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This work describes the synthesis pathways to the development of 

optically and thermally responsive nanovalves with fast response times in 

nanoporous membranes. As an approach, we developed synthesis 

pathways to couple a thermally responsive polymer with metallic 

nanoparticles and build a nanocomposite that synergizes the capability 

of metallic nanoparticles to convert light into heat, and the fast thermal 

response exhibited by the polymeric material. In addition, we developed 

a technique to immobilize the synthesized nanocomposite to the surface 
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of nanoporous membranes, which allowed building valves with light and 

heat triggering responses.  

This dissertation describes two syntheses pathways developed to 

produce optically and thermally responsive nanocomposites by coupling 

metallic nanoparticles, gold and silver, with a thermally responsive 

polymer, p-N-isopropyl acrylamide (PNIPAM). The coupling is achieved by 

using PNIPAM as a capping and nucleating agent in the in situ redox 

reaction of a silver salt with sodium borohydride, and using PNIPAM as a 

capping and stabilizing agent in the redox reaction of a gold salt with 

ascorbic acid. The size and shape of the nanoparticles were controlled 

and the synthesized nanocomposites exhibit “cocoon-like” structures due 

to the PNIPAM surrounding the metal nanoparticles, giving the capability 

to aggregate and resolubilize, through many thermal (shown for gold and 

silver nanocomposites) and optical (shown by exposing to 532 nm 

wavelength low-power lasers) cycles. 

The steady state and dynamic heat conduction of the heat 

generated from the particles was modeled and the results agreed with 

the observed optical switching at our experimental conditions.  

Finally, a method to incorporate nanocomposites into nanoporous 

membranes (NPM) was developed. It involved prior immobilization of 

PNIPAM through plasma-induced grafting, followed by a reduction in situ 

of a metallic salt. The composite NPMs showed thermal responses and 

through simulation of heat conduction within the pores using the model 



x 

 

developed in this work we were able to conclude that the synthesized 

composite membranes will exhibit optical switching when exposed to 

focused low power lasers.  

The nanovalves developed in this work have potential applications 

as opto-thermally responsive valves for the spatio-temporal delivery of 

bioactive agents, cell array, and advanced cell culture systems. 
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Chapter 1: Introduction 

In vitro cell-culture systems are the cornerstone of the research field 

that focuses on the study of biological cellular behavior[1-4]. It is well known 

from a variety of studies, that cells interact intimately with their 

surroundings, which include: neighboring cells in a cellular community[5, 6], 

and the physical[7-9] and chemical[10-13] conditions of their local 

microenvironment. Cells have high sensitivity to their surroundings and as 

a result, small changes in their local physical or chemical conditions 

trigger biological responses, mainly in the form of chemical entities that 

are segregated to communicate both with parts of the individual cell as 

well as with other cells in its close proximity (autocrine and paracrine 

signals). This observed behavior in cells has stimulated the design and 

manufacture of cell culture systems with the goal of emulating in vivo 

conditions to manipulate, study, and control cell behavior in vitro.  

The design and fabrication of these culture systems provide 

important insight to understand fundamental biological phenomena 

(such as cell-cell signaling, cell motility, proliferation, death, differentiation 

and chemotaxis), and mechanisms of higher-level cell organization (tissue 

and organs). In addition, there are potential applications in the test of 

new therapeutic agents, developing novel therapeutic methods and 

manufacturing of synthetic organs. However, one of the major challenges 

in the fabrication of these cultures systems is achieving microenvironments 
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with conditions that emulate those found in vivo and that can be 

externally controlled both in space and in time.  

Over the last few years, there have been several efforts in creating 

in vitro devices with controlled and predictable microenvironment 

conditions. One of the major alternatives that have been explored are the 

design of microfluidic devices and cell culture systems with micro and 

nano-scaled lengths[10]. Analysis of the equations that govern fluid 

mechanics and diffusion of chemicals, which create gradients, suggest 

that at small scales low Reynolds numbers predominate, which are 

characteristic of laminar flow. This allows for the generation of both 

linear[11, 14] and complex concentration gradients of chemical reagents 

that can be easily modeled and controlled, and as an extra feature, 

these systems only require small sample volumes of the reagents, which 

are usually very expensive.[15] However, these systems present a series of 

drawbacks. 1) Maintaining chemical gradients require a constant flow, 

therefore the cells experience, in addition to the chemical gradient, a 

constant stress due to sheer. 2) Any intracellular chemical signals 

segregated by the cells in response to the stimuli (the previously 

mentioned chemical signals autocrine and paracrine) will be washed 

out.[13, 14] As a result, experiments performed under these conditions will 

generate unreliable results. 

Consequently, new system designs have been proposed to 

fabricate microfluidic systems that operate under no-flow conditions. In 
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these systems, chemical gradients are achieved by diffusion of chemical 

reagents through environmentally-responsive mechanical actuators that 

are incorporated into microfluidic systems, such as valves, [16-18] 

permeable membranes[19-26], and nanofabricated reservoirs that act as 

constant sources of reagents. [27-29] The fabrication of these systems has 

been accomplished with the use of sophisticated nanofabrication 

techniques[11, 28-30] and the implementation of environmentally sensitive 

materials[17, 18], which are characterized by having the capability of 

undergoing conformational changes in response to different 

environmental stimuli such as pH[24], temperature[31-33], pressure,[34] light, [35-

38] and different chemical entities[39]. Environmentally responsive polymers 

have been proven to act as promising mechanical actuators in drug 

delivery systems and nanofabricated devices[18, 40, 41].  

Mechanical actuators, such as valves, have been used as artifacts 

to achieve spatiotemporal control of flow and chemical gradients within 

microfluidic channels. However, although up to date there has not been 

a complete success to achieve the goal, there have been close 

attempts. Among the most successful attempts in the fabrication of these 

valves, include incorporating pH and temperature responsive hydrogels in 

microfluidic channels or by grafting responsive polymer chains to the wall 

substrate of the channel. However, these actuators present limited 

applications to be used in cell culture systems since their response requires 

bulk changes in the conditions of the system, pH and temperature. 



4 

 

Consequently, the cells will experience non-optimal conditions to perform 

normal biological processes and the experimental data will be biased. 

Hence, the necessity to synthesize and design materials that can 

respond to localized stimuli, without changing the bulk conditions of the 

system so they can be incorporated into microfluidic systems. Light 

responsive materials are a great option for this application since their 

response can be easily triggered at highly localized sites (using lasers) 

without requiring physical contact, which allows external control. Optical 

responses of these materials are typically driven by conformational 

changes of certain dye molecules that are integrated to the polymer 

backbones or as pendent groups,[42-47] or through local generation of 

heat due to dyes either linked to a thermally responsive polymer or 

hydrogel.[37, 38] However, dyes are chemically reactive, susceptible to 

bleaching, and their responses are generally very slow.[35, 40, 48, 49] A better 

alternative is the use of hybrid materials, composed of two or more 

different materials that synergize their individual physical properties.  

A recent area of research is the synthesis of hybrid materials that 

couple thermally responsive materials with metallic nanoparticles to 

design them to be optically and thermally responsive. Metal 

nanoparticles, which due to their size present new physical properties 

different from the properties observed in the bulk, [50-52] offer an interesting 

option in the development of composite materials. Metal nanoparticles 

exhibit scattering and absorption (localized surface plasmon resonance) 
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of different light wavelengths, highly dependant on size and shape, and 

display colors that range from the blue to the red.[52, 53] In addition, the 

absorbed energy by the nanoparticles is released thermally to the 

environment and opens new routes to achieve highly localized heating[54-

56]. These properties of metallic nanoparticles, have been combined with 

thermally responsive materials, such as hydrogels, and have successfully 

switched valves optically in microfluidic systems.[54] These systems have the 

advantage of being chemically stable however, the switching of these 

hydrogels require high power lasers and take long times to switch.  

It is therefore that the main contribution of this dissertation is to 

synthesize, characterize and model the heat conduction on fast opto-

thermally responsive polymer-metal nanocomposite materials that can be 

incorporated into nanoporous substrates, to act as rapid switchable 

nanovalves.  Even though, metal nanoparticles cannot induce switching 

in both directions, since the switching is through heat generated in the 

nanoparticle, the advantage relies on the fast dissipation of aqueous 

environments, and the rapid cooling can be used for the reverse response 

mechanism. Furthermore, the switching response-times at which 

nanocomposites respond, as well as driven transport mechanisms such as 

diffusion and thermal heating, are highly dependant on length-scale so at 

nanometer scales these times decrease significantly by orders of 

magnitude.  
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Finally, the novel opto-thermally composite systems developed in 

this work, which are comprised by thermally responsive polymers and light 

activated metallic particles, will be incorporated into nanoporous 

membranes. As part of future work, the techniques to incorporate these 

composites will be optimized to develop “on/off” opto-thermally 

responsive control nanovalves, which will be incorporated into 

microfluidic devices as part of future research to be used as mechanical 

actuators that achieve spatiotemporal control in cellular 

microenvironments, such as the schematic illustrated in Figure 1.1.



7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1  Schematic of our single cell drug delivery device.
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Chapter 2: Background 

 

A major area of research between the fields of therapeutics, 

molecular biology, tissue engineering and bionanotechnology is to 

understand the intimate interaction cells exhibit with their surrounding 

environment. Cellular behavior and many biological activities such as 

proliferation, migration and differentiation are triggered or suppressed by 

different signals that cells sense from tightly spatiotemporal controlled 

changes in the chemical and physical conditions of their environment[57-

60]. Our research lab has specifically developed interest in building in vitro 

cell culture systems with environments that emulate those found in vivo, 

and where the chemical and physical conditions can be controlled 

externally. These cell culture systems will allow control of parameters to 

develop experiments that study cell behavior when exposed to different 

physical (varying surface patterns of seeding substrates), and chemical 

(concentration gradients of water-soluble factors) stimuli. Finally, the 

development of such controlled environments will have potential 

applications in understanding cell-cell communication (through paracrine 

and autocrine signaling), performing pharmaceutical screening, and 

deciphering the mechanisms of cell ordering into tissue to promote self-

healing and fabrication of new organs.[61] 

As mentioned previously, the focus of the work described in this 

dissertation is to synthesize, characterize and model the heat conduction 



9 

 

on a dynamic material that can be incorporated into nanoporous 

substrates, which will act as rapid switchable nanovalves. These 

nanovalves or mechanical actuators will therefore, have an application 

to allow a spatio-temporal control of delivery of reagents in in vitro cell 

culture systems and aid in developing environments that resemble 

conditions found in vivo.  

The rest of this chapter will focus on giving an overall background of 

the current challenges in the delivering of chemical reagents with spatio-

temporal control in cell culture systems. This includes describing the 

characteristics of novel cell-culture system designs as well as the materials 

that have been implemented into these systems to be used as 

mechanical actuators (responsive polymers and hybrid materials 

composed of responsive polymers and metal nanoparticles). 

2.1 Cell Culture Systems (Controlling Cells through Physical and Chemical 

Stimuli) 

Individual cells are the architectural basis of any living organism, 

and their role is essential in every biological activity needed to live. 

Increased fundamental research on the effect of chemical and physical 

factors on cellular activities such as proliferation, motility, migration, 

differentiation and cell-cell communication is expected to lead to 

breakthrough knowledge in the areas of therapeutics, self-healing, and 

mechanisms of cell ordering into tissue, which will have an impact in the 
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synthesis of synthetic organs[27, 57, 61]. Most of the cell activities mentioned 

previously are either triggered or suppressed by strict spatiotemporal 

controlled combinations of chemical gradients and physical conditions of 

the extracellular matrix. Performing experiments in vivo to understand the 

effect of specific conditions and parameters of the local environments on 

the exhibited cell behavior is not only very expensive, but also unfeasible 

due to the complexity of the systems and the need to control a large 

number of variables. It is a much easier task to perform experiments in 

vitro, under controlled synthetic biochemical environments, such as cell 

culture systems, with capability to emulate physiological conditions found 

in tissue. The development of  these cell culture systems is a major area of 

research [3, 7, 12, 13].  

Achieving a spatiotemporal control of the environment involves 

controlling changes in both the physical[9, 62, 63] and chemical[10, 11] 

conditions of cellular local surroundings. It is illustrated in Figure 2.1 that 

changes in different parameters trigger different cellular responses, and 

even small variations in cell culture conditions have reported to present 

abnormal and random cell behavior. Additionally, some of these 

responses involve the secretion of chemical factors that mainly diffuse into 

the surrounding cellular environment and are used to maintain a constant 

communication with other parts of the cell (autocrine), or when they are 

part of a higher hierarchical structure, also used to communicate with 

neighboring cells (paracrine signals). It is therefore that an advanced cell 
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culture system must be able to externally control the spatio-temporal 

distribution of physical and chemical parameters, but also allow the 

autocrine and paracrine signals to develop and be preserved. Several 

works, which have focused on the study of biological responses using 

physical and most commonly chemical changes in the environment, will 

be described. 

Cell responses to changes in the physical conditions of the 

environment have been studied intensively by seeding cells on 

biocompatible substrates in physiological media[61]. For instance, location 

and orientation of adhesion sites, as well as their strength, have been 

observed to change when exposed to different shear stress.[64, 65] 

Additionally, control of stem cell fate has been achieved by growing stem 

cells on substrates with different tensile strengths and surface elasticity, 

and as a result, neuronal, muscle, and bone cells are preferentially 

produced in correspondence to the decreasing of elasticity of the 

matrix[8, 9]. Within our laboratory, interactions of cells with nanopatterned 

substrates has revealed increases in the number of adhesion sites, 

changes in the adhesion area, difference in cytoskeletal organization, 

different extracellular matrix remodeling, and increased cell motility in 

comparison with smooth surfaces[66]. All of these studies show great 

potential to be capable of controlling cellular response by designing 

appropriate biomaterials with different physical properties.  
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More commonly, chemical stimuli have been used for controlling 

cellular behavior. Such is the case of arrays of individual cells that have 

been developed to test for pharmaceutical responses in a direct 

comparison[4, 58, 67]. Additional work has been done by exposing cells to 

chemical gradients of water-soluble reagents (growth factors) that trigger 

differential cellular responses, and can stimulate new self-organization[12, 

13, 27, 59, 61, 68]. However, manufacturing a cellular environment that mimics 

physiological conditions or even the capability of creating predictable 

gradients is a challenge. Additionally, establishing these spatiotemporal 

conditions and achieving fast stabilization times, under an environment 

where cells can communicate through diffusible factors, and 

implementing tools for detecting cellular responses, are additional goals, 

as illustrated in Figure 2.2.  

 Many different approaches have been used to achieve 

spatiotemporal control of the chemical conditions in cell culture systems. 

These include the classical endpoint assays such as the Boyden[69] and 

Dunn[70] chambers, the use of micropipettes[71, 72], which are able to target 

nanoliter volumes at subcellular coordinates, and caged reagents in 

glutamate, which can be cleaved using light[1, 73, 74]. However, all of these 

methods present serious disadvantages such as the incapability of 

placing several pipettes together in closed spaces, the necessity to design 

specific caged factors for every individual reagent, lack of control and 

reproducibility of the temporal evolution of gradients, and the incapability 
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to maintain stable concentration gradients of the delivered reagents. A 

very promising approach is the design of microenvironments, such as 

microfluidic channels, which allow the generation of stable gradients and 

real-time dynamic studies on the behavior of cells when exposed to 

different reagents under both continuous flow[10, 11, 65, 68] and no flow 

conditions[13, 14, 29, 75].   

Interest in microfluidic systems started in the area of biology since 

they present many advantages to manipulate fluids at cellular scales. 

Among the many additional features, illustrated in Figure 2.3, are the 

controlled effective mass and heat transfer due to high surface to volume 

ratios, and the dominance of viscous forces that facilitate the creation of 

laminar flows[76]. This has allowed the parallel transport of two or more 

chemical substances to a distant location without convective mixing, and 

so allowed one to create complex and uniform concentration 

gradients[10, 75, 77]. Such characteristics have been exploited to address 

subcellular volumes with one-dimensional concentration profiles and to 

control seeding of cells. Other experiments include time dependant 

creation of localized stimuli to study neurotrophic modulation, neurite 

path findings, and cell-cell interactions in cellular networks[11, 68]. Yet, these 

systems are still far from emulating in vivo conditions since they need 

constant flow to maintain gradients, therefore inhibiting the development 

of diffusible chemical signaling gradients, which leads to biased results[12, 

13]. A very promising area, since it increments the spatiotemporal control 
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on the release of chemical signals and allows evolution of diffusible 

factors, is the development of microfluidic devices with capabilities of 

running experiments under no-flow conditions. These systems have been 

developed by incorporating, within the microfluidic device, mechanical 

actuators such as valves[14, 27, 78], pumps[29] or pressure driven “jets” [28] and 

some of the works will be described next. 

Although there have been serious attempts to generate complex 

gradients under no flow conditions several disadvantages are present in 

the systems. The use of pneumatic valves[27], and sink sources separated 

by diffuse controlled membranes[79] require human intervention, such as 

dispensing fluid, or connecting inlets, which creates uncertainty at early 

time points in the development of the gradient. Pressure driven jets[28] and 

arrays of microfluidic channels[29] have advantages of creating highly 

controlled diffusible gradients but they are not capable of “turning off” 

the delivery of reagents.  

A proposed solution is use of mechanical actuators, such as valves, 

that implement environmentally responsive materials that allow control of 

delivery of reagents such as the system proposed in our group, which is 

described in Figure 1.1. The system allows fast responsive valves made up 

of polymer-metal nanocomposites incorporated into nanoporous systems 

and allow control of flow at a specific site (several pores exposed to light) 

between a chemical reagent source and the cells in the physiological 

medium. This dissertation contributes to the development of the optically 
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responsive material and achieving the incorporation of the responsive 

material into the pores to achieve switching. A description on how 

different stimuli responsive materials have been used to control flow in 

valves is explained in the following section of this chapter.  

2.2 Environmentally Responsive Materials as Mechanical Actuators (Control 

Flow and Chemical Gradients in Microfluidic Systems) 

The fabrication of environmentally responsive mechanical 

actuators, valves being among the most studied, has been possible with 

use of environmentally responsive polymers[17-20, 24, 25, 80-83]. These materials 

are capable of undergoing conformational changes and phase 

transitions upon local or external stimuli, which give them their description 

and name as “smart” or “intelligent” materials” [84, 85]. As a result of their 

exhibited mechanical responses, they have been excellent candidates to 

be incorporated into microfluidic systems. These, therefore, have 

successfully controlled flows[17, 19, 24, 40, 80, 86], and delivered chemical 

entities[17, 39, 87] in response to different environmental stimuli that turns 

actuators from “on” to “off”. This has potential applications to generate 

chemical gradients, which will translate into achieving a better 

spatiotemporal control of delivered reagents. In the following sections, we 

proceed to describe some of the different responsive materials that have 

been used in the literature to create such mechanical actuators. 
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Figure 2.4 shows how responsive polymers are generally categorized 

into being locally or bulk-triggered. However, among the most commonly 

studied responsive materials there are four major types[84]: 1) Bulk-

triggered temperature sensitive polymers, such as the widely used poly-

isopropyl acrylamide (PNIPAAm)[31] and elastin-like polypeptides (ELP)[33, 

88].  2) There are the bulk-triggered pH sensitive polymers[17, 89, 90], such as 

the commonly used acrylic acid[91], which contains carboxylate groups. 3) 

Other not so frequently used polymers with bulk-triggered sensitivities to a 

wide range of physical stimuli such as pressure and applied voltage[92, 93]. 

4) And locally triggered materials responsive to light [35-38, 44, 94, 95] or the 

presence of a specific molecule[96, 97]. In addition, several of these 

response polymers can be coupled or modified with specific functional 

chemical groups to exhibit combinatory responses, such as designing a 

co-polymeric material with both pH and temperature sensitivity. 

2.2.1 Bulk-triggered Responsive Materials (pH and Temperature) 

Bulk-triggered responsive materials have found a series of 

applications in the delivery and precise release of chemical reagents, 

such as drugs and growth factors, both in vivo and in vitro. Some 

examples include hydrogels capable of responding to different chemical 

and physical external stimuli (such as pH and temperature) that release a 

drug (protein or peptide) at specific sites in the body[41]. In addition, 

synthesis of systems with higher complexity have been designed to 
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respond to specific enzymes[49, 98] and chemical entities, which allow 

sophisticated cellular targeting and delivery mechanisms, such as the 

hydrogels employed as insulin delivery systems capable of responding to 

the presence of glucose [99]. These, and other cleverly designed delivery 

devices have improved therapies for a wide variety of diseases[99-101]. 

Additional applications, which we are most interested about for the 

purpose of this work, are their use to deliver reagents into in vitro 

microfluidic systems. The most successful attempts to fabricate valves 

have been accomplished using these bulk-triggered responsive materials. 

These systems present several advantages, such as being capable of 

externally controlling flows (redirecting) and introducing chemical 

reagents with fast response times and by simply changing the bulk 

conditions of the system, such as pH[102], pneumatic pressure[103], 

temperature[104], or chemical entities such as glucose[39]. However, there is 

a main problem in the design to use these in cell culture systems, which is 

that their driven mechanical action is triggered by changing the bulk 

conditions of the environments. Changing bulk conditions of the system 

causes cells to be exposed to hostile environments not apt for their 

survival. Such challenges have been recently addressed by developing 

materials that present localized responses to specific light wavelengths, [86, 

105] or implementing nanofabricated chemical reagent sources 

containing chemical reagents that are dispensed to the system through 

pressure[28], or simple diffusion[79]. 
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2.2.2 Locally Responsive Materials (Light) 

Optically responsive materials offer great advantages and present 

the appropriate characteristics to be used in mechanical actuators to 

control flow and delivery of chemical reagent in cell culture systems. 

Although, other cell culture designs have been proposed to deliver 

chemical reagents without changing bulk conditions of system, such as 

pressurized reagent sources[28], they require complicated circuitry and do 

not offer the capability of stimulating highly specific sites within the system 

as easily as it is done using an external light source (laser)[40].  

Light responsive materials are typically triggered due to 

conformational changes of certain dye molecules in the polymer 

backbones or as pendent groups,[42-47] or by the local generation of heat 

due to dyes either linked to a thermally responsive polymer or hydrogel.[37, 

38] However, dyes are usually chemically reactive, susceptible to 

bleaching, and their responses are generally very slow.[35, 40, 48, 49]  

Therefore, research has been focused on developing alternative 

materials, such as nanocomposites that couple two or more different 

materials and synergize their individual physical properties. 

2.2.3 Nanocomposite Materials (Thermally Responsive Polymers and Metallic 

Nanoparticles 

Developing hybrid or nanocomposite materials that couple metallic 

nanoparticles to responsive polymers is a field of research that has gotten 
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a lot of attention due to the extensive research done in the synthesis and 

design of each of the individual components (responsive polymers and 

metallic nanoparticles). In specific, coupling thermally responsive 

polymers to metallic nanoparticles has allowed the development of 

materials that can be triggered both optically and thermally since the 

incorporated metallic nanoparticles act as amplifiers and converters of 

light of a specific wavelength into heat[106]. There are two major 

advantages of these materials over the traditional optical responsive 

polymers (using dyes). First, is the higher chemical stability of both the 

nanoparticles and the polymer and second, is the fast optical response of 

the nanocomposite, since is triggered by a coupled mechanism between 

the fast thermal response of the polymer, and the capability the metallic 

nanoparticles to convert absorbed light into heat, taking advantage of 

the rapid heat conduction at small scales. These opto-thermally 

responsive nanocomposites have been synthesized as temperature 

responsive PNIPAM hydrogels that have entrapped metallic particles 

within their structure[54, 86, 107, 108] and have found applications to control 

flow in microfluidic devices. Synthesis of these systems present an 

advantage since it is simple to physically entrap nanoparticles within the 

hydrogel, however the downside is the long times to trigger the response 

of these systems and requiring high power lasers. It is therefore, the 

motivation of the work in this dissertation, to develop a synthetic route 

that couples polymer chains to metallic nanoparticles, and obtain stable 
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nanocomposites. These can be further used as “on-off” valves to control 

flow in microfluidic systems using low power lasers and faster switching 

times. 

As a result, in the remaining of this chapter we will focus on the 

characteristic of each of the components that play a role in the synthesis 

and response of these opto-thermally responsive materials. 

2.2.3.1 Thermally Responsive Polymers (poly-N-Isopropyl Acrylamide) 

PNIPAAm is one of the most well studied thermally responsive 

materials in the literature. PNIPAM is a polymer that contains both 

hydrophobic and hydrophilic chemical groups as illustrated in Figure 2.5. 

Due to these chemical characteristics, it has been studied and 

determined to be a temperature responsive polymer with a lower critical 

solubility temperature (LCST) of around 32ºC in water. Such behavior of 

solubility in water can be explained thermodynamically with the Gibbs 

free energy equation of the PNIPAM/water system: mixmixmix STHG ∆−∆=∆ . 

Since a negative Gibbs free energy determines spontaneous processes, 

and PNIPAM has been determined to have a LCST, then we must assume 

that both mixH∆  and mixS∆  must be negative. In this case as the T increases 

the entropy term becomes more positive an eventually reaches the 

enthalpy term to switch the Gibbs energy from a negative value that 

determines a miscible system, to a positive value that determines an 

immiscible system.  
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This phenomenon can also be explained from the 

hydrophilic/hydrophobic chemical nature of PNIPAM. At temperatures 

lower temperatures it is water soluble and hydrophilic. When temperature 

increases PNIPAM is more hydrophobic due to the breaking of the 

hydrogen bonds, between water and the NH and CO groups, and so 

there is a tendency for the polymer to associate with itself than with the 

solvent. This leads to a phase separation forming two pure phases. This 

translates in a decrease in entropy and a positive increase in the Gibbs 

energy.  

The conformation of the polymer chains above the LCST is a 

hydrated and expanded state, and below the LCST, the chains are 

dehydrated and aggregated. This behavior exhibited by PNIPAAm has 

been used for several application such as sensors, externally triggered 

drug delivery systems, and biological separations [109, 110]. 

2.2.3.2 Noble Metal Nanoparticles 

Metallic nanostructures have gotten a lot of attention since they 

exhibit very different optical, electrical, thermodynamic, and chemical 

properties than the bulk material. These novel set of properties found in 

these materials have found applications in sensors[111], molecular 

labels[112], and even as biocides and antimicrobials [50, 113]. Such properties 

exhibited at the nanoscale are exemplified in the way gold interacts with 

light at different scales.  Gold in the bulk looks shiny yellow in reflected 

light, but when very thin gold films are prepared it looks blue in transmitted 
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light. Additionally, the colors change to orange and several tones of 

purple and red as the film thickness decreases up to a few nanometers. 

Such phenomenon is due to the collective oscillation of conduction 

electrons at the interface between the metal film and the surrounding 

dielectric[52, 114]. The conducting electrons at the interface of metallic 

nanostructures respond to electromagnetic fields with electronic resonant 

absorption in the visible wavelength range, called localized surface 

plasmon resonance (LSPR), and gives rise to very intense colors.  

Te LSPR is highly sensitive to size and shape of the nanostructures as 

well as in other parameters such as the refractive index of the surrounding 

medium and the distance between neighboring particles, methods of 

calculating theoretical extinction spectra of metallic nanoparticles will be 

described in the next section. When the nanostructures are non-spherical 

and exhibit higher growth in one dimension, to form wires or rods, the 

plasmon band splits into two bands corresponding to oscillation of the 

conducting electrons along (longitudinal) and perpendicular (transverse) 

to the long axis[115]. The transverse mode resonance resembles the 

observed peak for spheres, but the longitudinal mode is considerably red-

shifted and depends strongly on the difference in length compared to 

width. The absorption spectrum has been able to shift from the blue to the 

red by forming elongated wires, tubes, belts, and other more 

sophisticated structures (stars, rings, cubes, nanoshells and onion-like 

structures) that incorporate different metals[116-120]. All these shapes have 
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been synthesized to move the absorption peaks along the absorption 

spectrum and design sensors and molecular labels.  The high sensitivity 

that the absorption peaks present to size and shape requires our synthesis 

to produce highly monodisperse metallic structures. 

2.2.3.3 Calculus of Extinction Spectra in Metallic Nanoparticles using Mie 

Theory 

Optical properties of metal nanostructures have a very strong 

dependence on their specific size and shape and depend on several 

other parameters, such as the refractive index of the surrounding medium 

and the distance between neighboring particles. In specific, the optical 

properties of nanoparticles can be characterized and calculated 

theoretically with accuracy using Mie Theory. 

Mie theoretical calculations are based on the rigorous solutions of 

Maxwell’s Equations with spherical boundary conditions at the sphere. 

When the particles have a surface stabilizing agent such as a polymer 

shell or thick film surrounding them, Mie theory requires to take into 

account the dielectric function of both the metallic particle and the 

surrounding medium. Therefore, in the case of metallic particles, the 

optical properties can be described by simply determining the 

nanoparticle radii and the bulk frequency dependant dielectric constant 

(in the case of aqueous solution it is used the water dielectric constant). 

When a different medium is taken into account, such as a thin film on the 

surface of the nanoparticle or a dielectric shell, then the dielectric 
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constant used has a dependence of position and varies along the radius 

[121, 122]. Examples of these structures are illustrated in Figure 2.6. 

2.2.3.4 Energy Conversion of Metallic Nanoparticles 

Metallic nanoparticles interact with light at different light 

wavelengths through scattering and absorption. The scattering 

component of light is enhanced by the increasing of particle size after 

~100 nm, however, the absorption stays mostly constant and slowly 

increases with size. The nanoparticles show an extinction spectrum, with a 

higher intensity at the surface-plasmon-resonance wavelength, and follow 

a photo-thermal phenomenon where, due to energy relaxation of the 

surface electrons to the phonon bath, the resonant energy is dissipated as 

heat to the local surroundings (Figure. 2.7). This raises the temperature of 

the surroundings of the particles when illuminated by a light source, such 

as a laser. Smaller particles and structures such as nanorods, nanorings 

and nanoshells convert most of the absorbed energy into heat since they 

present larger surface to volume ratios and present less scattering, which 

therefore enhance the optothermal conversion efficiency, and produces 

larger increments of the temperatures of the surrounding environments. 

[105, 119]  

Temperature increments of gold and silver nanoparticles have been 

measured using polarization interference, which allows detection of slight 

phase changes induced by heating. Efficient energy conversion increases 

the local temperature in the immediate particle vicinity up to 15 K[123] and 
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work on different structures such as nanocrescent have achieved 

increments of up to 60 K at the nanostructures vicinities [105].  

2.3 Synthesis Routes of Environmental Sensitive Polymer-Metal Nanoparticle 

Hybrids 

One popular synthesis method to produce metallic nanostructures is 

wet chemistry reactions since they are relatively cheap synthesis capable 

of producing colloidal suspensions of homogenous particles in large 

quantities. The ingredients in the liquid phase are the metal salt precursor, 

which is reduced to its metallic form by a reducing agent such as 

ethylene glycol[114, 124, 125], sodium citrate[126, 127], or sodium borohydrate[128, 

129]. Previous review papers have discussed several mechanisms in the 

formation of the metallic particles by wet chemistry methods. The steps 

described include the creation of metal seeds, followed by growth to 

metallic clusters, and finally agglomeration and growth of the metallic 

clusters to form nanoparticles that reach sizes of a few nanometers in 

diameter (Illustrated in Figure 2.8). Control on the nucleation, aggregation 

and growth steps of the reaction is key in the production of metallic 

structures with homogeneous sizes and shapes[124, 125, 130].  However, this is 

not a thermodynamically stable process since particles in the colloid will 

tend to minimize their surface energy by agglomerating with other 

particles. This leads to the formation of large agglomerates with 

polydisperse sizes and shapes. Size and shape can be controlled by the 
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addition of a surface stabilizer present in the surrounding solvent during 

the formation of the metallic structures. These surface stabilizers are 

molecules, usually organic polymers that prevent high affinity to the metal 

surface and the metallic ions[131, 132]. The final material is then a hybrid 

polymer-metal nanocomposite where the polymers act as capping 

agents; they control the growth of the particles in the synthesis process 

and prevent surface contact of the particles, which prevents 

agglomeration during synthesis and storage[51, 114, 132, 133]. 

So far, the most effective and well-studied stabilizing molecules for 

silver and gold are poly-(vinylpyrrolidone) (PVP) and sodium citrate[114, 131, 

132, 134], respectively. Their interaction with the metals allows fabrication of 

highly stabilized nanostructures with controlled shapes and sizes. However, 

in the production of hybrid materials where a coupling of the metallic 

nanostructure with a responsive polymer is required, PVP or sodium citrate 

adhered to the surface must be removed before further surface 

conjugation can be achieved.  This is done by a ligand-exchange 

process, previously done with thiols[135], using molecules with stronger 

bonds to the gold surface than PVP.  

Various studies have focused on the coupling polymer and metal 

nanoparticles to form hybrids. Some of the methods developed (Figure 

2.9) include surface grafting by functionalizing the responsive polymers 

with thiol groups to promote adsorption on the surface, and surface 

initiated polymerization by previously treating the metallic nanoparticle 
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surface with radical polymerization initiators[126, 127]. Previous reports have 

observed a strong interaction of molecules that contain chemical groups 

with N and O, such as PVP and the amide group in PNIPAAm and PAAm, 

with noble metals: platinum[136-138], gold[139] and silver[124, 125, 140]. The 

interaction with the surface of the metallic particles has been attributed 

to hydrophobic forces as well as possible chemical coordination bonds 

between the polymer and the metal surface. PNIPAAm has been 

previously used as a capping and stabilizing agent in the synthesis of 

platinum particles reduced with ethanol [136-138].  

Additionally, synthesis of silver[141, 142] and bimetallic platinum-

gold[143] colloids has been approached by using simultaneous dispersion 

polymerization of polystyrene and NIPAAm in the presence of the metallic 

precursors. The products yield metallic particles within the PNIPAAm grafts 

in the surface of polystyrene spheres, allowing enhanced catalytic 

properties and effective ways of recuperating precious metals. These 

reports have used X-ray photoelectron spectroscopy (XPS) and Fourier 

transform infrared (FTIR) to study the interactions with PNIPAAm and silver 

in these synthesis. They found that the peaks for the carboxyl and nitrogen 

hydrogen bonds are shifted, meaning that there is an interaction of the 

silver with these specific groups. This interaction provides a potential to 

develop novel synthesis routes to synthesize colloidal hybrid 

nanomaterials. 
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2.4 Conclusions 

Current cell culture systems present a challenge of externally 

controlling the conditions of local microenvironments in order to emulate 

in vivo like conditions to study cellular responses to chemical and physical 

changes in the environment. The current most successful alternatives to 

control chemical conditions in microenvironments is the incorporation of 

responsive mechanical actuators, such as “on-off” valves, to control flow 

and delivery of chemical reagents. The main component of mechanical 

actuators, which gives it the switching capability, is the responsive 

material that is capable of undergoing conformational changes in 

response to different stimuli. Responsive materials can respond to bulk and 

or localized stimuli, where for applications of controlling cellular 

microenvironment conditions it is necessary to use responsive materials to 

localized triggers. Being optically responsive materials, the most used and 

appropriate option for this application, thermally-responsive polymer-

metal nanocomposites offer the best option to use as the optical 

switching component of “on-off” valves. The challenges that arise are the 

synthesis pathways to couple both metal particles and the responsive 

polymer. A solution proposed is to take advantage of the previously 

reported interaction of N and O containing compounds, such as PNIPAM, 

with different metals, such as silver and gold, to perform a wet chemistry 

in-situ reduction of metallic salts and achieve stable, well-controlled 

particles coupled with the responsive polymer. Lastly, different 
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methodologies to incorporate the developed nanocomposites into 

nanoporous membranes can be addressed which in future work will be 

used as opto-thermally responsive nanovalves in in vitro cell culture 

systems to control delivery of reagents and in vivo like conditions of the 

microenvironments.  

Successful development of these cell culture systems will have a 

profound impact on the development of pathways to drug discovery and 

novel therapeutics of diseases that develop due to cellular malfunction 

such as cancer and diabetes. 
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Figure 2.1  Illustration describes the ways cells respond to physical (shear 

stress) and chemical (chemical gradients) stimuli when they are part of a 

cell-community. These physical and chemical stimuli trigger different 

biological responses. In addition, the cells segregate chemical signals 

called autocrine (to communicate with other parts of the cell) and 

paracrine (to communicate with the neighboring cells). 
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Figure 2.2 Characteristics that a cell culture design must fulfill. It must be 

capable of delivering specific stimuli, with spatiotemporal control and 

without perturbing the environmental conditions of the system not relevant 

to the experiments. It must provide a biocompatible and suitable 

environment that emulates in vivo conditions. It must be capable of 

detecting an appropriate output that would serve as data that will be 

further analyzed. 
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Figure 2.3 Advantages of microfluidic system environments to host 

cellular experiments. They provide environments with high surface to 

volume ratios and make heat and mass transfer more efficient. Reynolds 

numbers depend directly on the dimensions, which makes them very 

small in microfluidic devices and lead to laminar flows, which allow fluid-

fluid interfaces (pockets or parallel flows) that, depend purely on diffusion. 
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Figure 2.4 Environmentally responsive materials can be categorized in 

three different types: The passive responsive materials, which respond to 

the presence or absence of a specific molecule; active responsive 

materials, which can be reversibly triggered externally in response to a 

stimulus and among these active materials there are two categories. The 

categories include materials that respond to bulk changes in their 

surroundings, such as pH and temperature, and materials that respond to 

local changes such as light. 
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Figure 2.5 Chemical structure of poly-N-Isopropylacrylamide. The 

hydrophilic amide groups are capable of forming hydrogen bonds at 

temperatures below 32º C. The hydrophobic isopropyl group becomes 

dominant at 32º C and causes the polymer to phase separate from man 

aqueous environment. This gives the polymer its responsive 

characteristics. 
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Figure 2.6 Schematic of a metallic nanoparticle in the left column of the 

table. In the right column of the table, a schematic of a metallic 

nanoparticle with a shell or film covering its surface is shown.  
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Figure 2.7 Illustration of the mechanism of heat dissipation by the surface 

electrons present in metallic nanoparticles when they are exposed to a 

specific wavelength and excited by an electric field. 
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Figure 2.8 Graphs shows the different stages observed for metallic 

nanoparticle synthesis. The seeding stage consists of formation of particles 

with diameters less than 10 nms. In this stage, the reducing agent plays a 

major role in the size of the particles depending on how fast it reduces the 

metallic salts. The stabilizing agent therefore plays a role in stabilizing 

different particle shapes of different surface energies, the appropriate 

stabilization leads to the formation of various shapes (spheres, wires, 

tripods, cubes, stars, etc.) The growth stage involves agglomeration and 

growth of small particles. The capping and reducing agent must inhibit 

seed formation and promote growth, which leads to homogenous size 

and shape distributions. The stabilizing stage only involves the capping 

agent being able to stabilize the resulting metallic nanostructures.  
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Figure 2.9 Different mechanisms to couple metallic nanoparticles and 

polymeric materials are illustrated and labeled respectively in this figure. 

The first process involves making the metal particles separately and then 

treating their surface to start polymerization on them or treating a polymer 

with functional groups that attach to the metal. The second process 

involves in-situ reduction of metal salts in the presence of the polymer. The 

last process involves using the initiator as an electron donor and initiator of 

a polymerization; therefore, both polymerization of the monomer 

formation of particles is performed at the same time. All these lead to 

synthesis of coupled polymer-metal nanocomposites with different 

characteristics.  
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Chapter 3: Research Objectives 

The work in this dissertation unveils the synthesis and 

characterization of opto-thermally responsive materials made up of 

coupled environmentally responsive polymers with metallic nanoparticles, 

and explores their implementation into porous membranes to create 

nanovalves. The findings of this dissertation contribute towards future work 

in the development of an in vitro microfluidic device that achieves 

external spatiotemporal control of the chemical conditions within the 

system, which would allow emulating in vivo cellular microenvironments. 

Furthermore, such microfluidic system will serve as a major tool towards 

revealing molecular, cellular, and intercellular behavior at high resolutions 

under well-controlled conditions. 

3.1 First Aim: Synthesis of Nanocomposites that Couple Gold and Silver 

Metallic Nanoparticles that Achieve Switching with Temperature and Light 

Chapters 4 and 5 of this dissertation focus on the first aim of this 

study: to explore different synthesis pathways to couple environmentally 

responsive polymers with metallic nanoparticles. The objective was to 

develop a synthesis method that coupled these materials into a hybrid, 

responsive to temperature and light due to the synergy between the 

environmental responsive mechanisms of the polymer, and the capability 

of metallic nanoparticles to convert absorbed light into heat.  
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These chapters report new syntheses to couple N-

isopropylacrylamide to silver and gold metallic nanoparticles. The 

synthesis parameters such as solvent, polymer/metal ratios, reducing 

agents, and reaction times were determined. The structural and size 

characterization of the resulting PNIPAM/silver and PNIPAM/gold material 

was analyzed using transmission electron microscopy (TEM) and Scanning 

Electron Microscopy (SEM). The optical properties of the nanocomposites, 

absorption due to the localized surface plasmon resonance (LSPR), and 

their temperature dependence, due to lower critical solubility 

temperature (LCST), were determined using temperature-controlled UV-

Vis spectroscopy. Finally, the LSPR absorption curves were compared to 

Mie theoretical curves that allowed us to predict the physical properties 

and structure of these hybrid materials.  

Finally, for the silver and gold nanocomposites, the thermally 

induced reversible environmental responses, as well as the kinetics, was 

measured by exposing the composites to heating. For the gold 

nanocomposites, the optical response was also determined by exposing 

them to low-power lasers of specific wavelength. 

3.2 Second Aim: Modeling Heat Conduction of Metal Nanoparticles in the 

Colloidal Nanocomposite Suspension 

Chapter 6 of this dissertation focuses on the second aim, which is to 

model the local heat generation and conduction on a nanocomposite 
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colloidal suspension. Modeling heat conduction for our experimental 

system allowed us to determine the conditions at which we could achieve 

optical switching.  

The experimental setup involved a colloidal suspension enclosed in 

a capillary tube that is exposed to a laser at the surface-plasmon-

resonance wavelength of the metallic nanoparticle. Therefore, we 

approached the modeling of the system by assuming metallic 

nanoparticles to act as individual heating sources, which are 

homogeneously distributed. The capillary tube was simulated solving the 

Fourier heat conduction equations of two concentric cylinders with 

homogeneous volumetric heat generation in the interior cylinder. An 

analytical solution was obtained for the steady state, and the time 

dependant equations were solved using the Finite Element Method 

(FEMlab). 

Finally, using the model developed, we simulated the heat 

generation and temperature increments achieved in a nanochannel that 

contains the previously synthesized nanocomposite. Therefore, we were 

able to determine the parameters, such as laser focus spot size and the 

number of particles required in each nanochannel, to achieve optical 

switching of our nanocomposite in nanopores. 
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3.3 Third Aim: Build Optically and Thermally Switchable Valves 

Chapter 7 of this dissertation focuses on the third aim: explore a 

synthesis pathway that would allow incorporation of the previously 

synthesized nanocomposite materials into commercially available 

polycarbonate nanoporous membranes to build optically and thermally 

switchable nanovalves. 

We developed a synthesis technique that achieves the 

incorporation of polymer-metal nanocomposites in two steps. For the first 

step, we followed a previously reported plasma-induced grafting 

technique of PNIPAM into polycarbonate nanoporous membranes. The 

second step involved the reduction in-situ of a gold salt on the grafted 

PNIPAM. We followed this synthesis pathway due to our previous results in 

Chapter 5 that determined PNIPAM to be capable to act as a capping 

and stabilizing agent. 

Results in Chapter 7 include structural and size characterization of 

the resulting grafted membranes using SEM. The membrane permeability 

and control using thermal triggers was determined using a permeability 

cell to measure water flow. Finally, using the theoretical model of heat 

transfer proposed in Chapter 6, we were able to simulate the heat 

generation and temperature profiles of the nanocomposite entrapped in 

the porous membrane. This allowed determining the parameters such as 

number of particles per channel and laser spot size diameter that would 

achieve optical switching in the nanopores feasible. 
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Chapter 4: Environmentally Sensitive Silver Nanoparticles of 

Controlled Size Synthesized with PNIPAM as a Nucleating and 

Capping Agent 

4.1 Introduction 

Development of nanometer-sized tools and materials that can 

perform a desired action upon a local or external stimulus is one major 

goal of bionanotechnology[41, 44, 84, 85, 144-148]. One important class of tools is 

environmentally sensitive polymers capable of recognizing or responding 

to external physical stimuli such as light, either directly[36, 49, 98, 99, 109, 149, 150] 

or indirectly[118, 151], heat[33, 84, 88, 99, 152-156], or chemical stimuli, such as pH[84, 

100] and chemical ligands[99].  Such environmentally sensitive polymers, if 

combined with metal nanoparticles, create amplified light sensitive and 

locally controlled actuators that have applications as drug delivery 

vehicles[157, 158], in microfluidic devices to control flow and delivery of 

chemical reagents[86, 159], and in therapeutic ablation[160, 161]. 

Synthesis to couple thermally responsive polymeric materials, most 

commonly PNIPAM which has a lower critical solution temperature (LCST) 

of 32 °C [155], with metallic nanoparticles have been recently developed. 

The main interest has been to shift the optical properties of metal 

nanoparticles, surface plasmon resonance, since, apart from depending 

very strongly on their size and shape, they also depend strongly on the 

refractive index of the surrounding medium, and the distance between 
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neighboring particles[162], and both of this conditions can change when 

the coupled polymer undergoes conformational changes. However, 

intrinsically, temperature-sensitive PNIPAM can be made light sensitive, as 

proven by the work with PNIPAM hydrogels, based on the resonance 

absorption of MNPs in the visible or near-infrared wavelength range 

exploiting the localized surface plasmon resonance (LSPR) in small gold 

and silver nanoparticles and the conversion of the absorbed energy into 

heat. 

There are a series of synthesis pathways that exist in the literature to 

produce polymer-metal nanoparticle (P-MNP) composites which include: 

1) Simple physical entrapment of gold or silver MNPs in a polymer gel[86, 151, 

157, 158]. 2) Grafting polymers from MNP by Immobilizing an initiator on the 

MNP surface followed by surface-initiated living radical polymerization 

based on reversible addition-fragmentation chain reaction (RAFT)[126, 133, 

163]. 3) Thiol-supported adsorption of a polymer to gold nanoparticles[32]. 4) 

In-situ formation of the MNP during polymerization[164-167]. All of these 

syntheses however, present major drawbacks. The physical entrapment of 

MNPs in gels often produces heterogeneous composites, MNP synthesis 

during the polymerization provides less control over the MNP size dispersity 

and the “grafting from” and thiol supported coupling mechanism require 

previous fabrication of nanoparticles, which presents a challenge to 

further couple with responsive polymers. Typical syntheses of gold and 

silver nanoparticle are performed by wet chemistry: a metal salt precursor 
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is reduced to its metallic form by a reducing agent such as ethylene 

glycol[124], sodium citrate[168], or sodium borohydride[129]. Growth, size, and 

colloidal stability are controlled by using a stabilizing or capping agent[125, 

129].  The most common synthesis route for colloidal silver particles is the 

reduction of AgNO3 in the presence of poly-(vinylpyrrolidone) (PVP)[124, 125], 

which achieves stable nanostructures with controlled shapes[169] and 

sizes[125]. Therefore, as mentioned previously, in the production of 

nanocomposites, coupling with a responsive polymer requires several 

steps such as the removal of PVP (or the capping agent), followed by a 

selective grafting process, typically with thiols. 

Although MNP growth and colloidal stability are most often 

controlled by PVP, other polymers, such as acrylamide[164, 166, 167] or 

acrylonitril[165], have been used as well. These syntheses are all one-pot 

and involve the use of γ-irradiation[166, 167], UV-irradiation[170], high 

temperature[164], or a chemical initiator[165, 171] simultaneously for the 

polymerization and as the reducing agent, while the growing polymer 

also acts as the capping agent.  Similarly, a simultaneous reduction of 

silver and co-polymerization of NIPAM or oligo-NIPAM with styrene has 

been demonstrated using azobisisobutyronitril (AIBN) as the reducing 

agent with a dehydrated PNIPAM.  However, the use of the chemical 

initiator as the reducing agent leads to a broadening of the particle size 

distribution[141, 142]. 
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It is therefore, the objective of this chapter is to develop, for the first 

time, a simple and effective synthesis pathway to couple homogenously 

dispersed metallic nanoparticles, with narrow size and shape distributions, 

with thermally responsive polymers, PNIPAM. In the proceeding sections, 

the thought process followed to understand the interaction of PNIPAM 

with silver nanoparticles, which allowed the development of the synthesis 

pathway to control size distribution of silver nanoparticles and at the same 

time achieve coupling of both materials, will be described. 

The synthesis follows a two-step procedure, as mentioned 

previously, in which we first produce PNIPAM of a defined molecular 

weight, and then use it to nucleate and control the reduction of silver, 

and stabilize the resulting environmentally sensitive nanocomposite by 

embedding the silver nanoparticles in a cocoon of PNIPAM.  Reduction of 

silver is performed with sodium borohydride at room temperature, which 

allows the polymer to stay in solution until the reduction is completed or 

stopped.  The particles undergo a reversible precipitation upon external 

stimulus by temperature, which leads to a small shift of the LSPR peak in 

the extinction spectrum, indicating that the particles keep their polymer 

shell and do not aggregate closely.  The kinetics of the thermally driven 

phase transition is fast in both directions, indicating a low interpenetration 

of the polymers. 
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4.2 Experimental Section (Materials and Methods) 

4.2.1 Materials 

Deionized water with a resistivity of at least 18.0 MΩ-cm (EPure, 

Barnstead Thermolyne) was used in all experiments.  N-Isopropyl 

acrylamide (NIPAM) (Fisher Scientific) was recrystallized once in hexane 

(Fisher Scientific) and stored at -20 °C until use.  Three different reducing 

agents, sodium borohydride (Fisher Scientific), sodium citrate, and 

ethylene glycol 98%. The silver salt, silver nitrate, and the redox initiator, 

N,N,N’,N’-tetramethyl ethylene diamine (TEMED), and ammonium 

persulfate (APS), and thermal initiator, 2,2’-azo-bis(isobutyronitrile) AIBN, 

were all obtained from Sigma Aldrich and were used as purchased. 

4.2.2Polymer Synthesis 

PNIPAM was obtained by free-radical polymerization of NIPAM 

using APS and TEMED as initiators. Nitrogen is bubbled through 200 ml of a 

0.3 M aqueous NIPAM solution for 20 minutes and then sealed under a 

nitrogen atmosphere during reaction. The polymerization is started by the 

addition of 1% (wt) of each of the redox system components, and left to 

proceed for 2 hours. The PNIPAM product is poured into four times the 

volume of ethanol for precipitation, followed by centrifugation at 16,600 g 

for 15 min, and resuspension in water. This procedure is repeated three 

times in order to remove any unreacted monomer or initiator from the 

solution. The aqueous polymer solution is freeze dried and stored at -20 °C 
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in powder form until further use. Gel permeation chromatography (GPC) 

determined the mass average molecular weight of the polymer used in 

these experiments to be MW=396,000 with a polydispersity index of 1.54. 

GPC experiments where performed using tetrahydrofuran (THF) as an 

eluent in a Waters 515 HPLC solvent pump and two PLgel mixed-C 

columns (5 µm bead size for MW range 200 – 2,000,000 gmol) (Polymer 

Laboratories, Inc.) 

4.2.3 Preparation of Ag-PNIPAM Colloids 

Initially the silver colloids were prepared by following a similar 

synthesis procedure previously reported that uses AIBN as the agent that 

simultaneously initiates polymerization of PNIPAM and starts silver 

reduction of the metallic salt[141, 142]. Table 4.1 describes the reducing 

agent, silver salt and solvent used in three different syntheses along with 

their respective UV spectra and Table 4.2 shows the corresponding TEM 

images of the synthesis product. These reactions show the influence of 

three reducing agents.  

NaBH4/AIBN: The reaction was performed in water under a N2 

atmosphere, the ionic silver reduction and polymerization of NIPAM, at a 

NIPAM monomer/Ionic Ag molar ratio of 360:1, was thermally initiated 

using a 1% weight AIBN, heating all the components to 60 ºC and allowed 

to react for 1 hour. After the 1 hour reaction, NaBH4, in a 1:1 molar ratio of 
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Ag/NaBH4, is added immediately to the solution and is allowed to react for 

2 more hours so ionic silver undergoes further reduction to completion.  

NaCitrate/AIBN: Reaction was performed in water in a 5 ml volume 

pot under N2 atmosphere. Ionic silver reduction and polymerization of 

NIPAM, at a NIPAM/Ag molar ratio of 360:1, was thermally initiated using a 

1% weight AIBN and sodium citrate at a 1:1 molar ratio of Ag/sodium 

citrate. Further, all the components are heated to 60 ºC and allowed to 

react for 2 hours. The sodium citrate in this reaction added initially (unlike 

NaBH4) since it is a temperature initiated reducing agent.  

Ethylene Glycol/AIBN: Reaction was performed in ethylene glycol in 

a 5 ml volume pot under N2 atmosphere. Ionic silver reduction and 

polymerization of NIPAM, at a NIPAM/Ag molar ratio of 360:1, was 

thermally initiated using a 1% weight AIBN and the ethylene glycol 

additionally served as a reducing agent that would reduce the ionic silver 

to completion in the reaction. Further, all the components are heated to 

60 ºC and allowed to react for 2 hours.  

Additionally, to understand the influence and efficacy as a 

stabilizing agent of both NIPAM and previously polymerized NIPAM 

(PNIPAM) two different reactions performed are described in Table 4.3 

(UV-spectra) and  Table 4.4 (TEM images). The synthesis involves the in situ 

reduction of the silver salt, silver nitrate, by the reducing agent NaBH4 in a 

3:1 molar ratio of NaBH4/Ag in the presence of both NIPAM and PNIPAM in 
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a 360:1 molar ratio of PNIPAM or NIPAM/Ag. The reaction proceeds for 1 

hour.  

We here present a more detailed description of the synthesis 

pathway that was further explored. Aqueous mixtures of 1 mM silver 

nitrate and PNIPAM at indicated molar ratios of PNIPAM/Ag were 

prepared and stirred at room temperature. After 5 minutes of stirring, 

NaBH4 is added to achieve a 3:1 molar ratio of NaBH4/Ag+. The solution is 

stirred for 5 minutes to react, and then immediately diluted with water to 

four times the volume to stop the reaction. The diluted solution is then 

heated to 40°C during centrifugation at 16,600 g for 15 min to sequentially 

precipitate the Ag-PNIPAM and then the polymer. The Ag-PNIPAM 

nanoparticles are recovered by centrifugation at 25,700 g for 10 min, and 

then resuspended in water.  This process is performed twice, followed by 

freeze-drying to recuperate the nanocomposite in a powder form for 

storage at -20°C. 

4.2.4 Transmission Electron Microscopy (TEM) 

 TEM images were obtained with a JEOL 2010-F at an acceleration 

voltage of 400 kV. The specimens were prepared by placing a drop of 

aqueous colloidal suspension onto a carbon-coated copper grid, 

incubating for 30 min, and then aspirating the excess solvent with filter 

paper.  Shape and size distributions were determined from enlarged 

photographs of the TEM images using at least 400 particles for each 
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sample. For negative staining, a solution of 0.1% w/v uranyl acetate in 

water was placed on a piece of parafilm, and a TEM grid, prepared as 

described above, was placed on top of the drop for 1 minute. Afterwards 

the sample was dried using a filter paper and left to dry overnight. The 

sample was then analyzed in the same way as described above. 

4.2.5 UV-Visible Spectroscopy 

The LCST of PNIPAM alone and the spectral properties of PNIPAM-

Ag colloids in aqueous solution were measured on a temperature-

controlled CARY 5000 UV-Vis spectrophotometer.  When needed, the 

temperature was raised from 25 to 36 °C at a rate of 1 °C/min.  Recorded 

spectra were analyzed for peak position, peak width, and area under the 

peak of the LSPR resonance.  In order to separate the LSPR signal from 

spectra of cloudy suspensions, the spectra were fitted with a function 

( ) 4

1
λ

λ =f , (λ = wavelength,  X ≈ 4 as expected for Rayleigh-Gans 

scattering[172]). The fitting eliminates the scattering component of the 

sample, which is caused by the agglomeration of the colloid, which is in 

turn driven by the phase transition of PNIPAM.  The fit excluded the 

wavelength range of 350-650 nm to avoid fit distortion by including the 

plasmon peak. Once the scattering was subtracted, the remaining curve 

was fit with a polynomial around the maximum in order to determine the 

position of the plasmon peak. 
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4.2.6 Modeling of the Absorption Spectra 

Mie theory for spherical particles and spherical concentric core 

shell particles was used to model the experimental extinction spectra.  The 

model for individual particles was adapted from code in ref. [121] and 

written in IGOR Pro (Wavemetrics).  The standard code was extended to 

include convoluted spectra assuming a Gaussian distribution of particle 

sizes, using the measured mean and standard deviation.  The bulk 

refractive index for silver was taken from [173] as tabulated at[174].  In order 

to take into account, the small particle size and the associated damping, 

the Ag particle refractive index was approximated by adding a term to 

the imaginary part of the refractive index, as described by Kreibig[175]: 

R
VFP
3"

ω
ηω

ε =∆ . In the equation, ε” corresponds to the imaginary part of the 

refractive index of silver, ω the frequency of the light, ωp = 1.38 x 1016 s-1 the 

plasma frequency of silver, VF = 1.4 x 106 m s-1 the Fermi velocity for silver, R 

the silver particle radius, and η ≤ 1 a weight factor commonly set to η = 1. 

4.3 Results Section 

4.3.1 Synthesis and Characterization of Colloidal PNIPAM-Silver Nanoparticles 

The general synthesis procedure follows a series of steps that include 

reducing silver nitrate, a silver precursor, with a reducing agent, an 

electron donor, and use PNIPAM as a capping agent and synthesis 

stabilizer. As a result, PNIPAM will be coupled to the silver metal particles 
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and at the same time, the metal particle size distribution and shape is 

controlled. 

The synthesis in Table 4.1 were prepared similarly to a previous 

synthesis reported that involves simultaneous polymerization of NIPAM and 

reduction of a metallic salt using AIBN, and a reducing agent at high 

temperatures to start polymerization[141, 142]. These syntheses were 

performed to test the different effects of each reducing agent. The 

reducing agent, monomer and initiator were added simultaneously in all 

cases except for the case of NaBH4, since it is such a fast reducing agent 

and even faster at high temperatures, it was added after 1 hour the 

polymerization had started. The UV-spectra for all the reactions are very 

broad and present long tails even at short reduction periods. However, 

the peaks for the NaCitrate and ethylene glycol synthesis are much 

broader and present larger tails than those observed with NaBH4. This 

means that there is a better control on nanoparticle sizes, which is 

corroborated by the TEM images shown in Table 4.2. Even though particles 

are agglomerated in the reduction with NaBH4, there is still some size 

control observed. We therefore decided to test the effect of NaBH4 when 

reducing silver in the presence of either NIPAM or PNIPAM as shown in 

table 4.3 and 4.4. The UV spectra show sharp peaks at initial times but for 

both the control and using NIPAM, the peaks broaden, unlike what is 

observed when using PNIPAM. Additionally, the nanoparticles show size 

and shape control, as seen on the TEM images of Table 4.4, unlike what is 
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observed in the control and the reaction done in the presence of the 

monomer.  

Therefore, due to the observed size control observed by the 

synthesis with PNIPAM and NaBH4, and because it could be done at room 

temperature without provoking a phase transition of the PNIPAM in water, 

the reaction was further analyzed. A schematic of the reaction is shown in 

figure 4.1. This MNP synthesis reduces silver nitrate, the metallic precursor, 

with the strong reducing agent NaBH4, using PNIPAM of average mass 

molecular weight 396,000 to control and stabilize the reduction kinetics.  

The molar ratio of NaBH4 : Ag was kept constant at 3:1 in the presence of 

different molar NIPAM : Ag ratios (monomer to ionic Ag ratio, PAR) 

between 360:1 and 0:1.  The reaction was performed in water at 25 °C, 

which is below the LCST of PNIPAM, in order to keep the polymer available 

in solution during the reduction process. The reduction reaction is very 

rapid and is completed within 5 minutes. The colloidal particles with at 

least 90 PAR are stable for several months and when the particles are 

lyophilized, they can be easily be resuspended.  Colloidal particles with 

less than PAR 45:1 show a small degree of precipitation over the course of 

a week, while controls with no PNIPAM precipitate during synthesis. 

Figure 4.2 shows the silver colloid product in the absence of PNIPAM 

and demonstrates the need for a capping agent to prevent aggregation. 

In comparison, Figure 4.3 shows examples of the 360:1 and 180:1 PARs, 

Figure 4.4 shows the examples of 45:1, and 20:1 PARs, all which 
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demonstrate round nanoparticles of defined size and with crystalline silver. 

In addition, Figure 4.5 shows the diffraction pattern (right) of a particle in 

our sample (left) which corresponds to typical diffraction pattern for a fcc 

silver crystal[176] with a lattice constant of 0.409 nm, this is expected from 

our sample. The average particle size for a 5 min reduction of a 1 mM 

solution of AgNO3 is shown in Figure 4.6 for each of the PARs. Additionally, 

in Figure 4.7 it can be observed that there is a power-law dependence 

with the PNIPAM concentration. The particle size varies with a standard 

deviation of 18-20% for PARs above 20:1, which is similar to or better than 

the variation seen with PVP and other capping agents.[124] 

PNIPAM stabilizes and encapsulates the silver particles, which can 

be seen in negative-stain TEM (Figure 4.8 and 4.9).  The stain outlines the 

polymer wrapping around the nanoparticle in a cocoon-like fashion.  

Figure 4.8 shows examples of PAR 45:1 and Figure 4.9 shows examples of 

PAR 180:1 with a dried PNIPAM layer thickness of 6 to 10 nanometers. The 

polymer encapsulation at PAR 45:1 and below is sometimes incomplete 

and uneven, while for the higher PARs, multiple particles are grouped. 

The reaction can be followed by observing the color of the colloid. 

Figure 4.10 shows UV-Vis extinction spectra for four PARs.  The non-

normalized extinction peaks show a gradual shift to the red with 

increasing PAR, indicating changes in the environment of each particle.  

The two higher PARs are nearly identical.  Full-width-half-maximum 

(FWHM) is about 80 nm for all PARs (Figure 4.11) except for PAR 45:1, for 
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which it is much lower.  The FWHM is higher than seen for PVP-capped 

silver nanoparticles[177], and again indicates either insufficient covering at 

low PAR, or some proximity of the metal nanoparticles.   

In Figure 4.10 Mie model extinction spectra for spherical concentric 

shells have been overlaid for silver particle size distributions corresponding 

to each PAR.  The PNIPAM shell refractive index and the layer thickness 

were fit parameters.  The model reproduces the FWHM (Figure 4.11) for 

PAR 45:1, but the maximum position requires a refractive index that is 

close to water, and well below that seen for PVP[178].  For PAR 20:1, the 

FWHM is underestimated and a long tail to the red is seen that indicates 

less control over size as seen in the large tail of the size distribution in Figure 

4.6.  PAR 180:1 and 360:1 also have a larger FWHM than the model but no 

long tail to the red.  This trend indicates that, while the size control is 

increased with increasing PAR, there is also a tendency for more than one 

particle to be encapsulated in one cocoon, which can broaden the 

plasmon peak[179, 180].  Indeed, a count of particles closer than 3 nm from 

each other in TEM images reflects this trend:  About 35-50 % of the 

particles were in groups of two or more for PAR 360:1 and 180:1, while only 

10-15 % where aggregated for PAR 45:1 or 20:1. 

For four PARs and at three time points the area under the extinction 

peak was determined (Figure 4.12). At constant initial silver concentration, 

the area under the plasmon peak is a measure of the size and the 

number of particles in the colloid.  In order to test the influence of PNIPAM 
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on the nucleation of the cluster, a very low molar ratio of Ag:NaBH4 = 

1:0.25 was used. The reaction is completed in less than a minute, and is 

too fast to be resolved by UV-Vis spectroscopy.  Later time points do not 

lead to a change in the area under the resonance peak, except in the 

control, where no polymer is present (Figure 4.12), in which case it 

decreases with time, indicating aggregation and precipitation during the 

synthesis process. For PARs of 20:1, 45:1, and 70:1 the area under the 

extinction peak increases linearly with PAR. Increasing PAR leads to a 

decrease in particle size (Figure 4.7), which is expected to lead to a 

decrease in the extinction with the sixth power of the MNP radius[121].  This 

decrease must therefore be overcompensated by the number of particles 

to explain the increase in extinction with PAR.  PNIPAM acts therefore not 

only as a capping and stabilization agent, but also as a nucleation agent 

by increasing the number of MNPs. 

4.3.2 Temperature Switching Response of the Nanocomposite 

The temperature dependence of the PNIPAM-Ag composite was 

studied using optical microscopy of concentrated, and UV-Vis 

spectroscopy, of very dilute samples. This was done in order to minimize 

the scattering effect of the PNIPAM above the LCST. Figure 4.13 shows the 

optical transmission of a colloidal suspension switched reversibly with fast 

response in both directions and no fatigue, achieved by heating and 

passive cooling in an optical microscope. A control experiment with PVP-
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capped MNPs in the presence of PNIPAM only precipitated the PNIPAM, 

but left the MNPs in solution, which was observed, by the white precipitate 

and the characteristic yellow color in the supernatant. This indicates that 

the precipitation of PNIPAM-capped Ag-nanoparticles is induced by the 

conformational change of the polymer in the cocoon. 

UV-Vis spectra of the Ag surface plasmon resonance before and 

after the phase transition can give further information about the local 

environment of the silver particles, i.e. the state of the PNIPAM and the 

distance to neighboring silver particles.  At temperatures above the LCST, 

however, scattering from the aggregated colloids dominates the 

spectrum (Figure 4.14). In order to extract the surface plasmon information 

a 1/λX background, with x ≈ 4, was subtracted, assuming that the 

scattering was Rayleigh-Gans like, and that multiple scattering could be 

neglected[172].  Exponents were fixed at 4.0, justifying these assumptions, 

except for PAR 180:1 and 360:1, where the exponents were 3.5 to account 

for stronger scattering.  Figure 4.15 shows a representative spectrum of the 

Ag-PNIPAM particles (PAR 45:1) below (25 °C), and above the LCST (36 °C) 

after background subtraction. The resulting spectra show a plasmon 

resonance that has red-shifted by 12 nm (Figure 4.16).  Smaller shifts are 

seen for the other PARs. Increasing the temperature to 45 °C does not 

change the peak position any further.    

Fits of the extinction spectra to a Mie concentric shell scattering 

model with a shell thickness of 6 nm, based on the TEM images (Figures 4.8 
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and 4.9) show a change in refractive index of about 0.08 to 0.1 units.  The 

FWHM does not increase above the LCST, indicating that the silver 

particles see a change in environment due to a more compact polymer, 

rather than closer proximity of the particles. 

4.4 Discussion Section 

The growth of silver nanoparticles is controlled by the addition of 

polymers or surfactants, which act as nucleating and stabilization agents, 

and control the kinetics and the preferential growth direction[125, 169].  For 

the nucleation of silver nanoparticles with PVP the coordination of silver 

ions by oxygen and nitrogen is considered necessary[125, 132], and a similar 

coordination is assumed to take place with PNIPAM[141, 142].   Our results 

show that PNIPAM can act as a nucleating agent, with an increased 

number of silver MNPs produced with increasing polymer concentration. 

PVP controls the size of silver MNPs well with a standard deviation of 

17% [124].  We could show that PNIPAM achieves a similar control of the 

MNP size with a SD of 18% – 20%.  PNIPAM also acts as a stabilizing agent, 

keeping the nanoparticles in solution for weeks.  The lack of 

agglomeration is also visible by the lack of a shoulder to larger 

wavelengths in the UV-Vis extinction spectra, except for the case of low 

PAR (20:1) or for uncapped silver reduction.  Experiments by Chen[142] with 

short PNIPAM chains showed that the size control that could be achieved 

was not as efficient. This may be may be caused by combining reduction 
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and polymerization which we also observed for our previous synthesis 

shown in table 4.1 and 4.2, or by incomplete capping as has been 

suggested for other wet chemistry synthesis using a variety of stabilizing 

agents[132, 181, 182].  In contrast, the much larger PNIPAM polymers described 

here completely encapsulate the silver nanoparticles and influence their 

size in agreement with PVP results[124]. 

The major advantage of using PNIPAM at room temperature to 

produce silver nanoparticles is the ability to work in aqueous solution, 

achieve a very fast but still well controlled reduction using NaBH4 as 

agent, and to have a one-step functionalization of silver MNP with an 

environmentally sensitive polymer. The interaction between the silver and 

PNIPAM appears to be strong enough to survive repeated precipitation 

and resolubilization cycles. The polymer protects the silver particles below 

and above the LCST from irreversible agglomeration similar to surface-

grafted PNIPAM-MNPs[126, 183]. The polymer shell depends on the PAR and is 

6-10 nm for high PARs in the dehydrated state, but can be incomplete for 

low PARs.  The extinction spectra also suggest that the PNIPAM shell 

induces a peak shift of about 2 - 15 nm to 404 nm for low PARs and 419 nm 

for the higher PARs, compared to the bare MNPs.  PVP-coated silver 

nanoparticles show an extinction peak at 407 nm in water[177], which is 

between the values measured for PNIPAM at low and high PARs. This can 

be explained by a higher incidence of incomplete capping at low PAR, 

and by a higher incidence of more than one particle being encapsulated 
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at high PAR, which explains the increased width, and the shifts in the 

maximum of the extinction peaks.  The stability of the colloid, the inability 

to precipitate PVP-coated MNPs in the presence of PNIPAM, and the 

ability to reversibly precipitate the PNIPAM-MNP colloid with a fast 

response, suggest that PNIPAM and MNP are in close proximity and linked, 

even though the plasmon peak shift is very low for the lower PARs.  In fact, 

precipitating the MNPs and heating the supernatant did not produce an 

LCST. 

The situation is different above the LCST.  Here the spectral analysis 

indicates a dense polymer shell that induces a refractive index change of 

about 0.1.  Although the shift in refractive index is of similar magnitude, the 

absolute values are lower at low PARs and higher for higher PARs than 

those for PNIPAM gels[178].  This may be due to the lack of crosslinks and a 

more loosely coiled polymer at low PARs, and an apparent shift due to 

the interaction of the electromagnetic fields of each silver particle not 

accounted for in a simple Mie model[179].  The constant FWHM below and 

above the LCST shows that the electromagnetic interaction is weak and 

the particles must not touch as this would lead to a much larger shift to 

the red. 

A three-stage process for the silver colloid production in the 

presence of a capping polymer has been suggested, consisting of a 

nucleation step, a growth step, and a step of agglomeration or stability of 

a specific size range of particles[125].  The crucial step in the production of 
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monodisperse silver particles is that the nucleating stage and the growth 

stage overlap as little as possible. Despite the fast kinetics of the reduction 

process described here, the excellent size control suggests that the 

nucleation step is fast and enhanced by the stabilizing molecule, PNIPAM.  

The short nucleation period may also promote a decrease in final particle 

size. 

Variation of parameters such as PVP concentration, temperature, 

and order of addition of chemicals have led to non-spherical shapes due 

to the selective interaction of PVP with specific metallic crystal planes[169].  

Similarly, block-copolymers with two functional groups may allow for the 

creation of shapes with very high aspect ratios[184].  We are currently 

investigating both trends. 

4.5 Conclusions 

Using PNIPAM, with its LCST of 32 °C, as a nucleating and capping 

agent for the synthesis of silver nanoparticles, we have created 

nanoparticles with a PNIPAM shell in a two-step reaction, and the 

schematic of the proposed reaction is shown in Figure 4.17. We have 

shown that the PNIPAM-Ag nanocomposites can be aggregated and 

resolubilized through many thermal cycles with fast response and without 

hysteresis.  The metal particles do not come into direct contact above the 

LCST, but rather stay separated by the PNIPAM shell and the plasmon 

resonance shifts by 5-12 nm.  We have shown that our synthesis method 
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produces silver-PNIPAM nanoparticles, which are temperature sensitive 

due to PNIPAM’s LCST.  This switching behavior can possibly also be 

achieved optically by the local temperature increase due to the 

absorption of light at the surface plasmon wavelength. 
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Table 4.1 UV-vis spectra of the silver nanoparticle synthesis varying the 

conditions (reducing agent and solvent). The UV-spectra correspond to 

three different time points, which allow the understanding of the silver 

synthesis. The synthesis procedure involves the simultaneous reduction (of 

the metallic silver salt) and polymerization (of the NIPAM monomer using 

the thermal initiator (AIBN)) in two different solvents (water and ethylene 

glycol) and using three different reducing agents (NaBH4, Na Citrate, and 

Ethylene Glycol).   
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Table 4.2 TEM images of the silver nanoparticle synthesized using 

different reducing agents and solvents. The synthesis procedure involves 

the simultaneous reduction (of the metallic silver salt) and polymerization 

(of the NIPAM monomer  using the thermal initiator (AIBN)) in two different 

solvents (water and ethylene glycol) and using three different reducing 

agents (NaBH4, Na Citrate, and Ethylene Glycol).
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Table 4.3 UV-vis spectra of the silver nanoparticle synthesis varying the 

conditions (stabilizing agent). The UV-spectra correspond to two different 

time points, which allow the understanding of the silver synthesis. The 

synthesis procedure involves the aqueous reduction of the metallic silver 

salt in the presence no stabilizing agent (control), 360:1 molar ratios of 

NIPAM monomer to ionic silver, and 360:1 molar ratios of NIPAM monomer 

to ionic silver where the NIPAM has been previously polymerized. The 

reaction uses as reducing agent, NaBH4. 
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Table 4.4 TEM images of the silver nanoparticle synthesized varying the 

conditions (stabilizing agent). The synthesis procedure involves the 

aqueous reduction of the metallic silver salt in the presence no stabilizing 

agent (control), 360:1 molar ratios of NIPAM monomer to ionic silver, and 

360:1 molar ratios of NIPAM monomer to ionic silver where the NIPAM has 

been previously polymerized. The reaction uses as reducing agent, NaBH4.  
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Figure 4.1 Schematic of the synthesis reaction of homogeneous silver 

nanoparticles, which involves the reduction of the metallic salt (AgNO3), in 

the presence of a stabilizing molecule (PNIPAM) using the reducing agent 

or electron donor (NaBH4) and reducing under constant stirring at room 

temperature.  
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Figure 4.2 Silver nanoparticles produced in the synthesis described in 

Figure 4.1, but without the presence of PNIPAM. This causes the 

nanoparticles produced to sinter. 
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Figure 4.3 Silver nanoparticles synthesized using two different PARs 360:1 

(Left) and 180:1 (Right); the product is monodisperse and does not sinter. 
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Figure 4.4 Silver nanoparticles synthesized using two different PARs 45:1 

(Left) and 20:1 (Right); the product is monodisperse and does not sinter. 
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Figure 4.5 Particles produced in the synthesis are spherical with 

diameters between 10 and 20 nm (Left) and are crystalline with an fcc 

crystal structure. Right image shows the real lattice space of a particle 

using electron nano diffraction along the [112] axis. 
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Figure 4.6 Histograms show the size distributions of about 400 particles 

(from each of the sample PARs, 360:1, 180:1, 45:1, and 20:1) chosen 

randomly from different areas of the carbon grid.  
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Figure 4.7 Mean silver nanoparticle sizes,  as a function of the molar 

ratio of NIPAM monomer (PAR) is found to have a power-law relationship.  
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Figure 4.8 TEM images of (45:1 PAR) Ag-PNIPAM particles negatively 

stained with uranyl acetate. The Ag particles are entrapped in a polymer 

shell, either individually or in groups, and at Low PAR may be uneven or 

incomplete. 
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Figure 4.9 TEM images of (180:1 PAR) Ag-PNIPAM particles negatively 

stained with uranyl acetate. The Ag particles are entrapped in a polymer 

shell, either individually or in groups.  
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Figure 4.10 Measured UV-vis spectra for PARs 20:1, 45:1, 180:1, and 360:1 

(solid lines) and the theoretical Mie core-shell model simulations (dashed 

lines).  
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Figure 4.11 FWHM of the measured UV-vis spectra peaks, as a function of 

PAR (solid line). The theoretical FWHM values are shown as a dashed line. 
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Figure 4.12 Area under the UV-vis extinction peak for four different PARs 

(Control, 20:1, 45:1 and 70:1), at three different times after the start of the 

reaction. 
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Figure 4.13 Optical transmission of a colloidal suspension switched 

reversibly by increasing the temperature and allowing the sample to cool 

passively (PAR 180:1). 
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Figure 4.14 UV-vis spectra for a dilute sample of PAR 45:1 above the LCST.  
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Figure 4.15 UV-vis spectra for a dilute sample of PAR 45:1 above the LCST 

after background subtraction (solid lines) below (black) and above the 

LCST (red) and the corresponding theoretical spectra (dashed lines).  
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Figure 4.16 UV-vis spectra peak shift observed for the extinction spectra 

induced by the precipitation of the particles, as a function of PAR. 
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Figure 4.17 Schematic of the silver nanoparticle synthesis reaction 
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Chapter 5: Room Temperature Synthesis of an Optically and 

Thermally Responsive Hybrid PNIPAM-Gold Nanoparticle 

5.1 Introduction 

Advanced functional materials that respond to changes in their 

local environment by performing a conformational transition, can be used 

for mechanical actuation.[41, 44, 84, 147, 148] While most research has focused 

on polymers or gels that undergo a conformational change with 

temperature or pH as the trigger, optically responsive materials are 

particularly interesting because the stimulus, light, can be applied at 

highly localized sites and without mechanical contact. The typical 

processes for materials that present optical switching involve the 

conformational change of certain dye molecule that has been 

integrated either in the polymer backbone or as pendent groups,[42-47] or  

through local generation of heat due to dyes or metal nanoparticles 

linked to a thermally responsive polymer or peptide or physically trapped 

in a thermally responsive hydrogel.[37, 38, 54, 185] The use of dyes present the 

advantage of allowing switching in both directions, however there are 

drawbacks in their use since they are chemically reactive, susceptible to 

bleaching, and the switching process is slow.[35, 40, 48, 49] The use of metal 

nanoparticles linked to thermally responsive polymer presents a better 

alternative since they present high chemical stability and the switching 

mechanism will be induced through heat generated in the nanoparticles 
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when exposed to their surface plasmon wavelengths. Though, metal 

nanoparticles are not capable of inducing switching in both directions, 

the generated heat is dissipated quickly in most environments (aqueous), 

which allows for rapid cooling to be used as the reverse response 

mechanism. 

Metal nanoparticles convert light into heat through the non-

radiative decay of surface plasmon resonances[162]. Since it is the non-

radiative part of the extinction that is used for heat production, the 

material, shape, and size of the metal nanoparticles have to be 

considered for optimal heat generation and to match the wavelength 

range desired.[53, 116, 122] Gold nanoparticles, in particular, are inert, useful 

in biological environments as biomaterials,[85] and have been used in drug 

delivery systems to optically actuate hydrogel-metal nanoparticle 

composites,[158] for therapeutic ablation,[160] and as responsive valves in 

microfluidic devices.[17, 86] So far, optically responsive actuators through 

non-radiative heat dissipation of optical resonances in metal 

nanoparticles have been reported only on hydrogel-composites. 

However, long response times are typical for these systems, due to the 

presence of cross-links, and therefore high power lasers are required to 

trigger the response.[37, 54] To overcome this problem, polymer-

nanoparticle composites can be synthesized, which lack cross-links, allow 

for the aggregation without significant interpenetration of the polymers, 

and will lead to much faster switching behavior with lower power lasers. 
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Poly-N-isopropyl acrylamide (PNIPAM), one of the most studied non-

toxic responsive polymers, has a lower critical solubility temperature (LCST) 

of around 32 ºC in water,[31] which makes it well-suited for biological 

applications[186]. Coupling PNIPAM to gold nanoparticles has been 

achieved previously through physical entrapment, such as polymerizing a 

PNIPAM gel around previously formed nanoparticles[54, 86, 151] or by 

chemical grafting techniques. Grafting can be achieved either by 

“grafting to”, for instance through thiol-terminated PNIPAM binding to 

previously synthesized nanoparticles,[97, 163, 187] or by “grafting from”, mainly 

through modifying the surface of previously fabricated metal 

nanoparticles for surface-initiated living-radical polymerization.[126, 127, 133, 

188-190] These techniques truly couple the PNIPAM to the particle surface, 

but they require either changing the chemical structure of the polymer by 

adding functional end groups, or chemically changing the particle 

surface, and therefore require an extra step in the synthesis reaction. 

These extra steps can be avoided through in situ reduction of gold 

salts and polymer-aided growth of gold nanoparticles inside a PNIPAM 

hydrogel, either using PNIPAM directly[191, 192] or with thiol-based cross-

linkers to control nanoparticle growth.[193] The use of a thiol-containing 

cross-linker, however, couples the mechanical properties of the gel to the 

growth of the metal nanoparticles. Both techniques produce gold 

nanoparticles with broad absorption spectra, indicating broad particle 

size distributions and low growth control. 
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In chapter 4 we described the synthesis pathway found to produce 

silver nanoparticles with narrow size distribution by controlled in situ 

reduction of silver in the presence of PNIPAM, which functions as a 

nucleation and capping agent.[194] We have found that the same 

synthesis route does not work well to control the size and shape of gold 

nanoparticles, however this chapter will focus on a synthesis pathway that 

uses ascorbic acid based, in a one-pot synthesis, to produce PNIPAM-gold 

nanoparticles using hydrated PNIPAM chains as the capping and 

stabilizing agent. This synthesis route for the first time successfully uses solely 

ascorbic acid as the reducing agent to create nanoparticles. In the 

literature, ascorbic acid could only produce well-controlled nanoparticles 

at very low concentrations, or seeds had to be formed using sodium 

borohydrate followed by ascorbic acid growth steps to achieve a 

controlled growth up to about 150 nm diameter.[195] The synthesis reaction 

described in the following paragraphs, as a first step, produces PNIPAM of 

a defined molecular weight and then show that the polymer acts to 

control the reduction of gold in a series of growth steps using ascorbic 

acid at room temperature.  

In chapter 4 we showed the thermal switching mechanism 

observed in PNIPAM-silver particles nanocomposite, for the PNIPAM-gold 

particles produced here, we will describe both thermal and optical 

responses using a very convenient 532 nm laser line. Additionally, the 

PNIPAM-gold nanoparticles undergo a reversible aggregation upon 
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external thermal or optical stimulus, which leads to a small shift of the 

localized surface plasmon resonance (LSPR) peak in the extinction 

spectrum. 

5.2 Experimental Section (Materials and Methods) 

5.2.1 Materials 

Deionized water with a resistivity of at least (18.0 MΩ cm) (EPure, 

Barnstead Thermolyne) was used in all experiments. N-Isopropyl 

acrylamide (NIPAM) (Fisher Scientific) was recrystallized once in hexane 

(Fisher Scientific) and stored at -20 °C until use.  Ascorbic acid (AsA) (Fisher 

Scientific), hydrogen tetrachloroaureate (III) hydrate (HAuCl4), N,N,N’,N’-

tetramethyl ethylene diamine (TEMED), and ammonium persulfate (APS) 

(all Sigma Aldrich) were used as purchased. 

5.2.2 Polymer Synthesis 

PNIPAM was synthesized by free-radical polymerization of NIPAM 

using the APS and TEMED redox initiator system. Nitrogen is bubbled 

through an aqueous NIPAM solution (200 ml, 0.3 M) for 20 minutes and 

then sealed under a nitrogen atmosphere during reaction. The 

polymerization is started by the addition of each of the redox system 

components (1% wt each), and left to proceed for 2 hours. The PNIPAM 

product is poured into four times the volume of ethanol for precipitation, 

followed by centrifugation at 16,600 g for 15 min, and resuspension in 
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water. This procedure is repeated three times in order to remove any 

unreacted monomer or initiator from the solution. The aqueous polymer 

solution is freeze dried and stored at -20 °C in powder form until further 

use. Gel permeation chromatography (GPC) determined the mass 

average molecular weight of the polymer used in these experiments to be 

MW=516,000 with a polydispersity index of 2.54. GPC experiments were 

performed using dimethylformamide (DMF) as an eluent in a Waters 515 

HPLC solvent pump and two PLgel mixed-C columns (5 µm bead size for 

MW range 200 – 2,000,000 g/mol) (Polymer Laboratories, Inc.) 

5.2.3 Preparation of Au-PNIPAM Colloids 

Aqueous mixtures of HAuCl4 (0.1 mmol) and PNIPAM at four different 

polymer to gold ratios (PGR) (20, 45, 180 and 360 times the molar amount 

of monomeric units of PNIPAM relative to ionic gold molecules) were 

prepared and stirred at room temperature. After 5 minutes of stirring, AsA 

is added to achieve a total volume of (5ml of a 3:1 molar ratio of 

AsA/Au+3), and stirred for an additional 10 minutes. This initial process is 

followed by repeated (3 times) addition of HAuCl4 solution (200 µl, 0.01m) 

followed by an equimolar amount of AsA in 10 min intervals. Once the 

growth has terminated, the solution is heated to 35 °C during 

centrifugation at 16,600 g for 15 min inducing the precipitation of first the 

Au-PNIPAM and then the polymer. The supernatant is discarded and the 

precipitate resuspended in water. Finally, the mixture of PNIPAM and Au-
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PNIPAM composite is centrifuged at 20OC and 25,700 g for 10 min, 

discarding the PNIPAM supernatant, and followed by re-suspending the 

nanoparticles in water; this process is performed twice. 

An additional experiment was performed to understand the 

influence of the rate of additions of gold and ascorbic acid in synthesis 

reaction.  Initially, the first reaction involves an aqueous solution of HAuCl4 

(0.1 mmol) and PNIPAM at PGR of 90. After 5 minutes of stirring, AsA is 

added to achieve a total volume of (5ml of a 3:1 molar ratio of AsA/Au+3), 

and stirred for an additional 10 minutes. This initial process is followed by 

repeated (8 times) addition of HAuCl4 solution (30 µl, 0.01m) followed by 

an equimolar amount of AsA in 10 min intervals. 

5.2.4 Transmission Electron Microscopy (TEM) 

TEM images were obtained with a JEOL 2010-F at an acceleration 

voltage of 200 kV. The specimens were prepared by placing a drop of 

aqueous colloidal suspension onto a carbon-coated copper grid, 

incubating for 30 min, and then aspirating excess solvent with filter paper. 

Shape and size distributions were determined from enlarged photographs 

of the TEM images using at least 200 particles for each sample. For 

negative staining, a uranyl acetate aqueous solution (0.1% w/v) was 

placed on a piece of parafilm, and a TEM grid, prepared as described 

above, was placed on top of the drop for 1 minute. Afterwards the 
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sample was aspirated using filter paper and left to dry overnight. The 

sample was then analyzed as described above. 

5.2.5 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray 

Spectroscopy (EDS) 

SEM images were obtained with a LEO 1530 scanning electron 

microscope at an acceleration voltage of 10 kV with an EDS system. The 

specimens were prepared placing the aqueous PNIPAM-gold particle 

colloidal suspension in a carbon-coated conducting tape and left to dry 

for 24 hrs. Analysis of shape and sizes were obtained from the images and 

the EDS system was used to obtain elemental mapping images of the 

polymer-gold nanoparticle composites.   

5.2.6 UV-Visible Spectroscopy 

The LCST of PNIPAM alone and the spectral properties of PNIPAM-Au 

colloids in aqueous solution were measured using a temperature-

controlled CARY 5000 UV-Vis spectrophotometer.  When needed, the 

temperature was raised from 25 to 36 °C at a rate of 1 °C/min. Recorded 

spectra were analyzed for peak position and peak width of the LSPR 

resonance. UV-Vis spectroscopy to compare spectra below and above 

the LCST was performed with very dilute samples to minimize the 

scattering of large aggregates above the LCST. 

Mie theory for spherical concentric core shell particles was used to 

model the experimental extinction spectra. The model was adapted from 
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the code in [121] and written in IGOR Pro (Wavemetrics), using the 

refractive index for gold from reference[196]. 

5.2.7 Thermal and Optical Switching Experiments 

The thermal and optical responses of the PNIPAM-Au 

nanocomposites were studied using colloidal samples with an estimated 

3.164 x 1015 gold particles/L, assuming complete reduction of the gold 

salt during the synthesis, and a particle radius of 13 nm consistent with our 

experimental results. The total gold ion concentration after four growth 

steps was (1.3 mmol), which can be converted into a particle 

concentration using the molecular weight of metallic gold (197 g/mol) 

and the metallic gold density (19.32 g/cm3). Small droplets of PNIPAM-Au 

colloids and a PNIPAM control where sealed in two glass capillaries by 

melting the ends on both sides. The capillaries were placed side by side, 

and then they were uniformly heated for 20 seconds until reaching a 

temperature above the LCST. Followed, the sample was left at room 

temperature to undergo passive cooling under the optical microscope. 

The light transmittance was recorded for at least two complete heat-cool 

cycles. The optical switching experiments were performed in a similar way 

with the microscope environment held at 31 OC. Both capillaries were 

irradiated for periods of 20 s with a 100 mW 532 nm diode-pumped laser 

with a beam diameter of ~4 mm. For the thermal and optical switching, 
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the capillaries were imaged with time-lapse microscopy and grayscale 

information was extracted from the image sequence using ImageJ (NIH). 

5.3 Results and Discussion Section 

5.3.1 Synthesis of Colloidal Gold Nanoparticles 

Experiments using various ratios of NaBH4 to Au show that NaBH4 is 

too strong for a controlled gold salt reduction and produces only very 

small nanoparticles (<10 nm). This is in contrast to gold reduction in the 

presence of NIPAM-PEG-PVP triblock-copolymers[197] and the reduction of 

silver,[194] but agrees with the use of NaBH4 to produce very small 

nanoparticles or gold seeds using other capping agents.[198, 199] Small 

particles will lead to very low light absorption and insufficient energy 

conversion to create the heat needed for optical switching.[122] A narrow 

size distribution of spherical particles with diameters >40 nm is difficult to 

obtain using conventional sodium citrate reduction at high temperatures, 

although that method is extremely efficient for producing smaller 

particles.[195, 200-202] Previously, narrow size distributions of larger gold 

particles have been achieved using gold seeds formed by reducing gold 

salts with NaBH4 followed by several growth steps with the far milder 

reducing agent AsA to fabricate spheres[198, 201, 203] and rods.[204]  However, 

using a variety of capping agents, AsA has not been used successfully to 

produce narrow size distributions for particles without prior seeds. It instead 

produces large agglomerated particles with broad shape and size 
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distributions.[202, 203, 205, 206] Recently, AsA was successfully used to stabilize 

gold seeds but at very low ionic gold concentrations, two orders of 

magnitude lower than the concentrations reported here.[207] 

We found that PNIPAM allows us to use AsA as the reducing agent 

during the nucleation and growth steps. The reaction consists therefore of 

four identical steps rather than a nucleation or seeding and consecutive 

growth steps, as described in Figure 5.1. Following an approach similar to 

the one developed for silver,[194] the salt HAuCl4 is reduced in the 

presence of a separately polymerized PNIPAM (MW = 510,000). Because 

PNIPAM is temperature sensitive, the synthesis needs to be performed at 

room temperature below the LCST so that the polymer is hydrated and 

able to nucleate and stabilize the particles. PNIPAM is dissolved in a dilute 

gold salt solution at a given molar PNIPAM (monomers) to gold (ions) ratio 

(PGR), and allowed to equilibrate for 20 minutes. Results were compared 

to a control synthesis consisting of a gold solution reduced without 

PNIPAM.  

The initial samples appear as a pale pink suspension indicating the 

formation of very small metal particles, except for the control, which 

appears pale blue, and within a couple of hours, totally loses coloration 

while large precipitates appear. Three additional growth steps, each time 

adding molar amounts of ionic gold and AsA as in the first step, lead to a 

successively stronger wine-red color for all PGRs, while hastening the 

precipitation in the control. We tested whether the rate at which the 
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reducing agent is added affected the homogeneity of the particle size by 

adding smaller amounts of reducing agent and gold salt in a larger 

number of synthesis steps, but found no difference (as will be shown 

further). A process of preferential reduction of the gold salt at the particle 

surface, which promotes growth rather than new nucleation and which 

can achieve large metal particles, has been suggested for AsA.[198, 201] 

For silver, the polymer-to-metal molar ratio had a strong influence 

on the size distribution of the metal particles and on the encapsulation by 

the polymer. In contrast, for gold the average particle size is nearly PGR 

independent, indicating that the PNIPAM is not acting as a nucleating 

agent. Figure 5.2 and 5.3 shows representative examples of particles 

grown for PGRs 360:1, 180:1, 45:1, and 20:1. The samples mostly show 

spherical morphology for all the PGRs, although some triangular shapes 

can also be found in each case. In figure 5.4 the particle size distribution 

shows that at higher PGRs (360 and 180) it is shown a tighter size control 

with a standard deviation of ~22%, which is similar to that obtained for 

sodium citrate[198] and that obtained with sodium borohydrate-created 

seeds using AsA to form particles >20 nm in diameter.[201] Lower PGRs show 

higher standard deviations of ~35%. This shows that the addition of 

PNIPAM acts as a capping agent and allows a more homogenous growth 

of the gold particles during the reduction. The interaction of PNIPAM with 

gold is considered weaker than with silver,[208] and it can be expected 
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that this plays a more important role at lower capping agent 

concentrations. 

Figure 5.5 shows a representative negative-stain TEM image of 

PNIPAM-coated gold nanoparticles in a cocoon-like nanocomposite and 

shows that in the dried state the composite has a radius of ~40nm. This 

was also observed with the SEM images shown in figure 5.6, where in 

addition to the structure, EDS was performed to corroborate the presence 

of the gold nanoparticles within the polymer structure. The similar shell-like 

structure has been observed for silver reduced in the presence of 

PNIPAM,[194] but unlike for silver, the gold cocoons do not contain multiple 

particles even at high PGRs. However, similar to silver, the decrease in 

particle-size control at lower PGRs can be attributed to the weaker 

interaction of PNIPAM with gold or possibly to an incomplete covering of 

the particles that would then induce particle aggregation. 

PNIPAM gels have been used before as a nucleation center for the 

synthesis of gold nanoparticles at room temperature.[192] The exact 

mechanism of the nucleation is unclear, but the amine group of the 

NIPAM is assumed to facilitate the reduction of the gold ions. Gels, 

however, also act as barriers that trap nanoparticles, which is not the case 

with individual linear polymers as described here. This method of 

synthesizing PNIPAM-gold nanoparticles is, to the best of our knowledge, 

the first time that individual linear PNIPAM chains have been used 

successfully to cap and long-term stabilize gold nanoparticles with a wet 
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chemistry approach. It was previously attempted without success,[143] 

presumably because the interaction of the gold with PNIPAM is weaker 

than for other metals such as silver [141] or platinum.[137]  Two additional 

factors may have contributed to a broader size distribution: a synthesis 

temperature above the LCST, and the simultaneous polymerization of 

PNIPAM grafts and the reduction of the Au salt with the initiator and the 

free radicals formed during the polymerization. Individual polymer chains 

of a PNIPAM-PEG-PVP triblock-copolymer have been used to synthesize 

gold nanoparticles of defined size, but here a hydrophobic core was 

important in the synthesis.[197] Our new synthesis route provides a strong 

interaction between polymer and gold nanoparticle without requiring the 

addition of gold binding groups such as thiol containing molecules.[193] 

Most important, however, the interaction of the polymer chain with the 

gold is strong enough to remain intact through repeated precipitation-

solubilization cycles, as we show below. 

5.3.2 Optical Characterization of the Colloidal Gold Solution 

UV-Vis spectroscopy can provide further insight into the synthesis of 

PNIPAM-stabilized gold nanoparticles by correlating the maximum position 

and the full width half maximum (FWHM) of the absorption peak to the 

mean particle diameter, its monodispersity, and the interaction between 

metal nanoparticles. Figure 5.7 shows, for the PGR 180:1 as an example, 

an increase in the intensity of the peak with each of the four growth steps 
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and figure 5.8 and 5.9 show the representative TEM images of particles at 

the first (≈ 4 nm) and last growth stages (≈ 26 nm) respectively.  

The rate addition of reducing agent was also tested by performing 

the experiment at lower concentrations and slower addition of AsA. It can 

be observed from UV spectra in figure 5.10 that the peak positions 

correspond to those observed for the fast addition. Furthermore, analysis 

of the FWHM in figure 5.11 correspond to the same behavior observed for 

the fast addition as well, therefore it can be hypothesized that the particle 

size control is similar for both synthesis methods and that slower addition 

rate has very little influence in the reaction. In addition, figure 5.12 shows 

that the increase of the area under the peak with each synthesis step is 

nearly independent of the PGR, i.e. that the polymer does not influence 

the number of nuclei formed and may not act as a strong nucleation 

agent, in contrast to silver.[194] The increase in area with growth cycles is 

approximately linear and shows little saturation.  

Peak maxima vary little from 528 nm for lower PGRs, to 533 nm for 

higher PGRs, in agreement with the relatively constant particle size of ~27 

nm for all PGRs as shown in figure 5.13.  The absorption peak, however, is 

red shifted by 7 nm relative to 26 nm-sized control particles grown with 

AsA from sodium citrate-synthesized seeds.[122, 198]  The stabilization of gold 

nanoparticles with sodium citrate or AsA is due to surface charges, and 

the nanoparticle surfaces are therefore in direct contact with the 

environment so that, as predicted by Mie theory, the LSPR maximum is 
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further to the blue than when a polymer, such as PNIPAM, is attached to 

the surface.[187] 

The FWHM of the extinction peak depends on the PGR, but this 

dependence decreases with each synthesis step to less than 10 nm 

difference between PGRs (figure 5.14). The broadening of the peak at 

higher PGR is significant during the initial steps. This could be due to 

several particles in one cocoon initially, so that they are closer together 

and their electromagnetic fields interact. The strong decrease in FWHM 

would then indicate Ostwald ripening and the formation of larger 

particles during the growth cycles, which is in agreement with the TEM 

analysis and the lack of a significant number of PNIPAM cocoons with 

multiple particles.  The increase of peak intensity and sharpening of the 

FWHM with each growth stage, figure 5.15 shows FWHM of 4th growth 

stage, corroborates that the predominant phenomenon is uniform growth 

of the particles, since the reduction of the ionic gold takes place at the 

surface of the particle seeds.[122, 195, 198, 201] 

Mie model extinction spectra for spherical concentric shells are 

overlaid in Fig. 5.13 for the mean gold particle sizes distributions measured 

for each PGR. The PNIPAM shell refractive index and the layer thickness 

were fit parameters, but because the two parameters are not completely 

independent, a shell thickness of 33 nm in the hydrated state was 

assumed for consistency. This shell thickness was based on the expected 

volume of a random coil of the polymer in the hydrated state plus the 
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metal particle volume to obtain a new radius of the combined particle. 

The Mie calculation, with a refractive index of 1.36 for the shell as seen for 

PNIPAM,[178] reproduces the maximum position and the FWHM for PGRs of 

less than 90:1 quite well. PGRs of 180:1 and 360:1 had to be fitted with a 

refractive index of 1.39 to closely reproduce the maximum position. The 

measured spectra also have larger FWHM. A possible explanation is that 

the polymer shell is composed of a varying number of polymer chains, so 

that the cocoon thickness would vary and produce some peak 

broadening. Alternatively, polymer cocoons could contain more than one 

metal nanoparticle, although our TEM analysis did not show a significant 

number of multiple particles. 

5.3.3 Thermal Switching Response of the Nanocomposite  

The thermal response of the nanocomposite was studied in an 

optical microscope by recording the light transmittance when the 

temperature is increased. Two capillaries, one containing a control 

sample (PNIPAM) and the other the nanocomposite (PNIPAM-Au, PGR 

360:1, 3.2 x 1015 gold particles/L solution), were placed side by side and 

heated uniformly, followed by passive cooling to room temperature. The 

thermal switching of both the control and the nanocomposite is fast and 

reversible with no fatigue. The polymer and the PNIPAM-gold particles, 

however, have different resolubilization times, with the PNIPAM-gold 

particle suspension requiring about twice the time of the pure polymer 
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solution to become fully transparent after turning off the heat (Figure 

5.16). This could be due to a difference in the adhesion strength in the 

aggregates forming above the LCST. More probable, however, is that the 

difference in the scattering strength of the gold particles relative to a pure 

polymer leads to smaller aggregates, which may still be in solution and 

scatter visibly with gold, but are undetectable without. The small increase 

in transmission observed for the PNIPAM-gold particle suspension when the 

control becomes transparent is an artifact of the strong contrast changes 

at constant gain of the camera. 

UV-Vis spectroscopy of very dilute samples showed the 

dependence of the extinction spectra on temperature and provided 

additional information about the local environment and the relative 

distance between the nanoparticles below and above the LCST. A small 

shift of 6 nm in the peak position between the spectra below and above 

the LCST temperature is seen for all samples and shown in figure 5.17 for a 

PGR of 45:1. The spectra demonstrate two features: upon increasing the 

temperature to above the LCST, the FWHM remains unchanged, and the 

shift in peak position is small. Both indicate that the gold nanoparticles are 

mainly experiencing a change in the local environment due to the 

collapse of the surrounding polymer, and the influence due to 

electromagnetic interaction between metal particles is small, in 

agreement with results for silver.[194] The extinction spectrum above the 

LCST can be fit well to a Mie concentric shell model using a shell thickness 
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of 12 nm, based on the TEM images shown in figure 5.5, and a refractive 

index for the PNIPAM shell of 1.46 in the collapsed state.[178] This indicates 

that the PNIPAM-gold particles remain separate entities during the 

aggregation process, and that the interaction of the electromagnetic 

fields around the metal nanoparticles does not dominate. 

5.3.4 Optical Switching Response of the Nanocomposite 

Switching the solubility of the PNIPAM-gold composite by varying 

the temperature can also be achieved locally through indirect heating of 

the metal nanoparticles by irradiation at the surface plasmon resonance 

wavelength as is illustrated in Figure 5.18 and the experimental setup is 

described in figure 5.19. Then figure 5.20 shows an optical switching cycle 

performed at an environmental temperature of 31 ºC, close to the LCST. 

Again, two capillaries are illuminated simultaneously, one with a control 

containing PNIPAM without gold, and one with a 360:1 PGR composite at 

3.2 x 1015 gold particles/L. Both capillaries are illuminated for 20 s at 800 

mW/cm2 followed by passive cooling. Only the composite shows a 

transition beginning quickly after 3 s and reaching high turbidity at ~15 

seconds. The behavior of the nanocomposite to thermal and optical 

response is similar. However, there is a small delay after the start of the 

light exposure due to efficient heat conduction of the nonabsorbent 

environment, which also makes the resuspension time shorter than for 

thermal heating. This indicates that the temperature increase is much 
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smaller for optical than for thermal heating, and the aggregates are 

presumably smaller. 

Different than gold nanoparticles dispersed in a gel, each PNIPAM-

gold composite builds an optical switch of its own that acts either due to 

a change in size or in hydration, although turbidity measurements rely on 

the aggregation of several particles into larger clusters. The mechanism of 

optical conformational switching of the PNIPAM-gold composite relies on 

the energy conversion of the optical energy absorbed by the gold 

nanoparticles, which is dissipated as heat to the surrounding thermally 

sensitive PNIPAM. Additionally, it is observed that despite the large heat 

conductance of the aqueous environment, and the glass, the heat 

generated by a relatively low-power laser is sufficient for switching the 

polymer conformation. 

The heat generated by individual nanoparticles and clusters 

irradiated by light at the SPR wavelength has been measured by 

embedding the nanoparticles in ice and measuring the rate and volume 

of melting ice surrounding the particles.[209] Others have estimated the 

heat from a single gold particle by measuring the heat conduction of 

core-shell nanoparticles immersed in different media, such as water[210] 

and polystyrene,[211] or by quantifying the quenching of fluorescence in a 

microfluidic channel.[105] Gold nanoparticles embedded in ice at particle 

concentrations three orders of magnitude lower than in our experiments 

were used to measure the total ice volume melting in the focus of a laser 
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beam.[209] The heat to melt the ice was generated under conditions of 

four times the heat conductivity compared to liquid water and two orders 

of magnitude higher power density than used in our experiments. The 

heat generated by gold nanocrescents in a partially filled microfluidic 

channel near the air-water interface was estimated using temperature-

dependent fluorescence quenching to be at least 60°C, and was 

sufficient to cause water evaporation.[105] These high heating rates were 

achieved in a thermally insolated environment of a microfluidic channel 

at an air-water interface with a focused laser at a power density one 

order of magnitude larger and a particle concentration of about one 

quarter compared to our case. All three results are consistent with our 

experimental results and the estimates for the heat that can be 

generated. 

The nanocomposite optical response is faster, in both directions, 

than reported for responsive hydrogels.[54, 86, 108] Smaller hydrogels have 

shown faster response times, although high-power lasers are still 

necessary.[204] To the best of our knowledge, this is the first time that the 

optical switching of single PNIPAM chains using indirect heating from gold 

nanoparticles has been reported. Optical switching of PNIPAM using 

organic groups, such as spirobenzene,[95] spiropyrane,[212] and 

azobenzene,[40] is far slower, even for free polymer chains. In contrast, 

experiments with gold nanoparticles in ice[209] and single core-shell 
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particles[211] showed very fast thermal equilibration between the particles 

and their environment, on the order of picoseconds. 

5.4 Conclusions 

We have shown that AsA can be used to nucleate and grow gold 

nanoparticles at room temperature in a simple one-pot synthesis using 

PNIPAM as the capping agent to form a stable and opto-thermally 

responsive PNIPAM-Au nanocomposite. This is possible even though 

PNIPAM has a weaker interaction with gold than with other metals, such 

as silver.  This weaker interaction may explain why PNIPAM plays a role in 

the nucleation, but the number of particles appears to be independent of 

the amount of polymer present. PNIPAM controls the gold nanoparticle 

size to within a standard deviation of 22% for higher PGRs (360 and 180), 

which is comparable to sodium citrate reduction and to sodium-

borohydrate reduction to create seeds and subsequent ascorbic acid 

reduction. At lower PGRs the size control is lower and the standard 

deviation increases to 35%.  

We have shown that the particles can be reversibly aggregated 

and resuspended with fast response by heat and light at the LSPR 

wavelengths (532 nm). Stability of the particles is achieved through 

cocoon-like structures of PNIPAM-Au. The optical properties indicate the 

change in the polymer state due to temperature, which changes the SPR 
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peak position by ~7 nm above the LCST, indicating that the cocoons still 

separate each particle in the aggregate.  

The PNIPAM-gold nanocomposites therefore build an optically 

triggered nanoactuator that can be used as a switch through their size or 

hydration changes in biotechnological applications. Improving the 

conversion of light to heat through a controlled non-spherical particle 

shape with a PNIPAM shell could increase the switching efficiency 

significantly[213]. 
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Figure 5.1 Schematic of the synthesis reaction of homogeneous gold 

nanoparticles, which involves the reduction of the metallic salt (HAuCl4), in 

the presence of a stabilizing molecule (PNIPAM) using the reducing agent 

or electron donor (Ascorbic acid) following four reduction steps under 

constant stirring at room temperature. 
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Figure 5.2 Gold nanoparticles synthesized using two different PGRs 360:1 

(Left) and 180:1 (Right); the product is monodisperse and does not sinter. 
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Figure 5.3 Gold nanoparticles synthesized using two different PGRs 45:1 

(Left) and 20:1 (Right); the product is monodisperse and does not sinter. 
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Figure 5.4 Histograms show the size distributions of about 200 particles 

(from each of the sample PGRs, 360:1, 180:1, 45:1, and 20:1) chosen 

randomly from different areas of the carbon grid. 
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Figure 5.5 TEM image of the PGR 360:1 sample negatively stained with 

uranyl acetate. It can be seen that the particles are entrapped in polymer 

shells.



113 

 

  

 

 

 

Figure 5.6 SEM images of gold nanoparticles synthesized using the 360:1 

PGR. The lefts and middle image differentiate on magnification and the 

right image shows two of the particles in the middle image with its 

corresponding EDS mapping of Au, O, and C respectively. 
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Figure 5.7 Measured UV-Vis spectra for each of the four growth steps for 

the 360:1 PGR sample.  
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Figure 5.8 TEM image showing the spherical particles of the initial growth 

step. 
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Figure 5.9 TEM image showing the spherical 27 nm particles at the last 

growth step.  
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Figure 5.10 Measured UV-Vis spectra for PGR 90:1 at each of the growth 

steps of a synthesis reaction that involved slower additions of gold and 

involved 8 growth steps using the reducing agent (Ascorbic acid) under 

constant stirring at room temperature. 
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Figure 5.11 FWHM of the measured UV-Vis peaks as a function of the 

growth step on the slow addition reaction (5.10). 
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Figure 5.12 Area under the curve of the extinction spectra at each PGR 

and growth stage. 
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Figure 5.13 Measured UV-Vis spectra for PGRs 20:1, 45:1, 180:1, and 360:1 

in addition, their theoretical Mie core-shell model simulations (dashed 

lines).
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Figure 5.14 FWHM of the measured UV-Vis peaks as a function of the 

growth step. 
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Figure 5.15 FWHM of the measured UV-Vis peaks as a function of the 

PNIPAM/Au ratio (PGR). 
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Figure 5.16 Optical transmission of PNIPAM (top) and a colloidal PNIPAM-

Au suspension (bottom) switched reversibly by increasing the temperature 

and allowing the sample to cool passively. On and off heating times are 

indicated. 
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Figure 5.17 UV-Vis spectra for a very dilute sample of PGR 45:1 in the 

swollen (below LCST) and collapsed (above LCST) state. The extinction 

spectra show ~6nm peak shifts induced by the precipitation of the 

polymer surrounding the particles. A theoretical Mie model spectrum is 

overlaid (dashed). 
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Figure 5.18 Image illustrates the mechanism of heat dissipation by the 

surface electrons present in metallic nanoparticles when they are excited 

by an electric field. It also shows the collapsing mechanism when 

exposed to the specific wavelength (530 nm laser).  
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Figure 5.19  Illustration that describes the heating and optical 

experimental setup. The gold colloid is enclosed in a capillary tube and 

then it is exposed to a laser of specific wavelength and power.
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Figure 5.20 Top image shows optical transmission of PNIPAM (top curve) 

and a colloidal PNIPAM-Au suspension (bottom curve) switched reversibly 

by exposure to 532 nm light wavelengths. On and off exposure times are 

indicated. The bottom image shows the optical microscope image of the 

PNIPAM and the PNIPAM-Au composite at positions 1 and 2 indicated in 

the switching curve.  
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Chapter 6: Analytical Model of Heat Transfer that Simulates 

Optical Response of Hybrid PNIPAM-Metal Nanoparticles 

6.1 Introduction 

Even though the study of interface heat conduction is a well-

established field, its application in systems involving nanostructures has 

recently received growing attention, since transport phenomena at the 

nanoscale is often dominated by surface effects[211, 214-216]. Metallic 

nanostructures, which are capable of converting absorbed energy into 

heat when exposed to optical illumination, release it to their surrounding 

environment[158, 209, 217, 218]. In addition, this phenomenon is enhanced 

when the energy of the incident photons is tuned to be close to the 

surface plasmon resonance of the radiated nanostructure. This 

characteristic, presented by metallic nanoparticles, has found numerous 

applications in biology and engineering as they have been used from 

contrast agents[190], using photo-thermal interference, to local heating 

sources, including introducing them into thermally responsive hydrogels 

that trigger drug delivery systems[55, 158] or cancer therapy through thermal 

ablation[218].  

Experimental and theoretical approaches have been developed to 

describe interface heat transport in nanosystems, such as nanofluids or 

colloidal suspensions[216, 219], spherical nanoparticles and systems with 

different geometries[209, 214, 220-222]. Experimentally, the heat transport and 
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temperature profiles generated in metal nanostructures have been 

estimated through different approaches, such as incorporating gold 

nanoparticles into an ice matrix and measuring melting[209] or through the 

quenching of fluorophores[219]. Analytically, the methodologies 

approached include the development of heat conduction models that 

describe this phenomenon, observed in the metal nanoparticles, which 

involve the analytical solution of the Fourier heat transfer equation with 

different boundary conditions and solving it using appropriate 

mathematical methods such as Laplace transforms[222, 223] or Fourier 

series[224]. 

In this Chapter, we propose a time-dependent model capable of 

describing the optical experiments at the conditions mentioned in 

chapter 5. The mathematical model proposed takes into account the 

heat conduction in colloidal suspensions of polymer-metal 

nanocomposites (gold-PNIPAM), where the “lump” heat conduction 

model can describe the metallic nanoparticles (Biot Numbers < 0.1). 

Recent publications have focused on the effect of thermal resistance, at 

the interface of substrates and nanostructures, on heat conduction 

models. The have found that heat conduction through nanoconstrictions 

of a few nanometers cannot be modeled by diffusive resistance but it 

should be modeled by a ballistic resistance, which is analogous to the free 

movement of gas molecules through an orifice. However, this is not the 

case for our system as will be explained in the experimental section. The 
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model is solved taking into account the following assumptions: 1) highly 

conductive metallic spheres, where the thermal conductivity of the 

sphere is assumed much larger than the thermal conductivity of the 

surrounding material. 2) Good thermal contact between the sphere and 

the surrounding medium, meaning the interface or the inner surface of 

the environment will be at the same temperature than the sphere. 

6.2 Experimental Section (Materials and Methods) 

6.2.1 Materials 

Modeling was performed by solving the steady state Fourier heat 

transfer equations analytically and the non-steady state equations 

numerically using the Finite Element Method (FEMLAB, COMSOL 

Multiphysics 3.3). 

6.2.2 Estimation of the Heat Generated within the Gold Nanoparticle Colloid 

The mathematical model proposed describes the experimental 

setup described in chapter 5 and shown in figure 5.18. A capillary tube 

(concentric cylinders) contains a polymer metal colloidal suspension that 

is homogenously distributed and is exposed to a laser of specific 

wavelengths and power. Our model describes the heat conduction in this 

system by taking into account two concentric cylinders, the interior 

cylinder contains the polymer-metal colloidal suspension, and the outer 

cylinder is the capillary glass wall, as illustrated in figure 6.1. The heat 
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profile generated by the nanoparticle colloid was calculated solving 

Fourier’s Heat Transfer Equation analytically for the steady-state and 

approached solution of the time-dependence using the separation of 

variable method (which did not converge to a unique solution) and 

numerically, using a time-dependent finite element model. The concentric 

cylinder geometry used was the same for the experimental setup in 

chapter 5 and involved a glass capillary with inner and outer diameters of 

R1 = 0.5 mm and R2 = 1 mm, respectively (Figure 5.18). The heat 

conduction equations for the inner radius involve heat generation due to 

the nanoparticles and it was approached by assuming that nanoparticles 

act as individual heating sources in the colloidal suspension and since 

they are homogenously distributed (illustrated in figure 6.2), the heat 

generated within the volume of the colloid is also homogeneous. For the 

outer radius, the equation only involves heat conduction in glass. Both 

equations were coupled with a boundary condition and solved as 

mentioned previously. 

The proposed model involves one major assumption, which is that 

metal nanoparticles have high conductivity, and therefore present fast 

cooling, which causes a flat temperature profile within the metal particle. 

This assumption is only valid, and the data have 95% accuracy, when the 

system can be modeled with “lump” heating, meaning that the Biot 

number of the system is less than 0.1, since at higher Biot numbers the 

surface nanoconstrictions start having a major effect on the heat 
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transport and therefore the proposed model will not be adequate[214]. The 

Biot number for our system was calculated using the equation: 
κ
hr

Bi = , 

where Bi, is the Biot number, h is the thermal boundary resistance at the 

interface, usually the heat convection constant, r is the radius of the 

particle for spheres and κ is the thermal conductivity constant of the 

material.  

For the calculation of the Biot number of our system, we used the 

typical values for h, which in gold nanoparticle structures is a thermal 

boundary resistance that range from 1x10-8 to 5x10-8 m2K/W. The radius of 

the gold nanoparticles is 13 nm, and the κ (thermal conductivity constant) 

being 318 W/mK. This results in a Biot number of the order of magnitude of 

1x10-3 and approves the assumptions used for our model. 

The heat generation within the colloidal suspension is calculated 

according to our experimental conditions. A non-focused 100 mW laser at 

532 nm wavelength with a power density of 800 mW/cm2 is used to 

generate heat homogenously, when the homogenously distributed gold 

nanoparticles in the colloid are exposed to their surface plasmon 

resonance light wavelength, in a suspension of gold colloids. The molar 

extinction coefficient used was calculated using Mie theory, 1.06 x 1021 m2 

for 26 nm diameter particles. The heat calculation assumes that scattering 

diverts only a small amount of energy, which is a fair assumption for the 

size of spherical particles used here as particles with radius 20-40 nm 

scatter only < 5% of the total energy.[122] 
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6.2.3 Analytical Solution of the Steady State Temperature Profile 

Fourier’s heat conduction equation is used for the temperature 

distribution within the interior cylinder of a system of concentric cylinders 

that has homogeneous heat generation: 

02 =−∇−
∂
∂ Qu
t
uc Wκρ       (1a) 

The variable c corresponds to the specific heat of water, ρ to the 

density of water, κw to the heat conductivity of water, and Q to the heat 

density generated homogenously within the cylinder. As mentioned 

previously, the PNIPAM-gold colloid is considered to be homogenously 

distributed with gold nanoparticles capable of producing heat while 

irradiated by a laser. The amount of energy that a nanoparticle absorbs 

and converts into heat is calculated using the laser power and the 

absorption cross section for a Mie particle of the correct size. The 

parameters used are given in Table 6.1.  

We assumed a purely radial temperature profile, and that the heat 

was generated in a water droplet with air insulating the top and bottom 

so that there were no axial temperature profiles.  This is the experimental 

condition and relies on the fact that heat conduction of glass is much 

higher than of air. The steady state temperature profile u(r) is then given 

by: 
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For the colloid region r < R1, while in the glass cylinder region R1 ≤ r ≤ R2 

only heat is conducted with the heat conduction coefficient of glass,  κG, 

so that: 

011
=








∂
∂

∂
∂

r
u

rrr
       (1c) 

The boundary conditions are: (1) the inner tube is continuous at 

r=R1=0. (2) The outer capillary surface r = R2 is maintained at constant 

temperature T0, and (3) the coupling boundary conditions of continuous 

heat transport through the concentric cylinders. The steady state 

temperature profile is then described by: 

For r<R1; 
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And for R1<r<R2 
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κ
     (1f)  

6.2.4 Analytical Solution using Finite Element Method (FEMlab) of the Time-

Dependant Temperature Profile 

The transient heating profile was calculated using the time-

dependent heat equation with Q > 0 for the colloid region and Q = 0 for 

the glass capillary region.  

In the following section, we will list the equations and boundary 

conditions solved using the Finite Element Method (FEMlab).  
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We proposed the Transient Fourier Heat Equation applied for 

concentric cylinders with homogeneous heat generation in the interior 

cylinder. 

The assumptions considered to solve this problem are: 

1) Heat is generated homogenously in the colloidal suspension 

2) Heat is conducted in the radial direction through the colloidal 

suspension and through the glass walls. 

Differential Equations Employed: 

 The interior radius (Part A), which has homogeneous heat 

generation, is described in equation 1: 

t
uQu A

A
AAA ∂

∂
=+∇

κ
αα 222

      (1) 

 The exterior Radius (Part B), which has no heat generation, is 

described in equation 2: 

t
uu B

BB ∂
∂

=∇ 22α
       (2) 

 

 The boundary conditions for our solution are: 

 

1) uA must be bounded at r=0 therefore: ( ) ∞≠tuA ,0  

2) Continuous heat conduction: ( ) ( )tRqtRq ABAA ,, =  

3) uB(RB,t) = T0 

4) uA(r,0) = uB(r,0) = T0 
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Definition of constants and variables: 

1) r = radius 

2) t = time 

3) uA(r,t) = temperature in colloidal suspension 

4) uB(r,t) = temperature in glass capillary walls 

5) q (r,t) = Heat flux 

6) Q = volumetric heat rate generated within the colloidal 

suspension 

7) T0 = Temperature of the environment outside capillary 

8) κA = Heat conduction for water 

9) κB = Heat conduction for glass 

10)   α2 = ρ
κ
c  

11)   c = Heat capacity 

12)   ρ = density 

We therefore attempted solving the equations numerically using the 

Finite Element Method (FEMLAB). 

6.3 Results and Discussion Section 

The transient temperature distributions calculated for the capillary 

tube (concentric cylinders) are plotted in figure 6.3 and figure 6.4. The 

theoretical calculations of time-dependent heat generation and 

temperature profiles in the colloid reach the analytically determined 

steady state after ~3 s, which agrees well with the experimental results 
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shown in Figure 5.18. Despite the large heat conductance of the aqueous 

environment and the glass, the heat generated by a relatively low-power 

laser is sufficient for switching the polymer conformation. When the 

temperature profiles reach steady state, the calculated temperature 

difference is ~2.5 °C between the environment (air) and the center of the 

colloidal suspension, which is also a reasonable temperature increase to 

explain the experimental results. 

We have described in Chapter 5 that each PNIPAM-gold composite 

builds an optical switch of its own and this is the base of building 

nanoscale actuators. It is then important to understand weather individual 

polymer-metal particles can be used as a switch, or else how many 

particles are needed to achieve switching. We have approached an 

explanation to this by comparing our proposed model to a model that 

has been recently proposed and solved in the literature, which describes 

time dependant heat conduction transfer in an individual sphere with a 

finite heat capacity, immersed in a homogenous medium[222]. The steady 

state profile reported is described by ( ) 0

2

3
T

r
aQaru

W

+





=

κ
, where a is the 

radius of the sphere. Our model, describes with accuracy the 

experimental conditions in a cylindrical volume, and shows that at steady 

state, the temperature in the interior of the cylinder scales with 
W

QR
κ

2
1 (see 

equation 1d), where Q is the volumetric heat rate that is generated in the 

illuminated volume and κw is the heat conductivity in water. When 
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comparing both models it can be observed that both models scale the 

steady-state temperature increases with the 
W

Q
κ

 times the illuminated 

cross-sectional area. However, when solving the equation for individual 

particle, when exposed to typical laser powers and in contact with water 

(high heat conduction environments), the solution of the model reported 

in the literature does not agree with our proposed model, since it shows 

that only µK temperature increases can be achieved. This suggests that 

the 2.5 degree increments calculated in our system are due to the 

coupled heating from a number of individual nanoparticles, in addition to 

the consideration of thermal conductivity of water relative to the cylinder 

wall since it can be observed that an infinitely large heating will occur if 

the walls are thermally insulated. Both models can be compared by 

considering the individual particle in the model[222] to be an imaginary 

“particle” composed of several nanoparticles that are close enough so 

that the density is sufficient to ensure homogeneous heating, and a 

constant effective heat capacity across the “particle” volume can be 

assumed.  

It is therefore interesting to analyze the parameter Q, which plays a 

major role in the scaling of temperature increments in both models. The 

volumetric heat rate is calculated by PCWQ abs= , where Wabs, is the 

absorption cross-section of the nanoparticle, P is the laser power per area 

and C is the concentration of particles.  For a single particle in the size 

range below about 40 nm radius, the absorption cross section scales with 
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a3, so that 
W

aT
κ

5

3
1~∆ . For a fixed overall particle concentration C, the 

number of particles in the cluster is then 3

3
4

Pp aCN π= , with aP being the 

radius of the imaginary particle. Solving for aP it follows that 
W

p CN
T

κ

3
1

3
2

3
1~∆ . 

Therefore, the temperature increase for the given experimental conditions 

decreases less than linearly with decreasing particle number. Additionally, 

this analysis correlates the model to the one we propose and proves that 

a temperature increase of better than 1 °C can be achieved under 

conditions similar to those used in the experiments described in Chapter 5, 

which is consistent with other results. [105, 210, 211] Furthermore, the scaling 

factors predict that a few hundred particles could induce a significant 

temperature increase with optimized conditions of higher particle 

concentration, higher laser power density, and larger or more non-

spherical gold nanoparticles. A simulation of temperature increments 

induced through nanoparticles in nanochannels will be explored in 

Chapter 7. 

6.4 Conclusions 

We have proposed a model that describes the optical switching 

experiments of the nanocomposite. The model predicts a 2.5 °C 

temperature increase for the experimental setup used here, which agrees 

reasonably well with our experimental results. We also compared our 

results to a core-shell model that describes the heating of individual 
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particles and found that the heating would be insufficient for individual 

particles for the experimental conditions.  We applied the model to 

clusters of spheres and estimated that attomoles of particles would 

collectively create enough heat to induce PNIPAM collapse and 

nanoparticle aggregation. By optimizing particle size, laser power density, 

and average interparticle distance (colloid concentration), the number of 

particles could be reduced to a few hundred, because the temperature 

increase depends less than linearly on the number of gold particles that 

generate the heat.  We also estimated the switching time to be on the 

order of µs, much faster than can be achieved with gels or dyes.  The 

PNIPAM-gold nanocomposites therefore build an optically triggered 

nanoactuator that can be used as a switch through their size or hydration 

changes in biotechnological applications. Even further, improving the 

conversion of light to heat through a controlled non-spherical particle 

shape with a PNIPAM shell could increase the switching efficiency 

significantly[213]. 
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Table 1:  Parameters used in the models 

Parameter Value 

radius of the nanoparticles 13 nm 

C, specific Heat 4181 J/kg K 

ρ, density of Water 1000 kg/m3 

κw, heat conductivity of water 0.58 W/m K 

Q, heat density generated 

within colloid per time 
1.14 x 107 W/m3 

Table 6.1 Parameters used to calculate heat generation within the 

polymer-metal nanoparticle colloid (interior cylinder of the capillary) 
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Figure 6.1 Concentric cylinders of a capillary tube that contains the 

polymer-metal nanocomposite colloid in the interior cylinder and is 

surrounded by an outer glass cylinder. 
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Figure 6.2 Experimental setup. For the theoretical temperature profile 

calculations in the capillary, a homogenously distributed polymer metal 

nanoparticle colloid is assumed where each nanoparticle acts as a 

heating source, making the heat generation homogenous within the 

colloid. 
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Figure 6.3 Time dependant temperature distribution, with the steady 

state distribution labeled, in the capillary tube. 
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Figure 6.4 Steady-state temperature profiles in the capillary tube. 
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Chapter 7: Synthesis of Optically and Thermally Responsive 

Nanoporous Membranes 

7.1 Introduction 

Development of porous membranes capable of changing their 

permeability to either flow or a specific chemical entity, in response to 

small changes in environmental stimuli, is an area of appealing research, 

since these membranes present potential applications as sensors, in 

bioseparations, as drug delivery systems and as valves that serve to 

interconnect microfluidic systems and control interflow.[30, 78] The synthesis 

of these environmentally responsive membranes has been mainly 

approached through grafting of environmentally responsive polymers to 

the surface walls of polymeric porous membranes. This synergizes the 

chemical stability and mechanical strength of the polymer membrane 

with the fast response times of the chemically bonded free-ended 

polymer chains. Therefore, different composite membranes capable of 

changing their effective pore size with environmental triggers such as pH 

and ionic strength[22, 24], temperature[19], and chemical moieties, such as 

glucose[39], have been developed. However, a recent interest has been 

the development of porous membranes responsive to light, since these 

present advantages of potentially achieving rapid, remote, noninvasive 

and localized flow control.[40, 45, 225] This chapter will focus on developing a 

synthesis pathway to achieve grafting of opto-thermally responsive 
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polymer-metal nanoparticle nanocomposites to polycarbonate track 

etched porous membranes (PCTEPMs).   

The synthesis involves prior grafting of PNIPAM chains to the walls of 

the polycarbonate membrane, followed by the in situ reduction of a 

metallic salt, gold or silver. This synthesis pathway proposed is based on 

the result from chapter 4 and 5, which describe the capability of PNPIAM 

to couple to metallic particles, control their size and shapes, and form 

opto-thermally responsive nanocomposite materials.[194]  

Different methods have been reported in the literature to achieve 

grafting of polymer chains to the surface of porous membranes, and like 

the coupling of polymer to metallic particles, there are two main 

techniques: “grafting to” and “grafting from”. However, growing polymers 

from the surface, “grafting from”,  rather than functionalizing the 

polymers, “grafting to”, has proven a better control on reaction and 

obtaining higher polymer densities.[226] Several surface “grafting from” 

techniques have been reported in the literature, chemical grafting[226], 

plasma,[81, 83] radiation,[22, 26, 45, 227] and photo-induced grafting[228, 229]. We 

decided to explore the plasma induced technique since it has been 

shown to be able to perform grafting of PNIPAM on both the inside of the 

pores and on the surface of the membrane, additionally it maintains the 

bulk properties of the PCTEPM unchanged[81]. Other techniques present 

disadvantages such as with the use of photo-induced grafting, it is difficult 

to achieve grafts in the membrane pores, chemical grafting requires 
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handling of poisonous initiators, and finally, using radiation requires 

expensive machinery and the bulk properties of the membranes are 

affected.  

Following the plasma-induced polymer grafting, the in situ reduction 

of a metallic salt achieves the coupling of the synthesized metallic 

particles with the grafted PNIPAM. We achieved for the first time, to the 

best of our knowledge, a technique that allows incorporating 

environmentally responsive polymer-metal nanocomposites into the pores 

of nanoporous membranes.  

Additionally, we proved experimentally the capability of thermally 

switching flow through the pores in the membrane, and finally, we 

analyzed the heat conduction from the metal nanoparticles to the 

polymer grafts, by using the theoretical model proposed in Chapter 6. The 

theoretical calculations predict that the nanoporous membranes 

developed with the synthesis described in this chapter can most likely be 

used as optically switchable nanovalves when exposed to lasers of 

specific wavelengths and power densities. 

The synthesis pathway described in this chapter offers a wide range 

of potential applications, such as catalysis, ordering and assembly of 

metallic particles, and one of the applications explored in this dissertation, 

which is their use as optically and thermally switchable nanovalves.  
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7.2 Materials and Methods 

7.2.1 Materials 

Deionized water with a resistivity of at least (18.0 MΩ cm) (EPure, 

Barnstead Thermolyne) was used in all experiments. N-Isopropyl 

acrylamide (NIPAM) (Fisher Scientific) was recrystallized once in hexane 

(Fisher Scientific) and stored at -20 °C until use.  Ascorbic acid (AsA) (Fisher 

Scientific), hydrogen tetrachloroaureate (III) hydrate (HAuCl4), N,N,N’,N’-

tetramethyl ethylene diamine (TEMED), and ammonium persulfate (APS) 

(all Sigma Aldrich) were used as purchased.  Polycarbonate track-etched 

(PCTE) membranes 400 nm diameter were bought from Whatman and 

used as purchased. 

7.2.2 Surface Grafting of PNIPAM on Pores of PCTE Porous Membranes using 

Plasma-Graft Pore Filling Surface Polymerization  

Linear PNIPAM chains were grafted to both the surface and into the 

pores of the PCTE porous membranes of 400 nm diameter by a plasma-

induced grafting polymerization technique reported by Qu.[83] The 

reaction involved placing the membranes in a transparent glass tube that 

is filled with air, without any flow, and then evacuated at 350 µTorr. The 

substrate is then treated with a steady cloud of air plasma at 30 W for 60 s. 

Immediately after treatment, the membrane is immersed in ethanol for 2 s 

and subsequently, the membrane is submerged in a 5 wt% monomer 

aqueous solution and left to polymerize without initiator for 2-4 hrs. The 
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reaction was performed at both room temperature and 30 ºC. Following 

the reaction, the membrane is well rinsed three times in deionized water 

and then it is left in 50ml of deionized water for 24 hrs to remove any 

unreacted monomer.  

7.2.3 In Situ Synthesis of Gold Nanoparticles on PNIPAM grafts 

We achieved the growth of gold nanoparticles in the pores by two 

approaches: the first involved the following steps: the PCTE porous 

membranes with surface grafted PNIPAM are submerged into a 5 ml 

aqueous solution of HAuCl4 (0.001 M) and left for 1 hr to impregnate. 

Afterward AsA is added to the 5 ml aqueous solution to achieve a 0.003 M 

solution, and the solution is stirred for 10 minutes. Finally, the membranes 

are rinsed with deionized water and sonicated for 10 minutes to remove 

any particles that are not within the PNIPAM grafts. 

As a second approach, in order to drive the synthesis of gold 

nanoparticles inside pores of the membrane, a PNIPAM grafted 

membranes was taped to the end of a cylindrical tube and submerged 

into a 5 ml aqueous solution of AsA (0.03 M). Immediately afterwards an 

aqueous solution of HAuCl4 (0.01 M) was poured into the cylindrical tube, 

making sure there was no positive or negative pressure from the column of 

the aqueous solution of HAuCl4. This allowed both the AsA and HAuCl4 to 

diffuse in opposite directions inside the membrane, due to concentration 

gradients and allow nanoparticle reduction within the pores. 
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7.2.4 In Situ Synthesis of Silver Nanoparticles on PNIPAM grafts 

We approached the growth of gold nanoparticles in the PNIPAM 

grafts by first submerging the PCTE porous membranes with surface 

grafted PNIPAM into a 5 ml aqueous solution of AgNO3 (0.001 M) and left 

for 1 hr to impregnate. Afterward AsA is added to the 5 ml aqueous 

solution to end with a 0.001M solution and the solution is stirred for 10 

minutes. Finally, the membranes are rinsed with deionized water, and 

sonicated for 10 minutes to remove any particles that are not within the 

PNIPAM grafts. 

7.2.5 Scanning Electron Microscopy (SEM) 

SEM images were obtained with a LEO 1530 scanning electron 

microscope at an acceleration voltage of 10 kV. The specimens were 

prepared placing the membranes on a carbon-coated conducting tape 

and then the samples where coated unless specified at each image 

shown with silver, which allowed better quality images and higher 

resolution. Clean-cut images, that allowed analysis of the interior of the 

membrane, were obtained by breaking the membrane while it was 

submerged into liquid nitrogen. The membrane was soaked in water prior 

to putting it into liquid nitrogen.  

7.2.6 Thermal Control of Fluid Flow 

Permeability changes in the membrane induced by temperature 

were determined by measuring water flow through the membranes for 
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three different switching cycles. The membrane was taped to the end of 

a Pasteur pipette (diameter of 5mm) containing a water column of 5 cm 

(~1ml). Afterwards, 0.43 ml was allowed to flow through the membranes. 

By the setup of the experiment, the differential pressure was not kept 

constant, since the water column changed height as the flow passed. The 

respective times were recorded and the average flow rate was 

determined. Additionally, the times for the sample membrane were 

normalized to an untreated PCTE membrane for converting flow rates 

using the Hagen-Poissuille equation to an effective pore size. The 

temperature switching experiments of the membranes were performed by 

heating the volume of flowing water to different temperatures between 

27ºC and 40 ºC.  

 7.2.7 Heat Conduction Model of Metal Nanoparticles in the Nanopores of the 

Polycarbonate Membrane 

Modeling was performed by solving the steady state Fourier heat 

transfer equations proposed in chapter 6, which assumes only radial heat 

transfer, numerically using the Finite Element Method (FEMLAB, COMSOL 

Multiphysics 3.3). The influence of the parameters such as nanopore 

radius, size of the nanoparticles and laser spot diameter were analyzed to 

determine the parameters needed to build optically responsive 

nanovalves (see Table 7.1). 
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The model neglects axial heat conduction in the nanopore (system 

illustrated in Figure 7.1) and this approximation is analyzed in the following 

calculations. 

Heat transfer through conduction follows, as mentioned previously 

in chapter 6, Fourier’s Heat Equation, which can also be written as: 

dx
dTAQ κ−=

        (1) 

Where Q is the heat transferred through conduction, κ is the heat 

conductivity, A is the surface area, through which the heat is transferred, 

and dx
dT

 corresponds to the temperature gradient. Therefore, our purpose 

is to analyze the ratio between the components of the radial and axial 

heat transfer, axial

rad

Q
Q

, which will justify our assumption of neglecting the 

axial component for our system. 

According to the system (figure 7.1) the equations for radial and 

axial heat transfer can be approximated using the following equations, 

assuming that κrad= 0.22 W/mK, and that κaxial= 0.58 W/mK. 
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As a reasonable approximation for the temperature gradient, 

based on the mean value theorem for derivatives, we can consider that: 
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Incorporating eq. 4 into eq. 3 we find that: 
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Now for the axial heat transfer we obtain: 
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To approximate the axial component of the gradient, we follow the 

same approximation used for the radial component of the gradient, 

therefore we obtain: 
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Incorporating eq. 7 into eq. 6 we obtain and multiplying by two 

since there are two ends: 
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Therefore the ratio between the radial and axial heat transfer is: 
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This analysis shows that the model proposed, which neglects axial 

heat transfer, allows us to describe the system within reasonable 

accuracy.  
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7.3 Results Section 

7.3.1 Synthesis Pathway to Incorporate PNIPAM-Metal Nanocomposites into 

PCTE Porous Membranes 

The synthesis pathway developed to incorporate PNIPAM-metal 

nanocomposites into PCTE porous membranes involves two steps. Initially, 

PNIPAM chains are grafted to the surface of the PCTE porous membranes 

and the grafted membranes are then exposed to an aqueous solution of 

the metallic salt, which is reduced in situ using AsA. This achieves coupling 

of the polymer grafts to the metallic particles as would be predicted by 

our previous work in chapters 4, and 5.  

For the grafting of PNIPAM to the PCTE porous membranes we 

employed a plasma-induced technique that has been previously 

reported in the literature[83], and which consists of exposing the PCTE 

porous membranes to an oxygen (air is used for our case) plasma cloud 

that creates metastable chemical radicals on the surface of the 

membrane. When the treated membranes are exposed to a monomer 

solution, the surface polymerization is initiated without the addition of an 

initiator, and so the polymer is grafted to the membrane surface at the 

top of the membrane and the walls of the pores, but not at the bottom 

where the plasma cloud could not reach. 

The plasma-induced grafting presents a major advantage for our 

synthesis since it can achieve a control over the location of the grafting of 
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the PNIPAM chains, either on the membrane surface or to the walls of the 

pores[83], additionally, the plasma treatment only affects the outer 

properties of the membrane, maintaining the bulk properties of the 

membrane unchanged.[81] The most important mechanism in the control 

of the grafting location of the PNIPAM, either in the surface or inside the 

pores, is the capability of the monomers to diffuse into the pore and form 

chains. Therefore, reactions that do not promote monomer diffusion, such 

as low temperature environments or using solvents that do not wet pores 

efficiently, promote preferential surface grafting[19, 24, 25]. Another factor is 

that diffusion of the monomers into the pores should occur initially in the 

polymerization, since, as the grafts begin to grow on the surface, they 

cover the pores and steric effects present a barrier for monomer diffusion 

to reach the pores.[228]  

Two parameters were optimized to control the grafting location of 

the PNPIAM. First, the wetting of the membrane pores was improved using 

ethanol prior to the initiation of the surface polymerization. It has been 

shown previously that ethanol allows a more efficient wetting of the PCTE 

porous membranes and so promotes grafting of the polymer in the 

pores.[24] Second, increasing temperature of polymerization from room 

temperature to 30 ºC, which is just below the LCST, increased grafting 

efficiency. 
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7.3.2 Permeability Switching Experiments 

The PNIPAM chains grafted to the surface of the PCTE porous 

membranes, when exposed to temperature, are expected to act as a 

mechanical valve that controls flow, such as the schematic shown in 

Figure 7.2. We tested the temperature dependant average flows through 

the porous membranes using gravity-driven flow with time changing 

hydrostatic pressure starting at 500 Pa and ending at 200 Pa, since the 

water column decreases as the water flows. Membranes with and without 

gold nanoparticles were tested for three different switching cycles and 

produced reproducible results, meaning the polymer and 

nanocomposites were grafted stably to the membranes. Figure 7.3 shows 

the relative flow rate as a function of water temperature. It can be 

observed that for the grafted membranes the average flow rates are 

always lower than for the ungrafted PCTE. Furthermore, we can achieve 

three times differences in the flow rates for the membranes where the 

grafting was done at high temperature polymerization, and ~1.5 times 

flow rate changes in the polymerization performed at room temperature. 

For long polymerization times, 4 hrs, shown in the graph, we were able to 

achieve very low flow rates with an upper limit in the order of 1 µL/s cm2 

for both above and below the PNIPAM LCST. This indicates that the 

polymer is able to achieve nearly total blockage of the pores to 

convective flow. At short polymerization times, the flow rate is non-zero in 
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the collapsed state (above the LCST) and is always smaller below the LCST 

when the polymer is hydrated.  

Studies with track-etched membranes often calculate effective 

pore diameters based on Hagen-Poisseuilles law for the flow rate in a 

cylinder: 
L

Flowrate
t
V

η
π

8
Pr4∆

==
∆

, where V is volume of the permeate, ∆P is 

the trans-membrane pressure, r is the pore radius (assuming homogenous 

sized pores in the membrane), η is the viscosity of the permeate, and L is 

the capillary length (membrane thickness). The flow measurements here 

were performed with time-varying pressure and therefore in the Hagen-

Poisseuille equation the time averaged volumetric flow rate and pressure 

drop are used. The time average pressure drop is constant in all flow 

experiments here. In order to exclude viscosity changes with temperature, 

and to be independent of the exact time-dependence of the pressure 

decrease, all results are relative to the control membrane. Therefore, pore 

sizes are calculated using the following equation, 4
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4
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Assuming simple Hagen-Poisseuilles flow, however, is inaccurate because 

the thickness of surface-grafted polymer layer in a cylindrical conduit is 

flow rate dependant. Except for very low flow rates, the polymer layer has 

been proposed to swell due to shear[230] or flattened, if the order of the 

polymer brush is not very high and not all chains are pointing towards the 

flow (incomplete grafting)[231, 232]. Additionally, if the polymer graft would 

be considered as a continuous gel with viscoelastic properties, which 
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could be induced by embedding gold nanoparticles into the polymers, 

instabilities at the interface can develop even at very low Reynolds 

numbers[233, 234].  

Despite the shortcomings of the Hagen-Poisseuille approximation, 

the pore size changes observed for the membranes with grafts 

polymerized at room temperature and at 30 ºC, both with and without 

gold reduction are shown in figure 7.4. Similar to the flow rates, the pore 

sizes with and without gold are the same. Membranes with polymerization 

at higher temperature show an effective change in pore diameters of 

~70 nm changing from and an open pore in the collapsed state of 350 nm 

to a diameter of 280 nm in the hydrated state below the LCST. 

Membranes polymerized at room temperature polymerization have a 

pore size that is only ~25 nm smaller in the hydrated state, but in the 

collapsed state, the diameter is 320 nm.  

The ~70 nm change in pore size between collapsed and swollen 

state of the PNIPAM chains obtained in this work is similar to pore changes 

reported in the literature, using the Hagen-Poiseuille equation, using 

plasma-induced grafting.[22, 81, 229, 235] Switching responses with bigger 

change in pore sizes, from 50 to 200 nm, have been achieved using 

hydrogels, however, these systems present very long response times.[80]  
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7.3.3 Morphology of PCTE Porous Membranes with Grafted Nanocomposite 

The coupling of metal particles to the PNIPAM grafts in the PCTEPM 

is approached through an in situ reduction of a metallic salt of gold or 

silver. The membrane with the PNIPAM grafts is submerged in a an 

aqueous solution of the metallic salt, followed by the addition of AsA, the 

reducing agent. After the addition of the reducing agent, the aqueous 

gold solution follows the typical color changes of a reduction without a 

stabilizing and capping agent. The reaction starts from red then very fast 

turns into darker tones of blue and finally the particles turn into very large 

aggregates. A more dramatic change is observed for the reduction of 

silver, where the aqueous silver solution reacts immediately to form large 

aggregates in the surface walls, which give an apparent mirror like 

surface. However, when the membranes are extracted from the solution 

they present very light colors, due to the SPR exhibited by nanoparticles 

with a characteristic red (gold) and yellowish (silver) color. This proves that 

the PNPIAM grafted in the porous membranes is acting as a stabilizing and 

capping agent in the synthesis of the metallic nanoparticles, as predicted 

by the previous synthesis described in Chapters 4 and 5. 

The localization of the polymer grafts on each PCTE sample, and 

the size and shape of the synthesized nanoparticles was analyzed using 

SEM. As a control of the in situ reduction of the gold metallic salt, Figure 

7.5 shows the gold nanoparticles formed on the PCTE porous membrane 

without PNPIAM grafts. Most of the particles are aggregated, are very 
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inhomogenously dispersed in the membrane (Figure 7.5 A and B), and no 

particles are observed to be formed within the pores (Figure 7.5 C). Figure 

7.6 and 7.7 shows the surface and interior pore structure, respectively, of 

the PCTEPM grafted at room temperature. The differences between the 

control, without grafts, and the grafted membranes are very difficult to 

observe, since both the grafts and the PCTEPM are amorphous polymers, 

however slight differences such as a loss of sharpness at the edges can be 

observed, however, most literature that claim to observe PNIPAM grafts 

using SEM are accompanied by permeation experiments. However, we 

can further observe in figure 7.6 that gold nanoparticles synthesized in situ 

at the surface of the membrane show spherical morphologies and 

nanoparticles that are dispersed all throughout the membrane surface, 

unlike what is observed in Figure 7.5. We have therefore proven that the 

PNIPAM grafts couple to metallic nanoparticles, are capable of 

controlling the synthesis of gold nanoparticles. Additionally, figure 7.7 

shows the presence of particles in PCTEPM pores, which is also an indirect 

proof of the presence of PNIPAM grafts within the pores of the porous 

membranes for the synthesis at room temperature. 

Furthermore, figure 7.8 and 7.9 show the surface and interior pore 

structure of the PCTEPM grafted at 30 ºC. It can be observed from 

comparing figure 7.6 and 7.8 that there are fewer gold nanoparticles 

formed on the surface of the membrane, and when comparing the pore 

densities of both reaction in figure 7.7 and 7.9, there is a higher density of 
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particles formed within the pores. This can be explained by our previous 

hypothesis to describe the flow rate exhibited by both membranes. The 

room temperature surface polymerization is hypothesized to contain more 

PNIPAM on the surface, and the reaction at 30 ºC allows higher degree of 

grafting of PNIPAM within the pores.  

Gold and silver nanoparticles formed on the surface of the 

membranes are 60% and 400%, respectively, larger than if synthesized in 

solution. Comparing the size distribution of the particles formed on the 

surface of the membranes grafted at room temperature (figure 7.10) and 

30 ºC (figure 7.11), it can be observed that the standard deviations 

observed are similar for both reactions, ~40%. However, the standard 

deviation is higher compared with the 22% achieved in solution for the 

high PGR but similar to the 35% obtained for low PGRs (chapter 5). We 

can possibly attribute this to the impairment of PNIPAM chains to control 

the size since they are grafted to a substrate with one end of the chains 

immobilized. Additionally, we compared the size distribution of particles 

found both on the surface and within the pores of our samples. From 

figures 7.10 and 7.11, it can be observed that the particles formed on the 

surface of the membrane present two differences, one is that the particles 

formed within the pores, for the room temperature and the 30ºC 

polymerization, present a 40% and 30% increase in average size, 

respectively. Additionally, the size distribution for both synthesis 

temperatures is 90% better within the pores than on the surface of the 
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surface; we attribute this to a diffusion effect within the nanopores that 

aids in a controlled synthesis of the nanoparticles.  

Finally, we compared the silver and gold nanoparticle synthesis on 

the surface of the membrane polymerized at 30 ºC, for the same polymer 

to ionic concentration, since the in situ reduction was performed on 

different halves of the same membrane. Figure 7.12 shows a 30 ºC surface 

polymerized PCTEPM with silver nanoparticles synthesized using AsA and 

following the same synthesis pathway, as explained in the experimental 

section. Similarly, to what was observed for the synthesis of gold 

nanoparticles, the silver nanoparticles are dispersed all through the 

membrane and show spherical morphologies. We also observe from 

figure 7.13, that silver nanoparticles are ~30% larger and present a 

standard deviation 30% better than that obtained for the gold 

nanoparticles. This, again, corroborates our findings that PNIPAM achieves 

a much better control of silver than gold. 

As an approach to achieve preferential synthesis of nanoparticles 

inside the pores of the PCTE membranes, we proceeded to perform a 

localized reduction by placing the ascorbic acid and the aqueous gold 

salt solution in opposite sides of the membrane, as explained in the 

experimental methods. The reduction was driven by diffusion of the 

components due to concentration gradients, a characteristic red color 

was observed on the membrane, and both solutions on either sides of the 
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membrane did not show drastic reduction, meaning that the reduction 

was forced and controlled at the membrane site.  

As can be observed in figure 7.14, the nanoparticles are formed on 

both the interior and exterior rim of the PCTEPMs. However, the 

nanoparticles formed within the pores (figure 7.15) show similar particle 

sizes and narrow standard deviations than the previous polymerization 

reactions. Therefore, we again attribute this to the diffusion control of both 

gold and ascorbic acid into the channels, which aid in the size and shape 

control of the particles (Figure 7.15). This synthesis technique, additionally, 

offers a pathway to control nanoparticle size within the channels through 

diffusion and by using much weaker reducing agents that would allow 

even narrower size distributions. 

7.3.4 Theoretical Model of the Heat Conduction Exhibited in the Nanopores of 

the PCTE Porous Membranes 

As mentioned in chapter 5, the optical switching of the PNIPAM-

metal nanocomposites is driven by the capability of metal nanoparticles 

to convert absorbed energy into heat. By using the model developed in 

chapter 6, we approached to solve the heat conduction within one of 

the nanopores of the PCTEPM, assuming only radial heat transfer and 

neglecting the axial heat transfer, as we proved in the methods section 

this is an accurate approximation. We therefore, determined the 

nanocomposite concentration and laser energy density needed to 
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achieve enough heating in the local aqueous environment, a change of 

1 ºC, which will allow the building of the optical switching nanovalves 

proposed. The simulation was done using a nanoparticle size of 40 nm 

radius, as observed for the particle sizes achieved within the pores in our 

synthesis, with a cross section calculated using Mie of 1.8197 x 10-14 m2.[122] 

The rest of the parameters are listed in Table 7.1. Figure 7.16, which shows 

an outer radius of 750 nm observed as the average distance between the 

pores on in the porous membranes, describes the correlation between the 

volumetric heat generated and the change in temperature achieved in 

the nanopores. As can be observed, 2x1012 W/m3 of heat generated 

within the pore are needed to achieve the 1 ºC difference and the 

temperature profile within the channel is shown in figure 7.17. Doing 

further calculations, we obtain that this heat generation can be achieved 

by focusing a 100 mW power laser to a 40 µm spot size radius and using a 

concentration of 5.705x1015 particles per liter. When we convert this to the 

number of particles that must be found within the nanochannels, with a 

volume of 8.796x108 nm3, we find that the switching can be achieved by 

incorporating ~5 particles within one channel. We have achieved 

incorporating the amount of particles with the synthesis proposed here, 

and therefore conclude that the system developed has potential to be 

used as optically switchable valves. 
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7.4 Conclusions 

We achieved the grafting of PNIPAM into PCTEPMs by following the 

plasma-induced grafting techniques previously reported in the 

literature[83]. Permeability studies show changes in flow dependant on 

temperature, similar to what has been reported in the literature. Through 

in situ reduction of metallic salts and taking advantage of the capability 

of PNIPAM to act as a stabilizing and capping agent, previously described 

in chapter 4 and 5, we coupled the PNIPAM grafts with gold and silver 

metallic nanoparticles. The size distributions of the synthesized 

nanoparticles were controlled by the PNIPAM grafts and in addition, 

within the pores, diffusion effects allow better control of nanoparticle sizes. 

We compared the in situ reduction in both the low temperature and high 

temperature grafting process, larger numbers of particles are observed 

inside the pores of the high temperature grafting than those observed for 

the low temperature grafting. The same case is shown for the surface 

particles, were larger number of particles are observed in comparison to 

the lower temperature grafting. 

Lastly, by using the mathematical model in chapter 6 and applying 

it to the nanopores, we predict the potential application of the 

membranes synthesized here as opto-thermally switchable valves when 

exposed to focused lasers of specific wavelengths and power densities. 

 



167 

 

 

Parameters used in the model 

Parameter Value 

radius of the nanochannels 200 nm 

Radius of the outer cylinder of 

the nanochannels 
750 nm 

radius of the nanoparticles 40 nm 

C, specific Heat 4181 J/kg K 

ρ, density of Water 1000 kg/m3 

κw, heat conductivity of water 0.58 W/m K 

κPC heat conductivity of the 

polycarbonate membrane 
0.22 W/m K 

Q, heat density generated 

within colloid per time 
2.08 x 1012 W/m3 

Table 7.1 Parameters used to calculate heat generation within the 

polymer-metal nanoparticle colloid (nanoporous channel) 
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Figure 7.1 Diagram that compares the axial and radial heat conduction 

in concentric nano-cylinders surrounded by a large water bath. Exterior of 

cylinder is polycarbonate and heat is generated within the interior 

cylinder due to conversion of absorbed energy, to heat, by metallic 

nanoparticles.
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Figure 7.2 Schematic of the pore response mechanism as a function of 

the polymer graft localization. 
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Figure 7.3 Temperature responsive permeability studies performed in 

PCTEPM grafted at 30 and 25ºC, the polymerization time is also indicated. 

The flow changes are shown for both before (solid line) and after gold 

nanoparticle reduction (dashed lines). 
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Figure 7.4 Temperature responsive permeability studies performed in 

PCTEPM grafted at 30 and 25ºC, the polymerization time is also indicated. 

The pore size changes are shown for both before (solid line) and after gold 

nanoparticle reduction (dashed lines). 
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Figure 7.5 A) SEM image shows the gold nanoparticles synthesized in 

situ in a PCTEPM control without PNIPAM grafts. B) Image is a close up of 

the top image, which shows gold nanoparticles that have been 

agglomerated, due to lack of control on the nanoparticle synthesis. C) 

Image showing a clean cut of the PCTEPM, it can be observed the pores 

but no nanoparticles in the interior. 

 

Gold Nanoparticles 

Gold Nanoparticles 
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Figure 7.6 A) SEM image of the control PCTEPM with out PNIPAM grafts. 

B) Image of the control PCTEPM with PNIPAM grafted at 25ºC. The 

difference in contrast is mainly due to charging. C) Shows the PCTEPM 

after gold nanoparticles have been synthesized in situ; the particles are 

dispersed throughout the membrane. D) Close up of the gold 

nanoparticles showing spherical morphologies. 
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Figure 7.7 A) SEM image showing the side view of the PCTEPM grafted at 

25ºC. B) and C both show side views of the PCTEPM after gold 

nanoparticles have been synthesized in situ. 

Gold Nanoparticles 

Gold Nanoparticles 
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Figure 7.8 A) SEM image of the control PCTEPM with out PNIPAM grafts. 

B) Image of the control PCTEPM with PNIPAM grafted at 30ºC. The 

difference in contrast is mainly due to charging. C) Shows the PCTEPM 

after gold nanoparticles have been synthesized in situ, the particles are 

dispersed throughout the membrane showing spherical morphologies. 
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Figure 7.9 A) SEM image showing the side view of the PCTEPM grafted at 

30ºC. B) and C both show side views of the PCTEPM after gold 

nanoparticles have been synthesized in situ. 
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Figure 7.10 Top image shows the size distribution of the gold 

nanoparticles synthesized in situ on the surface of the PCTEPM grafted at 

25ºC. The mean size is 42 nm diameter and a standard deviation of 39%. 

Bottom image shows the size distribution of the gold nanoparticles that are 

within the pores of the PCTEPM membrane grafted at 25ºC. The mean size 

is 68 nm diameter and a standard deviation of 21%. 
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Figure 7.11 Top image shows the size distribution of the gold 

nanoparticles synthesized in situ on the surface of the PCTEPM grafted at 

30ºC. The mean size is 57 nm diameter and a standard deviation of 42%. 

The bottom image shows the size distribution of the gold nanoparticles that 

are within the pores of the PCTEPM membrane grafted at 30ºC. The mean 

size is 78 nm diameter and a standard deviation of 22%. 
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Figure 7.12 A) Shows the PCTEPM grafted at 30ºC after silver nanoparticles 

have been synthesized in situ, the particles are dispersed throughout the 

membrane. B) Close up of the silver nanoparticles showing spherical 

morphologies. 

Silver Nanoparticles 

SIlver Nanoparticles 
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Figure 7.13 Size distributions of the silver nanoparticles synthesized in situ 

on the surface of the PCTEPM grafted at 30ºC. The mean size is 83 nm 

diameter and a standard deviation of 32%. 



181 

 

Figure 7.14 A) and B) Shows the PCTEPM grafted at 30ºC gold 

nanoparticles have been synthesized in situ by placing the reducing 

agent and the gold aqueous solution on opposite sides of the membrane 

and driving the in situ reduction only by the diffusion due to concentration 

gradients. The particles formed are located mainly in the internal and 

external part of the rim of the pores. C) and D) Show the particles that are 

formed deeper in the interior of the pores. 
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Figure 7.15 Size distribution of the silver nanoparticles synthesizes by 

placing the reducing agent and the gold aqueous solution on opposite 

sides of the membrane. The mean size is 83 nm diameter with a standard 

deviation of 27%. 
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Figure 7.16 Correlation between the required volumetric heat that has to 

be generated to achieve a specific temperature increment. The steady 

state for this system is less than a second and the temperature difference 

is measured at the center of the cylinder. 
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Figure 7.17 Steady-state temperature profiles in 400 nm diameter 

nanochannels. Simulation using FEMlab.  
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Chapter 8: Conclusions 

8.1 Synthesis of Polymer Metal Nanocomposites 

The development of materials capable of responding to 

environmental stimuli, and composite materials capable of synergizing the 

properties of each of their components, is an area of research of great 

appeal due to the variety of applications they exhibit, from sensors to 

delivery of therapeutic agents. Within the goals of this dissertation was to 

develop an optically and thermally responsive material to further couple 

into nanoporous membranes to build optically actuated nanovalves. This 

work developed two new syntheses routes to build optically and thermally 

responsive nanocomposite materials by coupling PNIPAM, a temperature 

responsive polymer to gold and silver metallic nanoparticles, which have 

the capability of converting absorbed light at specific wavelengths, into 

heat. 

We have found that PNIPAM is capable of acting as a capping and 

nucleating agent in redox synthesis between a silver salt and sodium 

borohydride to produce silver nanoparticles, and as a capping and 

stabilizing agent in the redox synthesis between a gold salt and ascorbic 

acid to produce gold nanoparticles. The PNIPAM stabilizes the metallic 

nanoparticles by forming shell like structures around them and is capable 

of achieving a size and shape control in the production of gold and silver 
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nanoparticles comparable to the most common stabilizing agents found 

in the literature, such as sodium citrate for gold and PVP for silver.  

Experimentally, the silver nanocomposites were proven to exhibit 

reversible switching with temperature, furthermore, the gold nanoparticles 

showed similar switching behavior, when exposed to light and heat, with 

very fast response times. In addition, we have found that the 

nanocomposites present optical properties that depend on the phase 

transition of the PNIPAM-shells that surround the particles, since the 

swelling and collapsing of the polymer due to temperature causes shifts in 

the localized surface-plasmon resonance wavelengths, from 5-12 nm. 

We have therefore synthesized fast responsive nanoactuators that 

can be triggered with exposure to heat and light. These materials present 

a variety of applications as switches in many areas of biotechnology. 

8.2 Modeling of Heat Conduction in the Nanocomposites 

Due to the capability of metallic nanoparticles to convert absorbed 

light into heat, when exposed to optical illumination, a variety of studies 

have approached to measure experimentally and theoretically the heat 

transport in different nanosystems. It was in our interest to model the 

dynamic heat conduction within our experimental nanocomposite 

colloidal systems, in order to predict heat generation and achieve 

sufficient heating to induce optical switching. 
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We therefore proposed a mathematical model that described 

nanoparticles as individual heating sources, which followed “lump” heat 

conduction, within homogenously dispersed nanocomposite colloids. We 

then solved the Fourier Heat Conduction equations for a volume with 

homogenous heat generation. The equations were solved analytically for 

the steady state, and using the Finite Element Method for the transient 

equations.  

The model predicts a 2.5 °C temperature increase reached within 

3 s at the conditions of our experimental setup, which agrees with our 

experimental results. Furthermore, the model was used to simulate the 

heat generation within nanochannels containing polymer-metal 

nanoparticle composites and we were able to determine the required 

number of particles within the nanopores and laser power densities that 

would induced localized switching. 

8.3 Opto-thermally Responsive Valves in Nanoporous Membranes 

Intense research has been developed to build responsive valves 

that can achieve rapid, remote, noninvasive and localized control of 

flows, since they have very broad applications in areas such as sensors 

and drug delivery. Among the most eligible candidate materials that 

exhibit these characteristics are optically responsive materials. Hence, 

within the objectives of these dissertation was to incorporate the opto-
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thermally responsive materials developed, into porous membranes to 

build switchable nanovalves. 

We successfully developed a synthesis method to incorporate 

PNIPAM-metal grafts into polycarbonate porous membranes to create 

responsive valves. The synthesis involved initial grafting of the PNIPAM 

followed by reduction in situ of a metallic salt. We achieved to control size 

and shape of the nanocomposite by using the PNIPAM grafts as capping 

and stabilizing agents for gold and silver and so achieve successful 

coupling of both metals to PNIPAM and immobilize the composite in the 

membranes. 

The synthesized membranes showed experimentally, to switch in 

response to temperature and achieve differences in flow. Modeled the 

heat generation in the nanopores predicts that switching with a small 

focused laser at the LSPR wavelength is possible. The calculated required 

number of particles per channel and the laser power densities that would 

allow optical switching have been achieved.  Lastly, we concluded that 

the membranes synthesized through the technique employed have 

potential applications as optically responsive valves for the spatio-

temporal delivery of bioactive agents, cell array, and advanced cell 

culture applications. 
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