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Thesis Abstract 

The thermal energy (heat) dissipated during light-matter interactions is considered as a ‘loss’ in 

energy science. However, this process of heat dissipation is inevitable in all light-matter 

interactions. Recently, attention has gained towards designing systems that can generate and 

dissipate large amount of heat, so that they can be used for various applications. Plasmonic 

nanomaterials are one of the promising materials that can generate and dissipate huge amount 

of heat upon illumination. This dissipated heat is termed as ‘plasmonic heat’ and the area that 

studies this plasmonic heat is defined as ‘thermoplasmonics’. There are multiple theoretical 

studies in this domain on the generation, dissipation, timescale, factors and so on, with very 

limited experimental validations. The proposed thesis is an effort to provide adequate 

experimental results on the factors influencing the generation, dissipation, quantification, and 

utilization of plasmonic heat.  

In one of the studies, insights into the effect of shape and geometry on the generation of 

plasmonic heat were provided. Here, an assembled-geometry (bundled nanowires) was found to 

be a better nanostructure to generate the plasmonic heat, compared to the spherical counterpart. 

Photothermal experiments such as polymerization, solar-vapor generation, and Diels–Alder 

reaction, were used as a proxy to quantify the plasmonic heat dissipated by various 

nanostructures. Next, a novel quantification technique based on the property of 

‘thermochromism’ was developed to qualitatively quantify plasmonic heat close to the surface 

of nanomaterials. This approach is a cost effective and reliable technique, which was validated 

with standard quantification techniques based on melting point, Raman, and IR imaging. In 

another study, the role of hot-charge carriers was separated from plasmonic heat in a 

photothermal chemical reaction. An ingenious design of a closed reactor setup was used to 

perform solar driven Claisen rearrangement reaction, which prevented the flow of hot-charge 

carriers into the reaction. This led to a sole plasmonic heat-driven high-temperature chemical 

transformation. In another set of studies, the plasmonic heat generated under sunlight 

illumination was converted into electricity through solar thermoelectric generators (STEG). The 

incorporation of AuNPs as the solar absorber led to ~9 times enhancement in the overall solar-

to-electricity conversion efficiency of concentrated-STEG (under 75 sun), with an efficiency of 

9.6% at ambient conditions. This, to the best of our knowledge, is the highest efficiency reported 

for STEGs at ambient conditions. The electricity generated from the plasmon-powered STEG 

was used to run low-to-medium power electrical devices (35 mW to 500 mW), as well as for the 

green-H2 production via the electrolysis of water.  



 

 

Thus, various aspects of thermoplasmoincs including generation, quantification, utilization and 

conversion of plasmonic heat were studied in detail. Alongside, the plasmonic heat was used for 

performing energy-intensive chemical transformations, which showcases the suitability of 

plasmonic heat in high-temperature applications. In short, our studies demonstrate that 

plasmonic heat could emerge as a greener alternative to conventional thermal energy sources in 

science and engineering. 



 

i 

 

Thesis Synopsis 

Plasmonic nanomaterials are known to release large heat via nonradiative relaxation pathways, 

which is often termed as plasmonic heat. This heat generation was considered a loss in energy 

research and plasmonic community for a long time. However, it has been recently shown that 

plasmonic heat can indeed be used for a broad class of thermally-driven applications. The study 

domain dealing with the generation, manipulation, and utilization of plasmonic heat is termed 

as thermoplasmonics, which constitute the central theme of the thesis. The thesis focuses on both 

fundamental and applied aspects of plasmonic heat generation and utilisation, that require 

immediate attention to propel the area of thermoplasmonics. From a fundamental level, the 

factors affecting thermalization and dissipation processes were experimentally studied, wherein 

the effect of nanoparticle size, shape, and assembly was studied. Alongside, a simple, yet 

effective, quantification technique was developed for measuring the temperature-rise caused by 

the plasmonic heat. Form applied perspective, plasmonic heat was used for a broad range of 

studies, such as thermal polymerization, solar vapor generation, high-temperature organic 

reactions, and crystal-to-crystal phase transformation. Further, the plasmonic heat produced 

from the sunlight irradiation was used as the thermal energy source to boost the electricity 

generation efficiency of solar thermoelectric generators.   

First Chapter discusses the concept of thermoplasmonics along with a summary of its evolution 

and progress. The discussion includes a brief introduction about the relaxation dynamics in 

photoexcited plasmonic nanoparticles leading to the generation and dissipation of heat. Next, 

the advantages of plasmonic heating over other forms of heat are discussed. Subsequently, 

theoretical predictions on the fundamental parameters of plasmonic nanoparticles affecting the 

thermalization and dissipation processes have been summarized. Following that, conventional 

applications of plasmonic heat in biology (photothermal imaging, drug and gene delivery,  and 

photothermal therapy) and chemistry (solar-vapor generation and chemical reactions)  are 

discussed. In the subsequent section, we discussed some of the challenges and opportunities in 

the field, leading towards the objective of the thesis.  

The second Chapter summarizes our efforts in studying the effect of nanostructural shape and 

assembly on plasmonic heat generation and dissipation. In view to achieve the goal of studying 

assembly effect, an array of bundled gold nanorod was fabricated using the combination of 

thermal vapor deposition and electrochemical growth. The yield of the photothermal Diels-Alder 

reaction between trans--nitrostyrene and 2,3-dimethyl-1,3-butadiene was used as a marker for 



ii 

the generation and dissipation of plasmonic heat. The detailed study suggested that the AuNR is 

a better photothermal converter than its spherical counterpart. The photothermal efficiency of 

the bundled AuNR array-based thermoplasmonic substrate was estimated to be ~93% ,  which 

is one the best reported so far. Further, the plasmonic heat generated from the bundled AuNR 

array was used for a broad range of studies such as PDMS polymerization, solar-vapor 

generation, and Diels-Alder reaction (Scheme 1). Thus, bundled AuNR array was projected as 

an efficient plasmonic heater for diverse studies both under aqueous and organic solvents.   

Scheme 1. Schematic representation of thermoplasmonic bundled AuNR array driving solar vapor 

generation and Diels-Alder reaction. Kashyap, R. K.; Dwivedi, I.; Roy, S.; Roy, S.; Rao, A.; 

Subramaniam, C.; Pillai, P. P. Chem. Mater. 2022, 34, 7369–7378. 

In the third chapter, we could develop a simple technique based on thermochromism to 

quantify the temperature rise caused by the plasmonic heat (Scheme 2). Lead carbonate (PbCO3) 

was used as a thermochromic molecule which is known to change its color from white to yellow 

as a result of thermal decomposition forming lead oxide (PbO). The activation temperature for 

thermochromic crystal-to-crystal transformation in PbCO3 is reported to be ~250 ℃. The 

successful color change from white to yellow in PbCO3 adsorbed on the bundled AuNR array, 

upon illuminating with a 532 nm CW diode laser, suggested the attainment of temperature ~250 

℃. The measured temperature was verified using three independent techniques: infrared-based 

thermometric imaging, melting point, and Raman spectroscopy. Infrared-based thermometric 

imaging study confirmed a sharp increase in the temperature caused by plasmonic heat, followed 

by its saturation at ~250 ℃.  
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Scheme 2. Schematic representation of thermochromic phase change-based quantification of plasmonic 

heat in bundled AuNR array. Kashyap, R. K.; Dwivedi, I.; Roy, S.; Roy, S.; Rao, A.; Subramaniam, C.; 

Pillai, P. P.  Chem. Mater. 2022, 34, 7369–7378. 

 

The fourth Chapter discusses the prospect of plasmonic heat for high-temperature reactions in 

synthetic organic chemistry. Plasmonic-heat generated from the solar irradiation of gold 

nanoparticles was used as the thermal energy source for the Claisen rearrangement of allyl 

phenyl ether to 2-allylphenol, which is conventionally performed with electrical heating at 250 

°C. The use of a closed reactor enables the physical separation of the reactants from the source 

of plasmonic-heat, thereby preventing the interference of the hot-charge carriers in the plasmon-

driven Claisen rearrangement (Scheme 3). In this way, the sole effect of plasmonic-heat in 

driving a high temperature organic transformation is demonstrated. Our study reveals the 

prospects of plasmonic nanostructures in conducting energy intensive chemical synthesis in a 

sustainable fashion.  

 

Scheme 3. Schematic representation of plasmonic heat driven 1,3-sigmatropic Claisen rearrangement, 

which is conventionally performed with electrical heating at 250 °C. Kashyap, R. K.; Tyagi, S. Chem. 

Commun. 2023, 59, 13293-13296. 
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The fifth Chapter explores the possibility of the conversion of plasmonic heat into electricity. 

A plasmon-powered solar thermoelectric generator (STEG) was fabricated by depositing a thin 

film of plasmonic AuNPs on commercially available thermoelectric generator. The use of 

plasmonic solar absorber film has improved the overall efficiency of solar-to-electricity 

conversion by ~9 times, yielding an overall efficiency of ~9.6% at ambient condition (Scheme 

4). The device was found durable for more than a year, without any noticeable change in its 

efficiency. the electricity generated from plasmon-powered STEGs was used to run electrical 

devices, as well as store energy in the form of hydrogen via the electrolysis of water.  

 

Scheme 4. Schematic representation of plasmonic gold nanoparticles boosting the solar-to-electricity 

conversion efficiency of solar thermoelectric generator. Kashyap, R. K.; Pillai, P. P. Plasmonic 

Nanoparticles Boost Solar-to-Electricity Generation at Ambient Conditions. Nano Lett. 2024, 24, 5585–

559210.  

  

In summary, the current thesis is an attempt to fill some of the gaps in the field of 

thermoplasmonics with respect to fundamental as well as applied perspectives. Various aspects 

of thermoplasmoincs including generation, quantification, utilization and conversion of 

plasmonic heat were studied in detail. Alongside, the plasmonic heat was used for performing 

energy intensive chemical transformations, which showcases the suitability of plasmonic heat 

in high-temperature applications. In short, our studies demonstrate that plasmonic heat could 

emerge as a greener and sustainable alternative to conventional thermal energy sources in 

science and engineering. 
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Chapter – 1 

Introduction to Thermoplasmonics: Concepts and 

Applications  

  

  

 

  

  

A part of this Chapter has been adapted from the following paper with permission. 

Copyright 2022, Wiley-VCH: Jain, V.; Kashyap, R. K.; Pillai, P. P. Plasmonic 

Photocatalysis: Activating Chemical Bonds through Light and Plasmon. Adv. Opt. 

Mater. 2022, 10, 2200463.  
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1.1. Introduction  

The continuous rise in global energy consumption and overreliance on fossil fuels to meet this 

increasing demand has resulted in an energy crisis and climate change. Therefore, it is needless 

to say that we require sustainability in the energy sector. Among all the renewable energy sources, 

solar energy has shown promise in meeting global energy demand with net zero carbon emission. 

Therefore, solar research has attracted significant scientific attention in the area of energy 

research. In that direction, attention has been given to the direct utilization, conversion as well as 

storage of solar energy. The important requirement to harvest solar energy for various applications 

is a material that can absorb sunlight efficiently, often termed as a solar absorber. Characteristics 

of an ideal solar absorber include a high absorption coefficient along with high photostability. 

Among all the solar absorbers, plasmonic materials have gained immense attention in the past two 

decades. One of the standout reasons is the plasmonic effects, which arise due to the collective 

oscillation of conduction electrons of metal nanoparticles (NPs) under the influence of 

electromagnetic radiation (Figure 1.1a).1-3 As a result, the amount of light absorbed by a 

plasmonic material is exceptionally high. For example, the molar extinction coefficient of 

plasmonic metal NPs are in the range of 108 - 1010 M-1 cm-1, which is approximately 104 - 106 

times higher than most of the light-absorbing species known.1-3 Because of the collective 

oscillation of surface electrons, the absorption cross-section of LSPR can extend up to ten times 

the geometrical cross-section of metal NPs (Figure 1.1a).1 The light energy is confined on the 

surface of plasmonic NPs in the form of an elevated electric field, which then decays through two 

main relaxation pathways: (i) radiative pathways via the re-emission of photons (luminescence or 

scattering) or (ii) non-radiative pathways via the generation of hot charge carriers.1 The radiative 

photon emission or scattering is a dominant pathway for larger particles (say > 50 nm for Ag), 

and has been extensively used for numerous applications such as Surface Enhanced Raman 

Scattering (SERS), imaging, and sensing. The non-radiative pathway is dominant for smaller-

sized particles and leads to the generation of hot electron-hole pairs, which are used in fueling 

various chemical transformations. Following the plasmonic excitation, either through intra- or 

inter-band transitions, there is a creation of non-Fermi electronic distribution within the time 

frame of 1-100 fs via Landau damping, which thermalizes internally through electron-electron 
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scattering in the time scale of 100 fs to 1 ps leading to the distribution of hot electrons and holes 

close to the Fermi energy level (Figure 1.1b). Subsequently, these hot charge carriers thermally 

equilibrate by dissipating their energy via electron-phonon scattering, and releases heat to the NP 

lattice in the time frame of 1-100 ps (local or plasmonic heating; Figure 1.1c). Finally, the NP 

lattice reaches a thermal equilibration with the surrounding by dissipating heat, in the time frame 

of 0.1 – 10 ns via phonon-phonon interactions (Figure 1.1d). The heat dissipated is termed as 

plasmonic heat. It is worth mentioning that all these relaxation processes can occur simultaneously 

in a photoexcited plasmonic NP. Thus, it is essential to understand and control various factors 

influencing these relaxation processes, for realizing the desired outcome from the plasmon decay. 

For instance, one needs to focus on hot-charge carrier generation, separation, and extraction steps 

for performing useful chemical reactions using plasmonic NPs. Having said that the thermal 

dissipation is the end product of the pathway and hence the thermal effect cannot be avoided in a 

plasmonic nanomaterial.  

   

Figure 1.1. The light-matter interaction in plasmonic nanoparticles. (a) Light illumination triggers the 

collective and coherent oscillation in conduction band electrons which is called as localized surface 

plasmon polaritons. Due to oscillation, the effective size for optical interaction is higher than the physical 

cross-section of the particle and hence plasmonic nanoparticles are known to absorb light beyond its 

physical cross-section. (b) The excited plasmons relax via Landau damping resulting in the generation of 

excited electron-hole pairs which are in a thermal distribution. (c) Next, in the time scale of 100 fs to 1 ps 

the electron-electron interatom equilibrates the energy to result in the Fermi-Dirac distribution of hot 
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charge carriers (electron: red, hole: blue). (d) Finally, hot charge carriers transfer the absorbed energy to 

the nanoparticle lattice via electron-phonon interaction which dissipates to the local environment via 

phonon-phonon interaction resulting in a local elevation in temperature known as plasmonic heat. 

Reproduced with permission from ref 1. Copyright: 2015, Nature Publishing Group.  

 

1.2. Thermoplasmonics: The area and its evolution  

In plasmonics initially, light concentration was considered the most useful property, as at that time 

the most attractive applications were surface-enhanced Raman spectroscopy (SERS) and 

plasmonic devices.2 Hence, the absorbed energy was considered as a loss.2 On the other hand, 

plasmonic nanomaterials absorb most of the illuminated optical energy and undergo non-radiative 

relaxation.1-3 Acknowledging this fact, some research groups reached the conclusion that if 

absorption in metal is inevitable, it might as well be utilized.1-3 In that direction two independent 

research domains have come into existence (i) utilizing hot charge carriers for chemical 

transformation, popularly known as plasmonic photocatalysis and (ii) utilizing the thermal energy 

dissipated into the crystal, named as thermoplasmonics. Initially, research was focused 

predominantly on fundamentals of plasmonic heating along with its applications in the medical 

field. The first application reported was the protein denaturation all the way back in 1999.4 

However, the property of plasmonic heating and its potential application has got prominent 

attention after a series of seminal works by Orrit, Halas, West, and El-Sayed in medical 

applications such as cell imaging and photothermal therapy.3-6 Following that, thermoplasmonics 

has evolved as an independent area of research having a broad range of applications (Figure 1.2).4-

30    
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Figure 1.2. List of broad range applications of plasmonic heat in demonstrating the importance of 

thermoplasmonics in energy and fundamental applications.  

 

1.3. What is so special about plasmonic heating? 

1.3.1. Localized nature: Nanoscopic control of the processes 

The thermal conductivity of widely used noble metals such as Au and Ag, as plasmonic materials, 

is high as compared to the surrounding medium and therefore the temperature throughout the 

nanostructure is same. However, there is an inverse relation of temperature increase with distance 

as described in the following equation: 2 

∆𝑇 =  
𝑉𝑁𝑃 𝑄

4𝜋𝑘0𝑟
 

Where, r is the distance from the center of NP, k0 is thermal conductivity of the surrounding 

medium, VNP is the NP volume, and 𝑸 is the energy coming from the light. The outcome of the 

equation can be further subdivided into two cases with respect to distance r 

𝛿𝑇 (𝑟) =  𝛿𝑇𝑁𝑃

𝑅

𝑟
,        𝑟 > 𝑅, 

𝛿𝑇 (𝑟) ≈  𝛿𝑇𝑁𝑃,        𝑟 < 𝑅 
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As a result, the maximum temperature achieved due to plasmonic heating is at the nanoparticle 

lattice which is equally distributed throughout. However, the temperature decreases sharply going 

away from the nanoparticle as depicted in Figure 1.3. This depicts the localized nature of 

plasmonic heating. 

 

Figure 1.3. Localized nature of plasmonic heat. The calculated temperature increase arising from 

plasmonic heating in illuminated gold nanoparticles of radius 30 nm, where water is the surrounding 

medium. The temperature increase was maximum throughout the nanoparticle and decreased sharply going 

away from it indicating its localized nature. Reproduced with permission from ref 2. Copyright: 2007, 

Elsevier. 

Now an obvious advantage of the plasmonic nanoparticle heater is that it provides the nanoscopic 

control of the processes. For example, Brongersma and co-workers13 demonstrated the 

photothermal growth of silicon nanorods (SiNR) mediated by gold nanoparticles (AuNPs) (Figure 

1.4). The authors were able to achieve the spatial as well as orientational control upon optimizing 

the illumination parameters. For instance, the SiNR growth was observed only at the illumination 

point, whereas smaller beam diameter had resulted into horizontal growth. The excellent spatial 

control has installed the control towards the fabrication of designed patterns of SiNR (Figure 

1.4g,h). Therefore, plasmonic heat can be utilized to manipulate the processes at nanoscale with 

great ease.    
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Figure 1.4. Nanoscopic control on photothermal growth of Si nanorod. (a) and (b) Schematic 

representation of the experimental setup consisting of a film of AuNPs on a glass slide submerged in a 

silicon precursor solution and UV-vis absorption spectrum of AuNPs used as a photothermal agent.  (c) 

and (d) Scheme and FESEM study show Si NR growth was observed at the position of laser spot. (e) and 

(f) An experiment showing orientation control in the growth of Si NR where horizontal growth was 

observed upon decreasing the laser spot dimension. (g,h) Patterning individual Si NRs at the surface just 

by moving the laser spot from one place to the other. The SEM image shows the Si NR position in a white 

circle coinciding with the laser spot. The positional as well as orientational control was achieved due to the 

localized nature of plasmonic heat. Reproduced with permission from ref. 13. Copyright: 2007, American 

Chemical Society. 

 



Chapter 1 

8 
 

1.3.2. Generation of high local temperature: High-temperature processes with 

light at room temperature 

As discussed in Section 1.1, plasmonic excitation involves a sea of electrons of metal 

nanostructure. As a result, the molar extinction coefficient of plasmonic materials are at least 4-6 

orders higher than that of a standard light-absorbing molecule. Now, it has been found that 

nonradiative relaxation is the major relaxation pathway for excited surface plasmon polaritons. 

Since thermal dissipation is the outcome of nonradiative pathway, it is expected that plasmonic 

nanomaterials dissipate majority of the absorbed optical energy into heat. Indeed, the 

photothermal conversion efficiencies of plasmonic nanoparticle of size below 25 nm was found 

to be >90%. Therefore, a high temperature can be generated locally upon optical illumination of 

plasmonic nanoparticles, which provides room to perform high-temperature transformations at 

ambient reaction conditions.24,27 For example, Scaiano and co-workers reported the photothermal 

decomposition of dicumyl peroxide in a drop containing reactant and AuNP (Figure 1.5a).  

 

Figure 1.5. High-temperature transformation at ambient conditions. (a) The photothermal 

decomposition of dicumyl peroxide was reported with Au nanoparticle-based plasmonic heater in a drop 
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resulting in a surface temperature of 500 ℃ locally. Reproduced with permission from ref. 24. Copyright: 

2011, American Chemical Society. (b), (c) and (d) Photothermal transformation of InCl3 to In(OH)3 under 

ambient reaction environment. The reaction under thermal conditions is only possible with hydrothermal 

conditions using an autoclave. Moreover, authors were able to observe two distinct crystal shapes of 

In(OH)3 (pine tree type and rectangular) which was not be possible in a single hydrothermal setup. 

Reproduced with permission from ref. 27. Copyright: 2016, American Chemical Society.  

 

The temperature attained was estimated to be ~500 ℃ using Arrhenius equation from the known 

value of activation energy and rate constant of the reaction. In another report, Baffou and co-

workers27 were able to perform a high-temperature chemical transformation of indium chloride to 

indium hydroxide at room temperature. The AuNPs were used as a photothermal heaters and the 

temperature map suggested a temperature gradient around the illuminated area (Figure 1.5 b).  

The FESEM analysis has suggested the formation of two distinct type of crystals i.e. rectangular 

and palm tree shaped following the thermal profile of the sample. The palm like structure being 

formed at the area of highest temperature. Therefore, an exciting outcome of two distinct product 

type was achieved, which is impossible in a single solvothermal reaction setup.  

1.3.3. Catalytic behavior of plasmonic material: Collective thermal and catalytic 

effect 

As it is discussed in the Section 1.1, plasmonic nanomaterials concentrate electromagnetic 

radiation around them and because of plasmonic relaxation process they are an efficient catalyst. 

They can be individually used as a catalyst or can strongly influence the catalytic efficiency of a 

material around it. On the other hand, plasmonic materials are efficient photothermal converters 

and generate high temperature locally. Both these properties: catalytic as well as thermal platform 

can have a co-operative effect in driving a chemical transformation. For example, Cronin and co-

workers14 used a hybrid material comprising of a plasmonic material of Au and a catalytic material 

Fe2O3. The cooperativity of catalytic enhancement and photothermal effect were able to perform 

CO oxidation upon light illumination (Figure 1.6).   
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Figure 1.6. Cooperative effect of catalytic and photothermal behaviors of Au-Fe2O3 particle in driving CO 

oxidation. The reaction was only possible in the presence of hybrid Au-Fe2O3 structure under light 

illumination. Reproduced with permission from ref. 14. Copyright: 2010, American Chemical Society. 

 

In summary, the plasmonic heat has various advantages over normal heating which can be 

explored to achieve exciting outcomes. Additionally, as plasmonic materials are visible and NIR 

active, direct sunlight can be used as an excitation source to perform thermal processes. This 

brings the sustainability aspect as well. Therefore, plasmonic materials hold the promise to tackle 

energy crisis and climate change, and hence it is an attractive area of research. 

However, the utilization of plasmonic heating is limited by the following shortcomings: 

a) Difficulties in the quantification: Plasmonic heating is a local phenomenon of a 

nanostructure and hence accurate quantification of plasmonic heat is difficult as the regular 

thermometers cannot be used due to limitations in spatial resolution.     

b) Control over the amount of heat: It is challenging to precisely control the photothermal 

heat generated by plasmonic materials compared to normal electrical heating. In principle, 

one can achieve this by tuning the intensity of illumination. However, the lack of 

a standard quantification technique makes it difficult to know the exact temperature at a 

particular intensity.  
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1.4. Fundamentals of plasmonic heating  

Localized surface plasmon resonance (LSPR) is the resonance condition of electronic oscillation 

frequency with illuminated light frequency which is the reason of light absorption by plasmonic 

nanostructure. The LSPR depend on (i) nature and geometric parameters of nanostructure such as 

size, shape, and assembly, (ii) wavelength of illumination, and (iii) nature of surrounding medium. 

Since plasmonic heating is also an outcome of LSPR, it also depends upon the above factors.  In 

this section we will discuss the factors influencing the thermalization. According to the report by 

Kotov and co-workers,3 the temperature increase follows the LSPR band of the nanoparticle 

(Figure 1.7a). The higher time of light exposure resulted in a higher temperature increase.     

 

Figure 1.7. Effect of (a) wavelength of illumination and (b) nanoparticle size as well as illumination 

intensity. The heat generation follows the absorption profile and maximum heat generated is at plasmon 

maxima. On the other hand, thermalization has a direct dependence on size as well as illumination intensity. 

Reproduced with permission from ref. 3. Copyright: 2006, Springer. 

 

Govorov and co-workers have developed the following expression to show the effect of size and 

illumination intensity on the plasmonic heat generation:2 

∆𝑇𝑚𝑎𝑥 (𝐼0) =
𝑅𝑁𝑃

2

3𝑘0

𝜔

8𝜋


3𝜀0

2𝜀0 + 𝜀𝑁𝑃


2
Im 𝜀𝑁𝑃

8𝜋. 𝐼0

𝑐√𝜀0

 

where, ∆𝑇𝑚𝑎𝑥 is the maximum temperature increase at the nanoparticle lattice, 𝑅𝑁𝑃 is the radius 

of NP, 𝑘0 is thermal conductivity of the surrounding medium, 𝜀𝑁𝑃 and 𝜀0 are the dielectric 

constants of the NP and surrounding medium is the NP volume, 𝐼0 is the intensity of light, and 𝜔 
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is the LSPR frequency. The equation clearly suggests that the temperature increase is proportional 

to the second power of the radius of NP. On the other hand, the thermalization is directly 

proportional to the illumination intensity as shown in the Figure 1.7b. 

Kotov and co-workers in the same report,3 discussed the effect of light polarization and assembly 

of NPs (Figure 1.8). Two closely spaced nanoparticles showed collective effect on thermalization, 

when the electric field polarization is parallel to the interparticle axis; whereas the optical 

polarizations in the other direction showed reduced heat dissipation.   

 

Figure 1.8. Effect of light polarization and assembly on plasmonic heat generation. (a) The light 

polarization direction affects the extent of collective heating by closely spaced two nanoparticles where 

the electric field parallel to the interparticle axis resulted in higher heat generation compared to any other 

polarization. (b) An array of 16 nanoparticle has shown higher change in temperature as compared to the 

individual particle, indicating that thermalization has collective effect. Reproduced with permission from 

ref. 3. Copyright: 2006, Springer. 

The temperature change for an array of 16 AuNPs (4  4) under irradiation was calculated to 

study the assembly effect (Figure 1.8b). An increase in the temperature was found for the array 

as compared to the single nanoparticle, which conclusively proves the collective effect of 

thermalization. The effect of shape and material composition was studied by Baffou and co-

workers.30 A dimensionless quantity Joule’s number (𝑱𝒐) was introduces through this study, as a 

marker of photothermal conversion efficiency as described below: 

𝐽𝑜 =  
𝜎𝑎𝑏𝑠𝜆𝑟𝑒𝑓

2𝜋𝑉𝑁𝑃
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where, Jo is Joule’s number, σabs is the absorption cross-section of the NP, VNP is the volume of 

the NP, and λref = 1240 nm is an arbitrary reference wavelength to make Jo dimensionless. Higher 

the Jo, higher is the photothermal conversion efficiency. Further, Figure 1.9 shows that Jo 

increases with increase in nanoparticle aspect ratio. Therefore, it can be concluded that the 

anisotropic nanostructures are better photothermal converters compared to isotropic ones. It is 

important to mention that the influence of most of the fundamental nanostructural parameters 

(geometry and assembly) have been studied theoretically. However, their experimental 

verification is scarcely discussed which present an opportunity in the field.   

 

Figure 1.9. Effect of nanoparticle shape and material composition on thermalization. Joule’s number was 

defined as an indicator of photothermal conversion efficiency. The plot clearly shows that anisotropic 

particles are better photothermal convertors as compared to their spherical counterparts.  Reproduced with 

permission from ref. 30. Copyright: 2015, American Chemical Society. 

1.5. Conventional applications 

The first application of plasmonic heat was reported in 1999 for protein denaturation.4 Since then, 

the plasmonic photothermal property was predominantly explored for biomedical applications 

(Figure 1.10) including photothermal imaging, drug and gene delivery, and plasmonic 

photothermal therapy (PPTT).5-8,10,12,16,19,20 The basic principle behind plasmonic photothermal 
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therapy is the targeted delivery of NIR absorbing nanoparticles to the tumor cells followed by 

illumination which initiate apoptosis leading to the destruction of cancerous cells.  

 

Figure 1.10. Representative biomedical applications of plasmonic heating. The top panel is reproduced 

with permission from ref. 8. Copyright: 2020, American Chemical Society. The bottom panel is reproduced 

with permission from ref. 20. Copyright: 2019, Wiley-VCH. 

 

This is an effective way to treat cancer and the field has progressed to the extent where human 

trials on prostate cancer have also been performed with promising output.ref The other widely 

studied application of plasmonic heat is solar vapor generation and desalination of water.21,22 As 

it is already discussed, the plasmonic nanostructure presents opportunity for direct solar energy 

utilization to drive thermal processes. Keeping this in mind, researchers have used the plasmonic 

photothermal property for vaporization and desalination to tackle the shortage of drinking water 

in a sustainable fashion. The principle here is that plasmonic based solar evaporator film absorbs 

sunlight and convert it efficiently to heat. The water at plasmonic material interfacial feels the heat 

and starts boiling, which can be condensed, collected, and stored (Figure 1.11).  
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Figure 1.11. Plasmonic heat-driven solar vapor generation. (a) A prototype design of the desalination 

setup and (b) plasmonic photothermal platform consisting of Al nanoparticles in a porous template. The 

solar illumination generate heat at the surface of Al NP, in turn heating and evaporation of water in contact 

with it. Reproduced with permission from ref. 22. Copyright: 2016, Nature Publishing Centre.  

 

1.6. Applications in chemistry 

The chemical synthesis comprises up of ~40 % of global energy consumption and therefore 

attention has been given to install sustainability in this sector. Solar energy being the green and 

perennial source is considered to be a sustainable alternate, where there is a must requisite for 

efficient solar absorbing materials. The plasmonic nanostructures has found applications to drive 

chemistry using light, where the chemical transformation has been reported via three distinct 

driving forces: local field, hot charge carriers, and plasmonic heat. Thermally-driven chemical 

transformations can be successfully performed using light and plasmons. In the very first attempt 

in this direction, Branda and co-workers23 reported a bond dissociation reaction at the surface of 

Au coated silica nanoparticles using plasmonic heat (Figure 1.12a). The potential of plasmonic 

nanoparticles were further investigated for high temperature transformation. In a seminal work by 

Scaiano and co-workers,23 the thermal decomposition of dicumyl peroxide was achieved in a drop 

of reactant and AuNPs illuminated with high energy pulsed laser. From the known value of 

activation energy and rate constant, the temperature of the reaction was estimated to be ~500 ℃. 

Accordingly, the temperature reached from plasmonic heating was reported to be ~500 ℃. In a 

subsequent report by Correa-Duarte and co-workers, a reactor comprising AuNPs in a silica shell 

was reported for [2+4] cycloaddition reaction. Therefore, different classes of thermal 

transformation can be performed using plasmonic noble metal nanostructures without affecting 
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their (i) structural integrity and (ii) chemical purity, as they are chemical inert. However, it is worth 

mentioning here that the direct solar energy utilization for driving thermoplasmonic chemistry is 

yet to be established, which is under exploration in this area. This present an opportunity where 

the goal is to achieve lab-to-industrial scale transition towards sustainability in chemical synthesis. 

 

Figure 1.12. Applications of plasmonic heat in performing thermally -driven chemical transformation. (a) 

Bond dissociation reaction using silica-Au core-shell NP as the plasmonic material. Reproduced with 

permission from ref 23. Copyright: 2009, Wiley-VCH. (b) Photothermal dissociation of dicumyl peroxide 

in a drop illuminated with a high energy pulsed laser. AuNPs were used as plasmonic heater and a 

temperature of 500 ℃ was estimated using the Arrhenius equation. Reproduced with permission from ref 

24. Copyright: 2011, American Chemical Society. (c) Plasmonic heat-driven Diels-Alder reaction in a 

mesoporous shell reactor. Reproduced with permission from ref. 29. Copyright: 2013, American Chemical 

Society.    

 

1.7. Challenges and opportunities 

Thermoplasmonics is a well-matured research field where studies have been done both in 

fundamental as well as applied perspectives. For example, concerning the fundamental part, the 

ultrafast carrier dynamics have already been studied which allowed the scientific community to 

come up with the mechanistic insight of the plasmonic heat generation and dissipation. Despite 

this, there are several key aspects that still need to be studied to realize the full potential of 

thermoplasmonics in science, especially in chemistry. 
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1.7.1. Experimental verification of fundamental studies  

As discussed in Section 1.4, adequate theoretical studies are available to predict the effect of 

geometrical and orientational parameters of nanostructures as well as light intensity dependence 

of plasmonic heating. However, the experimental verification is scarcely reported. This is mainly 

due to the challenges in measuring the temperature at nanoscale. Having said that, this presents 

an opportunity in the field where the effect of various parameters on effective plasmonic heat 

generation can be studied experimentally.     

1.7.2. Disentangling thermal effect from hot charge carriers  

One of the most debated aspects in plasmon-driven chemistry is deconvoluting the role of hot 

charge carriers and heat (Figure 1.13). It is very important to find out the driving factor of a 

plasmon-driven chemical transformation to deduce their mechanism, which will be crucial in 

meeting the desired outcome towards the establishment of plasmonic materials for sustainable 

chemical synthesis. However, the task is extremely challenging as hot charge carriers and heat are 

the outcomes of the same ultrafast nonradiative relaxation pathway. It is due to this reason a great 

attention has been given to the problem.31-54     

 

Figure 1.13. An illustration showing the competing role of hot charge carriers and plasmonic heat in a 

plasmon-driven chemical transformation. Reproduced with permission from ref. 37. Copyright 2018, 

American Chemical Society. 
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1.7.3. Quantification of plasmonic heat  

Plasmonic heat being a nanoscopic phenomenon poses an inevitable challenge of measurement of 

temperature, as common thermometers cannot be used due to their spatial resolution. But, the 

measurement of temperature at nanoscale is extremely important to regulate thermoplasmonic 

applications. This is very crucial in the case of biomedical applications to avoid damaging healthy 

cells. This challenge has led to the emergence of a separate research domain named as 

nanothermometry. Some of the commonly used nanothermometers are listed in Figure 1.14.55-109 

Most of these techniques require sophisticated instrumentation facilities and expertise. Therefore, 

this is an active area of research where the goal is to estimate either accurate or utilizable heat 

around a plasmonic nanostructure. 

 

Figure 1.14. Evolution and progress of various nanothermometric techniques. The circles represent the 

publication, whereas the alphabet at the bottom of each year represent month name. Reproduced with 

permission from ref. 55. Copyright: 2017, Cambridge University Press. 

 

1.7.4. Applications of plasmonic heat for solar harvesting   

Plasmonic nanostructures are promising light-harvesting material due to their high extinction 

coefficient as well as excellent photostability. Additionally, the existence of plasmonic behavior 

ranging in visible and near infrared region make them ideal candidate for solar harvesting. Briefly, 

plasmonic nanomaterials can absorb solar light and convert efficiently into heat. Harnessing the 
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feature of excellent sunlight-to-heat conversion efficiency by a plasmonic nanomaterial can be a 

crucial step towards sustainability in energy research. The thermoplasmonic heat can be utilized 

to (i) drive thermal processes such as chemical transformation, solar vapor generation and 

desalination, other thermally driven phase changes etc or (ii) can be converted into some universal 

form of energy such as electricity.   

1.8. Motivation and objectives of the thesis   

As discussed above, there lies many opportunities and challenges in thermoplasmonics both with 

respect to fundamental, as well as applied perspectives, which motivated us to enter into the field. 

For example, the experimental verification of the factors affecting the plasmonic heat generation 

and dissipation is scarcely discussed. Moreover, the quantification of plasmonic heat with simple 

and reliable techniques is also a challenging task to achieve. All these information are crucial for 

establishing the plasmonic material as a sustainable alternative to thermally drive chemical 

transformations, and this forms the basis of the thesis.  

Keeping the above points in mind, the present thesis revolves around thermoplasmonics with the 

goal of filling the gaps and gaining significant advancement in the area. The thesis is designed to 

study both the fundamental as well as applied perspectives of plasmonic heating. In the direction 

of fundamental aspect, we envisage to experimentally study the factors influencing the 

thermalization such as nanoparticle size shape and assembly. The crucial step towards the goal 

was an appropriate design of the plasmonic heater, which was successfully achieved by fabricating 

bundled gold nanorod structure. This was followed by experimentally studying the influence of 

shape and assembly effects, which was achieved by selecting a thermally driven organic 

transformation as a proxy for the temperature measurement. The normalization of different 

materials is crucial in comparing the properties, which was also kept in mind and appropriate 

normalizations have been adopted throughout different studies.  

In the applied direction, our objective was to use the solar-driven plasmonic heater for high 

temperature reaction in synthetic organic chemistry. Moreover, we were interested in 

deconvoluting the role of hot carriers from plasmonic heat to perform a sole plasmonic heat driven 

chemistry. Secondly, our idea was also to develop a simple and cost effective, yet effective, 

strategy to quantify of temperature-rise caused by the plasmonic heat. Finally, our goal was to use 



Chapter 1 

20 
 

the plasmonic heaters to convert and store the sunlight in other forms of energy, such as electricity 

and H2 fuel.  

 

Figure 1.15. A scheme of the overall objective of the thesis, which can be subdivided into two portions: 

fundamental and applied studies. (a) The effect of nanostructural geometry and arrangement on plasmonic 

heat generation was studied experimentally. (b) Likewise, efforts were dedicated for developing a simple, 

yet effective, strategy to quantify the temperature-rise caused by the plasmonic heat. (c) Plasmonic heat 

was aimed to be used as an alternate thermal energy source for doing high-temperature reactions in 

synthetic organic chemistry, along with developing strategies to deconvolute the thermal effects from hot 

charge carriers. (d) The final objective was to use plasmonic heaters to convert and store the sunlight in 

other forms of energy, such as electricity and H2 fuel. (e) Throughout the thesis the objective was to 

effectively utilize plasmonic heat for various photothermal applications. The scheme used in (b) is 

reproduced with permission from ref. 109. Copyright: 2018, American Chemical Society.   

 

1.8.1. Brief overview of the Chapters  

The current thesis is subdivided into five chapters followed, by conclusions and future directions. 

After the present discussion of the field thermoplasmonics as a part of the first Chapter. the second 

Chapter discusses the role of nanoparticle shape as well as assembly on the generation and 

dissipation of plasmonic heat. Additionally, the plasmonic heat was utilized for various thermally 

driven transformations such as PDMS polymerization, solar vapor generation, and crystal-to-
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crystal phase transformation. The yield of photothermally driven Diels-Alder reaction was used as 

a proxy to monitor the effect of NP shape and assembly effect on the generation and dissipation of 

plasmonic heat. Insights into thermal dissipation was also discussed, which was largely dependent 

on the surrounding medium. 

In Chapter four, the plasmonic heat was quantified using a novel irreversible thermochromism 

technique. The measured temperature was verified with three independent techniques, such as (i) 

melting point measurement, (ii) Raman spectroscopy, and (iii) infra-red-based thermometric 

imaging studies. The next Chapter discusses the utilization of plasmonic heat for high-temperature 

reactions in synthetic organic chemistry, namely Claisen rearrangement. A thermodynamically 

closed reactor setup was designed to physically separate the plasmonic heater from the reaction 

mixture, which enabled the sole plasmonic heat-driven chemical transformation.  

In Chapter five, the prospect of conversion and storage of plasmonic heat is discussed. The solar 

energy has been converted into electricity using plasmon-powered solar thermoelectric generator. 

The solar-to-electricity conversion efficiency was found to be 9.6% under ambient conditions 

using plasmonic gold nanoparticles as the solar absorber. Further, the electrical outputs from 

plasmon-powered solar thermoelectric generator was used as a proxy to study the effect of size on 

plasmonic heat generation and dissipation. Finally, the electricity generated was stored as chemical 

energy in the form of hydrogen via electrolysis of water.    
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2.1. Abstract 

A plasmonic material is a hub of many intriguing processes that often compete with each other 

while performing a function. Doing chemistry with plasmons is rewarding but is often challenged 

by the competition between the intriguing relaxation processes in plasmonic materials. One of the 

currently debated and prominent examples of this is the interference of the thermalization process 

in bringing out different physicochemical transformations. A thoughtful use of nanostructured 

materials as well as reaction conditions is crucial in minimizing the interference between the 

different plasmonic processes. This chapter deals here the fabrication design of an ideal 

thermoplasmonic heater based on gold nanorods and its broad range of application. We present 

here insights into the utilization of thermoplasmonic properties in configurable arrays of gold 

nanorods (AuNRs), which will help in accomplishing the desired outcome from the thermalization 

process. The plasmonic heat generated in AuNR arrays is used to perform versatile and useful 

photothermal processes, such as polymerization, solar-vapor generation, and Diels–Alder reaction. 

Also, we have tried to explore the effect of shape and configuration of gold nanostructures on the 

generation and dissipation of plasmonic heat. The solar vapor generation studies revealed that the 

efficiency of bundled AuNR-based thermoplasmonic heater is ~93% which is one of the best 

reported so far in the literature using plasmonic materials. Thus the bundled AuNR arrays 

developed by us possess strong thermoplasmonic properties to act as an efficient heating platform 

for future photothermal applications.   The insights provided here will have far-reaching 

implications in the emerging area of plasmonically powered processes, especially in plasmonic 

photocatalysis. 
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2.2. Introduction 

Forming and breaking of high-energy chemical bonds with plasmons is an emerging paradigm in 

materials science.1−7 A photoexcited plasmonic nanostructure can initiate a series of de-excitation 

pathways via radiative (scattering or emission of photons) and nonradiative processes (electron-

electron, electron-phonon, or phonon–phonon interactions), resulting in unique plasmonic 

outcomes.8,9 Each of these intriguing relaxation processes has earned them a special place in the 

areas of surface-enhanced Raman scattering (SERS),10,11 plasmonic photocatalysis,1−7,12,13 and 

thermoplasmonics.14−20 Thoughtful use of nanostructured materials as well as reaction conditions 

is crucial to minimize the interference between the different relaxation processes, and thereby 

achieve the desired outcome. For example, the success of plasmonic photocatalysis relies on the 

timely and efficient extraction of hot charge carriers from the nanostructures (in the order of a few 

femtoseconds).4,8 Failing this, the entire excitation energy will be dissipated as heat to the 

nanoparticle lattice, and finally, to the surroundings (often termed as thermalization or the local 

heating process. The heat dissipated is called as plasmonic heat),4,8 which triggers different 

photothermal processes. The contributions from hot charge carriers and thermalization in a 

plasmon-driven physicochemical transformation are often debated21 as they are outcomes of the 

same nonradiative relaxation pathway. Thus, a better understanding as well as appropriate design 

of experiments is essential to minimize the interference between these two intriguing 

processes.21,22 We present here insights into the utilization, and dissipation of local heating in 

plasmonic nanostructures, which will be vital in accomplishing the desired outcome from the 

thermalization process. 

The idea of converting light-to-heat energy using plasmonic architectures has gained immense 

scientific importance due to its direct technological relevance in energy and medical research.14−29 

Thermoplasmonics is a well-matured research field that studies the generation, manipulation, and 

dissipation of plasmonic heat. There are studies on factors affecting thermalization and dissipation 

processes. For example, Richardson and coworkers15 reported the localized nature of plasmonic 

heat. They established a relationship between temperature increase (T) and distance from the 

nanostructure as follows:  
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Where, ∆𝑇(𝑟) is the temperature increase at a distance r from the center of nanoparticle, 𝑉𝑁𝑃 is the 

volume of the nanoparticle, 𝑘𝑜  is the thermal conductivity of the surrounding medium and 𝑄 is 

the heat generated. The equation is applicable for the condition r > RNP, where RNP is the radius of 

the nanoparticle.  

Authors have theoretically calculated the temperature increase around optically illuminated AuNP 

(RNP = 30 nm) in a water medium and found that the temperature decreases drastically when 

moving away from the nanoparticle (Figure 2.1a). The thermal conductivity of Au is high as 

compared to the surrounding media (water) and hence the temperature increase is almost equal 

throughout the nanoparticle. Similarly, the effect of nanoparticle assembly, size, and light intensity 

on plasmonic heat generation was theoretically demonstrated by Kotov and coworkers.30 Firstly, 

the wavelength-dependent study suggested that the temperature increase is maximum at LSPR 

(Figure 2.1b). Further, the temperature increase with a single nanoparticle under illumination was 

compared with an array of closely spaced 16 nanoparticles. The higher temperature increase in the 

case of nanoparticles array has suggested the collective effect on thermalization which might be 

due to plasmon coupling or hot-spots generation (Figure 2.1b). Secondly, the authors deduced a 

mathematical expression to elucidate the size dependence of plasmonic heating which suggested 

the temperature increase is proportional to the second power of the nanoparticle radius, i.e. 

∆𝑇𝑚𝑎𝑥 ∝ 𝑅𝑁𝑃
2   (Figure 2.1c). Finally, authors have found a direct relation between the intensity of 

light on the temperature increase.  

∆𝑇(𝑟) =
𝑉𝑁𝑃𝑄

4𝜋𝑘𝑜𝑟
 (1) 
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Figure 2.1. Fundamental aspects of plasmonic heating. (a) The calculated temperature profile of a 

plasmonic AuNP as a function of distance from its center in an aqueous environment. Reproduced with 

permission from ref. 15. Copyright: 2007, Elsevier. (b) comparison of the temperature increase caused by 

a single AuNP and an array of closely spaced 16 AuNPs. A clear collective effect can be seen in the amount 

of photothermal heat generated. (c) Effect of nanoparticle size and light intensity on the thermalization 

process. The temperature increase has a direct relation with intensity as well as the radius of a nanoparticle. 

(b) and (c) are reproduced with permission from ref. 30. Copyright: 2006, Springer.  
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Figure 2.2. Effect of composition and shape anisotropy on plasmonic heat generation. Joules number 

is proposed as an indication of photothermal conversion efficiency, which was estimated to increase with 

an increase in aspect ratio. This suggests the anisotropic nanoparticle to be a superior photothermal 

converter compared to its isotropic counterparts. Reproduced with permission from ref. 31. Copyright: 

2015, American Chemical Society 

Although the area is rich with various studies, predominantly theoretical ones, however there are 

certain limitations both with respect to fundamental and applied perspectives. For example, the 

results explained above are theoretical studies and their experimental verification is missing in the 

literature. In this Chapter, we were interested in experimentally studying the effect of assembly as 

well as shape-anisotropy on plasmonic heat generation and dissipation. For this, we have fabricated 

thermoplasmonic heaters based on configurable one-dimensional gold nanorod (AuNR) arrays and 

performed various photothermal transformations in solution (both aqueous and organic) as well as 

in solid states. The thermoplasmonic properties of AuNR arrays were effectively demonstrated in 

thermally driven polymerization, solar-vapor generation, and Diels–Alder reaction (Figure 2.3).  
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Figure 2.3. Generic Use of Thermoplasmonic AuNR Arrays for Performing Photothermally Driven PDMS 

Polymerization, Solar-Vapor Generation, and Diels–Alder [4 + 2] Cycloaddition.  

 

2.3. Methods and Experimental Section 

2.3.1. Materials and reagents  

Anodic alumina oxide (AAO) (pore diameter = 75 nm, pore length = 50 μm, and interpore distance 

150 nm) templates were purchased from Smart Membranes. Au plating solution (Orotemp 24 

RTU) was purchased from Lectrachem Ltd. (TECHNIC UK). For PDMS experiments, Sylgard 

184 was purchased from Ellsworth Adhesives India Pvt. Ltd (Dow Corning, Midland, MI). FTO 

glass, hydrochloric acid, tetrachloroauratetrihydrate (HAuCl4.3H2O), tetramethylammonium 

hydroxide (TMAOH) 25% wt. in water, 11-mercaptoundecanoic acid (MUA), hydrazine 
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monohydrate (N2H4.H2O 50-60%), tetrabutylammonium borohydride (TBAB), sodium hydroxide 

pellets, transβ-Nitrostyrene (99%), 2,3-dimethyl-1,3-butadiene (98%), lead carbonate, and 

cadmium acetate dihydrate were purchased from Sigma-Aldrich. (Di-n-dodecyl) 

dimethylammonium bromide (DDAB) and dodecylamine (DDA) were purchased from Alfa 

Aesar. All the reagents were used as received without any further purification.  

2.3.2. Fabrication of gold nanorod (AuNR) arrays 

Gold nanorod (AuNR) arrays of varying morphologies were fabricated following the reported 

three-step fabrication protocol, using anodic aluminum oxide (AAO) membranes as a template 

(Figure 2.5a).32,33 In a typical experiment, metallic silver (Ag) was thermally evaporated (growth 

rate 0.2 Å/s) to generate a high-quality ∼200 nm Ag film on one side of the AAO template. Next, 

the AAO film was placed in the electrochemical cell for the deposition of Au, as shown in Figure 

2.5b,c. Au was electrodeposited in the pores of the AAO template by applying a constant potential 

of −975 mV (vs Ag/AgCl electrode) using a Au plating solution (Orotemp 24 RTU). Note that the 

charge limit was kept at 40 mC. The electrodeposition time was varied from 280 to 350 s for 

fabricating AuNR arrays with different morphologies. The AAO template was then etched by 

placing it in ∼5 mL of 3 M NaOH for ∼12 h and washed 4 times with Milli-Q water. The AuNR 

arrays were then carefully transferred onto a glass support and kept in an oven at 90 °C for ∼10 

min. The prepared AuNR arrays were stored in a vacuum desiccator to minimize aerial oxidation. 

2.3.3. Scanning electron microscopy (SEM) imaging:   

The AuNR arrays immobilized on glass slide was dried under vacuum for imaging. The Field 

Emission Scanning Electron Microscopic (FE-SEM) imaging was performed on ZEISS Ultra Plus 

FESEM instrument.  

2.3.4. Inductively coupled plasma-mass spectrometry (ICP-MS):  

ICP-MS study was performed with ICP-Q (Thermo Fischer) instrument to estimate the number of 

Au atoms present in the bundled AuNR array. The sample was prepared in 2 % (V/V) HCl in Milli 

Q water, after carefully dissolving the AuNR array by adding minimal amount of freshly prepared 
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aqua regia. The number of Au atoms in bundled AuNR arrays was estimated to be ~7.4 ×1017 from 

the ICP-MS experiment.  

2.3.5. Synthesis of AuNPs:  

Spherical gold nanoparticles (AuNPs) were synthesized following a modified literature 

procedure.34,35 Hydrazine monohydrate (N2H4.H2O) was used as the reducing agent. In a typical 

experiment, HAuCl4.3H2O (12 mg), DDA (140 mg), and DDAB (140 mg) were mixed in toluene 

(4 mL) and sonicated for ~10 min for complete solubilization of Au (III) ions. This was followed 

by a rapid injection of another toluene solution containing 30 mg of TBAB and 46 mg of DDAB. 

The resulting solution was left stirring overnight to ensure the complete reduction of Au (III) ions. 

The seed particles were then grown to ~5.5 nm DDA-Au NPs. For this, a growth solution was 

prepared by adding 460 mg of DDAB, 1.4 g of DDA, 120 mg of HAuCl4.3H2O and seed solution 

in 30 mL toluene. The growth solution was further reduced with a dropwise addition of another 

toluene solution containing 160 μL of N2H4.H2O and 560 mg of DDAB. The solution was stirred 

overnight for complete growth of the particles yielding monodisperse 5.5 ± 0.7 nm of DDAAu 

NPs. The particles were further grown to ~12 nm DDA-AuNPs. A growth solution was prepared 

by adding 8 g of DDAB, 13.0 g of DDA, 1.1 g of HAuCl4.3H2O and seed solution in 200 mL 

toluene. The growth solution was further reduced with a dropwise addition of another toluene 

solution containing 650 μL of N2H4.H2O and 4.4 g of DDAB. The solution was stirred overnight 

for complete growth of the particles yielding monodisperse 11.9 ± 1.0 nm of DDA-Au NPs, as 

confirmed through TEM analysis.  

2.3.6. Place exchange of AuNP with 11-mercaptoundecanoic acid (MUA) 

ligands:  

In a typical synthesis, 11.9 ± 1.0 nm DDA-Au NPs (15 mL) were first precipitated by adding 50 

mL of methanol which yielded a black precipitate. The supernatant was carefully removed, and 

the precipitate was then re-dispersed in 20 mL toluene. MUA ligand (equal to the moles of Au (III) 

in solution) dissolved in 10 mL dichloromethane (DCM)) was added. The solution was left 

overnight to ensure a complete ligand exchange. Next, the supernatant was decanted, and the 

precipitate was washed with DCM (3 × 50 mL) and acetone (50 mL), respectively. The precipitate 
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was then dried and redispersed in Milli Q water by adding ~20 μL of TMAOH base (25 % wt. in 

water), to deprotonate the carboxylic acid group for further studies.   

2.3.7. Transmission electron microscopy (TEM) imaging:  

The TEM sample for the AuNP was prepared by drop casting the nanoparticle solution on a 400-

mesh carbon coated copper grid (Tedpella Inc.), followed by drying under vacuum. The High-

Resolution Transmission Electron Microscopic (HRTEM) imaging was performed on JEOL 

JEM2200FS (200 kV) HRTEM instrument.  

  

2.3.8. UV-vis absorption studies:   

UV-vis absorbance data for AuNPs was recorded on a Shimadzu UV 3600 spectrophotometer, over 

the wavelength range of 300-800 nm.  

  

2.3.9. Powder X-ray diffraction (PXRD) studies:  

Powder X-ray diffraction (PXRD) patterns for thermochromic studies were recorded on Bruker 

D8 X-ray diffractometer with Cu Kα radiation of 1.54 Å.   

  

2.3.10. NMR and HRMS studies:  

1H NMR studies were recorded on Bruker 400 MHz spectrometer and Jeol 400 MHz. High-

resolution mass spectroscopy (HRMS) was performed using an ESI-TOF mass analyser.  

    

2.3.11. Photothermal curing of polydimethylsiloxane (PDMS)  

In a typical experiment, PDMS elastomer and the curing agent were mixed thoroughly in 10:1 

weight ratio. The mixture was then degassed to remove the air bubbles, and AuNR arrays were 

immersed into the mixture. The AuNR array was then irradiated with a 532 nm continuous wave 

1W diode laser for ~1 h. Control experiment was per-formed in the absence of AuNR arrays, while 

keeping other parameters constant.  
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2.3.12. Diels-Alder reaction   

The [4+2] cycloaddition between 2,3-dimethyl-1,3-butadiene (diene) and trans--nitrostyrene 

(dienophile) was performed in a 15 mL glass test tube under continuous irradiation with a 1W 532 

nm CW diode laser (Scheme 2.1). The beam diameter was set to be 1 cm and the light intensity on 

the test tube wall was measured to be 1W.cm-2. In a typical experiment, AuNR arrays were 

carefully placed at the bottom of a 15 mL test tube. Next, ~880 mg (5.9 mmol) of trans--

nitrostyrene was mixed with 1 mL (8.8 mmol) of 2,3-dimethyl-1,3-butadiene and purged with 

nitrogen for ~30 min.36 Note, an excess of 2,3-dimethyl-1,3-butadiene was taken to compensate 

for evaporation losses during the irradiation. The AuNR array was then irradiated with a 532 nm 

1W diode laser for ~15 h. The reaction mixture after irradiation was dried using a rotary evaporator 

to remove the unreacted diene. The conversion yield for all the reactions was calculated from the 

1H NMR studies in CDCl3 of the crude reaction mixture, which mainly contained the Diels-Alder 

product and the unreacted dienophile. For purification, the crude reaction mixture was first 

subjected to rotary evaporation to separate the low boiling diene. Next, the dienophile was 

separated through vacuum distillation at ~170 oC, to get the pure product. The control experiment 

with thermal heating was performed under the exact experimental set-up as for the photothermal 

conditions.  

 

Scheme 2.1. Plasmonic heat driven Diels-Alder reaction between trans--nitrostyrene (dienophile) and 2,3-

dimethyl-1,3-butadiene (diene) using bundled AuNR array as photothermal substrate.  

 2.3.13. Conversion yield calculation:  

The conversion yield for [4+2] cycloaddition reactions was calculated from the 1H NMR spectrum 

of the crude reaction mixture. The steps involved in calculating the yield are explained below with 

the help of a representative 1H NMR spectrum.  
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Figure 2.4. 1H NMR spectrum of the crude reaction mixture (in CDCl3) after irradiation with bundled 

AuNR array for 15h.  

  

The peak marked as 3 corresponds to 1H of the product (P), and all the other peaks were integrated 

with respect to it. The peak marked 8 corresponds to 1H of dienophile reactant (R). Thus, the 

integration of peaks 3 and 8 can be taken as equivalents of product and reactant (dienophile), 

respectively.  

In the above example, equivalents of product (P) = 1 and equivalents of reactant (R) = 1.48  

Hence percentage yield was calculated as follows:  

  

% yield of product = {Equivalents of product (P)/(sum of equivalents of P and R)} ×100  

= {1/(1 + 1.48)} ×100  

= {1/2.48} ×100  

= 40.32 %  
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2.3.14. Calculation of nanoparticle concentration   

The concentration of AuNPs in stock solution was calculated using Beer-Lambert’s law:  

𝑨 = 𝜺 . 𝒄 . 𝒍  
where,  

  
A is the absorbance  

  
ε is the molar extinction coefficient (M-1cm-1)  
  
c is the concentration of the solution (M)  

 l is the optical path length (cm).   

Molar extinction coefficient (ε) for AuNP was taken to be 2.7 ×108 M-1 cm-1 for ~12 nm diameter 

particles.37 

  

The concentration of AuNP stock solution was estimated to be ~ 0.84 µM (in terms of AuNPs).   

  

2.3.15. Determination of number of Au atoms present in each NP  

The average no. of gold atoms in each nanoparticle sphere can be calculated as per the previous 

report38  

N = 30.89602 × D3  

  

where ‘N’ is the average number of gold atoms per nanoparticle and ‘D’ is the diameter of the 

particles.  

The average diameter of the particles was 11.9 ± 1.0 nm as estimated from TEM analysis. So, the 

average no. of gold atoms per nanoparticle will be  

N = 30.89602 × (11.9)3  

= 52065  
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If the concentration of AuNP is 0.84 µM (in terms of AuNPs), then number of gold atoms in 

28.2 µL of AuNPs will be  

28.2 × 10-6 × 0.84 × 10-6 × 6.022 × 1023 × 52065 = ~7.4 × 1017Au atoms, which is equivalent to 

the number of Au atoms in the bundled AuNR array (1188 ± 162 nm) as calculated from ICP-MS  

Number of mols (in terms of Au atoms) = (7.4 × 1017)/6.022 × 1023  

       ~ 1.2 µmol  

  

2.3.16. [4+2] Cycloaddition reaction with spherical AuNPs  

In a typical experiment, ~1.2 µmol of MUA capped AuNP (number of Au atoms was similar to 

that in the bundled AuNR arrays) was drop casted onto a clean glass slide. The glass slide was then 

heated slowly to get a homogeneous film of AuNPs.39 Then the diene and dienophile were added 

in a 15 mL glass test tube as explained earlier, followed by carefully inserting the AuNP coated 

glass slide. The reaction medium was purged with nitrogen for ~30 min. The reaction medium 

containing AuNP coated glass slide was then irradiated with a 532 nm diode laser for 15 h.  

2.3.17. Solar-vapor generation studies  

In a typical experiment, 6 mL of DI water was taken in a 15 mL test tube containing the bundled 

AuNR arrays. Fresnel lens (19.5 cm  28.5 cm) was used to focus the sunlight onto the AuNR 

arrays immersed in water, as reported previously.25 Control experiment was performed in the 

absence of bundled AuNR arrays and maintaining all other parameters. Figure 2.12 clearly shows 

the solar vapor generation and condensation of water on the sides of the test tube, in the presence 

of bundled AuNR arrays.  

    

2.3.18. Quantification of solar vapor generation  

In a typical experiment, ~6 mL of DI water was taken in a 3.5 cm wide petri dish containing the 

bundled AuNR arrays. The petri dish was then placed onto a weighing balance (Mettler Toledo 

ME403/04) with 1 mg readability to monitor the weight loss. A thermocouple was set to note down 
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the variation in temperature. Fresnel lens (19.5 cm  28.5 cm) was used to focus the sunlight onto 

the bundled AuNR arrays immersed in water, the spot diameter was fixed to be 1 cm. A thermopile 

optical power sensor (Model LM-10 HTD; Coherent, Santa Clara, CA 95054 USA) was used for 

measuring the power of sunlight falling on the AuNR arrays, after focusing. The solar power 

measured was 13.6 W.cm-2, under our experimental conditions. A complete evaporation of water 

was observed within 20 min of irradiation.  

   

2.3.19. Calculation of evaporation rate  

The evaporation rate was calculated using equation40 

𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =  
∆𝑚

𝐴∆𝑇
                                                   (1) 

Where m (in kg) is the mass loss of water during time interval T (in h), and A (in m2) is the 

area.  

The evaporation rate was estimated for three different areas, for comparing with the values 

reported in the literature for other plasmonic materials.   

The evaporation rate was 250.7 kg m-2h-1, when the area based on the spot size of radiation (d = 1 

cm) falling onto the bundled AuNR arrays was considered in calculation.   

The evaporation rate was 309.5 kg m-2h-1, when the area of bundled AuNR arrays (d = 9 mm) was 

considered in calculation.   

The evaporation rate was ~20.5 kg m-2h-1, when the area of petri dish (d = 3.5 cm) was considered 

in calculation.   

2.3.20. Calculation of solar vapor generation efficiency: 

The thermodynamic equivalent reaction flow chart for the process of solar vapor generation, under 

our experimental condition is shown in Scheme 2.2.40 
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Scheme 2.2. Thermodynamic equivalent reaction flow chart for solar vapor generation under our 

experimental condition. 

According to Hess’s law,40 the overall enthalpy of water evaporation, HLV, is equal to the sum of 

the enthalpies for processes (i) and (ii) 

 

SVG (%) =
QLV

Qinput
× 100 =  

mHLV

qi Copt
× 100                                        (2) 

 

Where, SVG = efficiency of solar vapor generation,  

QLV = energy consumed during water evaporation,  

Qinput = energy of the incident solar radiation,  

m = mass loss of water after evaporation (~6.04 g),  

HLV = enthalpy of liquid to vapor phase transformation, which includes specific heat capacity of 

water, Cp (4.18 J K-1g-1) as well as latent heat of vaporization, hLV,373K (2257.2 J g-1), i.e., HLV = 

CPT (373-306) + hLV 

qi = power of illuminated solar light (6.5 W.cm-2),  

Copt = optical concentration, which is obtained by multiplying the power with spot area (1 cm2). 

SVG(%) =  
6.04 g × [4.18 J/K . g × (373 K – 306 K) + 2257.2 j/g]

13.6 W/cm2 × 1 cm2 ×1200 s
× 100 

= 93 % 

The efficiency of plasmonic AuNR arrays, reported here, is among the best of the materials 

developed for solar vapor generation (Table 2.2).  

H2O (l, 35  C) H2O (l, 100  C) H2O (v, 100  C)
Cp, l hLV

(i) (ii)

HLV

(iii)



Chapter 2 

47 
 

2.4. Results and Discussion 

2.4.1. Fabrication of configurable thermoplasmonic AuNR arrays 

Plasmon-driven processes are highly sensitive to the size, shape, and composition of 

nanostructured materials. In general, anisotropic nanostructures exhibit superior plasmonic 

properties over spherical nanomaterials because of their unique shape-dependent optoelectronic 

properties such as a high molar extinction coefficient, unidirectional charge transport, and edge 

effects.41  In the present work, an array of highly configurable one-dimensional AuNRs was 

fabricated on a glass slide with the help of the template-mediated electrodeposition technique 

(Figures 2.5 and 2.6, Section 2.3.2 in the Methods and Experimental Section).32,33  

 

  

 
 

Figure 2.5. Fabrication of gold nanowire (AuNR) arrays. (a) Schematic representation for the fabrication 

of AuNR arrays with optical photographs of the AAO template at each stage. (b) Photograph of the 

electrochemical cell with the AAO template. (c) Photograph of the experimental setup for electrochemical 

deposition. (d) Optical photograph of AuNR arrays (with Ag backing) on a glass support.  
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Briefly, an array of AuNRs was electrochemically grown in an anodic aluminum oxide (AAO) 

template having a silver backing layer (∼200 nm thick), followed by the etching of the template 

with a 3 M sodium hydroxide solution. The AuNRs in the array had a diameter of ∼75 nm, and 

the length was varied by controlling the electrodeposition time (280–350 s; Figures 2.6a–d, 2.15, 

and 2.16 in the Appendix). At 280 s deposition time, the length of AuNRs in the array was 

estimated to be 618 ± 47 nm, and the array was distributed in a hexagonal lattice (inset of Figure 

2.6a). The AuNRs started to lose their free-standing ability as well as the hexagonal lattice 

arrangement, as the NRs were grown beyond 752 ± 52 nm in length. The insets of Figure 2.6b–d 

clearly show the bundling of AuNRs, corresponding to different electrodeposition times. Thus, 

different morphologies of AuNR arrays, ranging from straight to bundled arrangements, were 

uniformly fabricated over a large area (∼0.6 cm2). This flexibility in the fabrication protocol to 

form straight and bundled geometries can be beneficial in studying the influence of nanostructural 

morphology on various plasmonic properties. 
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Figure 2.6. Microscopic characterization of configurable thermoplasmonic AuNR arrays. SEM 

images of (a) 618 ± 47 nm: long straight, (b) 752 ± 52 nm: long bundled, (c) 880 ± 64 nm: long bundled, 

and (d) 1188 ± 162 nm: long bundled AuNR arrays, corresponding to electrodeposition times of 280, 330, 

340, and 350 s, respectively. The scale bar corresponds to 500 nm. The corresponding top-view images 

given in the insets clearly show the bundling of AuNRs. The scale bar of inset images corresponds to 200 

nm. A representative optical photograph of the bundled array of the AuNR deposited on a glass slide is 

shown in the middle, with all the dimensions marked. 

2.4.2. Thermoplasmonic polymerization and the Diels–Alder reaction 

Our first target was to perform systematic thermoplasmonic studies to test the ability of AuNR 

arrays in converting light-to-heat energy. Solid-state ultraviolet (UV)–visible absorption studies 

proved that the bundled AuNR arrays exhibited strong absorption in the visible–near-infrared 

(NIR) region (Figure 2.7), thereby justifying the use of a green laser and sunlight as irradiation 

sources. Accordingly, a 1 W 532 nm continuous wave (CW) diode laser was used as an irradiation 

source (having a Gaussian beam distribution, with a maximum intensity of 1 W cm–2 measured at 

the center; Figure 2.17 in the Appendix).  

 

Figure 2.7. Solid-state UV-visible absorption spectrum of bundled AuNR arrays and Ag film, recorded 

under the reflectance mode. Diffuse reflectance data was converted to absorbance using the Kubelka–Munk 

transformation. The absorbance below 400 nm corresponds to glass slide and silver film, whereas the 

absorbance above ~450 nm corresponds to bundled AuNR array. The spectrum clearly shows strong 

absorbance in the visible-NIR region, thereby justifying the use of green laser and sunlight as irradiation 

sources.     
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To begin with, photothermally driven polymerization of polydimethylsiloxane (PDMS) was 

performed. The irradiation of AuNR arrays suspended in a solution of a PDMS monomer and a 

curing agent led to the complete polymerization within ∼1 h of irradiation with a 1 W 532 nm CW 

laser (Figure 2.8). The bulk temperature increased to ∼60 °C during the PDMS polymerization 

experiment (bulk temperature refers to the steady-state temperature achieved in the surrounding 

medium). It is well known that the plasmonic heat generated can dampen quickly to the 

surroundings based on the thermal conductivity of the medium,15 resulting in a marginal increase 

in the bulk temperature.12,13,42 We, therefore, envisaged that the AuNR arrays can generate 

temperatures much higher than ∼60 °C close to their surface, and therefore performed a series of 

high-temperature photothermal transformations. 

 
  

Figure 2.8. Photothermal PDMS curing. (a) Reaction scheme for the curing of PDMS. Photographs of the 

curing mixture (b) before, and after irradiation for ~1 h in the (c) presence and (d) absence of straight 

AuNR-3 arrays.  
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First, we performed an atom-economic and widely used reaction in synthetic organic chemistry, 

namely, the Diels–Alder cycloaddition. The [4 + 2] cycloaddition between 2,3-dimethyl-1,3-

butadiene (diene) and trans-β-nitrostyrene (dienophile) was chosen as a representative example 

(Figure 2.9a), as this reaction is solely heat driven.43 Our intention was also to use the Diels–Alder 

cycloaddition as a model reaction to test the role of the morphology of AuNR arrays (straight vs 

bundled) on plasmonic heat generation. The photoirradiation of diene and dienophile, for ∼15 h, 

in the presence of bundled AuNR arrays (with NR length 1188 ± 162 nm) with a 1 W green laser, 

yielded ∼40% of the Diels–Alder adduct (1S,2R)-4,5-dimethyl-2-nitro-1,2,3,6-tetrahydro-1,1’-

biphenyl (Figures 2.9b, Table 2.1, and 2.18–2.20 in the Appendix). It is worth mentioning that 

no products corresponding to the photochemical [2 + 2] cycloaddition were observed in our 

studies. The reagents formed a uniform solution, and the bulk temperature under irradiation in the 

presence of bundled AuNR arrays reached ∼60 °C (bulk temperature refers to the steady-state 

temperature achieved in the reaction mixture). Control experiments in the absence of bundled one-

dimensional (1D) AuNR arrays produced the Diels–Alder adduct in merely a ∼12% yield (Figure 

2.20c in the Appendix), which is close to the thermal experiments performed at the bulk 

temperature in the absence of bundled AuNR arrays (∼60 °C; Figure 2.21b in the Appendix).  

Similarly, the Diels–Alder reaction performed in the presence of the bundled AuNR array at 60 °C 

without light irradiation gave a comparable yield to that obtained in the absence of nanorod arrays 

under similar conditions. (Figure 2.21b, d in the Appendix). Thus, all the control experiments 

conclusively prove the active role of thermoplasmonic heat from bundled AuNR arrays 

(photothermal effect) in driving the Diels–Alder reaction. 
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Figure 2.9. Thermoplasmonic Diels–Alder reaction. (a) Reaction scheme for the [4 + 2] cycloaddition 

between 2,3-dimethyl-1,3-butadiene (diene) and trans-β-nitrostyrene (dienophile), using the 

thermoplasmonic heat generated from bundled AuNR arrays. (b) Bar diagram summarizing the yield of the 

Diels–Alder adduct obtained under different reaction conditions. 

The bundled AuNR arrays were found to be superior to straight AuNR arrays, as well as spherical 

Au nanoparticles with a similar number of Au atoms (Section 2.3.16, 2.9b, 2.10, 2.11 and Table 

2.1, Figures 2.22, 2.23 in the Appendix,). This clearly proves the advantage of one-dimensional 

structures over their spherical counterparts in plasmonic heat generation as well.  
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Figure 2.10. Spectroscopic and microscopic characterization of AuNPs. (a) UV-vis absorption spectrum, 

(b) a representative TEM image, and (c) a histogram showing the size distribution of AuNPs. The average 

size was estimated to be 11.9 ± 1.0 nm. The size distribution was estimated from ~ 200 NPs.   

 

Now, the higher thermalization in bundled morphology compared to straight AuNR arrays can be 

attributed to the (i) increase in the absorption cross-section of the bundled arrays, or (ii) enhanced 

concentration of the electromagnetic field at the tips of bundled nanorods (leading to the generation 

of plasmonic coupling and hot spots),44−50 or (iii) the increase in the number of Au atoms in the 

bundled array. To get more insight, the Diels–Alder cycloaddition was performed in the presence 

of straight AuNR arrays with varying lengths (AuNR-1 with NR length 400 ± 51 nm, AuNR-2 

with NR length 534 ± 47 nm, and AuNR-3 with NR length 618 ± 47 nm; Figures 2.11 and 2.22 in 

the Appendix).  

 

Figure 2.11. SEM images of straight AuNR arrays of different (a) AuNR-1 arrays with NR length 400 ± 51 

nm, (b) AuNR-2 with NR length 534 ± 47 nm, and (c) AuNR-3 arrays with NR length 618 ± 47. Scale bar 

corresponds to 200 nm.  

The yields of the Diels–Alder adduct increased as the length of the NRs in straight AuNR arrays 

was increased (essentially, the Au content increased as the AuNR arrays were grown 

longer; Figure 2.9b). It should be recalled that the bundled AuNR arrays were prepared by 

increasing the length of the NRs, which essentially will increase the Au content in the NR arrays. 

Even though the bundled AuNR arrays gave the maximum yield, it will be inappropriate at this 

stage to comment on the influence of plasmon coupling or hot spots on the thermalization process. 

Most probably, the primary reason for the observed variation in the product yield could be the 

difference in the absorption cross section of the samples at the excitation wavelength of ∼532 nm. 

Detailed and separate studies must be performed to analyze the influence of nanostructural 

assembly on thermoplasmonic properties. Having said that, it can be confirmed that the bundled 
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AuNR arrays showed the highest photothermal effect, and further thermoplasmonic studies were 

continued with bundled AuNR arrays. 

Table 2.1. Summary of photothermally and thermally driven Diels-Alder reactions under different 

experimental conditions.  

 
Photothermal reaction with 1 W 532 nm laser 

irradiation   Thermal reaction  

Materials  Measured 

bulk  

temperature 

(0C)  

Yielda (%)  Temperature  

(oC)  

Yielda (%)  

StraightAuNR-1 arrays  ~ 57  ~ 17  ~115  ~ 82  

StraightAuNR-2 arrays  ~ 57  ~ 21  ~ 60  ~ 15  

StraightAuNR-3 arrays  ~ 57  ~ 30  ~ 25  ~ 1  

Bundled AuNR arrays  ~ 57  ~ 40      

Spherical AuNPs  ~ 57  ~ 23        

Ag film  ~ 55  ~ 12  
    

Without AuNR arrays  ~ 55  ~ 12    

aYields were calculated from NMR studies.  

 

2.4.3. Thermoplasmonic solar-vapor generation.  

It is essential to quantitatively analyze the thermoplasmonic properties of bundled AuNR arrays 

before projecting them as an efficient heating platform for generic photothermal applications. With 

this in mind, one of the well-studied thermoplasmonic experiments, namely, solar-vapor 

generation,25,26 was performed using bundled AuNR arrays (see Section 2.3.17-21 for detail). An 

instantaneous boiling of water, as well as a steady generation of steam, was observed upon 

irradiation of bundled AuNR arrays suspended in water (Figures 2.12, 2.14a, and 2.24 in the 

Appendix).  
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Figure 2.12. (a) Photograph of the experimental setup for studying solar vapor generation. (b) Photograph 

of test tube containing bundled AuNR array immersed in 5 mL of DI water. Photographs of test tubes (c) 

before, (d) after 3 min, and (e) 8 min of solar irradiation.  

 

It is worth mentioning that sunlight was used as the light source for water evaporation experiments, 

which signifies the practical use of AuNR arrays as thermoplasmonic heaters (the sunlight was 

focused using a Fresnel lens,25 as mentioned in the Methods and Experimental Section). 

Systematic solar-vapor generation experiments showed that ∼6 g of water was evaporated within 

∼20 min of irradiation in the presence of bundled AuNR arrays (the water in the Petri dish was 
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completely evaporated, Figure 2.14b). Correspondingly, the bulk temperature of water increased 

to ∼80 °C within ∼5 min of irradiation of bundled AuNR arrays (Figure 2.14c). Control 

experiments, in the absence of bundled AuNR arrays as well as in the dark, confirmed the role of 

the thermalization process in solar-vapor generation. The evaporation rate and efficiency of a 

bundled AuNR array-based thermoplasmonic heater were estimated to be ∼20.5 kg m–2 h–1 and 

∼93%, respectively (Figures, 2.13, 2.14d, Scheme 2.1, and Section 2.3.18).  

 

Figure 2.13. Thermoplasmonic solar-vapor generation. Optical photograph of the experimental setup 

for thermoplasmonic heat-driven solar-vapor generation (a thermocouple was used to measure the 

temperature).   

 

Both these values are comparable to some of the best thermoplasmonic materials reported based 

on plasmonic nanostructures (Table 2.2). The rate of solar-vapor evaporation was ∼310 kg m–2 h–

1 when the area of the bundled AuNR array was considered for the calculation (instead of the entire 
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area of the Petri dish). Thus, the bundled AuNR arrays possess strong thermoplasmonic properties 

to act as efficient light-to-heat energy converters for future photothermal applications. 

 

Figure 2.14. Thermoplasmonic solar-vapor generation. (a) Optical photographs showing the boiling of 

water by the thermoplasmonic heat produced from bundled AuNR arrays. Monitoring the (b) weight loss 

(inset shows that the first weight loss was noted after 30 s of irradiation) and (c) temperature increase of 

water under different experimental conditions. “Water + dark” corresponds to experiments performed 

inside the laboratory in the dark, under ambient temperature (∼25 °C), and pressure (∼1 atm). (d) Plot 

showing the difference in the evaporation rate in the presence and the absence of bundled AuNR arrays. 

The error was estimated from three independent measurements. 
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Table 2.2. Comparison of solar vapor generation studies. 

   
Materials  Light source  Efficiency 

(%)  

Evaporation  

Rate  

(kgm-2h-1)  

Final Temp.   

(℃)   

Ref.  

Ag NPs and poly  

(sodium-

pstyrenesulfonate,  

PSS) on agarose gel   

Solar simulator 

(1 kWm-2)  

92.8  2.1  -  51 

Ag NPs in AAO 

template  

Solar simulator 

(1 kWm-2) 

80  1.2  -  52 

Au Vapor deposited 

in AAO template   

Solar simulator 

(1-4 kWm-2)  

62-90  1-9  98  

(Steam temp.)  

53 

Black Au   Solar simulator 

(1-20 kWm-2)   

25-57  1-16  80  54 

Au NPs   Sunlight with 

focusing   

24  2.5 g in 4 min  80  25 

Bundled AuNR 

arrays  

Sunlight with 

focusing   

93  20.5  80  Our 

work 

55 

 

2.5. Conclusions 

We studied the effect of shape anisotropy along with assembly on plasmonic heat generation and 

dissipation. For that, we introduce configurable AuNR arrays as a versatile thermoplasmonic 

heater for the efficient conversion of light-to-heat energy. The spherical AuNPs were found to be 

a less efficient thermoplasmonic substrate as compared to AuNR arrays. On the other hand, the 

bundled morphology was found to be a superior photothermal platform compared to the straight 

morphology; however, the involvement of plasmon coupling or hot-spots generation cannot be 

confirmed. The plasmonic heat generated from AuNR arrays was used for polymerization, solar-

vapor generation, and Diels–Alder cycloaddition, The bundled AuNR arrays developed by us 

possess strong thermoplasmonic properties to act as an efficient heating platform for future 

photothermal applications. Moreover, the reaction conditions played a crucial role in the 

dissipation of heat from the thermoplasmonic surface to the surroundings, with minimal influence 

on surface temperature observed in solution-state studies. Such information will definitely be 
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helpful in the emerging area of plasmonic photocatalysis, where the emphasis is to minimize or 

deconvolute the role of the thermalization process from hot electron chemistry. In a broader 

perspective, our thermoplasmonic studies demand the thoughtful design of nanostructures as well 

as reaction conditions for achieving the desired outcome from a plasmonic process. 
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2.7. Appendix 

Characterization of AuNR arrays 

 
  

Figure 2.15. Large area SEM images of AuNR arrays: (a) 618 ± 47 nm long straight, (b) 752 ± 52 nm long 

bundled, (c) 880 ± 64 nm long bundled, and (d) 1188 ± 162 nm long bundled AuNR arrays, corresponding 

to electrodeposition times of 280, 330, 340, and 350 seconds, respectively. Scale bar corresponds to 1 µm.   
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Measurement of AuNR length:  

 
  

Figure 2.16. Representative SEM images of AuNR arrays used for the calculation of NR lengths: (a) 618 

± 47 nm long straight, (b) 752 ± 52 nm long bundled, (c) 880 ± 64 nm long bundled, and (d) 1188 ± 162 

nm long bundled AuNR arrays. Scale bar corresponds to 1 µm.  
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Laser beam profile    

 

Figure 2.17. Laser beam profile measured at 1 cm beam diameter. (a) 2D and (b) 3D profiles of the beam 

clearly depict a gaussian distribution having maximum intensity at the central area of the beam, which 

decays away from the center point. The color code for the intensity is shown at right side of panel (b). (c) 

and (d) The plots of beam profile along x-axis (1/e2 diameter ~8 mm) and y-axis (1/e2 diameter ~8 mm), 

showing the gaussian distribution.  
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Analysis of Diels-Alder reactions  

Characterization of product:  

1H NMR Data: 1H NMR (400 MHz, CDCl3) δ 7.31 (dt, J = 13.4, 7.6 Hz, 5H), 5.00 (td, J = 10.8, 5.6 Hz, 

1H), 3.53 – 3.37 (m, 1H), 2.92 – 2.74 (m, 1H), 2.63 (dd, J = 16.4, 4.5 Hz, 1H), 2.36 (t, J = 13.8 Hz, 2H), 

1.72 (d, J = 16.9 Hz, 6H).  

 
  

Figure 2.18. 1H NMR spectrum of purified Diels-Alder product synthesized for the photothermal 

experiment, in the presence of bundled AuNR arrays. The NMR spectrum was collected in CDCl3.  
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High-Resolution Mass Spectroscopy (HRMS):  

 
  

Figure 2.19. HRMS spectrum of purified Diels-Alder product synthesized from the photothermal 

experiment, in the presence of bundled AuNR arrays.  
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Figure 2.20. 1H NMR spectra of crude reaction mixture for photothermal Diels-Alder reaction: (a) with 

bundled AuNR arrays under 532 nm laser irradiation, (b) with only silver film under 532 nm laser 

irradiation, and (c) with only the reactants under 532 nm laser irradiation.  
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Figure 2.21. 1H NMR spectra of the crude reaction mixture for Diels-Alder reaction in dark at (a)115 ℃ 

(b) 60 ℃, (c) 25 ℃ in the absence of AuNR arrays, and (d) at 60 ℃ in the presence of bundled AuNR 

arrays.   
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Straight 1D-AuNR array with different lengths:  

 

Figure 2.22. 1H NMR spectra of crude reaction mixture for photothermal Diels-Alder reaction in the 

presence of (a) bundled AuNR arrays, (b) straight AuNR-3 arrays with NR length 618 ± 47, (c) straight 

AuNR-2 with NR length 534 ± 47 nm, and (d) straight AuNR-1 arrays with NR length 400 ± 51 nm.   
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Figure 2.23. 1H NMR spectra of crude reaction mixture for photothermal Diels-Alder reaction, in the 

presence of 11.9 ± 1.0 nm spherical AuNPs under 532 nm laser irradiation.  

 

Solar-vapor generation without AuNR array 

 
  

Figure 2.24. Photographs of test tubes containing 5 mL water in the absence of bundled AuNR arrays, at 

different time intervals of solar irradiation.
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Chapter – 3 

Quantification of Chemical Effectiveness of 

Plasmonic Heat 

 

 
 

This chapter has been adapted from the following paper. Copyright 2022, American 

Chemical Society:  

Kashyap, R. K.; Dwivedi, I.; Roy, S.; Roy, S.; Rao, A.; Subramaniam, C.; Pillai, P. 

P. Insights into the Utilization and Quantification of Thermoplasmonic Properties in 

Gold Nanorod Arrays. Chem. Mater. 2022, 34, 7369–7378. 
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3.1. Abstract 

The quantification of plasmonic heat is necessary but challenging in the field of thermoplasmonics 

due to the localized nature of plasmonic heat. Conventional methods of measuring temperature 

cannot be used on the nanoscale because of restrictions in the size of the thermometers or lack 

of accessibility to the area of interest. There has been exploration of various quantification 

techniques and this area is popularly known as nanothermometry where the goal is to quantify the 

nanoscopic heat. In this Chapter, we will discuss our attempt to quantify the temperature-change 

in the surroundings caused due to the plasmonic heat. This is termed as chemical effectiveness of 

plasmonic heat which is the effective heat experienced by molecules around the nanostructure, 

which may trigger a chemical change. We have used the property of irreversible thermochromism 

as a marker to indirectly quantify the plasmonic heat where the heat from optically illuminated 

nanostructures could activate a color transition in the thermochromic molecule. The unprecedented 

use of thermochromism in quantifying the thermalization process shows that the surface of gold 

nanorod (AuNR) arrays can heat up to ∼250 °C within ∼15 min of irradiation. The measured 

temperature is independently validated with three different techniques photothermal melting 

studies, Raman spectroscopy, and standard infrared-based thermometric imaging studies. The 

plasmonic heat reported by the thermochromic studies is the lower limit corresponding to the phase 

change temperature of the thermochromic molecule, and the actual surface temperature of bundled 

AuNR arrays could be higher. Moreover, we have found that the amount of heat dissipated depends 

upon the nature of the surrounding medium as well as the reaction condition. The maximum impact 

of surface temperature was observed when substrates were adsorbed onto the AuNR arrays, 

whereas the influence of thermoplasmonic heat was minimum when the experiments were 

performed in a solution state. 
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3.2. Introduction 

There are multiple techniques developed for nanoscopic temperature measurement which can be 

subdivided into two broad classes (Figure 3.1) based on their capability to measure the 

temperature.1-8 The first class measures the surface-average temperature of an array of 

nanoparticles, while the second kind, known as single particle techniques, measures the 

temperature of individual nanoparticles. Both of these techniques are equally important for 

plasmon-driven processes depending upon the material type (single particle/multiparticle).9-12    

 

Figure 3.1. Schematic representation of various techniques used to measure the temperature at the 

nanoscale. This research field is known as nanaothermometry. Existing nanothermometers are divided 

based on their readout capabilities: surface average vs single-particle measurement. Reproduced with 

permission from ref. 8. Copyright: 2022, Nature Publishing Group. 

 

Thermoreflectance-based techniques rely on the measurement of changes in temperature-

dependent reflectance intensity by sample (Figure 3.2a). Although the normal reflectance intensity 

often changes very little with temperature, it can be linearized over a broad temperature range, 

which can render temperature measurement in plasmonic nanoscale assemblies.13 A thermal 

camera detects the infrared radiation emitted by the heated material and converts it into a visual 

image of spatial thermal distribution (Figure 3.2b). It is a non-contact technique that is widely 

used to measure the temperature of plasmonic reactors in plasmon-driven chemistry.14,15 On the 

other hand thermocouple-based measurement is a contact-based technique which works on the 

principle of the Seebeck effect arising due to thermal gradient across the thermocouple (Figure 

3.2c).16 All these techniques report the average temperature achieved under irradiation and have 
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poor spatial resolution. However, they could be extremely useful in analyzing the thermal effect 

resulting from the collective effect of nanoparticles in plasmon-driven processes.  

 

Figure 3.2. Schematic representation of working principle of nanothermometers capable of measuring 

surface-average temperature. (a) Thermoreflectance nanothermometer works on the principle of 

temperature-dependent reflectivity. (b) A thermal camera works on the principle of analyzing the black 

body radiation from a heated object to map the surface temperature. (c) Thermocouples work on the 

Seebeck effect arising as a result of the thermal gradient. Reproduced with permission from ref. 8. 

Copyright: 2022, Nature Publishing Group. 

 

Sigle-particle techniques (Figure 3.3) are mostly tagging-based measurements where a 

nanostructure is tagged with a particular molecule whose temperature-sensitive properties analysis 

helps to measure the temperature at the nanoscale. For example, the photoluminescence-based 

technique relies on temperature-dependent photoluminescence changes of a fluorescent marker 

attached to a nanostructure (Figure 3.3a).17 In the same line, one recently developed technique 

relies on an anti-Stokes photoluminescence signal from the nanostructure itself after fitting the 

data with Bose-Einstein distribution.18,19 Similarly, temperature-dependent Raman signal 
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variations of a Raman marker tagged to the nanostructure can be monitored to estimate the 

nanoscopic temperature of individual particles (Figure 3.3b).20 A separate method of directly 

measuring surface temperature with spatial resolution is using a nanoscopic thermally sensitive 

scanning probe  termed as scanning thermal microscopy (SThM) (Figure 3.3c).21 Lastly, a novel 

set of experiments that provide temperature data on the phonon and/or electrical system use pulsed 

illumination rather than continuous-wave illumination (Figure 3.3d). Ultrafast optical 

spectroscopy and ultrafast time-resolved electron diffraction are two techniques that may help us 

finish our comprehension of electron excitation and decay in plasmonic systems to move toward 

catalytic applications.22  

 

Figure 3.3. Working principle of single-particle nanothermometric techniques. (a) Photoluminescence-

based techniques rely on the thermally sensitive photoluminescence changes in a fluorescence marker 

attached to a nanostructure. (b) Raman-based techniques measure temperature-dependent stokes and anti-

stokes signal intensity variations of a Raman marker attached to the nanostructure to report temperature. 

(c) In a scanning thermal microscopy (SThM) the heat flow between the sample and a scanning thermally 

sensitive tip is exploited to map surface temperature with nanoscale spatial resolution. (d) Pump-probe 
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technique maps the dynamic temperature-dependent changes to report surface temperature. Reproduced 

with permission from ref. 8. Copyright: 2022, Nature Publishing Group. 

As we can see, all the techniques discussed above require dedicated instrumentation and expertise 

to measure the temperature. Therefore, there is a need for a simple and cost-effective thermometric 

technique. In this direction, we have explored the phenomenon of thermochromism as a simple 

and reliable tool to quantify the practically usable thermoplasmonic heat close to the surface of 

nanostructures. The thermochromism studies reveal that the surface temperature on gold nanorod 

(AuNR) arrays can heat up to ∼250 °C, within ∼15 min of irradiation with a 1 W continuous wave 

green laser. The plasmonic heat reported by the thermochromic studies is the lower limit 

corresponding to the phase change temperature of the thermochromic molecule, and the actual 

surface temperature of bundled AuNR arrays could be higher. The thermoplasmonic heat was 

measured, independently, using melting, Raman spectroscopy, and direct infrared-based 

thermometric imaging techniques, which proves the suitability of thermochromism as a potential 

tool for the quantification of the thermalization process in plasmonic materials. Additionally, the 

analysis of the results from such direct thermometric imaging has provided insights into the heat-

generation and heat-dissipative pathways. More importantly, the choice of reaction conditions 

turned out to be critical in utilizing as well as dissipating the thermoplasmonic heat to the 

surroundings. 

 

3.3 Methods and Experimental Section 

3.3.1. Materials and reagents:  

Anodic alumina oxide (AAO) (pore diameter = 75 nm, pore length = 50 μm, and interpore distance 

150 nm) templates were purchased from Smart Membranes. Au plating solution (Orotemp 24 

RTU) was purchased from Lectrachem Ltd. (TECHNIC UK). Lead carbonate (PbCO3), 

ammonium metavanadate (NH4VO3), cadmium acetate dihydrate (Cd(CH3COO)2·2H2O), and 

soybean oil were purchased from Sigma-Aldrich. All the reagents were used as received without 

any further purification. 
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3.3.2. Fabrication of gold nanorod (AuNR) arrays 

Gold nanorod (AuNR) arrays of varying morphologies were fabricated following the reported 

three-step fabrication protocol, using anodic aluminum oxide (AAO) membranes as a template.23,24 

In a typical experiment, metallic silver (Ag) was thermally evaporated (growth rate 0.2 Å/s) to 

generate a high-quality ∼200 nm Ag film on one side of the AAO template. Next, the AAO film 

was placed in the electrochemical cell for the deposition of Au. Au was electrodeposited in the 

pores of the AAO template by applying a constant potential of −975 mV (vs Ag/AgCl electrode) 

using a Au plating solution (Orotemp 24 RTU). Note that the charge limit was kept at 40 mC. The 

electrodeposition time was varied from 280 to 350 s for fabricating AuNR arrays with different 

morphologies. The AAO template was then etched by placing it in ∼5 mL of 3 M NaOH for ∼12 

h and washed 4 times with Milli-Q water. The AuNR arrays were then carefully transferred onto a 

glass support and kept in an oven at 90 °C for ∼10 min. The prepared AuNR arrays were stored in 

a vacuum desiccator to minimize aerial oxidation.  

3.3.3. Thermochromic studies 

Lead carbonate (PbCO3) and ammonium meta vanadate (NH4VO3) were used as the 

thermochromic materials in our study.25 The color changes were captured using a Macro Zoom 

Fluorescence Microscope System (Olympus MVX10). All of the snapshots were captured at 5X 

magnification. In a typical experiment, ∼5 mg of lead carbonate was placed on bundled AuNR 

arrays and irradiated with a 1 W 532 nm CW diode laser for ∼15 min under ambient conditions. 

Figure 3.4 clearly shows that lead carbonate is localized solely at the surface of the Au nanorods. 

The snapshots were captured at different time intervals. Control experiments were carried out with 

a silver film as well as on glass substrates under the same conditions. 

3.3.4. Intensity-dependent thermoplasmonically driven phase change in 

NH4VO3  

In a typical experiment, ~1 g of NH4VO3 was uniformly distributed at the surface of the bundled 

AuNR arrays, which was then irradiated with a 532 nm CW diode laser at different intensities. The 

threshold light power required for the thermochromic phase change in NH4VO3 was 290 mW (it 

took ~3 h for the complete thermochromic phase change at 290 mW). Next, an intensity dependent 
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thermochromic phase change experiment was performed by gradually increasing the power of the 

laser source. As expected, the time required for the complete thermochromic phase change 

decreased as the power of the laser source was increased. Powder X-ray diffraction and Raman 

analyses confirmed that the final product contains a mixture of different phases of vanadium oxides 

(orthorhombic-V2O5, monoclinic-V3O7, monoclinic-V6O13, and tetragonal-VO2), which is in good 

agreement with the literature reports.26 Figure 3.20 has been included in the Appendix for the 

intensity-dependent thermochromic study of ammonium metavanadate. It clearly shows that the 

time required for the complete thermochromic phase change decreased as the power of the laser 

source was increased.   

3.3.5. Photothermal melting of cadmium acetate dihydrate 

The melting of cadmium acetate dihydrate (melting point 255 °C) was performed using the 

thermoplasmonic heat generated from bundled AuNR arrays to validate the surface temperature 

measured from thermoplasmonic studies. In a typical experiment, ∼5 mg of cadmium acetate 

dihydrate powder was uniformly placed at the surface of bundled AuNR arrays and irradiated with 

a 1 W 532 nm CW diode laser (1 W cm–2) for ∼1 min at 25 °C.  

3.3.6. Photothermal polymerization of soybean oil 

Soybean oil is a mixture of triglycerides, and its structure contains three fatty acids linked by a 

glycerol center. The unsaturated fatty acids have 1–3 double bonds. At 230 °C, polymerization 

occurs between these double bonds. The degree of unsaturation can be monitored by Raman 

spectroscopy and was defined by the ratio of stretching frequencies of vinyl C–H peak at 3014 cm–

1 to the aliphatic C–H peak at 2855 cm–1.27 In a typical experiment, a drop of soybean oil was cast 

at the surface of bundled AuNR array, followed by irradiating the sample using a 1 W 532 nm CW 

diode laser for ∼15 min. The Raman spectra of soybean oil were recorded on the bundled AuNR 

array before and after the irradiation (Figure 3.13). The ratio of unsaturated fatty acids to total 

fatty acids dropped from 0.41 to 0.31 after thermoplasmonic studies, which is characteristic of the 

initiation of the photothermal polymerization of soybean oil.27 This again confirms that the surface 

temperature of the bundled AuNR array can reach at least 230 °C upon irradiation with a 1 W 532 

nm CW diode laser. The Raman spectra were processed with baseline correction and smoothing. 
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3.3.7. Infrared thermometric studies 

All of the thermometric studies were carried out using an A6703SC FLIR Thermal Camera having 

an InSb detector with an accuracy of ±2 °C. The thermal IR camera (A6703sc) by FLIR was 

calibrated upon heating the bundled AuNR arrays at an electrically heated thermal plate at known 

temperatures. The distance of the plate also affects the reading of the camera. Therefore, the same 

distance (20 cm) was maintained for flux measurement, as was used in calibration. The 1 W green 

laser source was kept vertically above the sample at a distance of ∼10 cm. The thermal images 

were captured by keeping the thermal camera at an angle of 45°. Thermal images were recorded 

in the laser OFF state (0 s). This was followed by switching the laser ON to acquire temporal and 

spatial thermal images. Similarly, a control experiment was carried out by irradiating the silver 

substrate with a 1 W 532 nm CW diode laser till the saturation of its surface temperature. 

3.3.8. Water evaporation experiments with laser irradiation  

To study the role of reaction conditions, thermoplasmonic properties of bundled AuNR arrays were 

tested in liquid state transformation processes as well. For this, the water evaporation experiments 

were once again performed in the presence of bundled AuNR arrays, under irradiation conditions 

similar to the thermochromic study(with 1W green laser instead of focused sunlight). The weight 

of water merely decreased by ~180 mg in ~20 min, and the bulk temperature increased to ~ 45 oC, 

when 1W laser was used as the source of irradiation.    
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3.4. Results and Discussion    

3.4.1. Fabrication of configurable thermoplasmonic AuNR arrays 

Plasmon-driven processes are highly sensitive to the size, shape, and composition of 

nanostructured materials. In general, anisotropic nanostructures exhibit superior plasmonic 

properties over spherical nanomaterials because of their unique shape-dependent optoelectronic 

properties such as a high molar extinction coefficient, unidirectional charge transport, and edge 

effects.28  In the present work, an array of highly configurable one-dimensional AuNRs was 

fabricated on a glass slide with the help of the template-mediated electrodeposition technique 

(Section 3.3.2 in the Methods and Experimental Section).23,24   

Briefly, an array of AuNRs was electrochemically grown in an anodic aluminum oxide (AAO) 

template having a silver backing layer (∼200 nm thick), followed by the etching of the template 

with a 3 M sodium hydroxide solution. The AuNRs in the array had a diameter of ∼75 nm, and 

the length was varied by controlling the electrodeposition time (280–350 s; already discussed in 

Chapter 2). At 280 s deposition time, the length of AuNRs in the array was estimated to be 618 ± 

47 nm, and the array was distributed in a hexagonal lattice (already discussed in Chapter 2). The 

AuNRs started to lose their free-standing ability as well as the hexagonal lattice arrangement, as 

the NRs were grown beyond 752 ± 52 nm in length. The SEM studies clearly showed the bundling 

of AuNRs, corresponding to different electrodeposition times (already discussed in Chapter 2). 

Thus, different morphologies of AuNR arrays, ranging from straight to bundled arrangements, 

were uniformly fabricated over a large area (∼0.6 cm2). This flexibility in the fabrication protocol 

to form straight and bundled geometries can be beneficial in studying the influence of 

nanostructural morphology on various plasmonic properties. 

The UV-visible spectrum showed appreciable absorption at a wavelength of 532 nm in the case of 

bundled AuNR arrays (already discussed in the Chapter 2) which motivated us to use a 532 nm 

excitation energy for studying the photothermal behavior of the geometry. Motivated by the scope 

of a broad range of photothermal applications shown by bundled AuNR arrays (already discussed 

in the Chapter 2) our next goal was to measure the plasmonic heat dissipated by these 

thermoplasmonic heaters.  
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3.4.2. Quantification of thermoplasmonic heat through thermochromism.  

The direct monitoring and quantification of the thermalization process close to the surface of 

bundled AuNR arrays is discussed here. There are many elegant and reliable methodologies 

reported in the literature to measure the surface temperature of thermoplasmonic 

nanostructures.1−8 We envisaged using the property of thermochromism to monitor the surface 

temperature of bundled AuNR arrays because an attractive visual color change will serve as the 

read out in this case (Figure 3.4). Moreover, the proposed thermal quantification technique based 

on thermochromism has multiple advantages over other quantification techniques. For example, it 

is cheaper, convenient, no dedicated instrumentation technique, calibration, or expertise is required 

(a visual color change acts as the readout) and could work in a liquid medium as well. Accordingly, 

a white-colored lead carbonate (PbCO3) was chosen as the thermochromic molecule for the 

quantification of thermoplasmonic heat (∼5 mg of PbCO3 was homogeneously adsorbed on the 

surface of the bundled AuNR array, as shown in Figure 3.4a,b).  

 

Figure 3.4. Photothermally driven thermochromic study of PbCO3 at bundled AuNR array. (a) Full 

area and (b) magnified selected area optical images showing the uniform distribution of lead carbonate 

(white powder) on bundled AuNR array (reddish brown area). A large fraction of AuNR array is vacant to 
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have efficient optical absorption and thermoplasmonic heat generation. (c) A color change from white to 

yellow was observed after irradiating the PbCO3 placed on the bundled AuNR arrays using a 1W 532 nm 

CW laser for ~ 15 min. Images from different areas are shown for proving the uniformity in color change 

over the entire sample. Note: The images marked as before (0 min) and after (15 min) does not correspond 

to the same area.  

 

PbCO3 is a well-known thermochromic molecule that will phase transform into a mixture of α- 

and β-lead oxide (PbO) at ∼250 °C, accompanied by a visual color change from white to 

yellow.29 The same color change was observed in our thermoplasmonic studies as well when 

PbCO3 deposited on bundled AuNR arrays was irradiated with a 1 W CW green laser for ∼15 min 

(Figures 3.4a). No noticeable color change was observed below 1 W. Detailed powder X-ray 

diffraction (PXRD) and Raman studies unambiguously confirm the quantitative photothermal 

transformation of PbCO3 (orthorhombic Pnma) to PbO (a combination of tetragonal P4/nmm and 

orthorhombic Pbcm phases)29,30
 (Figure 3.5a,b). 

 

Figure 3.5. Characterization of the crystal-to-crystal transformation by thermochromism. The (a) 

PXRD and (b) Raman spectra confirm the transformation of orthorhombic PbCO3 to a mixture of α- and β-

lead oxide (tetragonal and orthorhombic phases). PXRD as well as Raman spectra of PbCO3 before and 
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after the irradiation in the presence of bundled AuNR arrays, and thermally treated PbCO3 at 250 ℃ confirm 

that the transformation in PbCO3 was indeed triggered by the thermoplasmonic heat generated in bundled 

AuNR arrays. 

 

Bare glass slide as well as silver film failed to show any thermochromic change, even when 

irradiated for 1 h under similar experimental conditions (Figure 3.6a,b). Thus, control experiments 

(with bare/silver-coated glass slides and thermal heating) confirm that the changes observed in 

thermochromic molecules were indeed triggered by the thermoplasmonic heat generated from 

bundled AuNR arrays (Figure 3.6).  

 

Figure 3.6. Optical images obtained before and after irradiating the PbCO3 placed on (a) only silver film 

and (b) only glass surface using a 1W 532 nm CW laser for ~ 1 h. Scale bars correspond to 200 µm for all 

images. The absence of thermochromic phase change here confirms that the plasmonic heat generated by 

bundled AuNR array is the sole driving force for the crystal transformation in PbCO3 with negligible 

contribution of silver backing film as well as glass slide. 

The powder x-ray diffraction studies proved that the glass slide and Ag backing film have not 

produced any thermochromic crystal-to-crystal transition, conclusively excluding their potential 

role in the photothermal thermochromic change in PbCO3 (Figure 3.7). 
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Figure 3.7. Left panel: Powder X-ray diffraction patterns of (a) PbCO3, (b) a-PbO reference, (c) b-PbO 

reference, (d) PbCO3 after thermal treatment at ~250 oC, and (e) PbCO3 after photothermally heated (in the 

presence of bundled AuNR arrays after ~15 min of irradiation with a 1W 532 nm CW laser). The reference 

XRD patterns of expected products (tetragonal -PbO, 00-005-0561 and orthorhombic -PbO, 00-005-

0570) are included for comparison. Right panel: Powder X-ray diffraction patterns of PbCO3 before (black) 

and after irradiating the PbCO3 placed on (f) only silver film and (g) only glass surface, using a 1W 532 nm 

CW laser for ~1 h.    

 

The decomposition of PbCO3 to PbO is well reported to strictly follow the thermal pathway, as 

shown in Figure 3.8a. The oxidation states of all of the elements in the reactant as well as in the 

products are the same, which confirms that plasmonic hot electrons are not involved in the 

decomposition process. Likewise, negligible absorption at ∼532 nm by PbCO3 and PbO molecules 

proves that the nonthermally activated chromism effects (such as photochemical) can be overruled 

in the present study (Figure 3.8b).  
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Figure 3.8. Overruling nonthermal effects. (a) Reaction scheme for the thermal decomposition of 

PbCO3 to PbO. There is no change in the oxidation states of elements during the transformation, overruling 

the role of hot electron chemistry. (b) Solid-state UV–visible absorption spectra of PbCO3 and PbO 

were recorded under the reflectance mode. A negligible absorbance of around 532 nm for both PbCO3 and 

PbO confirms that the nonthermally activated chromism effects, such as the photochemical effect, can be 

overruled in the present study. 

A considerable reshaping of AuNRs was observed after the thermoplasmonic studies (Figure 3.9) 

which is in accordance with the previous studies on the photothermal stability of AuNRs at high 

temperatures.31,32 The reshaping of the AuNRs was observed only at the center of irradiation (a 

few micrometers, as the illumination was not uniform because of the Gaussian distribution of the 

laser beam (see Figure 3.16 in the Appendix), whereas other regions were structurally intact. This 

allowed the multiple uses of bundled AuNR arrays, without any noticeable decrease in their 

thermoplasmonic properties. 
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Figure 3.9. Characterization of photothermal re-shaping. SEM images of bundled AuNR arrays (a) 

before, and (b), (c), (d) after thermochromic studies with lead carbonate at different magnifications. The 

temperature reached to at least 250 0C during the thermochromic studies. Scale bar corresponds to 500 nm 

for (a), (b) and (c) and 200 nm for (d) A considerable re-shaping of the AuNRs was observed only at the 

center of irradiation (a few micrometer), whereas other regions were structurally intact.   
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The threshold intensity required for the thermochromic phase transition of PbCO3 was 1 W, which 

was the maximum power limit of the laser source used. This prevented us to obtain a precise 

relationship between laser intensity and kinetics of phase transformation using PbCO3. However, 

the intensity-dependent experiments could be performed using another thermochromic molecule 

that shows a phase change at a lower temperature. For this, ammonium metavanadate (NH4VO3) 

was selected as the thermochromic marker, which is well known to show a thermochromic phase 

change at 170 °C, accompanied by a color change from white to black.47 The intensity-dependent 

studies show that the threshold light power required for the thermochromic phase change in 

NH4VO3 was 290 mW (it took ∼3 h for the complete thermochromic phase change at 290 

mW; Figure 3.10).  

  

Figure 3.10. Intensity-dependent thermoplasmonically driven phase change in NH4VO3. (a) A typical 

thermochromic phase change (white to black) was observed in NH4VO3 placed on bundled AuNR array 

(marked in red boundaries), upon light irradiation using 532 nm CW (~700 mW) for ~50 sec. (b) The 

threshold light power required for the thermochromic phase change was 290 mW (it took ~3 h for the 

complete thermochromic phase change at 290 mW). The maximum time of light irradiation was fixed at 

~3 h. (c) A plot showing the variation in the time taken for the complete thermochromic phase change, as a 

function of irradiation power.    

 

Powder X-ray diffraction and Raman analyses (Figure 3.11) confirmed that the final product 

contains a mixture of different phases of vanadium oxides (orthorhombic─V2O5, 

monoclinic─V3O7, monoclinic─V6O13, and tetragonal─VO2), which is in good agreement with 

the literature report.45 Also, a precise relationship between the laser intensity and kinetics of phase 
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transformation was obtained using NH4VO3 as the thermochromic marker (Figure 

3.10b and Figure 3.17 in the Appendix). As expected, the time required for the complete 

thermochromic phase decreased as the power of the laser source was increased (∼50 s @ 700 mW 

vs ∼3 h @ 290 mW; Figure 3.10). It is worth mentioning that the plasmonic heat reported by the 

thermochromic studies is the lower limit corresponding to the phase change temperature of the 

thermochromic molecule, and the actual surface temperature of bundled AuNR arrays could be 

higher. 

 

Figure 3.11. (a) Powder X-ray diffraction pattern of NH4VO3 before (black) and after irradiation (green) in 

the presence of bundled AuNR arrays, using a 532 nm CW diode laser (~700 mW) for ~50s. The sample 

after irradiation contains all the peaks corresponding to orthorhombic-V2O5, monoclinic-V3O7, 

monoclinicV6O13 and tetragonal-VO2 phases. The reference XRD pattern for all the expected products 

(orthorhombicV2O5 (red), monoclinic-V3O7 (blue), monoclinic-V6O13 (magenta) and tetragonal-VO2 (wine 

red)) are included for the comparison. The colored bars show the overlap of major diffraction peaks in 

thermoplasmonically treated sample and references.  (b) Raman analysis of NH4VO3 (black), the thermally 

heated NH4VO3 at 170 ℃ for ~15 min (green), and thermoplasmonically heated NH4VO3 placed on bundled 

AuNR array (magenta) upon light irradiation using 532 nm CW diode laser (~700 mW) for ~50s. Both the 

thermally as well as photothermally treated samples show similar Raman signals, confirming the efficacy 

of plasmonic heating in the thermochromic phase transition in NH4VO3.   
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3.4.3. Validation of thermochromism studies 

A series of independent photothermal experiments were performed to validate the plasmonic heat 

measured through our thermochromism study. All of the following experiments were carried out 

under identical conditions as that of the thermochromic study (see the Section 3.3.5 for details). 

The melting of cadmium acetate powder using the thermoplasmonic heat from bundled AuNR 

arrays confirms that the surface temperature reaches at least 255 °C (The melting point of cadmium 

acetate is 255 0C. Figure 3.12).  

  

Figure 3.12. Thermoplasmonic melting of cadmium acetate dihydrate on bundled AuNR arrays. 

Transparency seen after the illumination of an opaque layer of cadmium acetate dihydrate adsorbed on 

bundled AuNR array is due to melting, which confirms the attainment of at least 255 ℃ (melting point of 

cadmium acetate dihydrate) under the experimental condition. 

Next, a standard thermoplasmonic polymerization of soybean oil was performed on the surface of 

bundled AuNR arrays. The polymerization of soybean oil is known to initiate at ∼230 °C, which 

is accompanied by a change in the ratio of stretching frequencies of vinylic to aliphatic C–H in 

Raman analysis.27 The thermoplasmonic polymerization of soybean oil was observed on the 

bundled AuNR arrays, which ascertains the surface temperature to be at least ∼230 °C (Figure 

3.13).  
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Figure 3.13. Raman spectra of the soybean oil before and after polymerization at the surface of bundled 

AuNR array. The ratio of vinylic to aliphatic C-H stretching peak intensity (Ivinylic C-H/Ialiphatic C-H) is shown 

in the inset. The commencement of polymerization on the AuNR array is confirmed by a drop in the ratio 

following illumination with a 1 W 532 nm CW laser. This indicates that the surface temperature reaches at 

least 230 °C, the temperature at which polymerization initiation occurs. 

Finally, the thermoplasmonic heat was quantified using the infrared thermometric 

mapping,7,35,36 which provides an in-situ, direct, and precise estimate of the surface temperature 

(Figure 3.14). The bundled AuNRs were irradiated with a 1 W 532 nm CW diode laser in an 

orthogonal geometry, with the infrared signatures captured at 45° with respect to the substrate. A 

rapid increase in the temperature at a rate of 7.5 °C/s was observed, which finally saturated at a 

surface temperature of ∼242 °C (Figure 3.14a). A thermometric image taken after 120 s clearly 

shows the heat map across the area of illumination, which qualitatively agrees with the beam 

profile maximum heating at the center of illumination (Figure 3.14b,c and 3.16 in the Appendix). 

Control experiments carried out on pristine silver substrates failed to provide any significant heat 

generation (Figure 3.15b; because silver substrates possess negligible absorption cross section at 

532 nm), decisively pointing to the role of bundled AuNRs for the thermoplasmonic heat 

generation. 



    Chapter 3 
  

93 
 

 

Figure 3.14. Quantification of thermoplasmonic temperature through direct infrared-based 

thermometric imaging studies. (a) Temporal evolution of thermoplasmonic temperature estimated from 

the surface of the bundled AuNR array with a 1 W 532 nm CW laser. (b) The thermometric images 

corresponding to different time periods with the color bar shown alongside. (c) A representative 

thermometric image taken after 120 s of laser irradiation is shown, with the maximum temperature 

saturation at ∼242 °C at the center of the laser spot which is in accordance with the laser Gaussian beam 

profile (see Figure 3.16 in the Appendix). (d) Spatiothermal gradient from the point of irradiation (distance 

= 0 mm) for varying time periods of laser irradiation. 

Further, temporal thermal imaging provides important insights into the heat-dissipative pathways 

operating in the bundled AuNRs arrays. This assumes greater significance in the context of the 

applications including solar-vapor generation and thermochemical reactions, where efficient heat 

transfer to surroundings is critical. Accordingly, thermal profiles were extracted at  
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Figure 3.15. A representative thermal profile (a) at 120 s irradiation time showing the pinpoint as the laser 

irradiated spot on bundled AuNR arrays, reaching up to a maximum of ~242℃ (Inset: The thermal profile 

when the laser was off). (b) Control experiment with silver substrate, reaching up to a maximum of ~27 ℃.  

different time periods of laser irradiation to estimate the spatial spread of heat from the point of 

laser irradiation across the bundled AuNR arrays (Figure 3.14d). It was observed that the surface 

temperature generated varies monotonically with the time of laser irradiation. Furthermore, the 

spatial thermal dissipation is also found to be directly proportional to the magnitude of heat 

difference between the source (bundled AuNRs arrays) and the sink (surroundings) (Figure 3.14b 

and Table 3.1). In short, a longer time of laser irradiation produces higher surface temperatures at 

the point of irradiation and consequently results in larger spatiothermal gradients (34 °C/mm for a 

temperature differential of 95 °C corresponding to 120 s of irradiation, Table 3.1). Figure 

2.7 proves that the Ag film has negligible absorption at the excitation wavelength of ∼532 nm, 

which means that the bundled AuNR array is the primary absorber. Therefore, we propose that the 

bundled AuNRs were solely responsible for the thermoplasmonic heat generation, while both the 

bundled AuNRs and the underlying silver film contributed to the conductive heat transfer 

pathways. The details of heat dissipation pathways can be explained as follows: 

3.4.4. Heat generation and dissipation pathways  

 

The AuNRs are in physical contact with the underlying silver film. Therefore, the total heat 

conductance (Gtotal) will be the linear combination of the heat conductance as per the following 

equation:37   

Gtotal = GM + Gs + Grad  
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Where,   

Gtotal= total heat conductance,  

GM = heat conductance from metals: AuNR (GAu), Au-Ag interface (GAu-Ag) and Ag film 

(GAg), Gs = heat conductance from metal to surrounding, Grad = radiative heat flow.    

  

3.4.4.1. Effect of silver film  

The thermal conductivity of the surrounding medium and support plays a crucial role in the heat 

dissipation from Au nanorods.38 The thermal conductivity of silver is higher (≥350 Wm-1K-1, with 

the lowest value of contact resistance) than all the surrounding medium used in our study. Thus, 

the underlying silver film will act as a heat sink for the dissipation of thermoplasmonic heat from 

the AuNR arrays.  

3.4.4.2. Effect of Au nanorods length  

The heat capacity will increase with an increase in the size of the nanoparticles.39 As a result, the 

rate of heat dissipation will be slower for higher-sized nanoparticles.40,41 Thus, it is clear that the 

rate of heat dissipation will decrease as the length of the AuNR is increased in our system.   

Finally, we comment on the role of reaction conditions on the dissipation of heat from the surface 

of thermoplasmonic AuNR arrays. Controlling the amount of heat generated within a 

thermoplasmonic nanostructure is often a practically challenging task. Therefore, it is essential to 

regulate the process of dissipation to achieve the desired outcome from the remarkably high heat 

generated in thermoplasmonic nanostructures. Our studies show that the appropriate choice of 

reaction conditions is decisive in the utilization and dissipation of heat from the thermoplasmonic 

surface to the surroundings. The maximum surface temperature may be experienced when 

thermoplasmonic studies will be performed in the solid state under irradiation with a green laser. 

To study the role of reaction conditions, thermoplasmonic properties of bundled AuNR arrays were 

tested in the liquid-state transformation process as well. For this, the water evaporation 

experiments were once again performed in the presence of bundled AuNR arrays under irradiation 

conditions similar to thermochromism studies. The weight of water merely decreased by ∼180 mg 

in ∼20 min and the bulk temperature increased to ∼45 °C (measured using a thermometer, Section 
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3.3.7), when a 1 W 532 nm CW laser was used as the source of irradiation. Also, it is worth 

recollecting that the thermoplasmonically driven Diels–Alder reaction gave a moderate yield of 

∼40% under the same irradiation condition, whereas the thermally performed Diels–Alder reaction 

at 115 °C yielded an ∼82% product (Chapter 2). This essentially confirms that the dissipation of 

heat from the surface of thermoplasmonic AuNR arrays is rapid in solution-state experiments. 

Thus, our studies provide direct and simultaneous insight into the utilization of the high surface 

temperature in thermoplasmonic nanostructures under different reaction conditions. 

 

3.5. Conclusion 

In conclusion, a visual color change-based quantification technique is proposed for the 

quantification of the chemical effectiveness of plasmonic heat. The phenomenon of 

thermochromism served as a reliable and simple tool to quantify the surface temperature of 

thermoplasmonic AuNR arrays. Thermochromism studies reveal that the temperature close to the 

surface of AuNR arrays can reach up to ∼250 °C, within ∼15 min of laser irradiation. It is 

important to mention here that the measurement of such a high temperature on the plasmonic 

substrate is scarcely reported in the literature. The measured temperature with the proposed 

thermochromism-based quantification is verified independently with three different techniques; 

melting point of crystalline solid, Raman spectroscopy, and IR-based thermometric imaging study, 

which proves the suitability of the methodology. The analysis of the results from direct IR 

thermometric imaging has provided important insights into the heat-generation and heat-

dissipative pathways. A few advantages of the methodology are cost-effectiveness, and low 

response time for visualization of temperature through visual color change. Along with the 

advantages, the method possesses certain limitations, for example, it can measure only the 

minimum temperature corresponding to the thermochromic phase change temperature, whereas 

the actual temperature can be higher. Nonetheless, the method can be utilized to have a fair idea 

of effective surface-average temperature and hence can be utilized to find out the thermal effect in 

plasmon-driven chemistry.    
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3.7. Appendix 

 

Laser beam profile    

 

Figure 3.16. Laser beam profile measured at 1 cm beam diameter. (a) 2D and (b) 3D profiles of the beam 

clearly depict a Gaussian distribution having maximum intensity at the central area of the beam, which 

decays away from the center point. The color code for the intensity is shown at right side of panel (b). (c) 

and (d) The plots of beam profile along x-axis (1/e2 diameter ~8 mm) and y-axis (1/e2 diameter ~8 mm), 

showing the Gaussian distribution.  
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Intensity-dependent photothermally driven thermochromic study    

 

 

Figure 3.17. Intensity-dependent thermochromic study of NH4VO3 before irradiation (a) and after the 

complete thermochromic change of 1 g of NH4VO3 upon irradiation with (b) 700 mW, (c) 655 mW, (d) 575 

mW, (e) 534 mW, and (f) 495 mW. The corresponding time of thermochromic change is written in the inset 

in the format mm:ss.  

 

Table 3.1. Spatial thermal dissipation from the point of irradiation in bundled AuNR arrays with 

varying time periods of laser irradiation. 

  

Time of irradiation (s) Spatio-thermal gradient 

(℃/mm) 

 

Temperature difference 

(℃) 

 

10 16.6 50 

20 17.7 51 

40 25.0 86 

80 33.0 90 

120 34.2 95 
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Chapter – 4 

Solely Plasmonic Heat Driven High-Temperature 

Organic Transformation: The Case of Claisen 

Rearrangement 

 

 

 

This chapter has been adapted from the following paper. Copyright 2023, Royal 

Society of Chemistry:  

Kashyap, R. K.; Tyagi, S.; Plasmon enabled Claisen rearrangement with 

sunlight. Chem. Commun. 2023, 59, 13293-13296. 
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4.1. Abstract 

The dampening of optically excited surface plasmon of nanostructures results in two major 

outcomes, hot charge carriers and heat which are part of the same non-radiative relaxation pathway. 

Therefore, the extent of involvement of hot charge carriers and heat in photothermal-driven 

chemistry is often debated. However, it is important to deconvolute the role of hot charge carriers 

and plasmonic heat to gain a complete mechanistic understanding. This Chapter deals with the 

extrication of the role of hot charge carriers from plasmonic heat-driven chemical transformation. 

Here, plasmonic-heat generated from the solar irradiation of gold nanoparticles is used as the 

thermal energy source for the Claisen rearrangement of allyl phenyl ether to 2-allylphenol, which 

is conventionally performed with electrical heating at 250 °C. The use of a closed reactor enables 

the physical separation of the reactants from the source of plasmonic-heat, thereby preventing the 

interference of the hot-charge carriers in the plasmon-driven Claisen rearrangement. In this way, 

the sole effect of plasmonic-heat in driving a high-temperature organic transformation is 

demonstrated. An attractive yield of 80% was achieved after 2 h of solar irradiation, which was at 

least double the yield obtained from the normal thermal reaction performed at 250 ℃. This 

enhancement in the yield can be attributed to the higher steady-state temperature achieved with 

plasmonic-heat. The kinetic study revealed that the rate of the reaction under solar irradiation is at 

least twice that of the rection performed at 250 °C which could be attributed to the generation of 

higher temperature by plasmonic AuNP under solar irradiation. The reusability study revealed that 

the AuNP film can be used for at least till five cycles without any noticeable change in 

photothermal reaction yield. Our study reveals the prospects of plasmonic nanostructures in 

conducting energy intensive chemical synthesis in a sustainable fashion. Most importantly the 

study has shown a new avenue of disentangling the plasmonic heat from hot charge carriers in 

plasmon driven chemistry. 
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4.2. Introduction 

The visible-light absorbing power of plasmonic nanoparticles (NPs) is exceptionally high (108 –

1010 M-1 cm-1 ) because of their unique excitation pathway based on surface plasmon resonance.1-

3 A photoexcited NP can dissipate its excess energy through radiative and non-radiative pathways: 

ca. ~5% and ~95%, respectively, for NPs with size <25 nm.4,5 The main outcomes of the radiative 

relaxation pathway are scattering and emission; whereas, hot-charge carrier generation and heat 

dissipation are the main outcomes of the non-radiative relaxation pathway.6-10 Both hot-charge 

carrier generation and heat-dissipation can bring out important chemical and physical 

transformations, which constitute the areas of plasmonic photocatalysis11-18 and 

thermoplasmonics,19-26 respectively. The majority of the photoexcitation energy in plasmonic NPs 

is dissipated in the form of heat because of the fast charge recombination dynamics associated with 

non-radiative relaxation processes (100 fs–10 ps; Landau damping, electron–electron, electron–

phonon, and phonon– phonon scattering).6-10 In effect, the amount of heat dissipated by a 

photoexcited NP is huge because of the involvement of unique excitation and relaxation pathways 

(photothermal conversion efficiency is >90%).27,28 This heat dissipated from a photoexcited NP is 

termed as plasmonic-heat, which has found use in various photothermal applications including 

therapy,29,30 drug delivery,31,32 solar-vapor generation,33,34 azeotropic separation,35 and material 

synthesis.36  

Recent studies have proved the suitability of plasmonic-heat in synthetic organic chemistry as well, 

with the aim of achieving sustainability in chemical synthesis.37-40 The idea here is to use 

plasmonic heat as the thermal energy source, instead of conventional electrical heating, for 

performing high-temperature organic reactions. For example, Scaiano and coworkers 

demonstrated that plasmon excitation of gold nanoparticles can perform high-temperature 

chemical reactions at room temperature, such as the decomposition of dicumyl peroxide (DCP).37 

The reaction was performed in a droplet containing gold nanoparticles and reactant, illuminated 

with 532 nm laser shots with energy 50 mJ/shot (Figure 4.1). Kinetic studies based on the known 

activation energy and rate constant values showed that gold nanoparticles can produce 

temperatures of 500 °C when excited by a 532 nm laser, causing the reaction to proceed in less 

than a minute.  
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Figure 4.1. Photothermal decomposition of dicumyl peroxide. (a) The experimental setup where a drop 

of reaction mixture and gold nanoparticles was irradiated with 532 nm laser shots with energy 50 mJ/shot. 

(b) The calculated rate constant vs temperature plot. The temperature was estimation using already known 

value of activation energy and frequency factor (Ea = 34.25 kcal/mol and log A = 14.67). The range of 

temperatures where lifetime of DCP would fall between 10 ns and 1 s is depicted by the rectangle. 

Reproduced with permission from ref. 37. Copyright: 2011, American Chemical Society. 

Another study Correa-Duarte and coworkers presents the design of plasmonic hollow nanoreactors 

for concentrating light at the nanometer scale to perform and optically monitor the thermally 

activated Diels-Alder reaction in a confined volume without affecting the bulk solvent 

temperature.38 The plasmonic nanoreactor (PNR) was made up of a mesoporous silica where the 

inner walls of the pore were decorated with gold nanoparticles (Figure 4.2a). The progress of the 

reaction was monitored by surface enhanced Raman spectroscopy (SERS), where a successive 

decrease in the C=C stretching frequency peak at 1660 cm-1 was observed as a function of 

irradiation time indicating the decrease in reactant amount (Figure 4.2b, c). The authors have 

observed a ~300% increase in the product yield with PNR under illumination as compared to the 

control experiments performed without light illumination, or without PNRs, or thermal reaction at 

bulk temperature (Figure 4.2c). The control experiments confirmed the active role of plasmonic 

heat in driving the Diels-Alder reaction. These studies motivated the researcher to use plasmonic 

based heater for synthetic organic chemistry as a greener alternative to electrical based heater.39,40  
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Figure 4.2. Photothermal Diels-Alder reaction and simultaneous monitoring with plasmonic 

nanoreactor (PNR). (a) The schematic cross-section of PNR with reaction setup. (b) and (c) Monitoring 

of progress of the reaction using surface enhance Raman spectroscopy (SERS). The time dependent SERS 

showed the decrease in the reactant peak at 1660 cm-1 which is plotted in (c). (d) The reaction yield showed 

~300% enhancement as compared to the control experiments conclusively proved the involvement of 

plasmonic heat to drive the reaction. Reproduced with permission from ref. 38. Copyright: 2013, American 

Chemical Society. 

   

However, it has been challenging to deconvolute the contribution of hot-charge carriers in a 

plasmonic-heat driven organic reaction, as both these outcomes are part of the same nonradiative 

decay process.41 In this work, the use of a proper reactor system enabled us to prevent the 

interference of the hot charge carriers and study the sole effect of plasmonic-heat in high 

temperature organic reaction (Scheme 4.1). This was achieved by designing a thermodynamically 

closed reactor system, wherein the reaction mixture was physically separated from the plasmonic 

NPs (heating source). This will enable the exchange of energy (here, plasmonic-heat), whereas the 

exchange of matter (here, hot charge carriers) will be prevented. Our choice of the high temperature 

organic reaction was the thermally driven [3,3] sigmatropic Claisen rearrangement of allyl phenyl 

ether to 2-allylphenol, which is conventionally performed at 250 ℃ using electrical heating.42-44 

Also, Claisen rearrangement is one of the commonly practiced reactions in synthetic organic 

chemistry to form carbon–carbon bonds, further justifying the importance and choice of the 

reaction in the present study.45 The plasmonic-heat dissipated from gold nanoparticles (AuNPs) 

was used as the thermal energy source for the Claisen rearrangement, which gave an excellent 
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yield of ~80% within 2 h of solar irradiation. Kinetic studies reveal that the rate of the reaction 

under plasmonic-heating was at least two times higher than the reaction performed with normal 

electrical heating, which can be attributed to the higher steady-state temperature achieved with 

plasmonic-heat. 

 

Scheme 4.1. Schematic representation of plasmonic-heat driven Claisen rearrangement of allyl 

phenyl ether to 2-allylphenol. The photoexcitation of plasmonic AuNPs leads to a series of 

nonradiative processes: Landau damping, electron-electron (e-- e-), electron-phonon (e--ph), and 

finally heating-up the local environment via the phonon-phonon (ph-ph) interactions. This heat 

dissipated from the plasmonic AuNPs was used as the thermal energy source for the Claisen 

rearrangement. 

 

4.3. Methods and Experimental Section 

4.3.1. Materials and reagents 

Tetrachloroaurate trihydrate (HAuCl4.3H2O), tetramethylammonium hydroxide (TMAOH) 25% 

wt. in water, 11-mercaptoundecanoic acid (MUA), hydrazine monohydrate (N2H4.H2O 50-60%), 

and tetrabutylammonium borohydride (TBAB) were purchased from Sigma-Aldrich. (Di-n-

dodecyl) dimethylammonium bromide (DDAB) and dodecylamine (DDA) were purchased from 

Alfa Aesar. Allyl phenyl ether was purchased from Tokyo Chemical Industry (TCI). All the 

reagents were used as received without any further purification. All the stock solutions of metal 

ions were prepared in Milli-Q water. 
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4.3.2. UV-visible absorption spectroscopy 

UV-vis absorbance data for AuNPs was recorded on a Shimadzu 3600 UV-VIS-NIR 

spectrophotometer, over the wavelength range of 200-1000 nm.  

4.3.3. Transmission electron microscopy studies 

The AuNPs were characterized using high resolution transmission electron microscopy (HR-TEM) 

studies on a JEOL JEM2200FS (200 kV) HRTEM instrument. AuNPs were drop-cast on a 400- 

mesh carbon-coated copper grid (Tedpella Inc.) and dried overnight under vacuum to prepare the 

TEM sample. 

 

4.3.4. Synthesis of AuNPs 

Spherical gold nanoparticles (AuNPs) were synthesized following a modified literature procedure 

(Figure 4.4).46,47 Hydrazine monohydrate (N2H4.H2O) was used as the reducing agent. In a typical 

experiment, HAuCl4.3H2O (12 mg), DDA (140 mg), and DDAB (140 mg) were mixed in toluene 

(4 mL) and sonicated for ~10 min for complete solubilization of Au (III) ions. This was followed 

by a rapid injection of another toluene solution containing 30 mg of TBAB and 46 mg of DDAB. 

The resulting solution was left stirring overnight to ensure the complete reduction of Au (III) ions. 

The seed particles were then grown to ~5.5 nm DDA-AuNPs. For this, a growth solution was 

prepared by adding 460 mg of DDAB, 1.4 g of DDA, 120 mg of HAuCl4.3H2O and seed solution 

in 30 mL toluene. The growth solution was further reduced with a dropwise addition of another 

toluene solution containing 160 μL of N2H4.H2O and 560 mg of DDAB. The solution was stirred 

overnight for complete growth of the particles yielding monodisperse 5.5 ± 0.7 nm of DDA-

AuNPs. The particles were further grown to ~12 nm DDA-AuNPs. A growth solution was prepared 

by adding 8 g of DDAB, 13.0 g of DDA, 1.1 g of HAuCl4.3H2O and seed solution in 200 mL 

toluene. The growth solution was further reduced with a dropwise addition of another toluene 

solution containing 650 μL of N2H4.H2O and 4.4 g of DDAB. The solution was stirred overnight 

for complete growth of the particles yielding monodisperse 12.09 ± 0.48 nm of DDA-AuNPs, as 

confirmed through TEM analysis (Figure 4.5). 
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4.3.5. Place-exchange of AuNPs with 11-mercaptoundecanoic acid (MUA) 

ligands 

In a typical place exchange reaction, 12.09 ± 0.48 nm DDA-AuNPs (15 mL) were first precipitated 

by adding 50 mL of methanol which yielded a black precipitate. The supernatant was carefully 

removed, and the precipitate was then re-dispersed in 20 mL toluene. MUA ligand (equal to the 

moles of Au (III) in solution) dissolved in 10 mL dichloromethane (DCM) was added. The solution 

was left overnight to ensure a complete ligand exchange. Next, the supernatant was decanted, and 

the precipitate was washed with DCM (3 × 50 mL) and acetone (50 mL), respectively. The 

precipitate was then dried and redispersed in Milli Q water by adding ~20 μL of TMAOH base (25 

% wt. in water), to deprotonate the carboxylic acid group for further studies. 

4.3.6. Calculation of NP concentration  

The concentration of AuNPs in stock solution was calculated using Beer-Lambert’s law: 

𝑨 =  𝜺 . 𝒄 . 𝒍 
where, 

 
A is the absorbance 

ε is the molar extinction coefficient (M-1cm-1) 

c is the concentration of the solution (M) 

l is the optical path length (cm). 

Molar extinction coefficient (ε) for AuNP was taken to be 2.7 ×108 M-1 cm-1 for ~12 nm diameter 

particles.48 

 

The concentration of AuNP stock solution was estimated to be ~ 0.38 M (in terms of AuNPs).  

 

 4.3.7. Solar-driven Claisen rearrangement 

Photothermal experiments were performed in a thermodynamically closed reactor system (Figure 

4.6). Briefly, a 15 mL glass test tube was wrapped with an Al-foil. A film of AuNP (25 L from 

0.38 M stock solution; 9.5 pmol) was coated onto the Al-foil and dried at room temp. Next, 1 mL 

of allyl phenyl ether was taken in this reactor followed by irradiating the AuNP film with focused 

sunlight (Figure 4.6 and 4.7). A Fresnel lens (28.5 cm  19.5 cm) was used to focus the sunlight 

at the AuNP film. The solar beam diameter was measured to be ~1 cm after focusing and the optical 
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power illuminated at AuNP film was noted to be ~9 W.cm-2. A thermopile optical power detector 

(Model LM-10 HTD; Coherent, Santa Clara, CA 95054 USA) was used for measuring the power 

of sunlight falling on the AuNP film, after focusing. The colorless reactant turned to reddish yellow 

within 2 h of solar irradiation, indicating the thermal conversion of allyl phenyl ether to 2-

allylphenol. The reaction mixture was purified by column chromatography (silica column, 5 % 

ethyl acetate in hexane), and the product was characterized using proton-NMR and HRMS 

techniques (Figure 4.8 and 4.18 in the Appendix). Control experiments were performed under 

focused sunlight without the AuNP film, under similar experimental conditions. Briefly, 1 mL of 

allyl phenyl ether in an Al-foil wrapped test tube without AuNP film (Figure 4.6c) was irradiated 

with focused sunlight for 2 h. The thermal experiment was performed in the laboratory at 250 ℃ 

with normal electrical heater.  

  

4.3.8. Reaction yield calculation using NMR spectroscopy 

The yield of the reaction was determined from 1H-NMR of the crude reaction mixture. The 1H-

NMR spectrum of the reaction mixture contains the signals of the following organic molecules: 

allyl phenyl ether (the unreacted reactant), 2-allylphenol (the major product), and other possible 

side products.  

In order to find the number of moles of product formed, a known amount of the internal standard 

(1,1,2,2-tetrachloroethane, 1 L, 9.47 mol) was added to the reaction mixture in CDCl3. The 

signal for two equivalent protons of the internal standard appears as a singlet at 𝛿5.95 ppm. This 

peak does not overlap with the NMR peaks of any other compounds in the reaction mixture. For 

more clarity, a representative 1H-NMR spectrum and yield calculation are given below (Figure 

4.3). 

The reaction under consideration here is a 1:1 reaction, in which for every one mole of reactant 

reacted, an equivalent mole of product is expected to form. Thus, the yield (in percentage) was 

calculated as follows: 

Yield=
number of moles of product formed

number of moles of reactant used
× 100 
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Here, the number of moles of reactant used was 34.0 mol, and the number of moles of product 

formed was determined from the NMR spectrum with a known amount of the internal standard 

(9.47 mol).  

 

 

Figure 4.3. Representative 1H-NMR spectrum of the crude reaction mixture with 1,1,2,2-tetrachloroethane 

as internal standard (IS). The characteristic peaks are marked with P, R and IS for product, reactant, and 

internal standard, respectively. 

Since the peak of internal standard (IS) corresponds to 2 protons and peak of product (P) 

corresponds to 2 protons, the number of moles of product formed can be calculated using the 

following equation: 

number of moles of product = 
(

𝐼𝑃
2

)

(
𝐼IS

2
)

×
𝑤IS

𝑀IS
=

𝐼𝑃

𝐼𝐼𝑆
× 𝑛𝐼𝑆  

where, 

IP = integration value for NMR peak of product marked ‘P’ (5.75) 

IIS = integration value for NMR peak of internal standard marked ‘IS’ (2.00) 
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wIS= weight of internal standard added after reaction (volume  density) 

MIS= molar mass of Internal standard 

nIS= number of moles of Internal standard used (9.47 mol) 

Substituting these values and relevant values from the NMR spectrum, we get: 

number of moles of product = 
5.75

2.00
× 9.47 = 27.2262 μmol 

The number of moles of reactant used was 34.0 mol. Therefore, percentage yield in this case is: 

Yield=
27.2262

34.0
× 100 = 𝟖𝟎. 𝟎𝟕 % 

 

4.3.9. In-situ visualization of photothermal Claisen rearrangement  

In a typical experiment, film of AuNPs (25 L from 0.38 M stock solution) at the inner wall of a 

15 ml glass test tube was made by drying its aqueous suspension at room temperature. Next, 1 mL 

of allyl phenyl ether (reactant) was added into the test tube. Finally, the AuNP film which was in 

physical contact with the reactant was irradiated with focused sunlight. Fresnel lens (19.5 cm  

28.5 cm) was used to focus the sunlight onto the AuNP film, the spot diameter was measured to be 

~1 cm (Figure 17a in the Appendix). A thermopile optical power detector (Model LM-10 HTD; 

Coherent, Santa Clara, CA 95054 USA) was used for measuring the power of sunlight falling on 

the AuNP film, after focusing. The solar power measured under our experimental conditions was 

~9 W.cm-2. Figure 4.17c (in the Appendix) clearly shows the vigorous boiling of the reactant (b.p. 

= 191.7 ℃), along with a distinct color change to reddish yellow (indicating the successful 

chemical transformation).   

The control experiment in the absence of AuNP keeping other experimental parameter constant 

failed to show any boiling of the reactant as well as color change reaffirming the negligible 

chemical transformation (Figure 17b in the Appendix). 
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4.3.10. Reusability study 

The reusability was performed using the same AuNP coated Al-foil wrapped test-tube set-up for 

five cycles. In each cycle, 1 mL of the allyl phenyl ether was taken in the test-tube and the same 

AuNP coated Al-foil was irradiated with focused sunlight for 90 min. The next cycle was performed 

after carefully washing and drying the inside of the test-tube. All the experimental parameters were 

kept identical in all cycles. The yield of the reaction was similar till five cycles, which can be 

attributed to the excellent photostability of AuNPs.  

4.3.11. Reaction kinetics  

Aliquots were taken from the reaction mixture at different time intervals, and the product yield 

was estimated. Briefly: for plasmonic-heat driven Claisen rearrangement, the aliquots were 

analyzed at 30, 45, 75, 90 and 120 mins. A continuous rise in the product peak (marked P) was 

observed along with simultaneous decrease in the reactant peak (marked R) upon increase in the 

reaction time. ~80% yield was obtained after 2 h of irradiation.  

Likewise, kinetic studies for thermal reaction were performed. Here, the aliquots were taken out 

till 6 h as the reaction, so as to obtain a yield of ~80%. The amount of reaction mixture analyzed 

in each aliquot was the same.  

4.4. Results and Discussion 

AuNPs were chosen as the plasmonic NP in the present study because of their strong absorption 

power in visible-light and high photostability under continuous solar irradiation.1-3 AuNPs of 

diameter 12.0 ± 0.4 nm were synthesized using a modified seed-mediated growth 

method16 (see Figures 4.4 and 4.5).  
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Figure 4.4. General scheme for AuNPs synthesis and ligand exchange to obtain MUA-functionalized 

AuNPs in aqueous medium.   

The surface of the AuNPs was functionalised with 11-mercaptoundecanoic acid (MUA) to enhance 

the colloidal stability of the NPs in the aqueous medium. This enabled the entire photothermal 

studies with AuNPs from the same batch. The rationale behind selecting ∼12 nm AuNPs was based 

on the knowledge that AuNPs in the size range of 10–24 nm shows the highest photothermal 

conversion efficiency.49 The surface plasmon band of AuNPs (centred at ∼520 nm) has a strong 

overlap with the solar spectrum, enabling the use of sunlight as the irradiation source (Figure 

4.3a).  

 

Figure 4.5. Spectroscopic and microscopic characterization of AuNPs. (a) UV-visible absorption studies 

show a strong overlap between the surface plasmon band of AuNP (centred at ~520 nm) and the solar 

spectrum, confirming the suitability of sunlight as the irradiation source. Solar spectrum is the ASTM G173-

03 AM1.5G reference spectrum adapted from DOE/NREL/ALLIANCE. (b) A representative transmission 

electron microscope (TEM) image of 12.0 ± 0.4 nm AuNPs. (c) A histogram showing the size distribution 

of MUA-functionalized AuNPs.   
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Along with testing the suitability of plasmonic heat in high temperature organic synthesis, our 

objective was to eliminate the contribution from hot-charge carriers in a plasmon-driven organic 

reaction. For this, a thin film of plasmonic AuNPs was coated on the surface of aluminium (Al) 

foil that was wrapped around the glass test tube (here, reactor) (see Figure 4.6 and 4.7). The Al-

foil interface helped in achieving a stable coating of AuNPs on the test tube. Also, the high thermal 

conductivity of Al (205 W m−1 K−1) ensured the effective transfer of the plasmonic-heat to the 

reactants inside the glass test tube. The physical separation of the reactants from the plasmonic-

heat source (here, AuNPs) prevented the transfer of hot-charge carriers to the reactant. 

Furthermore, the wrapping of the reactor with Al-foil will block the direct exposure of the reactants 

to sunlight, thereby overruling the interference of photochemical effects as well. Yet another 

advantage of the closed reactor is that the reaction mixture will not be contaminated with the 

plasmonic heaters. In this way, a simple design of a closed reactor enabled us to study the sole 

effect of photothermal properties in a plasmon-driven organic reaction. 

 

Figure 4.6. Reaction setup and the thermodynamically closed reactor. (a) and (b) Experimental setup 

for the plasmonic-heat driven Claisen rearrangement. A film of AuNPs was coated on the Al-foil wrapped 

test tube. The sunlight was focused on the AuNPs film using a Fresnel lens (28.5 cm  19.5 cm). (c) The 

reactor setup for the control experiment where allyl phenyl ether reactant in an Al-foil wrapped test tube 

without AuNP film was irradiated with focused sunlight. 

Claisen rearrangement was selected as the model reaction to study the potential of plasmonic heat 

in performing high-temperature organic synthesis. The intramolecular ortho rearrangement of the 

allylic group in allyl phenyl ether to form 2-allylphenol via [3,3] sigmatropic rearrangement is an 
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energy intensive thermal transformation, which was conventionally performed at 250 °C (Figure 

4.7).  

 

 
 

Figure 4.7. Schematics of the thermodynamically closed reactor used for the plasmonic-heat driven 

Claisen rearrangement. The optical photographs of the reaction medium before and after 2 h of solar 

illumination are shown on the right side. 

 

Our idea was to replace the traditional electrical-heat with plasmonic-heat generated from the solar 

irradiation of AuNPs (Figure 4.8a). In a typical photothermal experiment, the AuNP coated Al-

foil wrapped test tube containing 1 mL of allyl phenyl ether was irradiated with focused sunlight 

(experimental details are provided in Section 4.3.7). The colourless reactant turned to reddish 

yellow within 2 h of solar irradiation (Figure 4.7), indicating the thermal conversion of allyl 

phenyl ether to 2-allylphenol. The reaction mixture was purified, and the product was characterized 

using 1H-NMR and HRMS studies (Figure 4.8 and 4.18 in the Appendix). The presence of all the 

characteristic peaks in proton NMR as well as molecular ion peak in HRMS spectrum confirms 

the formation of desired product. All the yields were calculated from the 1H-NMR of the reaction 
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mixture using the internal standard method (1,1,2,2-tetrachloroethane was used as the internal 

standard) (see Figure 4.3, 4.10 and Section 4.3.8 for details of yield calculation).  

 

 

 

Figure 4.8. Product characterization. (a) Reaction scheme and (b) 1H-NMR spectrum of the purified 

product obtained from the plasmonic-heat driven Claisen rearrangement. Presence of all the characteristic 

NMR peaks of the product, 2-allylphenol, confirms the successful chemical transformation using 

plasmonic-heat.  
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Figure 4.10. 1H-NMR spectra of (a) product (2-allylphenol) and (b) reactant (allyl phenyl ether). The main 

characteristic peaks in product and reactant are marked as P and R, respectively. 

The plasmonic-heat driven Claisen rearrangement resulted in a yield of ∼80% after 2 h of solar 

irradiation (Figure 4.11 and 4.12), which was at least double the yield obtained from normal 

thermal reaction performed at 250 °C under similar experimental conditions (Figure 4.12 and 4.19 

in the Appendix). 
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Figure 4.11 1H-NMR spectrum of the crude reaction mixture after 2 h sunlight irradiation of the reactant in 

a AuNP coated Al-foil wrapped test-tube (plasmonic-heat driven Claisen rearrangement).  

 

The enhancement in the yield under solar irradiation can be explained as follows. The amount of 

energy absorbed by AuNPs upon solar irradiation is exceptionally high (∼108 M−1 cm−1), because 

of the phenomenon of surface plasmon resonance.1-3 The photoexcited AuNPs undergo a series of 

nonradiative relaxation processes (Landau damping, electron–electron, electron–phonon, and 

phonon–phonon interactions) to eventually dissipate the excess energy in the form of plasmonic-

heat.3 It has been shown that the plasmonic-heat can raise the surface temperature of AuNPs to 

600 °C,50 which will be finally dissipated to the surrounding medium. As a result, the temperature 

experienced by the surrounding medium close to the plasmonic AuNPs can be as high as ∼600 

°C.37,50 In the present study too, a higher steady-state temperature (>250 °C)34 could have been 

experienced by the reactants because of the plasmonic-heat dissipated from the photoexcited 

AuNPs, leading to an improvement in the product yield under solar irradiation. Control 

experiments (i) in the dark at room temperature under similar experimental conditions with an 

AuNP film coated Al-foil wrapped test tube (Figure 4.12 and 4.20 in the Appendix) and (ii) under 
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sunlight illumination of allyl phenyl ether reactant in an Al-foil wrapped test tube without the 

AuNP film produced negligible yields (Figure 4.12 and Figure 4.21 in the Appendix), confirming 

the necessity of plasmonic heat in performing the reaction. It is worth mentioning that the Al-foil 

completely blocks the focused sunlight from entering the test tube (Figure 4.13), which overrules 

the possibility of the thermal shielding effect arising from the confinement of light by Al-foil. 

 

 
Figure 4.12. Bar diagram showing the yield obtained under different experimental conditions, which 

conclusively prove the sole role of plasmonic heat in driving the Claisen rearrangement. 

 

 

Figure 4.13. Focused solar power measured in the (a) absence and (b) presence of Al-foil wrapped glass 

Petri dish. The Al-foil completely blocks the focused sunlight. 

Figure 4.17c (in the Appendix) clearly shows the vigorous boiling, along with a distinct color 

change to reddish yellow, when the AuNP coated test tube containing allyl phenyl ether reactant 

(b.p. = 191.7 °C) was irradiated with sunlight. In this particular experiment, the AuNP film was 

coated inside the glass test tube for the in-situ visualisation of the progress of the reaction (control 
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experiments in the absence of AuNPs fail to show any boiling as well as conversion of the reactant. 

Details are given in the Section 4.3.9). All these control experiments confirm the sole-involvement 

of plasmonic heat as the thermal energy source in the Claisen rearrangement of allyl phenyl ether 

to 2-allylphenol. The plasmonic heaters based on AuNPs also showed excellent reusability with 

negligible loss in the photothermal reaction yield for at least five cycles (Figure 4.14), which can 

be attributed to their high photostability under continuous solar irradiation (the time of the reaction 

was reduced to 90 min to complete multiple cycles under similar solar irradiation power). 

 

 
 

Figure 4.14. Reusability study of thermodynamically closed rector. (a) Bar diagram showing the 

retention of photothermal activity of plasmonic AuNPs for at least five cycles. (b) 1H-NMR spectra of the 

reaction mixture obtained in each cycle during the reusability study are stacked together. R and P 

corresponds to the characteristic peaks of reactant and product, respectively. 
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Finally, the rate of the Claisen rearrangement under plasmonic- and electrical-heating was 

compared. The progress of the reaction was monitored by analysing the product yield in aliquots 

collected at different time intervals (see Section 4.3.11 for the experimental details). NMR studies 

revealed a gradual increase in the product yield with time (Figure 4.15a and b), for both plasmonic 

and electrical-heating driven Claisen rearrangement. The NMR signal at 3.5 ppm corresponding 

to the product increased with time of heating, accompanied by a decrease in the reactant signal at 

4.55 ppm (Figure 4.16).  

 
Figure 4.15. Kinetic study of Claisen rearrangement. (a) A plot showing the variation in the product 

yield with respect to time for plasmonic-heat (red) and electrical-heat (blue) driven Claisen rearrangement. 

(b) The bar diagram showing the corresponding reaction rates.   

Approximately 80% product was formed under the plasmonic-heating condition after 2 h of solar 

irradiation. In contrast, the normal electrical-heating at 250 °C required ∼6 h to yield ∼80% 

product formation (Figure 4.16b). The rate of the reaction under plasmonic-heating conditions 

was at least two times higher than the one under electrical-heating, which confirms that the steady-

state temperature achieved with plasmonic-heat is higher than 250 °C. 
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Figure 4.16.  Time dependent 1H NMR study. (a) A plot showing the variation in 1H-NMR signals with 

respect to time for plasmonic-heat driven Claisen rearrangement (only the region covering the 

distinguishable peaks of reactant and product is shown for clarity). (b) A plot showing the variation in 
1H-NMR signals with respect to time for thermal Claisen rearrangement performed at 250 oC with 

electrical heating. A gradual increase in the product peak intensity (marked P), along with a decrease in 

the reactant peak intensity (marked R), was observed with time. 

 

4.5. Conclusion 

In summary, the potential of the “heat” generated from the solar irradiation of plasmonic gold 

nanoparticles (AuNPs) in performing an energy intensive organic reaction, thereby showcasing a 

way to achieve sustainability in high-temperature chemical synthesis is studied. An energy-

intensive high temperature Claisen rearrangement was performed with an excellent yield of ∼80% 

using the plasmonic heat generated from the solar irradiation of AuNPs. Control experiments 

conclusively prove the sole role of plasmonic heat as the thermal energy source for driving the 

Claisen rearrangement. The high photostability of AuNPs ensured the constant supply of heat 

energy for performing the Claisen rearrangement, under continuous and repeated solar irradiations. 

More importantly, an appropriate design of a closed reactor enabled the physical separation of 

reactants from the source of the plasmonic-heat generator, which prevented the interference from 

the hot-charge carriers. The thermodynamically closed plasmonic reactor was found to be reusable 

till at least 5 cycles; an important feat that is scarcely discussed in the literature. In short, our study 

reveals the potential of plasmonic heating as an alternative to electrical-heating for high-
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temperature organic reactions, thereby showcasing a way to achieve sustainability in high-

temperature chemical synthesis. Moreover, the thermodynamically closed reactor that was 

designed in this work can be adapted in future to study the sole effects of photothermal effects in 

a plasmon-driven process. Thus, we strongly believe that the results summarized in this work will 

inspire the chemists to replace electrical heating with plasmonic-heating in high-temperature 

chemical reactions. 
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4.7. Appendix 

 
Figure 4.17. In-situ visualization of photothermal Claisen rearrangement. (a) The reaction setup where 

both the test tube was irradiated with a focused sunlight using a Fresnel lens. (b) and (c) Test tubes 

containing reaction mixture under solar illumination with and without a AuNP film on the inner walls. A 

clear boiling as well as the color change from colorless to reddish yellow confirmed the role of plasmonic 

heat in driving the Claisen rearrangement. A negligible boiling as well as no observable color change was 

evident in the control experiment performed without AuNP film.  
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Figure 4.18. HRMS spectrum of the purified product, 2-allylphenol, obtained from plasmonic heat-driven 

Claisen rearrangement. 
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Figure 4.19. 1H-NMR spectrum of the crude reaction mixture after 2 h under thermal condition at 250 oC 

with electrical heating.  

 

Figure 4.20. 1H-NMR spectrum of the crude reaction mixture after 2 h in dark in a AuNP coated Al-foil 

wrapped test-tube.  
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Figure 4.21. 1H-NMR spectrum of the crude reaction mixture obtained after 2 h sunlight irradiation of the 

reactant in an Al-foil wrapped test-tube (please note that the Al-foil doesn’t contain any AuNP coating). 
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Chapter – 5 

Plasmonic Solar Absorbers Boost the Performance 

of  Solar Thermoelectric Generators at Ambient 

Conditions 

 

 

 

This chapter has been adapted from the following paper. Copyright 2024, American 

Chemical Society.  

Kashyap, R. K.; Pillai, P. P. Plasmonic Nanoparticles Boost Solar-to-Electricity 

Generation at Ambient Conditions. Nano Lett. 2024, 24, 5585–559210.  
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5.1. Abstract 

In order to expand the application horizon of plasmonic heating, it is important to investigate upon 

the possibility of conversion of plasmonic heat to a universal form of energy such as electricity. 

The current Chapter discusses this prospect where the high amount of heat generated from 

optically illuminated plasmonic nanomaterials may act as a greener and cost-effective alternative 

source of electricity. Our main goal is to convert solar-to-electrical energy using plasmonic 

nanomaterials in an efficient way: a desirable feat in the area of sustainable energy. IN this 

direction, sunlight-to-electricity conversion using solar thermoelectric generators (STEGs) is one 

of the proven technologies to meet the ever-growing energy demand. However, STEGs are often 

operated under vacuum with customized thermoelectric materials to achieve the high performance. 

In the present Chapter, the incorporation of plasmonic gold nanoparticle (AuNP) based solar 

absorbers enabled the efficient operation of STEGs at ambient conditions, and that too with 

commercially available thermoelectric devices. The incorporation of plasmonic AuNPs enhanced 

the performance of STEG by ~9 times, yielding an overall solar-to-electricity conversion 

efficiency of 9.6 % under 7.5 W.cm-2 solar irradiance at ambient conditions. To the best of our 

knowledge, this is the highest conversion efficiency reported so far among all the STEGs operated 

at ambient condition. The plasmonic heat dissipated by AuNPs upon solar irradiation was used as 

the thermal energy source for STEGs. Large light absorption cross section, high photothermal 

conversion efficiency (ηPT ~95 %), and high thermal conductivity of plasmonic AuNPs enabled 

the efficient generation and transfer of plasmonic heat to STEGs, with minimal radiative and 

convective heat losses. The power generated from plasmon-powered STEGs was used to run 

electrical devices, as well as produce green-hydrogen via the electrolysis of water. The results 

obtained here open up multiple avenues of possibility such as utilizing the electrical output 

obtained here for electro-driven chemical transformations. Additionally, the plasmon-powered 

STEG technology can be paired with already-in-use solar thermal water heating technology, 

improving the overall efficiency of solar energy utilization. 
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5.2. Introduction 

Solar energy being the greener and renewable energy source has attracted much attention in recent 

past. The quest of harvesting solar energy has resulted two major technologies for its conversion 

to electricity: solar photovoltaic and solar thermal technologies (Figure 5.1). Solar photovoltaics 

works on the photovoltaic effect where material upon exposure to light generates charge carriers 

whose diffusion creates potential difference. On the other hand, solar thermal technology works 

on harvesting and storing the solar irradiance in the form of thermal energy using molten salt 

methodology. Later, the stored thermal energy is used to generate steam which rotates the turbine 

to ultimately give electricity. Both the technologies are well established; however, photovoltaics 

is limited with their efficiency and solar thermals require a lot of real estate and logistics to realize 

a high output.  

 

Figure 5.1. Solar-to-electricity conversion technologies. The schematic representation of (a) solar 

photovoltaic device architecture and its working principle. Solar photovoltaics utilizes optical energy of 

sun to excite the charge carriers which generates the potential difference. Reproduced with permission from 

ref. 14. Copyright: 2020, American Chemical Society. (b) Solar thermal plant working principle. All the 

core components are named. Reproduced with permission from ref. 15. Copyright: 2017 MDPI.  

In recent years, solar thermoelectric generators (STEG) have emerged as an alternative and cost-

effective alternative to photovoltaic devices to convert sunlight into electricity.1 It can provide 

electrical supply to tropical regions where the entire day is mostly sunny. Along with the cost 

effectiveness, the STEGs can be easily integrated into existing light-harvesting technologies, 

including photovoltaics and solar water heating, to achieve a better solar energy utilisation. These 
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factors have made STEGs an attractive technology in modern solar energy research.2,3 The core 

device architecture of a STEG (Figure 5.2) consists of a solar absorber in combination with a 

thermoelectric generator (TEG). In a typical STEG, the sunlight is converted into heat energy by 

solar absorbers, which is subsequently transferred to the thermoelectric materials for the generation 

of electricity.1-4 Conversion of heat to electrical energy by thermoelectric generator (TEG) is based 

on the Seebeck effect,5-12 wherein a large temperature difference across the two terminals of the 

TEG is the driving force. However, poor solar-to-electricity conversion efficiency is the major 

limitation of the technology, which is either because of poor solar absorber efficiency or possible 

heat and radiation losses. 

 

Figure 5.2. Schematic representation of a typical solar thermoelectric generator. The sunlight is 

absorbed by solar absorber followed by its conversion to heat. Finally, the heat is transferred to 

thermoelectric material where it gets converted to electricity.  

Improving the efficiency of a STEG was of great attention, and experimental as well as modelling 

studies have shown that the overall solar-to-electricity conversion efficiency of STEGs can be 

improved by the appropriate choice of solar absorbers, thermoelectric materials, and operation 

conditions (such as optical concertation of sunlight, vacuum, cavity effect, etc.) (Table 5.1).13,16 

In terms of the device architecture, firstly, the major improvement was predicted to emerge with 

optical concentration using appropriate solar concentrator (Figure 5.3a).17 The solar concentrator 

focuses the sunlight on solar absorber resulting in higher hot side temperature and in turn 

improving the overall efficiency. Next proposed modification was a vacuum encapsulation 

(Figure 5.3b) to minimize the convective heat losses for the improvement in the overall conversion 

efficiency.18 Further, an optical cavity design was modeled (Figure 5.3c) which was proposed to 

mitigate the reflected optical as well as thermal losses from the solar absorber.19 The working 
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principle for minimizing the loss here is based on total internal reflection of optical and thermal 

radiation towards the solar absorber by a perfectly designed reflector cavity. Finally, the vacuum 

encapsulation was suggested to minimize the nominal convective heat losses in the cavity designed 

architecture (Figure 5.3d).20  

 

Figure 5.3. Modeling device architecture for efficiency improvement of STEG. (a) The optical 

concentration which can increase the hot side temperature effectively to enhance overall efficiency. 

Reproduced with permission from ref. 17. Copyright: 2011, American Institute of Physics Publishing. (b) 

Optical concentration in combination with vacuum encapsulation. The vacuum encapsulation was 

suggested for minimizing the convective heat losses. Reproduced with permission from ref. 18. Copyright: 

2012, Royal Society of Chemistry. (c) Optical cavity design which could minimize the losses due to 

reflection as well as thermal emission from the solar absorber surface via internal reflection to the solar 

absorber. Reproduced with permission from ref. 19. Copyright: 2014, Springer Science. (d) Vacuum 

encapsulation of the STEG after cavity design which will further minimize the convective heat losses. 

Reproduced with permission from ref. 20. Copyright: 2014, Elsevier.     
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The highest solar-to-electricity conversion efficiency reported so far is 9.6 % with concentrated- 

STEG (211 sun, 21.1 W.cm-2 solar irradiance) based on a customized TE device architecture 

operated under vacuum (10-3 – 10-2 Pa).3 A spectrally selective solar absorber based on a double-

cermet layer (W/Ni-filled Al2O3) was sputtered onto the stainless steel deposited on the customized 

TE material by a high-temperature vacuum brazing process. This path breaking study has 

accelerated and revived the research in the area of STEGs.11,21,22 However, specialized device 

fabrication protocols were required to assemble the TE material, deposit the solar absorber, 

improve the spectral selectivity, and operate the STEG (under vacuum), in order to achieve the 

record solar-to-electricity conversion efficiency. Thus, there is a scope for simplifying the 

fabrication protocols and operating conditions in STEGs. In this context, the light absorptivity and 

thermal conductivity of solar absorbers play a crucial role in achieving a large temperature 

difference across the terminals of a TEG. Majority of the solar absorbers used so far exhibit low-

to-moderate light absorptivity and/or thermal conductivity,1-3, 21-26 which has forced the researchers 

to modify the design of the thermoelectric generator as well as to use harsh operating conditions, 

such as vacuum, to achieve a decent power output from STEGs.2,3 Therefore, it is essential to 

identify and incorporate solar absorbers that can convert sunlight-to-heat efficiently, as well as 

transfer the heat to thermoelectric devices with minimal energy loss. This will ensure the operation 

of STEGs under ambient conditions and compatibility with commercially available thermoelectric 

devices, thereby enhancing the prospects of STEGs in solar energy technology. 
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Table 5.1. Summary of different methodologies and tools utilized to improve the efficiency of STEG. 

Reproduced with permission from ref. 16. Copyright: 2023, Wiley-VCH.    

 
Optical concentrator 

Fresnel lens 

Conical concentrators 

Parabolic concentrators 

Reflective mirrors 

Flat-plate panels 

 
Thermal and selective absorbers 

Metallic plates 

Solar collector plates 

MgF2–Mo–CeO–Mo coating 

Mo–Al2O3 coating 

TiAlN/SiO2 coating 

Multilayer SiO and Al thin film 

Ti/MgF2 thin film 

Carbon black nanopowder polyvinylidene 

fluoride (CB/PVDF) 

Carbon nanotubes 

Other commercial selective absorbers 

 
TE element 

Zinc antimony (ZnSb) 

Lead telluride (PbTe) 

Bismuth telluride (BiTe) 

Lead antimony silver telluride (LAST) 

Silicone germanium (SiGe) 

Skutterudites (CoSb3) 

ErAs:(InGaAs)1−x(InAlAs)x 

(AgSbTe)x(PbSnTe)1−x 

Half-HeuslersGapped metals 

(La3Te4/Yb14MnSb11) 

Commercial BiTe devices 

Multi/single-walled carbon nanotubes 

PEDOT:PSS 

 
TE devices and architecture 

Conventional TE leg (one TE material) 

Segments TE legs (two or more TE materials, 

direct contact) 

Cascaded TE legs (two or more TE materials, 

no direct contact) 

Asymmetric TE legs 

Planar (2D, thin or thick films) 

Circular 

 
Heat sink 

Natural air convection 

Controlled wind cooling 

Water convection (forced or natural) 

Water spray cooling 

Vapor cooling 

Metallic fin heat sink 

Further methods 

Sun tracking systems 

Heat storage units 

Vacuum enclosures 

Thermosyphons 

Organic light control methods 
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Inspired by the ability of plasmonic nanoparticles to efficiently convert sunlight into heat energy, 

we have incorporated gold nanoparticles (AuNPs) as solar absorbers into a STEG platform. 

Further, the thermal conductivity () of AuNPs is significantly higher than the solar absorbers used 

in the best STEG reported so far (Au = 310 wm-1K-1 vs W = 175 wm-1K-1, Ni = 97.5 wm-1K-1 and 

alumina = 12 wm-1K-1). Thus, the large light-absorptivity (~108-1010 M-1cm-1), high photothermal 

conversion efficiency (PT ~95 %), and high thermal conductivity (Au = 310 wm-1K-1) of 

plasmonic AuNPs will ensure the efficient generation and transfer of heat to STEGs, with minimal 

radiative and convective heat losses. In the present work, the plasmonic heat dissipated by ~12 nm 

sized AuNP upon solar irradiation was used as the thermal energy source for the commercially 

available TEG (a typical example of TEG is Bi2Te3 based p-n diodes, TEC1-12706). The overall 

solar-to-electricity conversion efficiency significantly increased after the incorporation of 

plasmonic NPs as the solar absorbers in concentrated-STEGs. The plasmon-powered 

concentrated-STEG gave a peak efficiency of 9.6 % under 7.5 W cm-2 solar irradiance, at ambient 

conditions. To the best of our knowledge, this is the highest solar-to-electricity conversion 

efficiency reported so far among all the STEGs operated at ambient conditions. The use of a thin 

layer of plasmonic AuNPs (~2 m) as the solar absorber resulted in a large temperature difference 

across the two sides of the STEG, which is the primary reason for the high performance of our 

plasmon-powered concentrated-STEG at ambient conditions (generally a vacuum system is 

necessary to use the greenhouse effect to achieve a larger temperature difference across the 

TEGs3). More importantly, the real-world application of plasmon-powered concentrated-STEGs 

in running low-to-medium power devices was demonstrated as well. The electricity generated from 

plasmon-powered STEGs was used to run 120 LEDs simultaneously (1.63 V each), a stopwatch 

(1.5 V), a calculator (1.5 V), and a 500 mW fan (5 V). Furthermore, plasmon-powered 

concentrated-STEGs were used for the production of green-hydrogen via the electrolysis of water. 

Thus, the excellent sunlight-to-heat generation and photostability of plasmonic AuNPs led the 

construction of efficient and durable (> one year) STEGs at ambient conditions from commercially 

available thermoelectric device. 
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5.3. Methods and Experimental Section 

5.3.1. Materials and Reagents 

Tetrachloroaurate trihydrate (HAuCl4.3H2O), tetramethylammonium hydroxide (TMAOH) 25% 

wt. in water, 11-mercaptoundecanoic acid (MUA), hydrazine monohydrate (N2H4.H2O 50-60%), 

tetrabutylammonium borohydride (TBAB) and trisodium citrate dihydrate (SC) were purchased 

from Sigma-Aldrich. (Di-n-dodecyl) dimethylammonium bromide (DDAB) and dodecylamine 

(DDA) were purchased from Alfa Aesar. Tannic acid, and potassium carbonate (K2CO3) were 

purchased from Tokyo Chemical Industry (TCI). All the reagents were used as received without 

any further purification. All the stock solutions of metal ions were prepared in Milli-Q water. The 

TEG (Generic Thermoelectric Peltier Cooler, TEC1-12706, 40 × 40 × 4 mm3, proprietary TE legs) 

was purchased from Amazon.in and the relevant details provided by the manufacturer are given 

below: 
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5.3.2. UV-visible absorption spectroscopy 

All UV-visible absorption spectra were recorded using SHIMADZU UV-3600 plus UV-vis-NIR 

spectrophotometer. The AuNPs for measurements were taken in a 3 mL quartz cuvette with a path 

length of 1 cm. The UV-visible spectrum of AuNPs film was collected under reflectance mode 

with external 2D detector and the collected diffused reflectance was transformed to get absorbance 

using Kubelka-Munk function. 

5.3.3. Transmission electron microscopy (TEM) studies 

The AuNPs were characterized using High resolution transmission electron microscopy (HR-

TEM) studies on JEOL JEM2200FS (200 kV) HRTEM instrument. AuNPs were drop-casted on a 

400- mesh carbon-coated copper grid (Tedpella Inc.) and dried overnight under vacuum to prepare 

the TEM sample. 

 

5.3.4. Scanning electron microscopy (SEM) imaging 

The AuNPs were immobilized on Si-wafer and dried under vacuum for imaging. The field 

emission scanning electron microscopic (FE-SEM) imaging was performed on ZEISS Ultra Plus 

FESEM instrument. 

5.3.5. Electrical output measurement 

Current and voltage were recorded using a Keithley 2450 source measurement unit (SMU) under 

a two-probe setup. All the measurements were done by connecting the output wires of STEG to 

SMU probes. For sunlight experiments, the current and voltage measurements were performed 

using a digital multimeter (Model 17B+ ESP; Fluke, Everrit, Washington, USA). 

5.3.6. Measurement of hot side temperature (Th) of STEG 

The temperature on the hot face of the thermoelectric generator (the one coated with AuNP) was 

measured using laser pointer digital infrared (IR) thermometer (EEE Instruments Inc., Kolkata), 

having measurement limit between -50°C to 550°C. 

5.3.7. Synthesis of AuNPs 

Spherical gold nanoparticles (AuNPs) were synthesized using a seed-mediated growth approach, 

following a modified literature procedure.27,28  



            Chapter 5  

145 
 

5.3.7.1. Seed preparation: Hydrazine monohydrate (N2H4.H2O) was used as the reducing agent. 

In a typical experiment, HAuCl4.3H2O (12 mg), DDA (140 mg), and DDAB (140 mg) were mixed 

in toluene (4 mL) and sonicated for ~10 min for complete solubilization of Au (III) ions. This was 

followed by a rapid injection of another toluene solution containing 30 mg of TBAB and 46 mg of 

DDAB. The resulting solution was left stirring overnight to ensure the complete reduction of Au 

(III) ions.  

5.3.7.2. Growth step -1: The seed particles (typically ~2-4 nm) were then grown to ~5.5 nm 

DDA-Au NPs. For this, a growth solution was prepared by adding 460 mg of DDAB, 1.4 g of 

DDA, 120 mg of HAuCl4.3H2O and seed solution in 30 mL toluene. The growth solution was 

further reduced with a dropwise addition of another toluene solution containing 160 μL of 

N2H4.H2O and 560 mg of DDAB. The solution was stirred overnight for complete growth of the 

particles yielding monodisperse 5.5 ± 0.7 nm of DDA-Au NPs.  

5.3.7.3. Growth step -2: The 5.5 ± 0.7 nm of DDA-Au NPs were further grown to ~12 nm DDA-

AuNPs. A growth solution was prepared by adding 8 g of DDAB, 13.0 g of DDA, 1.1 g of 

HAuCl4.3H2O and seed solution in 200 mL toluene. The growth solution was further reduced with 

a dropwise addition of another toluene solution containing 650 μL of N2H4.H2O and 4.4 g of 

DDAB. The solution was stirred overnight for complete growth of the particles yielding 

monodisperse 12.1 ± 0.5 nm of DDA-Au NPs, as confirmed through TEM analysis (Figure 5.4c). 

5.3.8. Place exchange of AuNP with 11-mercaptoundecanoic acid (MUA) 

ligands 

In a typical synthesis, 12.09 ± 0.48 nm DDA-Au NPs (15 mL) were first precipitated by adding 50 

mL of methanol which yielded a black precipitate. The supernatant was carefully removed, and 

the precipitate was then re-dispersed in 20 mL toluene. MUA ligand (equal to the moles of Au (III) 

in solution) dissolved in 10 mL dichloromethane (DCM) was added. The solution was left 

overnight to ensure a complete ligand exchange. Next, the supernatant was decanted, and the 

precipitate was washed with DCM (3 × 50 mL) and acetone (50 mL), respectively. The precipitate 

was then dried and redispersed in Milli Q water by adding ~20 μL of TMAOH base (25 % wt. in 

water), to deprotonate the carboxylic acid group for further studies. 
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5.3.9. Calculation of NP concentration  

The concentration of AuNPs in stock solution was calculated using Beer-Lambert’s law according 

to the UV-vis absorption study in Figure 5.18 in Appendix:29 

𝑨 =  𝜺 . 𝒄 . 𝒍 
where, 

A is the absorbance 

ε is the molar extinction coefficient (M-1cm-1) 

c is the concentration of the solution (M) 

l is the optical path length (cm). 

 

The molar extinction coefficient (ε) for AuNP was taken to be 2.7 ×108 M-1 cm-1 for ~12 nm 

diameter particles.28 
 

The concentration of AuNP stock solution was estimated to be ~ 0.38 M (in terms of AuNPs).  

 

5.3.10. Preparation and performance measurement of plasmonic-powered 

STEG  

On plasmon and light intensity dependent study 

Under 532 nm CW laser light source  

A commercially available thermoelectric generator based on Bi2Te3 based p-n diodes (TEC1-

12706) was purchase from Amazon.in. One side of the TEG was attached to a metallic heat sink 

using a thermally conducting adhesive (HI-TECH heat sink compound, HI-TECH Chemical Corp., 

India). A circular thin film of AuNP was drop-cast on the other side of the TEG. In a typical 

experiment, 10 L (~3.8 pmol) of AuNPs from ~0.38 M stock solution were drop-cast on TEG. 

A circular plasmonic AuNP film of diameter ~1 cm was prepared by air drying the drop of aqueous 

AuNP colloid at room temperature. 1W 532 nm CW diode laser was used as the light source. The 

distance between the source and the AuNP film was kept constant at 15 cm. The power at the AuNP 

film was measured to be 1W with the help of thermopile optical power sensor (Model LM-10 

HTD; Coherent, Santa Clara, CA 95054 USA). Current and voltage were recorded using a Keithley 

2450 source measurement unit (SMU) under a two-probe setup. All the measurements were done 

by connecting the output wires of STEG to Keithley 2450 SMU probes. A peak voltage of ~95 mV 

and a current of ~18 mA was obtained, when AuNP-coated side of the TEG was irradiated with 

the 532 nm CW diode laser.  
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For intensity dependent studies, the AuNP coated and non-coated STEG were irradiated with a 532 

nm CW diode laser at various intensities. First, the intensities were increased from 0 to 1000 mW 

(step size = 100 mW), and then reversed from 1000 to 0 mW. We waited for 3 min at each intensity, 

for the current and voltage to be stabilized before changing the optical intensity.       

5.3.11. STEG performance studies under white light 

In a typical experiment, 25 L (~9.5 pmol) of AuNPs from ~0.38 M stock solution were drop-

cast on one side of the TEG following by air drying at room temperature (2.5 cm  2.5 cm). The 

other side was fixed on a metal heat sink using thermally conducting adhesive (HI-TECH heat sink 

compound, HI-TECH Chemical Corp., India). The AuNPs film was irradiated using a 20 W white 

LED and the electrical output was measured using Keithley’s series 2450 source unit. The power 

at the AuNP film was measured to be 60 mW.cm-2 with the help of thermopile optical power sensor 

(Model LM-10 HTD; Coherent, Santa Clara, CA 95054 USA). The simultaneous temperature 

increase was measured using an IR thermometer (EEE Instruments Inc., Kolkata). 

5.3.12. Synthesis of different sizes of AuNPs 

In a typical synthesis, chloroauric acid (HAuCl4) was reduced in the presence of trisodium citrate 

and tannic acid at 70 °C, followed by two rounds of growth at the same temperature with 

subsequent additions of HAuCl4.30 The average diameter of citrate stabilized AuNPs was estimated 

to be 5.0 ± 0.6 nm. A slightly different procedure was adopted for the preparation of higher sizes 

of AuNPs.31 Trisodium citrate was used as the sole reducing-cum-capping agent, and the reduction 

was carried out at 100 °C to get AuNPs of ∼12 nm diameter. Higher sizes of NPs were prepared 

by growing ∼12 nm AuNPs at 90 °C by the subsequent additions of HAuCl4, yielding ∼25, ∼45, 

∼55, ∼68, and ∼88 nm sized citrate capped AuNPs. 

5.3.13. Size dependent and durability study 

AuNPs of varying sizes ranging from ~5 nm to ~90 nm was synthesized as mentioned earlier. The 

effect of NP size on the plasmonic-heat generation and STEG performance was studied. In a typical 

experimental setup, a thin film of AuNP was drop-cast on one side of TEG as mentioned earlier. 

The other side was fixed on a metal heat sink using a thermally conducting adhesive. The AuNPs 

coated-TEG was irradiated using a 20 W white LED at a distance of ~2 cm and the electrical output 

was measured using Keithley’s series 2450 source measure unit. The power at the AuNP film was 
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measured to be 60 mW.cm-2 with the help of thermopile optical power sensor (Model LM-10 HTD; 

Coherent, Santa Clara, CA 95054 USA). The simultaneous temperature increase was measured 

using an IR thermometer (EEE Instruments Inc., Kolkata). It is worth mentioning that the same 

TEG was used for all the sizes to have a fair comparison. The size effect was studied by 

normalizing the optical density at the surface plasmon band of each AuNP, which is a commonly 

used normalization strategy to study the size effect.32,33 

The durability of the plasmon-powered STEG was tested for three different thermoelectric 

modules coated with a thin film of ~12 nm AuNPs. The AuNP-coated TEG film was irradiated 

using a 20 W white LED at a distance of ~2 cm and the electrical output was measured using 

Keithley’s series 2450 source measure unit. The power at the AuNP film was measured to be 60 

mW.cm-2 with the help of thermopile optical power sensor (Model LM-10 HTD; Coherent, Santa 

Clara, CA 95054 USA). The electrical outputs from all the three devices were monitored at regular 

intervals (The intervals were in terms of days, weeks and months Table 5.4 in Appendix).  

5.3.14. Measurement of AuNPs film thickness  

The thickness of AuNP film on TEG was measured using an optical 3D surface profilometer 

(Bruker ContourX-200). In a typical experiment, a film of AuNPs was made and dried on the TEG 

as discussed previously (Figure 5.5a). The 3D optical surface profile measurement was performed 

across the boundary of the film (small red box in Figure 5.5a). The height profile (Figure 5.5b) 

and corresponding thickness plot along black-dotted line of the profile (Figure 5.5c) confirms the 

film thickness to be ~2 m.  

5.3.15. Photothermal conversion efficiency of AuNPs (under 532 nm 

illumination) 

In a typical experiment, 1 mL water is taken in a quartz cuvette and 10 L of AuNPs stock solution 

(~0.4 M in terms of AuNPs) was added to it. The aqueous AuNP colloidal dispersion was 

irradiated using 532 nm CW diode laser with a power of 1W. The simultaneous temperature rise 

of the dispersion was monitored using a thermocouple dipped in the AuNP colloidal solution 

(thermocouple was attached to a digital multimeter Model 17B+ ESP; Fluke, Everrit, Washington, 

USA). A control experiment was performed with only water (without AuNP) keeping all the 

parameters constant (Figure 5.7). 
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Following a modified Roper’s method,35 the photothermal conversion efficiency (𝜂𝑃𝑇), was 

calculated using the equation: 

𝜂𝑃𝑇 =
ℎ𝑆 (𝑇𝑚𝑎𝑥 − 𝑇𝑠𝑢𝑟𝑟) − 𝑄𝑑𝑖𝑠

𝐼(1 − 10−𝐴532)
                         (1)  

where, 

𝜂𝑃𝑇  = Photothermal conversion efficiency 

ℎ      = Heat transfer coefficient  

𝑆      = Surface area of the container 

𝑇𝑚𝑎𝑥= Maximum temperature achieved with AuNPs under irradiation (70.3 ℃, see Figure 5.7b) 

𝑇𝑠𝑢𝑟𝑟= Temperature before irradiation (20.8 ℃, see Figure 5.7b) 

𝑄𝑑𝑖𝑠  = Heat dissipated by light illumination without AuNPs 

𝐼       = Light intensity (1 W) 

𝐴532 = Absorbance at 532 nm (0.5 OD, see Figure 5.7a) 

ℎ𝑆 can be expressed as 

ℎ𝑆 =
𝑚𝑠𝐶𝑠

𝜏𝑠
                                           (2)  

where, 

𝑚𝑠= mass of the system (here water, 1000 mg) 

𝐶𝑠= specific heat capacity of the system (4.2 J/g.℃)  

𝜏𝑠= time constant of the test system (300 s) 

Therefore, 

ℎ𝑆 =
1000 × 4.2

300
 𝑚𝑊/℃ 

= 𝟏𝟒 𝒎𝑾/℃ 

𝑄𝑑𝑖𝑠  can be calculated from the control experiment with only water in the absence of AuNPs 

𝑄𝑑𝑖𝑠 =  
𝑚𝐶𝛥𝑇

𝑡
                                  (3)  

where, 

𝑚 = mass of water (1000 mg) 
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𝐶= specific heat capacity of water (4.2 J/g.℃) 

𝛥𝑇 = temperature increase in water (3 ℃, see Figure 5.7b) 

𝑡 = time of the irradiation (300 s) 

Therefore, 

𝑄𝑑𝑖𝑠 =  
1000 × 4.2 × 3

300
 𝑚𝑊 

= 𝟒𝟐 𝒎𝑾 

 

By substituting all the values in equation (1), the photothermal conversion efficiency (𝜂𝑃𝑇) was 

calculated to be 95.2 %.   

5.3.16. Laboratory demonstration of running a fan using the electricity 

generated from plasmon-powered STEG 

In a typical experiment, three plasmon-powered STEGs were connected in series. The AuNP film 

on the STEG was irradiated vertically with a warm simulated sunlight source (Rehbein GmbH & 

Co.). The distance between the lamp and the AuNP film was ~2 cm. The optical power of light 

falling on the AuNP film was measured to be ~500 mW/cm2 using a thermopile optical power 

sensor (Model LM-10 HTD; Coherent, Santa Clara, CA 95054 USA). The voltage and current 

output were measured using a digital multimeter (Model 17B+ ESP; Fluke, Everrit, Washington, 

USA). The overall light-electricity conversion efficiency was calculated using the equation 

explained later for the sunlight experiment. A control experiment was performed without AuNP-

coated STEG, under similar conditions. A ~5-fold enhancement in power output as well as 

efficiency was observed, when AuNPs film was used as the solar absorber (Figure 5.11).   

A ≥ 35 mW fan was connected at the output of the STEG devices, as shown in Figure 5.11a. 

 

5.3.17. Sunlight experiments  

A commercially available thermoelectric generator based on Bi2Te3 based p-n diodes (TEC1-

12706) was purchase from Amazon.in. One side of the TEG was attached to a metallic heat sink 

using a thermally conducting adhesive (HI-TECH heat sink compound, HI-TECH Chemical Corp., 

India), which was dipped into ice water for the efficient thermal management. A thin film of AuNP 

was drop-cast on the other side of the TEG. In a typical experiment, 25 L (~9.5 pmol) of ~12 nm 
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sized AuNPs from ~0.38 M stock solution were drop-cast on TEG. A thin film of AuNP was made 

by air drying the drop of aqueous AuNP colloid at room temperature (2.5 × 2.5 cm). A Fresnel lens 

(19.5  28.5 cm2) was used to focus the sunlight. The beam area and optical power after focusing 

was measured to be 1 cm2 and 9.5 W.cm-2, respectively. Current and voltage outputs were 

monitored using Keithley 2450 SMU or a digital multimeter (Model 17B+ ESP; Fluke, Everrit, 

Washington, USA). Keithley 2450 SMU was used for measuring current and voltage for 

calculating power and overall solar-to-electricity conversion efficiency, shown in Figures 5.12b 

and c.  

A digital multimeter (Model 17B+ ESP; Fluke, Everrit, Washington, USA) was used to measure 

the current and voltage of plasmon-powered concentrated-STEGs while running various electrical 

devices and H2 generation experiments. 

5.3.18. Overall solar-to-electricity conversion efficiency calculation of 

STEGs 

5.3.18.1. Power density (PD) calculation  

As per Figure 5.12b, the measured peak voltage and current outputs are as follows for plasmon-

powered STEG: 

𝑉𝑜𝑢𝑡 = 1.71 𝑉 

𝐼𝑜𝑢𝑡 = 0.478 𝐴 

𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 (𝑎) = 1 𝑐𝑚2 

Thus, power density (PD) 

𝑃𝐷 =
𝑃𝑜𝑢𝑡

𝑎
=

𝑉𝑜𝑢𝑡 × 𝐼𝑜𝑢𝑡

𝑎
 

=
1.71 𝑉 × 0.478 𝐴

1 𝑐𝑚2  

𝑃𝐷 = 𝟎. 𝟖𝟏𝟕 𝐖. 𝒄𝒎−𝟐 

 

5.3.18.2. Overall solar-to-electricity conversion efficiency (η) 

The efficiency (η) can be calculated using the following equation, 

𝜂 =
𝑃𝐷

𝑃𝑖𝑛
× 100 
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where, 

𝑃𝑖𝑛 = 𝐼𝑛𝑝𝑢𝑡 𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 (9.5 W. 𝑐𝑚−2)   

Thus,  

𝜂 =
0.817 W. 𝑐𝑚−2

9.5 W. 𝑐𝑚−2
× 100 

= 𝟖. 𝟔 % 

Similarly, the 𝜂 for STEG in the absence of plasmonic AuNPs was calculated and found to be 0.93 

%.  

 

5.3.19. Sunlight experiments (under vacuum)  

In a typical experiment, a plasmon-powered STEG was kept in a glass vacuum desiccator under 

the similar experimental conditions explained above. The sunlight was focused onto the AuNP film 

made over the STEG using a Fresnel lens (19.5  28.5 cm2). The electrical output was measured 

using a digital multimeter (Model 17B+ ESP; Fluke, Everrit, Washington, USA). The control 

experiment without AuNP film was performed under similar experimental conditions. The optical 

power was measured using a thermopile optical power sensor (Model LM-10 HTD; Coherent, 

Santa Clara, CA 95054 USA).  

 

5.3.20. Stability study of AuNPs based solar absorber under concentrated 

solar illumination 

The stability of AuNPs after concentrated solar illumination was tested in solution as well as film 

states using microscopic and spectroscopic techniques (Figure 5.16).  

5.3.20.1. In film state: In a typical experiment, 2 mL of AuNP solution (from ~0.38 M stock 

solution) were drop-casted on a silicon wafer and dried under vacuum. This was followed by ~15 

min of concentrated solar illumination. SEM images confirm that AuNPs retained their shape and 

size even after the concentrated solar illumination (Figures 5.16a, b). Likewise, negligible change 

was observed in the UV-vis-NIR absorption of AuNP film before and after concentrated solar 

illumination (Figure 5.16c. Absorption studies were performed on the AuNP film coated TEG, 

under the diffused reflectance mode).     
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5.3.20.2. In Colloidal state: In a typical experiment, a 3 mL solution of ~2 nM AuNP solution 

was illuminated under concentrated sunlight for ~15 min. It is worth mentioning that a clear boiling 

of the AuNP solution was observed, confirming the generation and dissipation of plasmonic-heat. 

A negligible change was observed in the UV-vis-NIR absorption of AuNP before and after 

concentrated solar illumination (Figure 5.16c).  

All these experiments conclusively prove the stability of AuNPs under the concentrated solar 

illumination, both in solution and film states.  

5.3.21. Storage of the electrical energy generated from plasmon-powered 

concentrated-STEG: H2 production via water electrolysis 

In a typical experiment, 1.5 L of 1 M KOH solution was prepared for the electrolysis experiment. 

Electrode chambers were made by inverting two 20 mL calibrated plastic syringes closed from the 

top. A platinum mesh electrode was inserted into each of the electrode chambers. The electrodes 

were connected to the electrical output of 3 plasmon-powered concentrated-STEGs arranged in 

series. The average solar concentration during the experiment was measured to be 80 sun (1 sun 

corresponds to 100 mW.cm-2. Upon solar irradiation, instantaneous bubble formation was observed 

at each electrode which escaped and occupied the space in the respective electrode chambers. The 

continuous storage of gases in inverted electrode chambers was performed till 20 min. The total 

average voltage and current during the experiment was measured to be ~4 V and 300 mA, 

respectively. The average optical power falling on the AuNP during the experiment was measured 

to be ~8 W/cm2 and the beam area ~1cm2. 

The hydrogen energy produced (𝐸𝐻2
), can be calculated from the hydrogen combustion enthalpy.34 

 

𝐸𝐻2
=

𝑝𝑣

𝑅𝑇
× 𝛥𝐻𝐻2

 

 

Where, 𝛥𝐻𝐻2
 is the molar hydrogen combustion enthalpy (286 kJ/mol), p (Pa) and 𝑣 (mL) are the 

pressure (the atmospheric pressure) and the volume of the H2 produced, R is the gas constant (8.314 

J mol-1K-1); T (K) is the temperature. 

 

Under our experimental condition, 

 

𝑣 = 10 𝑚𝐿 = 10 × 10−6𝑚3 
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𝑇 = 307 𝐾 

Therefore, 

𝐸𝐻2
=

101325 𝑃𝑎 (𝑘𝑔𝑚−1𝑠−2)  × 10 × 10−6𝑚3

8.314 𝐽 𝑚𝑜𝑙−1𝐾−1(𝐽 = 𝑘𝑔𝑚2𝑠−2)  × 307 𝐾
× 286 𝑘𝐽/𝑚𝑜𝑙 

 

= 0.113536 𝑘𝐽 

= 𝟏𝟏𝟑. 𝟓𝟑𝟔 𝑱 

Now, the efficiency of the electrical to hydrogen energy (𝜂𝐸𝑇𝐻) can be calculated as  

𝜂𝐸𝑇𝐻 =
𝐸𝐻2

𝐼𝑉 × 𝑡 
× 100 

where, 

𝑉 = Total output voltages from 3 thermoelectric modules (V = 4 V) 

𝐼 = Current flowing through the circuit (300 mA) 

𝑡 = experimental time (1200 s) 

Thus, 

𝜂𝐸𝑇𝐻 =
113.536 𝐽

4 𝑉 × 0.3 𝐴 × 1200 𝑠 
× 100 

   

= 𝟕. 𝟗 % 

The solar to hydrogen efficiency (𝜂𝑆𝑇𝐻) can be calculated as33 

𝜂𝐸𝑇𝐻 =
𝐸𝐻2

𝐼𝑛𝑝𝑢𝑡 𝑠𝑜𝑙𝑎𝑟 𝑒𝑛𝑒𝑟𝑔𝑦 
× 100 

𝐼𝑛𝑝𝑢𝑡 𝑠𝑜𝑙𝑎𝑟 𝑒𝑛𝑒𝑟𝑔𝑦 = 𝑛𝑞𝑖𝑎𝑡 

where,  

n = number of devices 

qi = power of illuminated solar light (8 W.cm-2),   

a = spot area (1 cm2) 

t = time duration of illumination (1200 s) 

𝜂𝐸𝑇𝐻 =
113.536

3 × 1 × 8 × 1200 
× 100 

~ 𝟎. 𝟒 % 



            Chapter 5  

155 
 

5.4. Results and Discussion 

5.4.1. Design of plasmon-powered STEG. The visible-light absorption ability of AuNPs is one 

of the best, as they can absorb light beyond their physical cross-section because of the unique 

phenomenon of localized surface plasmon resonance (LSPR).36 As a result, the molar extinction 

coefficient of AuNPs is 108-1010 M-1cm-1, which is 103-105 times higher than the standard dye 

molecules.36-39 A photoexcited plasmonic NP undergoes a series of non-radiative relaxation 

pathways (Landau damping, electron-electron, electron-phonon, and phonon-phonon interactions) 

to eventually dissipate its excess energy in the form of heat to the surroundings,40-55 which is 

termed as plasmonic heat (Figure 5.4a). 

 

Figure 5.4. Construction of plasmon-powered STEG. (a) Schematics showing the working principle of 

plasmon-powered STEGs. The solar illumination of AuNPs leads to the plasmon excitation, followed by a 

series of non-radiative relaxation pathways (Landau damping, electron-electron, electron-phonon, and 

phonon-phonon interactions) to eventually dissipate the excess energy in the form of heat to the 

surroundings. This heat is termed as plasmon-heat, which was used as the thermal energy source for the 

STEG to generate electricity. (b) Absorption studies showing a strong overlap between the absorption of 

sunlight and plasmonic AuNP film. The AM1.5G reference solar spectrum was adapted from 
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DOE/NREL/ALLIANCE for the comparison. (c) A representative transmission electron microscope image 

of ~12 nm sized plasmonic AuNPs. (d) Schematics for the fabrication of a plasmon-powered STEG, along 

with the actual photograph of the device. 

It is interesting to note that >90% of the light absorbed by a plasmonic NP is dissipated in the form 

of heat, especially in the size range of 5-25 nm.33 As a result, the temperature experienced by the 

surroundings because to the dissipation of plasmon-heat can be as high as 600 oC.56 Further, the 

strong overlap between the UV-visible absorption of AuNPs (absorption maximum ~520 nm) and 

the solar spectrum justifies the choice of plasmonic AuNPs (diameter ~12 nm, see Figure 5.18 in 

the Appendix) as the solar absorber (Figure 5.4b). A simple drop and dry method were adopted 

to deposit a thin film (~2 m, Figure 5.5) of plasmonic AuNPs on one side of a commercially 

available TEG (in a typical experiment, TEC1-12706 based on Bi2Te3 p-n diodes was used as the 

TEG) (Figure 5.4c,d). The other side of the STEG was attached to a metallic heat sink or ice water 

bath for the efficient thermal management.  

 

 

Figure 5.5. Measurement of the AuNP film thickness on the TEG surface using an optical 3D surface 

profilometer. (a) Optical photograph of AuNP deposited TEG, (b) height profile at the interface, and (c) 

thickness measured along the black dotted line in image (b). The data clearly shows that the film thickness 

is ~2 m. 

5.4.2. Laboratory optimization and durability studies. Optimization studies were performed 

inside the lab using monochromatic diode laser (spot diameter ~1 cm), white LED (irradiation area 
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4 cm  4 cm), and warm light sources (irradiation area 4 cm  4 cm) (experimental set-up is 

shown in Figure 5.6, 5.7).  

 

Figure 5.6. Laboratory optimization and durability studies. (a) Experimental setup for measuring output 

voltage and current using Keithley 2450 SMU, upon irradiation of plasmon-powered STEG with a 532 nm 

CW diode laser. (b) The light ON-OFF cycles of electrical output of plasmon-powered STEG. Dotted 

curves represent the data for STEG without the plasmonic AuNP coating. The light intensity on the AuNP 

film was measured to be 1 W.cm-2 for the data presented in (a-c). (c) Light intensity variation in output 

voltage of STEG with and without plasmonic AuNP coating.  (d) The AuNP size dependent study revealed 

that AuNP with d~12 nm gave the highest output electrical power, following the trend in temperature-rise 

caused by the irradiation of the NP film. A 20 W white LED was used as the light source, where the light 

intensity on the AuNP film was measured to be 60 mW.cm-2. The same TEG was used in the size dependent 

study to have a fair comparison. All the studies were performed with the TEG module TEC1-12706. 

To begin with, 1W continuous wave (CW) 532 nm diode laser was chosen as the light source, as 

it matches well with the LSPR of AuNPs (~520 nm). A peak open-circuit voltage (Voc) of ~95 mV 

and a short-circuit current (Isc) of ~18 mA was obtained, when AuNP-coated side of the TEG was 

irradiated with the 532 nm CW diode laser (Figures 5.6a,b. The light intensity measured on the 

AuNP film was 1 Wcm-2). 
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Figure 5.7. Device durability and laboratory demonstration. (a) Durability test of three different 

independent plasmon-powered STEGs, confirming the stability of the output power. A 20 W white LED 

was used as the light source, where the light intensity on the AuNP film was measured to be 60 mW.cm-2. 

(b) Demonstration of an electrical fan (Pin ≥ 35 mW) operated with the electricity generated from three 

plasmon-powered STEG connected in series. A warm-white light was used as the irradiation source (The 

light intensity measured on the AuNP film was 1 Wcm-2). All the studies were performed with the TEG 

module TEC1-12706. 

The use of plasmonic AuNPs helped in enhancing the power (I x V) output of the TEG by at least 

20 times with 532 nm CW diode laser as the light source. The thermoelectric output enhancement 

in the presence of plasmonic light absorber can be corroborated to the excellent photothermal 

conversion efficiency of AuNPs (PT ~95 %, see Figure 5.8 and Section 5.3.15 for detailed 

calculation).  

 

Figure 5.8. Photothermal conversion efficiency measurement. (a) UV-vis absorption spectrum of the 

AuNP dispersion in water. (b) Measurement of temperature rise in 1 mL aqueous solution with (blue) and 

without (red) AuNPs, under constant irradiation using 532 nm CW diode laser. The light intensity at the 

cuvette wall was measured to be 1 W.cm-2. 



            Chapter 5  

159 
 

A sharp change in the current and voltage profiles was observed in response to the laser ON-OFF 

cycles, which confirms the active involvement of light in the generation of electrical energy by 

plasmon-powered STEG (Figure 5.6b). The role of plasmonic-heat in enhancing the STEG 

performances was confirmed using light intensity experiment which showed a linear increase in 

the I-V profiles (Figure 5.6c, 5.9 and Table 5.2 in Appendix). This is in accordance with the 

equation (1), which predicts a linear increase in the temperature as a function of increase in the 

light intensity.56 

T(Iinc) = Tdark + aIinc                                              (1) 

where, Tdark and T(Iinc) are temperatures of plasmonic nanostructure in dark and under incident 

intensity of light (Iinc). Here ‘a’ is the photothermal conversion coefficient. 

 

Figure 5.9. Light intensity dependent electrical output from plasmon-powered STEG. (a) A sharp 

increase, followed by saturation, in the output voltage was observed, as the light intensity was increased 

from 0 to 1000 mW (in 100 mW steps). Similarly, a sharp decrease, followed by saturation, in the output 

voltage was observed, as the light intensity was decreased from 1000 to 0 mW (in 100 mW steps). The 

corresponding changes in the current output is shown in (b). A 1W 532 nm CW diode laser was used as the 

light source. 

Next, the performance of plasmon-powered STEG was tested under white light LED before 

performing the sunlight experiments. The power output obtained upon illumination of the 

plasmon-powered STEG with a 20 W white LED was similar to that under green laser irradiation 

(the incident light intensity was measured to be ~60 mW.cm-2). The effect of AuNP size was 

studied by using the AuNPs of different sizes ranging from ~5 nm to ~90 nm. Detailed microscopic 
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and spectroscopic characterization was performed for AuNPs of different sizes (Figure 5.10 and 

5.11). The microscopic characterization reveals the shape and size homogeneity of synthesized 

AuNPs (Figure 5.10). 

 

 

Figure 5.10. Microscopic characterization of AuNPs of different sizes. (a-c) TEM and (d,e) SEM images 

of AuNPs of different sizes.   

A characteristic redshift in the UV-vis absorption was observed along with increase in the particle 

diameter (Figure 5.11). The maximum heat and electricity generation was obtained when 12 nm 

sized plasmonic AuNPs were used as the light absorber (Figure 5.6d and Table 5.3 in Appendix) 

(working dimension was 2.5 cm x 2.5 cm). The trend in the electrical output power, as a function 

of the AuNP size, followed the temperature-rise caused by the irradiation of the NP film (Figure 

5.6d). The plasmonic-heat generation within the NP lattice has a linear dependance on absorption 

cross-section of NPs.46 Now, the scattering and absorption components of the extinction coefficient 



            Chapter 5  

161 
 

scale as r6 and r3 (where r is the radius of the NP), respectively.57 The outcome is that the absorption 

cross-section will plateau at a specific size regime, while the scattering cross-section will continue 

to increase as a function of NP size.5 Therefore, the amount of heat generated first increase to a 

maxima followed by a decrease with further increase in the size. In our case, this maximum was 

observed for ~12 nm sized AuNPs. We would like to mention here that a similar trend in plasmonic 

heat dissipation was observed in our previous work as well.33   

 

Figure 5.11. Spectroscopic characterization and size distribution of AuNPs of different sizes. (a) UV-

vis absorption spectra and (b-f) size distribution charts of AuNPs of different sizes. 

The durability studies confirmed that the power (I  V) output from the plasmon-powered STEG 

was stable for more than a year, which can be attributed to the excellent photostability of plasmonic 

AuNPs (Figure 5.7a and Table 5.4 Durability was tested under intermittent illumination). A 

difference in the magnitude of power output was observed between the three plasmon-powered 

STEGs because of the variations in the internal resistance of TEG modules. At this moment, it is 

important to test whether the power generated from plasmon-powered STEGs under indoor 

illumination was sufficient to perform useful work. A power of 145 mW was obtained when three 

plasmon-powered STEGs were connected in series and illuminated with a warm-white light 

source, which was sufficient to run an electrical fan (Pin ≥ 35 mW) (Figure 5.7b, The light intensity 

on the AuNP film was measured to be 0.5 W.cm-2). Control experiments prove that the integration 
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of plasmonic AuNPs was essential to generate sufficient power from commercially available TEGs 

(Figure 5.20 in the Appendix). Plasmonic AuNPs based light solar absorber helped in improving 

the power output by at least 5 times, under warm-white light illumination (Figure 5.20 in the 

Appendix). All these optimization studies confirm that the plasmonic AuNP based light absorbers 

can be effectively integrated with a commercially available TEG for generating electricity from 

light, at ambient conditions. Moreover, the successful demonstration of plasmon-powered STEGs 

under white light irradiation proves their suitability for natural sunlight experiments as well.  

5.4.3. Solar energy harvesting using plasmon-powered STEG. The performance of plasmon-

powered STEG was tested under sunlight irradiation at ambient atmospheric conditions (1 atm 

pressure and 30-35 oC). Here too, a simple drop and dry method were adopted to integrate the 

plasmonic AuNP based solar absorber onto the TEG, which enhances its prospects of 

commercialization as no dedicated instrumentation was required (working dimension was 2.5 cm 

 2.5 cm). The other side of the STEG was immersed in ice water bath to stabilize the electrical 

output for a longer time. Sunlight was focused on to the plasmonic AuNP film using a Fresnel lens 

(19.5 cm  28.5 cm. Spot diameter ~1 cm). The average power output from a single plasmon-

powered concentrated-STEG was estimated to be ~820 mW.cm-2 (corresponding to a voltage and 

current of 1.71 V and 0.478 A, respectively) at 95 sun irradiation (Figure 5.12a-b and see Section 

5.3.18 for detailed calculations). A ~9-fold increase in the concentrated-STEG power output 
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Figure 5.12. Solar energy harvesting using plasmon-powered concentrated-STEG. (a) Voltage and current 

generation upon irradiation of plasmon-powered concentrated-STEG with focused sunlight irradiation (95 

sun). Dotted curves represent the data for concentrated-STEG without the plasmonic AuNP coating. (b) 

Comparison of output power density and solar-to-electricity conversion efficiency of concentrated-STEG 

with and without plasmonic AuNP coating. The data shown in (a) and (b) were collected with the TEG 

module TEC1-12706, under a solar illumination of 95 sun (1 sun corresponds to 100 mW.cm-2). (c) 

Comparison of solar-to-electricity conversion efficiency of plasmon-powered STEGs prepared with 

different commercially available TEG modules. (d) Comparison of solar-to-electricity conversion 

efficiency of plasmon-powered STEG with various STEGs reported in the literature. The solar 

concentrations and reference numbers are mentioned in round and square brackets, respectively. 

    

was obtained by using the plasmonic AuNPs as the solar absorber, which unambiguously confirms 

the active involvement of plasmonic-heat in enhancing the device performance. A peak solar-to-

electricity conversion efficiency of 8.6 % (~9 times enhancement under 95 sun) was obtained for 

plasmon-powered concentrated-STEG with the TEG module TEC1-12706 (Figure 5.12b, see 

Section 5.3.18 for detailed calculations). Figure 5.12c proves the suitability of plasmonic AuNPs 

in boosting the solar-to- electricity conversion efficiency of commercially available different TEG 
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modules (Table 5.5). The highest solar-to-electricity conversion efficiency of ~9.6 % was recorded 

for the plasmon-powered TEG module TEG-12704 under 75 sun, which is one of the highest 

reported for STEGs operable at ambient atmospheric conditions (Figure 5.12d, and Table 5.6). 

Under vacuum conditions, the efficiency of plasmon-powered STEG was measured to be 11.5 ± 

1.5 % with TEG module TEC1-12706 under ~65 sun, which is the highest reported value so far 

for any STEGs (See Figure 5.13). 

 

Figure 5.13. Thermoelectric output measurement under vacuum. (a) The experimental setup (b) and 

(c) the output voltage and current measurement with plasmon-powered STEG respectively. (d) and (e) The 

output voltage and current measurement without AuNP film respectively. (f) The table of output voltage 

current and efficiency for plasmon-powered STEG under vacuum.   

 



            Chapter 5  

165 
 

5.4.4. Working examples of electrical devices operated using plasmon-powered 

concentrated-STEG. According to the maximum power transport theorem (MPTT), the 

resistance of the external load should match with the internal resistance of an electrical power 

generator to extract the maximum power from the generator.59 The internal resistance of the 

plasmon-powered STEG was determined to be 4.5 Ω from the I-V plot generated by varying the 

resistance of the load resistors (Figure 5.14a,b and Table 5.7).60  

 

Figure 5.14.  (a) A circuit diagram for the study of different resistors experiencing the output voltage and 

current from the plasmon-powered STEG. (b) A plot of voltage and power (I x V) output from a single 

plasmon-powered STEG obtained by varying the resistance of the load resistors. The maximum power 

output was observed when 4.5 Ω was connected to the circuit. A 20 W white LED was used as the light 

source, where the light intensity on the AuNP film was measured to be ~60 mW.cm-2. A Keithley 2450 

SMU was used to measure the I-V reported in (a) and (b). Details of different resistors used, and I-V output 

obtained are mentioned in Table 5.7 of the Appendix.  

Next, the real-world applications of plasmon-powered concentrated-STEG were demonstrated in 

running low-to-medium power electrical devices (The solar concentrations varied from 60-95 sun, 

as these experiments were performed on different days). Firstly, a low power (Pin ≥ 35 mW) fan 

was operated using one plasmon-powered concentrated-STEG under focused solar irradiation 

(Figure 5.15a, and see Figure 5.16 for circuit diagram). Secondly, a combination of calculator 

and timer, each requiring a minimum input voltage of 1.5 V, was operated using two plasmon-

powered concentrated-STEGs connected in series (Figure 5.15b, and see Figure 5.16 for circuit 

diagram).  
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Figure 5.15. Real-world examples of electrical devices operated using plasmon-powered concentrated-

STEG. (a-d) Photographs showing the working of electrical devices using the electricity generated from 

plasmon-powered concentrated-STEGs. The solar concentrations for the data shown in (a-d) were in the 

range of 60-95 sun, as these experiments were performed on different days (1 sun corresponds to 100 

mW.cm-2).   

The maximum output voltage was measured to be 1.3 V, while the two electrical devices were 

working (electrical devices and multimeter were connected in parallel to the two plasmon-powered 

concentrated-STEGs. Figure 5.15b). Thirdly, a pattern of ‘PLASMON’ made of 120 red LEDs, 

each requiring a minimum input voltage of 1.63 V, was illuminated using the electrical output 

from three plasmon-powered concentrated-STEGs connected in series (Figure 5.15c and see 

Figure 5.16 for circuit diagram).  

 

Figure 5.16. Circuit diagrams for powering to various electrical devices using the electricity generated from 

plasmon-powered concentrated-STEG. All the notations are elaborated at the bottom of the diagram.  
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The maximum output voltage of 1.95 V was measured, while the LED pattern was glowing. 

Finally, a cooling-fan requiring a minimum input power of 500 mW was operated using two 

plasmon-powered concentrated-STEGs connected in series (Figure 5.15d, and see Figure 5.16 

for circuit diagram). Voc and Isc during this experiment were measured to be 2.80 V and 257 mA, 

respectively. The excellent photostability of plasmonic AuNP based solar absorber (Figure 5.17) 

enabled us to run the electrical devices multiple times using the same plasmon-powered 

concentrated-STEGs for several months, without any drop in the output voltage. All these working 

examples prove that the electricity generated from the plasmon-powered concentrated-STEG can 

be used for running real-world electrical devices. In future, one can increase the working area or 

connect multiple plasmon-powered STEGs in series to run high-power electrical devices as well. 

 

Figure 5.17: Photostability study of AuNP based solar absorber. FESEM images of AuNP film. (a) 

before and (b) after concentrated solar illumination. The morphology of AuNPs (size and shape) post 

illumination is retained, overruling any sintering effect under the concentrated solar illumination. (c) UV-

vis-NIR spectra of AuNPs before and after illumination (both in colloidal and film states). A negligible 

change in absorption spectra proves the photostability of the AuNPs based solar absorber post illumination. 

UV-vis-NIR absorption of the AuNP film on TEG was measured under the diffused reflectance mode.  
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5.4.5. Storage of electrical energy generated from plasmon-powered concentrated-STEG. It 

is important to store the electrical energy generated from the plasmon-powered STEG in the form 

of chemical fuels, to use the energy in the dark as well. With this in mind, the electrical energy 

generated was stored in the form of hydrogen (H2) gas via the electrolysis of water. Storing energy 

in the form of H2 gas is a common practice in the energy sector, as H2 has the highest energy 

density by weight (~140 MJ/kg).61 As a result, the electrolysis of water is currently practiced in 

industry to produce H2 fuel. However, most of the industrial plants use electricity produced from 

conventional non-renewable sources to perform the electrolysis of water. Our target was to replace 

this conventional electricity with the electricity generated from the plasmon-powered STEG. In 

this way, we can produce H2 with net zero carbon emission, which will directly support our efforts 

to solve the challenges associated with energy crisis and climate change. In a typical experiment, 

three plasmon-powered concentrated-STEGs connected in series were used as the electrical energy 

input for the electrolysis of basic water (1M KOH. The average solar concentration during the 

experiment was measured to be 80 sun). Platinum mesh electrodes were used as cathode and anode. 

The H2 and O2 gases thus produced were collected in inverted columns at cathode and anode 

compartments, respectively (Figure 5.18a,b). The volume of H2 gas collected at the cathode 

compartment steadily raised with increase in the solar irradiation time (Figure 5.18c). H2 and O2 

gases were produced in a stoichiometric ratio of 2:1, which confirms the process of water splitting 

by the electrical energy produced from the plasmon-powered STEG (Figure 5.18d). Impressively, 

10 mL of H2 gas was produced upon ~20 min solar irradiation of plasmon-powered STEG, with 

an electrical-to-hydrogen energy efficiency (ηETH) of ~8 % (see Section 5.3.21 for detailed 

calculation).  
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Figure 5.18. Production of green-H2 using plasmon-powered concentrated-STEG. (a) The experimental 

setup for the splitting of water using plasmon-powered concentrated-STEG. (b) Half-cell and overall water-

splitting reactions. (c) Photographs showing the storage of H2 gas in inverted columns, as a function of solar 

irradiation time. (d) A plot showing the increase in the volume of H2 and O2 generated, as a function of 

solar irradiation time. H2 and O2 gases were collected in 2:1 volume ratio throughout the experiment, 

confirming the process of water splitting. The average solar concentration during the experiment was 

measured to be 80 sun (1 sun corresponds to 100 mW.cm-2). 

5.5. Conclusions 

The excellent light-to-heat energy conversion property of plasmonic AuNPs was used for the 

construction of efficient and durable (> one year) STEGs at ambient conditions from commercially 

available thermoelectric devices. The incorporation of AuNPs as the solar absorber led to ~9 times 

enhancement in the overall solar-to-electricity conversion efficiency of concentrated-STEG (under 

75 sun), with a peak efficiency of 9.6% at ambient conditions. An excellent efficiency of ~11.5% 

achieved with the plasmon-powered solar thermoelectric generator operated under vacuum is the 

highest value reported so far under any experimental condition to the best of our knowledge. Large 

light-absorptivity, high photothermal conversion efficiency, and high thermal conductivity of 

plasmonic AuNP ensured a large temperature difference across the two sides of the TEG, which 

was the primary reason for the high performance of our plasmon-powered STEG at ambient 
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conditions. The electricity generated from the plasmon-powered STEG process was used to run 

low-to-medium power electrical devices (35 mW to 500 mW), as well as for the green-H2 

production via the electrolysis of water. The design of our plasmon-powered STEGs is so simple 

that it could be easily integrated with other existing technologies, such as solar thermal technology 

to generate hot water. Such integrations of solar energy technologies are essential to achieve better 

solar energy utilization. In short, the use of plasmonic AuNPs as the solar absorber enabled us to 

construct efficient and durable (> one year) STEGs at ambient conditions from commercially 

available thermoelectric devices. The design of our plasmon-powered STEGs is so simple that it 

could be easily integrated to other clean energy harvesting technologies, including photovoltaics 

and solar water heaters. Thus, our work showcases how an appropriate choice of light-absorbing 

materials can significantly boost the solar energy conversion efficiency of thermoelectric materials 

for various applications, including powering of electric devices and green hydrogen production.    
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5.7. Appendix 

 

Figure 5.19. Spectroscopic and microscopic characterization of AuNPs. (a) UV-vis absorption spectrum of 

~12 nm sized AuNP, showing the surface plasmon band at 522 nm, (b) A representative TEM image and (c) 

the size distribution of ~12 nm AuNPs, proving the homogeneity with respect to shape and size. (d) 

Comparison between the UV-vis absorption spectra of ~12 nm sized AuNP in colloidal solution (blue trace) 

and film (red trace) states. The spectral broadness of the AuNP film on TEG is attributed to the NP coupling.   

Table 5.2. Light intensity dependent voltage and current output from plasmon-powered STEG 

corresponding to Figure 5.8.  

Light Intensity (mW) VOC (mV) ISC (mA) 

0 -2.94 ± 0.53 0.16 ± 0.04 

100 6.33 ± 0.15 -1.88 ± 0.01 

200 17.63 ± 0.11 -3.52 ± 0.09 

300 27.23 ± 0.06 -5.48 ± 0.07 

400 36.24 ± 0.25 -7.40 ± 0.05 
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Table 5.3. AuNPs size dependent electrical output from plasmon-powered STEG. A 20 W white LED was 

used as the light source. The light intensity at the AuNP film was measured to be 60 mW.cm-2 in all the 

cases. 

 

 

 

 

 

 

 

 

aThe simultaneous temperature increase was measured using an IR thermometer (EEE Instruments 

Inc., Kolkata). 

 

 

 

 

 

 

 

500 46.43 ± 0.31 -9.40 ± 0.08 

600 56.98 ± 0.36 -10.98 ± 0.10 

700 66.02 ± 0.56 -12.84 ± 0.05 

800 74.11 ± 0.46 -14.63 ± 0.06 

900 85.68 ± 0.44 -15.86 ± 0.12 

1000 94.43 ± 0.27 -17.70 ± 0.07 

AuNP diameter VOC (mV) ISC (mA) Pout (mW) Th (℃)a 

No AuNPs 28 5 0.14 32.8 

5 nm 80 14 1.12 39 

12 nm 91 24 2.184 45 

24 nm 71 13 0.923 38 

44 nm 64 12.1 0.7744 34 

90 nm 65 11.2 0.728 34 
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Table 5.4. Table summarizing the time-dependent electrical output from plasmon-powered STEG. A 20 W 

white LED was used as the light source.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Day 

STEG-1 STEG-2 STEG-3 

VOC 

(mV) 

ISC 

(mA) 

Pout 

(mW) 

VOC 

(mV) 

ISC 

(mA) 

Pout 

(mW) 

VOC 

(mV) 

ISC 

(mA) 

Pout 

(mW) 

1 148 25 3.7 110 22.6 2.486 104 21 2.184 

2 148 25 3.7 110 22.6 2.486 104 21 2.184 

3 148 25 3.7 110 22.5 2.475 104 21 2.184 

4 150 25 3.75 110 23 2.53 106 21.8 2.3108 

12 150 25 3.75 110 22.6 2.486 106 21.7 2.3002 

20 150 25 3.75 110 22.6 2.486 106 21.7 2.3002 

28 150 25 3.75 110 22.63 2.4893 106 21.8 2.3108 

36 150 24.9 3.73 110 22.7 2.497 106 21.7 2.3002 

42 150 25 3.75 110 22.7 2.497 106 21.7 2.3002 

44 150 25 3.75 110 22.6 2.486 106 21.8 2.3108 

64 150 25 3.75 110 22.7 2.497 106 21.9 2.3214 

95 150 25 3.75 110 22.6 2.486 106 21.9 2.3214 

125 149.9 25 3.74 110 22.7 2.497 106 21.8 2.3108 

156 150 25 3.75 110 22.62 2.4882 106 21.9 2.3214 

187 150 24.9 3.73 110 22.61 2.4871 106 21.8 2.3108 

215 150 24.9 3.73 110 22.7 2.497 106 21.7 2.3002 

239 150 25 3.75 110 22.6 2.486 106 21.8 2.3108 

301 150 25 3.75 110 22.63 2.4893 106 21.7 2.3002 

331 150 24.9 3.73 110 22.65 2.4915 106 21.8 2.3108 

362 150 24.9 3.73 110 22.64 2.4904 106 21.8 2.3108 

392 150 25 3.75 110 22.7 2.497 106 21.9 2.3214 
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Figure 5.20. Laboratory demonstration plasmon-powered STEG. (a) The experimental setup for 

running a ≥35 mW fan with the electricity produced from three plasmon-powered STEGs. The current and 

voltage output is shown in the inset. (b) the power output (violet) and light-electricity conversion efficiency 

(dark yellow) of STEGs operated with and without AuNP film.   

 

Table 5.5. Comparison of solar-to-electricity conversion efficiency (𝜂) of different TEG modules. 

TEG 

module 

VOC (V) ISC (mA) Pout (W) 

(electrical 

power) 

Pin 

(W.cm-2) 

(optical 

power) 

Efficiency 

(%) 

 With 

AuNP 

W/o 

AuNP 

With 

AuNP 

W/o 

AuNP 

With 

AuNP 

W/o 

AuNP 

 With 

AuNP 

W/o 

AuNP 

TEC1-12701 3.06 1 230 90 0.7038 0.0900 7.9 8.91 1.14 

TEC1-12703 1.55 0.65 350 150 0.5425 0.0975 7.7 7.04 1.26 

TEC1-12704 1.76 0.67 407 160 0.7163 0.1072 7.5 9.55 1.43 

TEC1-12705 1.05 0.44 320 125 0.3360 0.0550 7 4.80 0.78 

TEC1-12706 1.71 0.565 478 156 0.8173 0.0881 9.5 8.60 0.93 

TEC1-12707 0.85 0.3 375 135 0.3187 0.0405 6.3 5.06 0.64 

TEC1-12709 0.78 0.292 350 126 0.2730 0.0368 6.2 4.40 0.59 

TEC1-12710 0.68 0.237 340 130 0.2312 0.0308 6.1 3.79 0.50 

TEC1-12712 0.45 0.16 350 120 0.1575 0.0192 6 2.62 0.32 

TEC1-12715 0.38 0.15 347 120 0.1318 0.0180 5.9 2.23 0.30 
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Table 5.6. Comparison of solar-to-electricity conversion efficiency (𝜂) of STEGs and concentrated-STEGs. 

Solar absorber Solar 

concentration 

Efficiency 

(𝜼) (%) 

Reference 

AuNP-FB/AgNP-FB 1 Sun 1.04 Nanoscale 2015, 7, 7580  

Ag cubed + triangles 1 Sun 4.7 Nanoscale 2012, 4, 4416  

LMs/polymer 1 Sun 0.1 Small 2022, 18, 2104048  

Al-Absorber 1 Sun 4.75 Energy Environ. Sci. 2011, 4, 3676  

Graphene 1 Sun 4.5 Nano Energy 2018, 50, 308 

Polydopamine nanofibrils 1 Sun 5.6 Nano Energy 2018, 50, 308 

Commercial absorber film 1.5 sun 5.2 Nat. Mater. 2011, 10, 532 

Commercial absorber film 38 Sun 7.4 Nat. Energy 2016, 1, 16153 

Commercial absorber film 211 Sun 9.6 Nat. Energy 2016, 1, 16153 

Solar selective absorber 66 Sun 3 J. Electron. Mater. 2010, 39, 1735  

Solar selective absorber 120 Sun 5.6 J. Electron. Mater. 2010, 39, 1735 

Low reflection glass plate 50 Sun 3.35 J. Appl. Phys. 1954, 25, 765 

AuNP film + TEC1-12706 95 Sun 8.6 This work 

AuNP film + TEC1-12704 75 Sun 9.6 This work 

 

Table 5.7. I-V characteristics of plasmon-powered STEG with different load resistances.  

Load resistance (Ω) V (mV) I (mA) P (mW) 

1 24.9 20.8 0.51792 

2 40 16.6 0.664 

3 48 15.5 0.744 

4 62 12.4 0.7688 

5 67 11 0.737 

7 73 9.7 0.7081 

8 76 8.9 0.6764 

12 82 6.6 0.5412 

14 85 5.8 0.493 

16 88 5.2 0.4576 

22 92 4.1 0.3772 
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6.1. Thesis summary   

The thesis revolves around the phenomenon of plasmonic heat which is the heat dissipated in a 

plasmonic nanomaterial due to its interaction with light, as a result of a series of nonradiative 

relaxation pathways such as electron-electron, electron-phonon, and phonon-phonon interactions. 

To begin with, the factors affecting thermalization and dissipation have been experimentally 

investigated, with a focus on the effect of shape and configuration. A thermally-driven synthetic 

organic reaction, namely the Diels-Alder reaction between trans--nitrostyrene and 2,3-dimethyl-

1,3-butadiene, was performed and the yield of the reaction was used as a marker for the amount of 

heat generated and dissipated from plasmonic nanostructures. For the shape effect, the plasmonic 

heat generation in spherical Au nanoparticles was compared with the Au nanorod geometry; 

whereas the assembling effect was studied using a bundled geometry of AuNR array. The result 

suggested that nanorods were better thermoplasmonic substrates, and the assembly had an added 

advantage for plasmonic heat generation and/or dissipation. Throughout the thesis, the plasmonic 

heat was utilized for a broad range of applications such as thermal PDMS polymerization, solar-

vapor generation, crystal-to-crystal phase transformation, and high-temperature reactions in 

synthetic organic chemistry (Diels-Alder reaction and Claisen rearrangement). One of the desired 

feats achieved in this direction was the deconvolution of thermal and hot carrier contribution in 

plasmon-driven chemistry. A thermodynamically closed reactor setup was proposed for extricating 

the role of hot carriers and achieving a sole plasmonic heat-driven chemistry. Further, the 

thermodynamically closed plasmonic reactor was advantageous with respect to the recyclability 

aspect as well.  Next, a simple, yet effective, strategy based on thermochromism was developed to 

quantify the temperature rise caused by the plasmonic heat generated. The result suggested the 

attainment of ~250 ℃ within 15 min of irradiation from a 532 nm CW diode laser. The proposed 

quantification technique based on thermochromism was verified with three independent 

techniques, such as melting point, Raman spectroscopy, and infrared-based thermometric imaging 

studies. Finally, the prospect of conversion of plasmonic heat to electricity was discussed, which 

is a crucial step towards establishment of the plasmonic heat as a universal energy source. For this, 

the plasmonic AuNPs were integrated into a solar thermoelectric generator (STEG), which boosted 

the solar-to-electricity conversion efficiency by ~9 times (overall efficiency ~9.6% under ambient 

conditions). The electrical output from the plasmon-powered solar thermoelectric generators was 

used to run low-to-medium power electrical devices. Finally, the electrical energy generated from 
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plasmon-powered solar thermoelectric generators was stored in the form of chemical energy in the 

form of green hydrogen via the electrolysis of water.   

 
Figure 6.1. Summary of the thesis. Thesis covers various aspects of thermoplasmonics including factors 

influencing the generation and dissipation of plasmonic heat, quantification technique, alternate source of 

thermal energy for doing high-temperature chemical reactions, solar vapor generation, and electricity 

generation and storage. 

 

In summary, the current thesis is an attempt to fill some of the gaps in the field of thermoplasmonics 

with respect to fundamental as well as applied perspectives. Our attempt is expected to help in 

installing sustainability in chemical synthesis, which can have direct impact in solving some of the 

challenges associated with energy crisis and climate change.  

 

6.2. Future directions 

The work summarized in this thesis unambiguously prove the versatility in the use of plasmonic 

heat in doing high-temperature chemical and physical transformations with sunlight. In future, 

several aspects related to thermoplasmonics can be focused to popularize the use of plasmonic 
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heat. From a fundamental perspective, there is an urgent need for developing plasmonic materials 

based on affordable and readily available precursors, which can be used as an alternative to 

conventional Au and Ag NPs. A few options include Cu-based NPs (Cu, CuO, CuS, etc.), Al NPs, 

metal carbides, metal nitrides, etc.1-4 (marked 1 in Figure 6.2).  The second direction could be 

expanding the scope of plasmonic heat in various energy-intensive important chemical 

transformations (CO2 reduction, nitrogen fixation, water splitting, etc.), towards achieving the goal 

of sustainability in chemical synthesis (marked 2 in Figure 6.2). 

 

Figure 6.2. Future directions. (a) Exploring plasmonic materials from earth-abundant as a cost-effective 

alternative to noble metal-based material, for the lab-to-industry upscaling of thermoplasmonic-based 

technologies. (b) The second direction can be the utilization of plasmonic heating to carry out important 

energy-intensive chemical transformations such as CO2 reduction and N2 fixation, by integrating plasmonic 

materials with thermocatalysts. (c) The solar-to-electricity conversion studies could be expanded either by 

using plasmonic board-band solar absorbers or by integrating plasmonic materials with solar heaters.    

 

As shown in Chapter 4 of the thesis, plasmonic heat can be used to carry out high-temperature 

transformation using sunlight as the sole energy source. This idea could be extended towards 

thermocatalytic reactions5 where the visible-light active plasmonic materials can be used as a 

thermal energy source in combination with standard thermocatalysts to drive the reactions. For 
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this, the integration of material (thermocatalysts + plasmonic materials) as well as the reactor 

design will be crucial.   

The final work of the thesis is an important advancement in producing electricity from sunlight. 

In the future, the efficiency of plasmon-powered solar thermoelectric generators can be improved 

by using plasmon-based materials capable of absorbing a broad solar spectrum (marked 3 in 

Figure 6.2). The other direction can be the integration of plasmonic materials with other 

technologies such as solar water heaters6, which could be further extended to melt salts for 

generating electricity through steam turbines.  
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the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.
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Dear Radha Krishna Kashyap,
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partner with copyright owners to assist with processing permissions requests
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That is a great question. On the articles website for "Gold nanoparticle
ensembles as heaters and actuators: melting and collective plasmon
resonances" within the Rights and Permissions section Springer Nature has
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Open Access This article is distributed under the terms of the Creative
Commons Attribution 2.0 International License
( https://creativecommons.org/licenses/by/2.0 ), which permits
unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.

I hope this has been helpful. If you need further assistance please let me know.
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Zachary

Zachary Hall
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Copyright Clearance Center
222 Rosewood Drive
Danvers, MA 01923
www.copyright.com
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International +1.978-646-2600
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--------------- Original Message ---------------
From: Radha Krishna Kashyap [krishna.kashyap@students.iiserpune.ac.in]
Sent: 7/23/2024 11:04 AM
To: springernaturesupport@copyright.com
Subject: Request of copyright permission

Dear Springer Nature Copyright Team,
I am Radha Krishna Kashyap a PhD student at Indian Institute of Science Education and Research (IISER), Pune.
IISER Pune is a non-profit academic institute. I would like to take permission to reuse figures (Fig.1, Fig. 5, and Fig. 6)
from the article (doi: 10.1007/s11671-006-9015-7) for my PhD thesis.
The details are as follows for your ready reference:
Title of the article: Gold nanoparticle ensembles as heaters and actuators: melting and collective plasmon
resonances 
Doi: 10.1007/s11671-006-9015-7
Detail of the figures taken: Fig.1, Fig. 5 and Fig. 6
 
Thanks and regards
Kashyap
---
Radha Krishna Kashyap
Senior Research Fellow
Dr. Pramod P. Pillai's Group
IISER Pune- 411008
 
This message (including attachments) is confidential, unless marked otherwise. It is intended for the addressee(s)
only. If you are not an intended recipient, please delete it without further distribution and reply to the sender that you
have received the message in error.
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a breach of any provision of this Agreement shall not operate or be construed as a
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This Agreement may not be assigned (including by operation of law or otherwise)
by you without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you
and WILEY concerning this licensing transaction and (in the absence of fraud)
supersedes all prior agreements and representations of the parties, oral or written.
This Agreement may not be amended except in writing signed by both parties. This
Agreement shall be binding upon and inure to the benefit of the parties' successors,
legal representatives, and authorized assigns.

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and
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WILEY expressly reserves all rights not specifically granted in the combination of
(i) the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules.
Any legal action, suit or proceeding arising out of or relating to these Terms and
Conditions or the breach thereof shall be instituted in a court of competent
jurisdiction in New York County in the State of New York in the United States of
America and each party hereby consents and submits to the personal jurisdiction of
such court, waives any objection to venue in such court and consents to service of
process by registered or certified mail, return receipt requested, at the last known
address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY)
License only, the subscription journals and a few of the Open Access Journals offer a
choice of Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-
ND) permits use, distribution and reproduction in any medium, provided the original work
is properly cited, is not used for commercial purposes and no modifications or adaptations
are made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html
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The following terms and conditions ("Terms and Conditions") together with the terms
specified in your [RightsLink] constitute the License ("License") between you as
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clicking 'accept' and completing the transaction for your use of the material ("Licensed
Material"), you confirm your acceptance of and obligation to be bound by these Terms
and Conditions.

1. Grant and Scope of License

1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, non-
sublicensable, revocable, world-wide License to reproduce, distribute, communicate
to the public, make available, broadcast, electronically transmit or create derivative
works using the Licensed Material for the purpose(s) specified in your RightsLink
Licence Details only. Licenses are granted for the specific use requested in the order
and for no other use, subject to these Terms and Conditions. You acknowledge and
agree that the rights granted to you under this License do not include the right to
modify, edit, translate, include in collective works, or create derivative works of the
Licensed Material in whole or in part unless expressly stated in your RightsLink
Licence Details. You may use the Licensed Material only as permitted under this
Agreement and will not reproduce, distribute, display, perform, or otherwise use or
exploit any Licensed Material in any way, in whole or in part, except as expressly
permitted by this License.

1. 2. You may only use the Licensed Content in the manner and to the extent
permitted by these Terms and Conditions, by your RightsLink Licence Details and
by any applicable laws.

1. 3. A separate license may be required for any additional use of the Licensed
Material, e.g. where a license has been purchased for print use only, separate
permission must be obtained for electronic re-use. Similarly, a License is only valid
in the language selected and does not apply for editions in other languages unless
additional translation rights have been granted separately in the License.

1. 4. Any content within the Licensed Material that is owned by third parties is
expressly excluded from the License.

1. 5. Rights for additional reuses such as custom editions, computer/mobile
applications, film or TV reuses and/or any other derivative rights requests require
additional permission and may be subject to an additional fee. Please apply to
journalpermissions@springernature.com or bookpermissions@springernature.com
for these rights.

2. Reservation of Rights

Licensor reserves all rights not expressly granted to you under this License. You
acknowledge and agree that nothing in this License limits or restricts Licensor's rights
in or use of the Licensed Material in any way. Neither this License, nor any act,
omission, or statement by Licensor or you, conveys any ownership right to you in any
Licensed Material, or to any element or portion thereof. As between Licensor and you,
Licensor owns and retains all right, title, and interest in and to the Licensed Material
subject to the license granted in Section 1.1. Your permission to use the Licensed
Material is expressly conditioned on you not impairing Licensor's or the applicable
copyright owner's rights in the Licensed Material in any way.

3. Restrictions on use

3. 1. Minor editing privileges are allowed for adaptations for stylistic purposes or
formatting purposes provided such alterations do not alter the original meaning or
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intention of the Licensed Material and the new figure(s) are still accurate and
representative of the Licensed Material. Any other changes including but not
limited to, cropping, adapting, and/or omitting material that affect the meaning,
intention or moral rights of the author(s) are strictly prohibited.

3. 2. You must not use any Licensed Material as part of any design or trademark.

3. 3. Licensed Material may be used in Open Access Publications (OAP), but any
such reuse must include a clear acknowledgment of this permission visible at the
same time as the figures/tables/illustration or abstract and which must indicate that
the Licensed Material is not part of the governing OA license but has been
reproduced with permission. This may be indicated according to any standard
referencing system but must include at a minimum 'Book/Journal title, Author,
Journal Name (if applicable), Volume (if applicable), Publisher, Year, reproduced
with permission from SNCSC'.

4. STM Permission Guidelines

4. 1. An alternative scope of license may apply to signatories of the STM
Permissions Guidelines ("STM PG") as amended from time to time and made
available at https://www.stm-assoc.org/intellectual-
property/permissions/permissions-guidelines/.

4. 2. For content reuse requests that qualify for permission under the STM PG, and
which may be updated from time to time, the STM PG supersede the terms and
conditions contained in this License.

4. 3. If a License has been granted under the STM PG, but the STM PG no longer
apply at the time of publication, further permission must be sought from the
Rightsholder. Contact journalpermissions@springernature.com or
bookpermissions@springernature.com for these rights.

5. Duration of License

5. 1. Unless otherwise indicated on your License, a License is valid from the date of
purchase ("License Date") until the end of the relevant period in the below table:

Reuse in a medical
communications project

Reuse up to distribution or time period indicated
in License

Reuse in a
dissertation/thesis Lifetime of thesis

Reuse in a
journal/magazine Lifetime of journal/magazine

Reuse in a book/textbook Lifetime of edition
Reuse on a website 1 year unless otherwise specified in the License

Reuse in a
presentation/slide
kit/poster

Lifetime of presentation/slide kit/poster. Note:
publication whether electronic or in print of
presentation/slide kit/poster may require further
permission.

Reuse in conference
proceedings Lifetime of conference proceedings

Reuse in an annual report Lifetime of annual report
Reuse in training/CME
materials

Reuse up to distribution or time period indicated
in License

Reuse in newsmedia Lifetime of newsmedia
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Reuse in
coursepack/classroom
materials

Reuse up to distribution and/or time period
indicated in license

6. Acknowledgement

6. 1. The Licensor's permission must be acknowledged next to the Licensed
Material in print. In electronic form, this acknowledgement must be visible at the
same time as the figures/tables/illustrations or abstract and must be hyperlinked to
the journal/book's homepage.

6. 2. Acknowledgement may be provided according to any standard referencing
system and at a minimum should include "Author, Article/Book Title, Journal
name/Book imprint, volume, page number, year, Springer Nature".

7. Reuse in a dissertation or thesis

7. 1. Where 'reuse in a dissertation/thesis' has been selected, the following terms
apply: Print rights of the Version of Record are provided for; electronic rights for
use only on institutional repository as defined by the Sherpa guideline
(www.sherpa.ac.uk/romeo/) and only up to what is required by the awarding
institution.

7. 2. For theses published under an ISBN or ISSN, separate permission is required.
Please contact journalpermissions@springernature.com or
bookpermissions@springernature.com for these rights.

7. 3. Authors must properly cite the published manuscript in their thesis according
to current citation standards and include the following acknowledgement:
'Reproduced with permission from Springer Nature'.

8. License Fee

You must pay the fee set forth in the License Agreement (the "License Fees"). All
amounts payable by you under this License are exclusive of any sales, use,
withholding, value added or similar taxes, government fees or levies or other
assessments. Collection and/or remittance of such taxes to the relevant tax authority
shall be the responsibility of the party who has the legal obligation to do so.

9. Warranty

9. 1. The Licensor warrants that it has, to the best of its knowledge, the rights to
license reuse of the Licensed Material. You are solely responsible for ensuring
that the material you wish to license is original to the Licensor and does not
carry the copyright of another entity or third party (as credited in the
published version). If the credit line on any part of the Licensed Material indicates
that it was reprinted or adapted with permission from another source, then you
should seek additional permission from that source to reuse the material.

9. 2. EXCEPT FOR THE EXPRESS WARRANTY STATED HEREIN AND TO
THE EXTENT PERMITTED BY APPLICABLE LAW, LICENSOR PROVIDES
THE LICENSED MATERIAL "AS IS" AND MAKES NO OTHER
REPRESENTATION OR WARRANTY. LICENSOR EXPRESSLY DISCLAIMS
ANY LIABILITY FOR ANY CLAIM ARISING FROM OR OUT OF THE
CONTENT, INCLUDING BUT NOT LIMITED TO ANY ERRORS,
INACCURACIES, OMISSIONS, OR DEFECTS CONTAINED THEREIN, AND
ANY IMPLIED OR EXPRESS WARRANTY AS TO MERCHANTABILITY OR
FITNESS FOR A PARTICULAR PURPOSE. IN NO EVENT SHALL LICENSOR
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BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER PERSON OR
FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT,
PUNITIVE, OR EXEMPLARY DAMAGES, HOWEVER CAUSED, ARISING
OUT OF OR IN CONNECTION WITH THE DOWNLOADING, VIEWING OR
USE OF THE LICENSED MATERIAL REGARDLESS OF THE FORM OF
ACTION, WHETHER FOR BREACH OF CONTRACT, BREACH OF
WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE
(INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF
PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION
APPLIES NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE
OF ANY LIMITED REMEDY PROVIDED HEREIN.

10. Termination and Cancellation

10. 1. The License and all rights granted hereunder will continue until the end of the
applicable period shown in Clause 5.1 above. Thereafter, this license will be
terminated and all rights granted hereunder will cease.

10. 2. Licensor reserves the right to terminate the License in the event that payment
is not received in full or if you breach the terms of this License.

11. General

11. 1. The License and the rights and obligations of the parties hereto shall be
construed, interpreted and determined in accordance with the laws of the Federal
Republic of Germany without reference to the stipulations of the CISG (United
Nations Convention on Contracts for the International Sale of Goods) or to
Germany ́s choice-of-law principle.

11. 2. The parties acknowledge and agree that any controversies and disputes
arising out of this License shall be decided exclusively by the courts of or having
jurisdiction for Heidelberg, Germany, as far as legally permissible.

11. 3. This License is solely for Licensor's and Licensee's benefit. It is not for the
benefit of any other person or entity.

Questions? For questions on Copyright Clearance Center accounts or website issues
please contact springernaturesupport@copyright.com or +1-855-239-3415 (toll free in
the US) or +1-978-646-2777. For questions on Springer Nature licensing please visit
https://www.springernature.com/gp/partners/rights-permissions-third-party-distribution

Other Conditions:
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JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS

Jul 24, 2024

This Agreement between Radha Krishna Kashyap ("You") and John Wiley and Sons
("John Wiley and Sons") consists of your license details and the terms and conditions
provided by John Wiley and Sons and Copyright Clearance Center.

License Number 5835381476567

License date Jul 24, 2024

Licensed Content Publisher John Wiley and Sons

Licensed Content Publication Advanced Energy Materials

Licensed Content Title Solar Thermoelectricity for Power Generation

Licensed Content Author Hyo Jae Yoon, Xin He, Sahar Ayachi

Licensed Content Date Jun 13, 2023

Licensed Content Volume 13

Licensed Content Issue 28

Licensed Content Pages 20

Type of use Dissertation/Thesis

Requestor type University/Academic
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Number of figures/tables 1

Will you be translating? No

Title of new work Light-Powered Plasmonic Heaters: Extracting the
Heat Out of Plasmons for Photothermal Applications

Institution name Indian Institute of Science Education and Research
(IISER), Pune

Expected presentation date Sep 2024

Portions Table 6

The Requesting Person /
Organization to Appear on the
License

Radha Krishna Kashyap

Requestor Location

Mr. Radha Krishna Kashyap
Chemistry Department, IISER Pune
Dr. Homi Bhabha Road, Pashan

Pune, 411008
India
Attn: Mr. Radha Krishna Kashyap

Publisher Tax ID EU826007151

Total 0.00 USD   

Terms and Conditions

TERMS AND CONDITIONS

This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc.
or one of its group companies (each a"Wiley Company") or handled on behalf of a society
with which a Wiley Company has exclusive publishing rights in relation to a particular
work (collectively "WILEY"). By clicking "accept" in connection with completing this
licensing transaction, you agree that the following terms and conditions apply to this
transaction (along with the billing and payment terms and conditions established by the
Copyright Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at
the time that you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).

Terms and Conditions
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The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright.

You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-
time use only and limited to any maximum distribution number specified in the
license. The first instance of republication or reuse granted by this license must be
completed within two years of the date of the grant of this license (although copies
prepared before the end date may be distributed thereafter). The Wiley Materials
shall not be used in any other manner or for any other purpose, beyond what is
granted in the license. Permission is granted subject to an appropriate
acknowledgement given to the author, title of the material/book/journal and the
publisher. You shall also duplicate the copyright notice that appears in the Wiley
publication in your use of the Wiley Material. Permission is also granted on the
understanding that nowhere in the text is a previously published source
acknowledged for all or part of this Wiley Material. Any third party content is
expressly excluded from this permission.

With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and
no derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only,
the terms of the license are extended to include subsequent editions and for
editions in other languages, provided such editions are for the work as a whole
in situ and does not involve the separate exploitation of the permitted figures
or extracts, You may not alter, remove or suppress in any manner any copyright,
trademark or other notices displayed by the Wiley Materials. You may not license,
rent, sell, loan, lease, pledge, offer as security, transfer or assign the Wiley Materials
on a stand-alone basis, or any of the rights granted to you hereunder to any other
person.

The Wiley Materials and all of the intellectual property rights therein shall at all
times remain the exclusive property of John Wiley & Sons Inc, the Wiley
Companies, or their respective licensors, and your interest therein is only that of
having possession of and the right to reproduce the Wiley Materials pursuant to
Section 2 herein during the continuance of this Agreement. You agree that you own
no right, title or interest in or to the Wiley Materials or any of the intellectual
property rights therein. You shall have no rights hereunder other than the license as
provided for above in Section 2. No right, license or interest to any trademark, trade
name, service mark or other branding ("Marks") of WILEY or its licensors is
granted hereunder, and you agree that you shall not assert any such right, license or
interest with respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
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BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach
of this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any
breach of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY
NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY
LIMITED REMEDY PROVIDED HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision,
and the legality, validity and enforceability of the remaining provisions of this
Agreement shall not be affected or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall
not constitute a waiver of either party's right to enforce each and every term and
condition of this Agreement. No breach under this agreement shall be deemed
waived or excused by either party unless such waiver or consent is in writing signed
by the party granting such waiver or consent. The waiver by or consent of a party to
a breach of any provision of this Agreement shall not operate or be construed as a
waiver of or consent to any other or subsequent breach by such other party.

This Agreement may not be assigned (including by operation of law or otherwise)
by you without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you
and WILEY concerning this licensing transaction and (in the absence of fraud)
supersedes all prior agreements and representations of the parties, oral or written.
This Agreement may not be amended except in writing signed by both parties. This
Agreement shall be binding upon and inure to the benefit of the parties' successors,
legal representatives, and authorized assigns.

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and
conditions, these terms and conditions shall prevail.
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WILEY expressly reserves all rights not specifically granted in the combination of
(i) the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules.
Any legal action, suit or proceeding arising out of or relating to these Terms and
Conditions or the breach thereof shall be instituted in a court of competent
jurisdiction in New York County in the State of New York in the United States of
America and each party hereby consents and submits to the personal jurisdiction of
such court, waives any objection to venue in such court and consents to service of
process by registered or certified mail, return receipt requested, at the last known
address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY)
License only, the subscription journals and a few of the Open Access Journals offer a
choice of Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-
ND) permits use, distribution and reproduction in any medium, provided the original work
is properly cited, is not used for commercial purposes and no modifications or adaptations
are made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:
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AIP PUBLISHING LICENSE
TERMS AND CONDITIONS

Jul 23, 2024

This Agreement between Radha Krishna Kashyap ("You") and AIP Publishing ("AIP
Publishing") consists of your license details and the terms and conditions provided by AIP
Publishing and Copyright Clearance Center.

License Number 5835071391214

License date Jul 23, 2024

Licensed Content Publisher AIP Publishing

Licensed Content Publication Journal of Applied Physics

Licensed Content Title Modeling of concentrating solar thermoelectric
generators

Licensed Content Author McEnaney, Kenneth; Kraemer, Daniel

Licensed Content Date Oct 3, 2011

Licensed Content Volume 110

Licensed Content Issue 7

Type of Use Thesis/Dissertation

Requestor type Student

Format Print and electronic

Portion Figure/Table

Number of figures/tables 1
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Will you be translating? No

Title of new work Light-Powered Plasmonic Heaters: Extracting the
Heat Out of Plasmons for Photothermal Applications

Institution name Indian Institute of Science Education and Research
(IISER), Pune

Expected presentation date Sep 2024

Portions Figure 1

The Requesting Person /
Organization to Appear on the
License

Radha Krishna Kashyap

Requestor Location

Mr. Radha Krishna Kashyap
Chemistry Department, IISER Pune
Dr. Homi Bhabha Road, Pashan

Pune, 411008
India
Attn: Mr. Radha Krishna Kashyap

Billing Type Invoice

Billing Address

Mr. Radha Krishna Kashyap
Chemistry Department, IISER Pune
Dr. Homi Bhabha Road, Pashan

Pune, India 411008
Attn: Mr. Radha Krishna Kashyap

Total 0.00 USD   

Terms and Conditions

AIP Publishing -- Terms and Conditions: Permissions Uses

AIP Publishing hereby grants to you the non-exclusive right and license to use and/or
distribute the Material according to the use specified in your order, on a one-time basis,
for the specified term, with a maximum distribution equal to the number that you have
ordered. Any links or other content accompanying the Material are not the subject of this
license.
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1. You agree to include the following copyright and permission notice with the
reproduction of the Material:"Reprinted from [FULL CITATION], with the
permission of AIP Publishing." For an article, the credit line and permission notice
must be printed on the first page of the article or book chapter. For photographs,
covers, or tables, the notice may appear with the Material, in a footnote, or in the
reference list.

2. If you have licensed reuse of a figure, photograph, cover, or table, it is your
responsibility to ensure that the material is original to AIP Publishing and does not
contain the copyright of another entity, and that the copyright notice of the figure,
photograph, cover, or table does not indicate that it was reprinted by AIP
Publishing, with permission, from another source. Under no circumstances does
AIP Publishing purport or intend to grant permission to reuse material to which it
does not hold appropriate rights.
You may not alter or modify the Material in any manner. You may translate the
Material into another language only if you have licensed translation rights. You may
not use the Material for promotional purposes.

3. The foregoing license shall not take effect unless and until AIP Publishing or its
agent, Copyright Clearance Center, receives the Payment in accordance with
Copyright Clearance Center Billing and Payment Terms and Conditions, which are
incorporated herein by reference.

4. AIP Publishing or Copyright Clearance Center may, within two business days of
granting this license, revoke the license for any reason whatsoever, with a full
refund payable to you. Should you violate the terms of this license at any time, AIP
Publishing, or Copyright Clearance Center may revoke the license with no refund to
you. Notice of such revocation will be made using the contact information provided
by you. Failure to receive such notice will not nullify the revocation.

5. AIP Publishing makes no representations or warranties with respect to the Material.
You agree to indemnify and hold harmless AIP Publishing, and their officers,
directors, employees or agents from and against any and all claims arising out of
your use of the Material other than as specifically authorized herein.

6. The permission granted herein is personal to you and is not transferable or
assignable without the prior written permission of AIP Publishing. This license may
not be amended except in a writing signed by the party to be charged.

7. If purchase orders, acknowledgments or check endorsements are issued on any
forms containing terms and conditions which are inconsistent with these provisions,
such inconsistent terms and conditions shall be of no force and effect. This
document, including the CCC Billing and Payment Terms and Conditions, shall be
the entire agreement between the parties relating to the subject matter hereof.

This Agreement shall be governed by and construed in accordance with the laws of the
State of New York. Both parties hereby submit to the jurisdiction of the courts of New
York County for purposes of resolving any disputes that may arise hereunder.

V1.2

Questions? customercare@copyright.com.
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Order Con�rmation

Thank you, your order has been placed. An email con�rmation has been sent to you. Your order license details and printable

licenses will be available within 24 hours. Please access Manage Account for �nal order details.

This is not an invoice. Please go to manage account to access your order history and invoices.

CUSTOMER INFORMATION

Payment by invoice: You can cancel your order until the invoice is generated by contacting customer service.

 Billing Address

Mr. Radha Krishna Kashyap

Chemistry Department, IISER Pune

Dr. Homi Bhabha Road, Pashan

Pune, 411008

India

+91 9717078301

krishna.kashyap@students.iiserpune.ac.in

 Customer Location

Mr. Radha Krishna Kashyap

Chemistry Department, IISER Pune

Dr. Homi Bhabha Road, Pashan

Pune, 411008

India

 PO Number (optional)

N/A

 Payment options

Invoice

PENDING ORDER CONFIRMATION

Con�rmation Number: Permission granted 

Order Date:      24-Jul-2024

1. Energy & environmental science 0.00 USD

Article: Concentrated solar thermoelectric generators

Order License ID

ISSN

Type of Use

Permission granted
1754-5706 
Republish in a 
thesis/dissertation

Publisher RSC Publishing

Portion Chart/graph/table/�g

ure

LICENSED CONTENT

REQUEST DETAILS

Publication Title Energy & environmental

science

Article Title Concentrated solar

thermoelectric generators

Author / Editor Royal Society of Chemistry

(Great Britain)

Date 01/01/2008

Language English

Country United Kingdom of Great

Britain and Northern Ireland

Rightsholder Royal Society of Chemistry

Publication Type e-Journal

Start Page 9055

Issue 10

Volume 5

URL http://www.rsc.org/Publishing

/Journals/EE/Index.asp

Portion Type Chart/graph/table/�gure

Number of Charts / Graphs /

Tables / Figures Requested

1

Distribution Worldwide

Translation Original language of

publication
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Accepted: Marketplace Permissions General Terms and Conditions and any applicable Publisher Terms and Conditions

NEW WORK DETAILS

ADDITIONAL DETAILS

REQUESTED CONTENT DETAILS

Format (select all that apply) Print, Electronic

Who Will Republish the

Content?

Not-for-pro�t entity

Duration of Use Life of current edition

Lifetime Unit Quantity Up to 499

Rights Requested Main product

Copies for the Disabled? No

Minor Editing Privileges? No

Incidental Promotional Use? No

Currency USD

Title Light-Powered Plasmonic

Heaters: Extracting the Heat

Out of Plasmons for

Photothermal Applications

Instructor Name Radha Krishna Kashyap

Institution Name Indian Institute of Science

Education and Research, Pune

Expected Presentation Date 2024-09-02

Order Reference Number N/A The Requesting Person /

Organization to Appear on

the License

Radha Krishna Kashyap

Title, Description or Numeric

Reference of the Portion(s)

Figure 2a

Editor of Portion(s) Baranowski, Lauryn L.;

Snyder, G. Je�rey; Toberer,

Eric S.

Volume / Edition 5

Page or Page Range of

Portion

9055

Title of the Article / Chapter

the Portion Is From

Concentrated solar

thermoelectric generators

Author of Portion(s) Baranowski, Lauryn L.;

Snyder, G. Je�rey; Toberer,

Eric S.

Issue, if Republishing an

Article From a Serial

10

Publication Date of Portion 2012-09-20

Total Items: 1
Total Due: 0.00 USD
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SPRINGER NATURE LICENSE
TERMS AND CONDITIONS

Jul 23, 2024

This Agreement between Radha Krishna Kashyap ("You") and Springer Nature ("Springer
Nature") consists of your license details and the terms and conditions provided by
Springer Nature and Copyright Clearance Center.

License Number 5835081437339

License date Jul 23, 2024

Licensed Content Publisher Springer Nature

Licensed Content Publication Journal of Electronic Materials

Licensed Content Title High-Temperature High-Efficiency Solar
Thermoelectric Generators

Licensed Content Author Lauryn L. Baranowski et al

Licensed Content Date Mar 1, 2014

Type of Use Thesis/Dissertation

Requestor type academic/university or research institute

Format print and electronic

Portion figures/tables/illustrations

Number of figures/tables/illustrations 1

Will you be translating? no

Circulation/distribution 200 - 499
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Author of this Springer Nature content no

Title of new work
Light-Powered Plasmonic Heaters: Extracting
the Heat Out of Plasmons for Photothermal
Applications

Institution name Indian Institute of Science Education and
Research (IISER), Pune

Expected presentation date Sep 2024

Portions Figure 2

The Requesting Person / Organization to
Appear on the License Radha Krishna Kashyap

Requestor Location

Mr. Radha Krishna Kashyap
Chemistry Department, IISER Pune
Dr. Homi Bhabha Road, Pashan

Pune, 411008
India
Attn: Mr. Radha Krishna Kashyap

Billing Type Invoice

Billing Address

Mr. Radha Krishna Kashyap
Chemistry Department, IISER Pune
Dr. Homi Bhabha Road, Pashan

Pune, India 411008
Attn: Mr. Radha Krishna Kashyap

Total 0.00 USD   

Terms and Conditions

Springer Nature Customer Service Centre GmbH Terms and Conditions

The following terms and conditions ("Terms and Conditions") together with the terms
specified in your [RightsLink] constitute the License ("License") between you as
Licensee and Springer Nature Customer Service Centre GmbH as Licensor. By
clicking 'accept' and completing the transaction for your use of the material ("Licensed
Material"), you confirm your acceptance of and obligation to be bound by these Terms
and Conditions.
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1. Grant and Scope of License

1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, non-
sublicensable, revocable, world-wide License to reproduce, distribute, communicate
to the public, make available, broadcast, electronically transmit or create derivative
works using the Licensed Material for the purpose(s) specified in your RightsLink
Licence Details only. Licenses are granted for the specific use requested in the order
and for no other use, subject to these Terms and Conditions. You acknowledge and
agree that the rights granted to you under this License do not include the right to
modify, edit, translate, include in collective works, or create derivative works of the
Licensed Material in whole or in part unless expressly stated in your RightsLink
Licence Details. You may use the Licensed Material only as permitted under this
Agreement and will not reproduce, distribute, display, perform, or otherwise use or
exploit any Licensed Material in any way, in whole or in part, except as expressly
permitted by this License.

1. 2. You may only use the Licensed Content in the manner and to the extent
permitted by these Terms and Conditions, by your RightsLink Licence Details and
by any applicable laws.

1. 3. A separate license may be required for any additional use of the Licensed
Material, e.g. where a license has been purchased for print use only, separate
permission must be obtained for electronic re-use. Similarly, a License is only valid
in the language selected and does not apply for editions in other languages unless
additional translation rights have been granted separately in the License.

1. 4. Any content within the Licensed Material that is owned by third parties is
expressly excluded from the License.

1. 5. Rights for additional reuses such as custom editions, computer/mobile
applications, film or TV reuses and/or any other derivative rights requests require
additional permission and may be subject to an additional fee. Please apply to
journalpermissions@springernature.com or bookpermissions@springernature.com
for these rights.

2. Reservation of Rights

Licensor reserves all rights not expressly granted to you under this License. You
acknowledge and agree that nothing in this License limits or restricts Licensor's rights
in or use of the Licensed Material in any way. Neither this License, nor any act,
omission, or statement by Licensor or you, conveys any ownership right to you in any
Licensed Material, or to any element or portion thereof. As between Licensor and you,
Licensor owns and retains all right, title, and interest in and to the Licensed Material
subject to the license granted in Section 1.1. Your permission to use the Licensed
Material is expressly conditioned on you not impairing Licensor's or the applicable
copyright owner's rights in the Licensed Material in any way.

3. Restrictions on use

3. 1. Minor editing privileges are allowed for adaptations for stylistic purposes or
formatting purposes provided such alterations do not alter the original meaning or
intention of the Licensed Material and the new figure(s) are still accurate and
representative of the Licensed Material. Any other changes including but not
limited to, cropping, adapting, and/or omitting material that affect the meaning,
intention or moral rights of the author(s) are strictly prohibited.

3. 2. You must not use any Licensed Material as part of any design or trademark.
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3. 3. Licensed Material may be used in Open Access Publications (OAP), but any
such reuse must include a clear acknowledgment of this permission visible at the
same time as the figures/tables/illustration or abstract and which must indicate that
the Licensed Material is not part of the governing OA license but has been
reproduced with permission. This may be indicated according to any standard
referencing system but must include at a minimum 'Book/Journal title, Author,
Journal Name (if applicable), Volume (if applicable), Publisher, Year, reproduced
with permission from SNCSC'.

4. STM Permission Guidelines

4. 1. An alternative scope of license may apply to signatories of the STM
Permissions Guidelines ("STM PG") as amended from time to time and made
available at https://www.stm-assoc.org/intellectual-
property/permissions/permissions-guidelines/.

4. 2. For content reuse requests that qualify for permission under the STM PG, and
which may be updated from time to time, the STM PG supersede the terms and
conditions contained in this License.

4. 3. If a License has been granted under the STM PG, but the STM PG no longer
apply at the time of publication, further permission must be sought from the
Rightsholder. Contact journalpermissions@springernature.com or
bookpermissions@springernature.com for these rights.

5. Duration of License

5. 1. Unless otherwise indicated on your License, a License is valid from the date of
purchase ("License Date") until the end of the relevant period in the below table:

Reuse in a medical
communications project

Reuse up to distribution or time period indicated
in License

Reuse in a
dissertation/thesis Lifetime of thesis

Reuse in a
journal/magazine Lifetime of journal/magazine

Reuse in a book/textbook Lifetime of edition
Reuse on a website 1 year unless otherwise specified in the License

Reuse in a
presentation/slide
kit/poster

Lifetime of presentation/slide kit/poster. Note:
publication whether electronic or in print of
presentation/slide kit/poster may require further
permission.

Reuse in conference
proceedings Lifetime of conference proceedings

Reuse in an annual report Lifetime of annual report
Reuse in training/CME
materials

Reuse up to distribution or time period indicated
in License

Reuse in newsmedia Lifetime of newsmedia
Reuse in
coursepack/classroom
materials

Reuse up to distribution and/or time period
indicated in license

6. Acknowledgement

6. 1. The Licensor's permission must be acknowledged next to the Licensed
Material in print. In electronic form, this acknowledgement must be visible at the

24/07/2024, 07:15 RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 4/6

https://www.stm-assoc.org/intellectual-property/permissions/permissions-guidelines/
https://www.stm-assoc.org/intellectual-property/permissions/permissions-guidelines/
mailto:Journalpermissions@springernature.com
mailto:bookpermissions@springernature.com


same time as the figures/tables/illustrations or abstract and must be hyperlinked to
the journal/book's homepage.

6. 2. Acknowledgement may be provided according to any standard referencing
system and at a minimum should include "Author, Article/Book Title, Journal
name/Book imprint, volume, page number, year, Springer Nature".

7. Reuse in a dissertation or thesis

7. 1. Where 'reuse in a dissertation/thesis' has been selected, the following terms
apply: Print rights of the Version of Record are provided for; electronic rights for
use only on institutional repository as defined by the Sherpa guideline
(www.sherpa.ac.uk/romeo/) and only up to what is required by the awarding
institution.

7. 2. For theses published under an ISBN or ISSN, separate permission is required.
Please contact journalpermissions@springernature.com or
bookpermissions@springernature.com for these rights.

7. 3. Authors must properly cite the published manuscript in their thesis according
to current citation standards and include the following acknowledgement:
'Reproduced with permission from Springer Nature'.

8. License Fee

You must pay the fee set forth in the License Agreement (the "License Fees"). All
amounts payable by you under this License are exclusive of any sales, use,
withholding, value added or similar taxes, government fees or levies or other
assessments. Collection and/or remittance of such taxes to the relevant tax authority
shall be the responsibility of the party who has the legal obligation to do so.

9. Warranty

9. 1. The Licensor warrants that it has, to the best of its knowledge, the rights to
license reuse of the Licensed Material. You are solely responsible for ensuring
that the material you wish to license is original to the Licensor and does not
carry the copyright of another entity or third party (as credited in the
published version). If the credit line on any part of the Licensed Material indicates
that it was reprinted or adapted with permission from another source, then you
should seek additional permission from that source to reuse the material.

9. 2. EXCEPT FOR THE EXPRESS WARRANTY STATED HEREIN AND TO
THE EXTENT PERMITTED BY APPLICABLE LAW, LICENSOR PROVIDES
THE LICENSED MATERIAL "AS IS" AND MAKES NO OTHER
REPRESENTATION OR WARRANTY. LICENSOR EXPRESSLY DISCLAIMS
ANY LIABILITY FOR ANY CLAIM ARISING FROM OR OUT OF THE
CONTENT, INCLUDING BUT NOT LIMITED TO ANY ERRORS,
INACCURACIES, OMISSIONS, OR DEFECTS CONTAINED THEREIN, AND
ANY IMPLIED OR EXPRESS WARRANTY AS TO MERCHANTABILITY OR
FITNESS FOR A PARTICULAR PURPOSE. IN NO EVENT SHALL LICENSOR
BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER PERSON OR
FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT,
PUNITIVE, OR EXEMPLARY DAMAGES, HOWEVER CAUSED, ARISING
OUT OF OR IN CONNECTION WITH THE DOWNLOADING, VIEWING OR
USE OF THE LICENSED MATERIAL REGARDLESS OF THE FORM OF
ACTION, WHETHER FOR BREACH OF CONTRACT, BREACH OF
WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE
(INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF
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PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION
APPLIES NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE
OF ANY LIMITED REMEDY PROVIDED HEREIN.

10. Termination and Cancellation

10. 1. The License and all rights granted hereunder will continue until the end of the
applicable period shown in Clause 5.1 above. Thereafter, this license will be
terminated and all rights granted hereunder will cease.

10. 2. Licensor reserves the right to terminate the License in the event that payment
is not received in full or if you breach the terms of this License.

11. General

11. 1. The License and the rights and obligations of the parties hereto shall be
construed, interpreted and determined in accordance with the laws of the Federal
Republic of Germany without reference to the stipulations of the CISG (United
Nations Convention on Contracts for the International Sale of Goods) or to
Germany ́s choice-of-law principle.

11. 2. The parties acknowledge and agree that any controversies and disputes
arising out of this License shall be decided exclusively by the courts of or having
jurisdiction for Heidelberg, Germany, as far as legally permissible.

11. 3. This License is solely for Licensor's and Licensee's benefit. It is not for the
benefit of any other person or entity.

Questions? For questions on Copyright Clearance Center accounts or website issues
please contact springernaturesupport@copyright.com or +1-855-239-3415 (toll free in
the US) or +1-978-646-2777. For questions on Springer Nature licensing please visit
https://www.springernature.com/gp/partners/rights-permissions-third-party-distribution

Other Conditions:

Version 1.4 - Dec 2022

Questions? customercare@copyright.com.
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INTRODUCTION

1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in
connection with completing this licensing transaction, you agree that the following terms
and conditions apply to this transaction (along with the Billing and Payment terms and
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you
opened your RightsLink account and that are available at any time at
https://myaccount.copyright.com).

GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementioned material subject
to the terms and conditions indicated.

3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source.  If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:

"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."

4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given. The material may not be reproduced or used in any other way,
including use in combination with an artificial intelligence tool (including to train an
algorithm, test, process, analyse, generate output and/or develop any form of artificial
intelligence tool), or to create any derivative work and/or service (including resulting from
the use of artificial intelligence tools).

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions,
deletions and/or any other alterations shall be made only with prior written authorization
of Elsevier Ltd. (Please contact Elsevier’s permissions helpdesk here). No modifications
can be made to any Lancet figures/tables and they must be reproduced in full.

6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.

7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.

8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your
proposed use, no license is finally effective unless and until full payment is received from
you (either by publisher or by CCC) as provided in CCC's Billing and Payment terms and
conditions.  If full payment is not received on a timely basis, then any license
preliminarily granted shall be deemed automatically revoked and shall be void as if never
granted.  Further, in the event that you breach any of these terms and conditions or any of
CCC's Billing and Payment terms and conditions, the license is automatically revoked and
shall be void as if never granted.  Use of materials as described in a revoked license, as
well as any use of the materials beyond the scope of an unrevoked license, may constitute
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copyright infringement and publisher reserves the right to take any and all action to
protect its copyright in the materials.

9. Warranties: Publisher makes no representations or warranties with respect to the
licensed material.

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.

12. No Amendment Except in Writing: This license may not be amended except in a
writing signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).

13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and
Payment terms and conditions.  These terms and conditions, together with CCC's Billing
and Payment terms and conditions (which are incorporated herein), comprise the entire
agreement between you and publisher (and CCC) concerning this licensing transaction.  In
the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions
described in this License at their sole discretion, for any reason or no reason, with a full
refund payable to you.  Notice of such denial will be made using the contact information
provided by you.  Failure to receive such notice will not alter or invalidate the denial.  In
no event will Elsevier or Copyright Clearance Center be responsible or liable for any
costs, expenses or damage incurred by you as a result of a denial of your permission
request, other than a refund of the amount(s) paid by you to Elsevier and/or Copyright
Clearance Center for denied permissions.

LIMITED LICENSE

The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights
you may only translate this content into the languages you requested. A professional
translator must perform all translations and reproduce the content word for word
preserving the integrity of the article.

16. Posting licensed content on any Website: The following terms and conditions apply
as follows: Licensing material from an Elsevier journal: All content posted to the web site
must maintain the copyright information line on the bottom of each image; A hyper-text
must be included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books
at http://www.elsevier.com; Central Storage: This license does not include permission for
a scanned version of the material to be stored in a central repository such as that provided
by Heron/XanEdu.

Licensing material from an Elsevier book: A hyper-text link must be included to the
Elsevier homepage at http://www.elsevier.com . All content posted to the web site must
maintain the copyright information line on the bottom of each image.
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Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only
to bona fide students registered on a relevant course. This permission is granted for 1 year
only. You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:

Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been
peer-reviewed, nor has it had any other value added to it by a publisher (such as
formatting, copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to
or enhanced in any way in order to appear more like, or to substitute for, the final versions
of articles however authors can update their preprints on arXiv or RePEc with their
Accepted Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.

Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

immediately
via their non-commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement

After the embargo period
via non-commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

link to the formal publication via its DOI
bear a CC-BY-NC-ND license - this is easy to do
if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way
to appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.
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Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If you are an author, please share a link to your article rather than
the full-text. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help your users to find, access, cite, and use the best
available version.

Theses and dissertations which contain embedded PJAs as part of the formal submission
can be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course
packs and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the above:  
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may
you scan the printed edition to create an electronic version. Posting to a repository:
Authors are permitted to post a summary of their chapter only in their institution's
repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may
be submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.

 

Elsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in
nearly 2000 established subscription journals that support open access publishing.
Permitted third party re-use of these open access articles is defined by the author's choice
of Creative Commons user license. See our open access license policy for more
information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:

Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour
or reputation. If any changes have been made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
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If any part of the material to be used (for example, figures) has appeared in our
publication with credit or acknowledgement to another source it is the responsibility of the
user to ensure their reuse complies with the terms and conditions determined by the rights
holder.

Additional Terms & Conditions applicable to each Creative Commons user license:

CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is
not done for commercial purposes, and that the user gives appropriate credit (with a link
to the formal publication through the relevant DOI), provides a link to the license,
indicates if changes were made and the licensor is not represented as endorsing the use
made of the work. Further, any new works must be made available on the same
conditions. The full details of the license are available at
http://creativecommons.org/licenses/by-nc-sa/4.0.

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the
Article, provided this is not done for commercial purposes and further does not permit
distribution of the Article if it is changed or edited in any way, and provided the user gives
appropriate credit (with a link to the formal publication through the relevant DOI),
provides a link to the license, and that the licensor is not represented as endorsing the use
made of the work. The full details of the license are available at
http://creativecommons.org/licenses/by-nc-nd/4.0. Any commercial reuse of Open Access
articles published with a CC BY NC SA or CC BY NC ND license requires permission
from Elsevier and will be subject to a fee.

Commercial reuse includes:

Associating advertising with the full text of the Article
Charging fees for document delivery or access
Article aggregation
Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.

 

20. Other Conditions:

 

v1.10

Questions? customercare@copyright.com.
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Radha Krishna Kashyap <krishna.kashyap@students.iiserpune.ac.in>

RE: Copyright permission required
1 message

CONTRACTS-COPYRIGHT (shared) <Contracts-Copyright@rsc.org> Wed, Jul 24, 2024 at 8:39 PM
To: "krishna.kashyap@students.iiserpune.ac.in" <krishna.kashyap@students.iiserpune.ac.in>

Dear Radha Krishna Kashyap

 

The Royal Society of Chemistry (RSC) hereby grants permission for the use of your paper(s) specified below in the
printed and microfilm version of your thesis.  You may also make available the PDF version of your paper(s) that
the RSC sent to the corresponding author(s) of your paper(s) upon publication of the paper(s) in the following
ways: in your thesis via any website that your university may have for the deposition of theses, via your university’s
Intranet or via your own personal website.  We are however unable to grant you permission to include the PDF
version of the paper(s) on its own in your institutional repository.  The Royal Society of Chemistry is a signatory to
the STM Guidelines on Permissions (available on request).

 

Please note that if the material specified below or any part of it appears with credit or acknowledgement to a third
party then you must also secure permission from that third party before reproducing that material.

 

Please ensure that the thesis includes the correct acknowledgement (see http://rsc.li/permissions for details) and a
link is included to the paper on the Royal Society of Chemistry’s website.

 

Please also ensure that your co-authors are aware that you are including the paper in your thesis.

 

Best wishes

 

Becky

 

Becky Roberts
Contracts & Copyright Executive, Sales Operations

Royal Society of Chemistry

www.rsc.org
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From: do-not-reply@rsc.org <do-not-reply@rsc.org>
Sent: Wednesday, July 24, 2024 4:05 PM
To: CONTRACTS-COPYRIGHT (shared) <Contracts-Copyright@rsc.org>
Subject: Copyright permission required

 

PLEASE DO NOT REPLY DIRECTLY TO THIS EMAIL AS THE INBOX IS NOT MONITORED.
The email address below can be used to reply to the person who submitted this form.

Name: Radha Krishna Kashyap
Email address (please reply to this address): krishna.kashyap@students.iiserpune.ac.in
Message: I am Radha Krishna Kashyap a PhD student at Indian Institute of Science Education and Research (IISER),
Pune. IISER Pune is a non-profit academic institute. I would like to take permission to reuse content of (doi:
10.1039/D3CC04278B) for my PhD thesis. I am the leading author of it.
details of the article:
Title: Plasmon enabled Claisen rearrangement with sunlight
Doi: 10.1039/D3CC04278B
Detail part to be used: Full article

This communication is from The Royal Society of Chemistry, a company incorporated in England by Royal Charter
(registered number RC000524) and a charity registered in England and Wales (charity number 207890). Registered
office: Burlington House, Piccadilly, London W1J 0BA. Telephone: +44 (0) 20 7437 8656.

The content of this communication (including any attachments) is confidential, and may be privileged or contain
copyright material. It may not be relied upon or disclosed to any person other than the intended recipient(s) without
the consent of The Royal Society of Chemistry. If you are not the intended recipient(s), please (1) notify us
immediately by replying to this email, (2) delete all copies from your system, and (3) note that disclosure, distribution,
copying or use of this communication is strictly prohibited.

Any advice given by The Royal Society of Chemistry has been carefully formulated but is based on the information
available to it. The Royal Society of Chemistry cannot be held responsible for accuracy or completeness of this
communication or any attachment. Any views or opinions presented in this email are solely those of the author and do
not represent those of The Royal Society of Chemistry. The views expressed in this communication are personal to
the sender and unless specifically stated, this e-mail does not constitute any part of an offer or contract. The Royal
Society of Chemistry shall not be liable for any resulting damage or loss as a result of the use of this email and/or
attachments, or for the consequences of any actions taken on the basis of the information provided. The Royal
Society of Chemistry does not warrant that its emails or attachments are Virus-free; The Royal Society of Chemistry
has taken reasonable precautions to ensure that no viruses are contained in this email, but does not accept any
responsibility once this email has been transmitted. Please rely on your own screening of electronic communication.

More information on The Royal Society of Chemistry can be found on our website: www.rsc.org
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