref.17, 19 using only one fitting parameter g to the wavelength of the dip in the first iteration, followed by fitting the fraction of NP array on the substrate surface (coverage fraction) in the second iteration to reproduce the depth of the dip; all other parameters are ‘known’, see Methods). Due to excellent agreement with experimental data, these fits could be used to unambiguously determine g. For example, at 20 °C, g was determined to be ~4 nm (Figure 2d) and hence the NPs had an interparticle spacing of 8 nm and array-substrate gap of 5 nm. Increasing the temperature to 50 °C resulted in a g of ~1.8 nm and hence interparticle spacing of 3.6 nm (corresponding to 55% change between the two temperature states) and array-substrate gap of 2.8 nm. This shrinking ratio is similar to what has been reported by other researches utilizing core/shell structure of Au NPs/pNIPAM.24, 30, 31

Accompanied by the drop in interparticle distance, the temperature change has another important influence on the surface coverage of the NP array on the substrate as the number of NPs on the substrate are fixed throughout the whole experiments. Thus, the shrinkage of the NP array during the heating is expected to induce the increase of open spaces (bare Au substrate). This nanoscale change can be seen in the optical reflectance spectra shown in Figure 2c: Although the interparticle distance and gap width was reduced by more than half, the change of reflectance only decreased by 10 %, indicating the more reflective bare Au substrate fraction contributed to this higher value of the reflectance, Figure S6. Note that the shift in dip wavelength caused by the thermo-auxetic response can be as large as 34 nm (c.f. Figure 2d) which is larger than previous systems, e.g. shift of absorption peak Δλ = 9-28 nm in nanorods coated pNIPAM microgel24; Δλ = 10 nm in thermoresponsive cross-linked nanocapsules34 and Δλ = 20 nm in dense Ag NP aggregates27.  
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Figure 3 Kinetic responses of pNIPAM NP array on gold substrate. (a) Heating process from 20 °C to 50 °C. (b) Cooling process from 50 °C to 20 °C. (i) the time dependent reflectance spectra; (ii) temperature profiles (top) and the corresponding dip wavelength and reflectance at 600 nm (bottom), extracted from panels (i). (iii) the calculated values of g and its time derivative g’=dg/dt.


Kinetic response to thermal stimuli 
To assess the kinetic response, the substrate was heated from 20 °C to 50 °C in 3 min, Figure 3-iitop. This was the fastest rate possible within our current configuration and its speed was limited by the volume of the water and the heating power which in turn governs the uniformity of the temperature within the bath. Figure 3a-i shows the typical kinetic evolution of the reflectance spectra during the heating whilst Figure 3b-i shows the same but in the cooling process. Trends in both the reflectance and dip wavelength were analogous to the static set of curves. At the end of the heating process, the dip wavelength reaches 596 nm, a value that is consistent with the static data (Figure 3a-ii). By fitting these time dependent reflectance curves, thickness g can be calculated at different times, as shown in Figure 3a-iii, indicating the interparticle distances within the array and the gap width between the array and the substrate are reducing accordingly. 

In the plot of the rate of change of g, an interesting phenomenon is observed: the rate, g’ initially increases to a peak value (at ~50 s) then decreases to almost zero. After correlating the time to the local temperature (Figure 3a-iii), we found that the maximum rate lies at approximately 32 °C, the LCST of pNIPAM where the polymer experiences the phase transition. The changing rates of the dip wavelength follow the similar trend (Figure S8). As a control, the cell was filled with 50 °C water after which equilibrium of the NP array was reached in 2 s (Figure S9). This suggests that the structural rearrangement of the polymer is not the rate limiting step in the current temperature controlling setup. This also implies that the system could in principle be further optimized for even more rapid switching.   

To access the cooling process, the temperature was decreased from 50 °C to 20 °C in 3 min followed by maintaining a 20 °C temperature for 20 min (Figure 3b-ii, top). Although the spectra gradually converged to that expected case, it took over 8 times longer when compared to the heating cycle.  A closer look at the change of reflectance at 600 nm and dip wavelength (Figure 3b-ii) reveals a different pattern compared with the heating kinetics. A quick change of the optical signal is witnessed during the first 200 s. This can be easily understood since it is within this time that the temperature drops to 20 °C. However, there is a 17 nm red-shift in the dip wavelength when compared to the static case for the same temperature. Similar thermal hysteresis effects have been previously observed.29 It took a further 20 min at 20 °C to bring the dip back to the expected value. Hence, a latency is observed during the swelling of pNIPAM and the expansion of the NP array. g and g’ further imply that the swelling of pNIPAM is much slower than its shrinking process (Figure 3b-iii). A likely explanation is that above the phase transition coiled hydrophobic junctions ( -CH(CH3)2) among pNIPAM molecules could inhibit the reformation of hydrogen bonds between pNIPAM (-CO-NH-) and water.  

Reversible optical switching
Reversibility is critical for any future applications. To examine this, we cycled the heating (3 min) and cooling (30 min) between 20 °C and 50 °C. Shown in Figure 4a, due to the auxetic behaviour of the optical switch, the red letters “IC” (stands for Imperial College) reflected from the metasurface exhibit noticeable changes between the cold and hot states. The reflectance spectra at low/high temperature (Figure 4b) can recover their shapes without much noticeable change after multiple cycles, indicating pNIPAM NP arrays on gold substrates acts as a robust platform, Figure 4b and Figure S10. A slight red-shift of the spectra and reduction of the g at low temperature can be observed after four cycles (Figure 4c). As we discussed previously, we attribute this mainly to the latency of the recovery of g and coverage at nanoscale due to the hysteresis of pNIPAM polymer.

[image: ]
Figure 4 Thermal reversibility of the pNIPAM NP array on gold substrate. (a) The digital camera photos of the cold and hot states of reflected image of “IC” (abbreviation of “Imperial College”); the letters are drawn on A4 paper in red and are illuminated by white light (left) and 618 nm laser (right). The difference in the color and intensity of the letters under cold/hot conditions corresponds to the obtained red-shift of the dip in reflection.  (b) Reflectance spectra of multiple cycles at cold (20 °C) and hot (50 °C) conditions; (c) The wavelength at 50% reflectance value and g for multiple cycles at cold (20 °C) and hot (50 °C) conditions. 


Conclusions
We constructed a novel thermal responsive meta-surface based on a nanoplasmonic NPs on metallic substrate system. By heating or cooling the system, the thermally responsive pNIPAM shell surrounding each NP shrink or expand accordingly. The resultant structural changes both the interparticle distance among NPs in the array and the distance between NPs and metallic substrate. We show that both this directly influences the intensity and wavelength of its reflectance spectra. This is also confirmed by the excellent match between experiment and theoretical calculation. The kinetic experiments demonstrated that the optical response during the cooling process is slower than that during the heating, which implies a thermal hysteresis that may be due to the hydrophobic interactions among the pNIPAM molecules or between the pNIPAM and the substrate. Future applications of this system could be for nanoplasmonic rulers, thermal sensors, and self-regulated light harvesting and thermal dissipations in solar cells.

Methods
pNIPAM capped gold nanoparticles. A solution of 500 ml 0.01 wt% HAuCl4 was heated to boilling followed by the injection of 10 ml 1 wt% sodium citrate solution. The solution was refluxed for 30 min with vigorous stirring. After naturally cooling down to room temperature, amine terminated pNIPAM (Mn = 2500) was added to achieve a final concentration of 0.01 wt% and was kept for 12 hours. Excess pNIPAM was removed by centrifugation at 6000 rcf for 30 min.  

Au substrate and octanethiol SAM. A 125 nm thick Au film was deposited through sputter coating (Quorum Tech, Q150T) on a silicon wafer with a 10 nm Titanium interlayer. The substrates were washed vigorously by acetone, ethanol and DI water before and after the deposition. The substrates were soaked into a 1 wt% octane thiol solution in ethanol for 1 hour to form a self-assembled monolayer of octane thiol and washed by ethanol and DI water for later use. There are three main reasons for introducing an octane-thiol SAM on the Au substrate. 1. The SAM prevents the NPs and substrate from touching each other. This interlayer provides unique possibilities to study plasmonic coupling between the NPs array and the metallic substrates. 2. A bare gold surface is generally vulnerable to non-specific absorption on the surface. This could cause a problem, if one wants to precisely control the distance between NP array and the substrate. Octane-thiol SAM passivates the gold substrate, which helps to solve this problem and improves the overall stability of the system. 3. The SAM prevents NP aggregation on the substrate and hence helps to ensure the system is reversible. The hydrophobic interactions between the octane-thiol on the substrate and the pNIPAM on the NPs are very helpful to keep the NPs stable and resilient on the gold substrate.

pNIPAM-NP on Au substrate. The pNIPAM-NP array was first formed at a LLI and then transferred to the Au substrate. Initially, 10 ml as prepared pNIPAM Au NPs solution was mixed with 4 ml 1,2-dichloroethane in a PTFE jar. After 60 s vigorous shaking on a vortex machine, NPs spontaneously assembled at the LLI due to the capillary force and the hydrophobicity of pNIPAM. Allowing the top DCE layer to evaporate, a shining golden mirror of pNIPAM-NP could be seen atop of the water phase. Then a dried Au substrate with octane thiol SAM was carefully stamped onto this NP array and quickly removed from the solution. Before immersing the NP assembly on substrate into the temperature-controlled cell, the excessive NP solution on the surface of the substrates was washed away with water.

Thermal-optical setup and measurements. As shown in Figure 1A, the NP/Au substrate is placed at the bottom of a cell containing water. A 1 cm thick glass spacer is intentionally inserted between the substrate and the bottom of the cell to ensure that the substrate feels a uniform temperature field. A thermal probe connected to PID controller (PR-59, Laird Technologies) was placed near the substrate in the cell to monitor the local temperature and send it to the controller. Beneath the cell, a Peltier module was employed to heat or cool the cell at the command of the controller which is connected to the computer. The close loop between the sensor, controller and Peltier module can facilitate the system to reach and maintain the designated temperature without any manual interference. A reflection probe (Ocean Optics) with a focal length of 2 mm was vertically aligned to the substrate. The white light emitted by a tungsten halogen lamp (Ocean Optics) was transmitted through a multimode fibre in the probe, hit the substrate and was collected by an Andor 163 spectrograph fitted with an iDus charge-coupled device. All the optical references are derived from a Thorlabs silver mirror. After setting the target temperature from the computer, the PID controller sends heating/cooling commands to the Peltier module after receiving the feedback from the thermal probe. Simultaneously, the synchronised spectrometer collected the reflected signals from the substrate.

Theory of reflection spectra. A five-layer stack model19 (carefully tested against COMSOL simulations19  and later with the  experimental data on the electro-optical signals of voltage induced assembly of nanoparticles at metallic electrode in electrochemical cell17) was adopted to calculate optical reflectance spectra. The media that the light passes through, including the NP array, as slabs, were characterised by frequency dependent dielectric constants. In order, light interacts with the electrolyte solution (medium 1), nanoparticle array (medium 2), medium 3 located between the array and interface (can be also electrolyte or a layer of ligands, acting as ‘spacer’ layer), and the conductive film (medium 4) coating the semi-infinite electrode (medium 5). We considered the NP surrounding medium (layers 1 and 3) to be frequency-independent (). On the other hand, the Au NP layer (layer 2) and the substrate layers (layers 4 and 5) were characterised by frequency-dependent dielectric constants. In using the five-layer stack model, the critical step is to describe the optical frequency-dependent, normal and longitudinal dielectric constants of the NP layer using our effective medium theory approach. It starts with the effective quasi-static polarizability of individual NPs described in dipolar approximation and then accounts for effective interaction of induced dipoles of NPs in a two-dimensional, hexagonal array, with each other and with its images in the substrate metal (for details see Ref.19). Once the dielectric response of the effective layer is specified, the rest is just an application of the multi-layer Fresnel reflection theory. For arrays of nanoparticles smaller than 40 nm in diameter this simple theory works amazingly well for calculation of reflection, absorption and transmission.19, 35 In this work both the interparticle distance between NPs in the array and the gap between the NPs and the metallic substrate are simultaneously fitted via only one fitting parameter. Indeed, due to the thermo-auxetic contraction of the ligands the change of the gap from the substrate is twice as small as of the inter-particle distance. In fitting, we did not need to consider any dispersion in the interparticle distances as the calculated spectral profiles adequately matched the experimental reflectance curves. The used theory17, 19 shows that in the case of substantial dispersion of the gap distance between NPs, the dip in reflectivity will be substantially broader and less deep, with the maximum position not located where it is currently seen, rather shifted to red (c.f. Figure S6 in Ref17). We obviously see a different picture, which speaks in favour of achieving close to ideally structured NP arrays.
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