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ABSTRACT 

As the miniaturization of electronic devices continues, proper thermal management 

is crucial to ensure the optimum performance and reliability of such devices within their 

specification. Of primary interest are the so-called thermal interface materials to 

minimize the thermal resistance between the heat source and the heat sink. To this end, 

polymer nanocomposites composed of a polymer matrix and nanoscale fillers with high 

thermal conductivity have attracted tremendous attention. It has been demonstrated that 

the formation of a nanoparticle assembly inside the polymer matrix provides a 

continuous pathway for efficient heat transfer, and thus it is essential for achieving high 

thermal conductivity. In this work, we explored the ability to direct the self-assembly of 

gold nanorods (AuNRs) via patterned block copolymer (BCP) thin films. Selective 

sequestration of AuNRs with various aspect ratios in one block domain was achieved, 

with over 30% of the surface covered by an ordered AuNR assembly orienting parallel 

to the geometric confinement. The final nanostructure resulting from the directed self-

assembly process is determined by the competition between thermodynamic 

consideration and kinetic factors. The coalescence and sintering of the AuNR assembly 

was accomplished by both furnace thermal annealing and rapid thermal annealing at low 

temperatures. The mechanism through which efficient sintering occurred is investigated 

with scanning electron microscopy. It is found that the sintering process initially takes 

place locally, resulting in small AuNR aggregates. Eventually the aggregates grow into a 

globally continuous, percolating network structure. In addition, the overall heat transfer 

coefficient was measured in an environmental scanning electron microscope by 

following droplet growth over time. The present study opens up new opportunities to 
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accomplish controlled assembly of nanoparticles with high concentration for different 

nanorod-based applications as well as in the development of percolating pathways for 

improvement in thermal properties. 



1 

1. Introduction 


 

1.1 Background 

Since its emergence, the field of nanotechnology has drawn tremendous attention in 

various aspects of studies in both academia and industry. Huge efforts have been put into 

nanotechnology from scientists and engineers all over the world in order to gain a better 

understanding of and seek promising applications in different fields, including 

electronics [1], thermal transport [2], catalysis [3, 4], sensing [5], energy [6], and many 

others. In particular, polymer nanocomposites have been widely investigated because 

their optical [7, 8], mechanical [9, 10], thermal [11-14], and electrical [15, 16] properties 

are enhanced to a great extent. Different types of inorganic nanoparticles, including 

metals, semiconductors, clay, and carbon nanotubes, have been loaded into polymer 

matrices such as epoxy, silicone, and more recently, block copolymers via both in-situ 

and ex-situ processes. Here, nanoparticles are defined as any material with one 

dimension less than 100 nm.  

During the last several decades, great efforts have been made to investigate and 

develop new recipes for nanoparticles synthesis so as to obtain nanoparticles with 

various morphologies, including spheres [17-19], cubes [20, 21], rods [22-24], and wires 

[25, 26]. Advances in synthetic methods and characterization tools have enabled a better 

                                                 

Portions of this chapter previously appeared as: F. Lai, T. Borca-Tasciuc and J. Plawsky, 

“Controlling directed self-assembly of gold nanorods in patterned PS-b-PMMA thin 

films,” Nanotechnology, vol. 26, no. 5, pp. 055301, Jan. 2015. 

Portions of this chapter previously appeared as: F. Lai, T. Borca-Tasciuc, S. Iruvanti and 

J. Plawsky, “On the sintering of gold nanorod assemblies towards continuous networks,” 

RSC Adv., vol. 5, no. 69, pp. 55678-55685, June 2015. 
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understanding and control of nanomaterials. Despite the fact that many unconventional 

properties are revealed from these nanoparticles, their importance would be greatly 

compromised unless there are ways to control their placement and orientation. Therefore, 

it has attracted much attention to use prefabricated templates [27, 28], or block 

copolymers (BCP) [29-35], as the matrices to guide the assembly of nanoparticles in 

recent years. Both theories and experiments have shown that block copolymers can self-

assemble into various morphologies including cubically packed spheres, hexagonally 

packed cylinders, alternating lamellae, and bicontinuous gyroids [36, 37], depending on 

the volume fraction of each segment. With properly modified nanoparticles surface 

chemistry, the affinity between the nanoparticles and one block is stronger than the other 

one for a diblock copolymer case. Hence, these nanoparticles can be selectively 

sequestered in the chemically compatible block and form assemblies following the 

structure of that block. In order to significantly increase the conductivity of the 

composite materials, it is necessary to acquire a high loading of conductive particles that 

exceeds the percolation threshold [38]. As a result, effective pathways for phonon or 

electron transport are generated inside the percolating network structure. 

However, percolation itself is not sufficient for accomplishing high conductivity due 

to the interfacial resistance between individual nanoparticles. Many approaches have 

been investigated to reduce this interfacial resistance. Of particular interest has been the 

sintering process.  It has been discovered that the melting point of a material at 

nanoscale could be hundreds of degrees lower than its bulk counterpart [39]. Sintering of 

these nanomateirals can occur at an even lower temperature owing to premelting of the 

surface atoms [40, 41]. A variety of techniques, including thermal [13, 14, 42, 43], 
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electrical [44, 45], laser [46], microwave [47], plasma [48, 49], and electron beam [50] 

methods have been taken to treat metal nanoparticles and induce effective sintering. To 

our surprise, the sintering of gold and silver nanoparticles has even been demonstrated at 

room temperature using a simple chemical treatment. Since the overall reaction for the 

removal of the capping agents on the nanoparticle surface is exothermic, once the 

surfactants were removed the heat released from the reaction caused the nanoparticles to 

sinter [51, 52]. There are two main mechanisms in the sintering process. The first one is 

Ostwald ripening, in which individual atoms move from a smaller metal particle to a 

larger metal particle [53, 54]. As a result, large particles grow at the expense of small 

particles. The second one is surface diffusion and coalescence [55, 56]. In this sintering 

mechanism, the particles need to be either in close proximity to each other or free to 

move so that they can collide with others, resulting in coalescence. The formation of a 

neck between adjacent particles strongly indicates this mechanism. 

1.2 Literature Review 

1.2.1 Synthesis of Gold Nanorods 

The synthesis of colloidal gold dates back to Roman times and early Chinese 

dynasties, due to the tunability of their optical properties. However, it is not until the 

past two decades that researchers have been able to synthesize anisotropic gold 

nanoparticles, such as gold nanorods (AuNRs), in a controlled and reproducible manner.  

The earliest established recipe for AuNR synthesis employed prefabricated “hard 

templates,” such as alumina, in the presence of a surfactant (in most cases 

cetyltrimethylamonium bromide, CTAB). This template method, first introduced by 

Martin and co-workers [57-59], is based on the electrochemical deposition of gold 
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within the columnar pores of the template membranes. The diameter of the AuNRs could 

be adjusted by controlling the pore diameter of the template [60, 61], while the length of 

the nanorods could be controlled by the amount of gold within the pores. The major 

limitation of the template method is its low yield. 

Later on, Wand and co-workers [62, 63] demonstrated an electrochemical route for 

the formation of AuNRs.  In this method, a gold metal plate is immersed in an aqueous 

electrolyte solution containing mixed surfactants, such as CTAB and 

tetraoctylammonium bromide (TOAB), within a simple two-electrode-type 

electrochemical cell. During the electrolysis, the bulk gold anode is initially oxidized to 

ions. These anions are complexed to the surfactants and migrate to the cathode and they 

are reduced back to gold metal in the form of nanorods. The aspect ratio of the AuNRs 

can be controlled by changing the molar ratio between the two surfactants or by placing 

a silver plate inside the electrolytic solution, and the concentration of the silver ions can 

determine the nanorod length. This method offers a route for preparing AuNRs with 

much higher yield than the template method.  

Perhaps the most important discovery in the history of AuNR synthesis is when Jana 

et al. [64]  developed a seed-mediated growth approach for AuNRs. This convenient and 

versatile wet chemistry synthesis of AuNRs provided chemists, material scientists, and 

biologists with unprecedented access to study their potential applications. In brief, citrate 

stabilized seed particles with a size of 3.5 nm are formed by reduction through sodium 

borohydride. The seed solution is then added to a growth solution containing chloroauric 

acid (HAuCl4), CTAB, and ascorbic acid. After a short time, an aliquot of this growth 

solution was added to the second growth solution. This is followed by taking an aliquot 
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of the second growth solution into a third growth solution. This three-step seeded growth 

route results in AuNRs with aspect ratios between 10 and 25. Careful analysis by 

electron microscopy throughout the synthesis process reveals that AuNRs synthesized by 

this method are penta-twinned crystals with {111} faces arranged at the end-caps and 

five {100} or {110} facets along the longitudinal faces. Nevertheless, the method suffers 

from very low yield of rod-shaped nanoparticles (~5% relative to other shapes), and high 

speed centrifugation is required to separate the AuNRs with high aspect ratios.  

Jana’s pioneering work has spurred extensive interest in the field of AuNR synthesis. 

A variety of modifications have been made to the original recipe to achieve precise 

control of sizes and dimensions of AuNRs and better reproducibility. For example, the 

El-Sayed group [65] in Georgia Institute of Technology developed a one-step, silver-

assisted seeded growth procedure to obtain AuNRs with low aspect ratios (2 ~ 5) and 

high yield (up to 97%) with respect to other shapes. The aspect ratio can be easily 

controlled by varying the concentration of silver nitrate in the growth solution. Although 

the role of silver in the anisotropic growth of gold nanoparticles has not been fully 

studied, it is hypothesized that the silver locates on the side walls of the nanorod {110} 

facets primarily to promote growth in the elongation direction, as confirmed by the 

surface analysis. The AuNRs produced by this method are single crystalline in structure, 

with growth taking place parallel to the {001} planes and the formation of four {111} 

and four {110} facets stabilized by CTAB. However, the overall yield of the synthesis is 

relatively low. In other word, only about 15% of the total amount of gold ions in the 

solution is converted to gold atoms in the AuNRs. This issue is addressed by additional 

modifications to the silver-assisted seeded growth synthesis made by Vigderman et al 
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[23]. In that approach ascorbic acid is replaced by a weaker reducing agent, 

hydroquinone, for the synthesis of AuNRs. The large excess of hydroquinone, compared 

to the concentration of gold, leads to slow growth of AuNRs with aspect ratios up to 8 

and allows for high quality, reliability, and nearly 100% conversion of gold ions to 

metallic gold. Fine-tuning of the aspect ratios of the AuNRs is possible by varying 

parameters including the concentration of seeds, gold ions, hydroquinone, and silver 

nitrate.  

1.2.2 Block Copolymer 

Block copolymers (BCPs) consist of two or more chemically distinct polymer 

blocks covalently bonded together to form a larger, more complex, macromolecule. 

Depending on their composition, types (linear, branched, or star-like), and the number of 

blocks, they are able to form a number of ordered structures with characteristic lengths at 

the nanoscale. This particular self-organization behavior of BCPs has attracted 

tremendous attention from both experimentalists and theoreticians in the last several 

decades, especially for linear diblock copolymers. For simplicity, BCP refers to the class 

of diblock copolymer in this dissertation from now on.  

In general, BCPs composed of two immiscible blocks can microphase separate into 

the following morphologies, basically as a function of composition: spheres (S), 

cylinders (C), bicontinuous gyroids (G), lamellae (L), and the inverse structures, as 

shown in Figure 1.1 [66]. With the macroscopic phase separation prevented by the 

covalent bond between different blocks, the self-organization process is driven by an 

unfavorable mixing enthalpy as well as a small mixing entropy. The microphase 

separation process is determined by three variables: a) the volume fractions of the two 
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blocks, fA and fB, b) the total degree of polymerization, N, and c) the Flory-Huggins 

interaction parameter, χAB. The interaction parameter is a measure of the degree of 

incompatibility between the two blocks, which is the root cause for the phase separation. 

It is defined as [67, 68]: 

      
 

   
     

 

 
           ( 1.1 ) 

where Z is the number of nearest-neighbor monomers per repeat unit in the copolymer, 

kB is the Boltzmann constant, kBT is the thermal energy, and εAB, εAA, and εBB are the 

interaction energies per repeat unit of A-B, A-A, and B-B, respectively. A positive χAB 

indicates repulsive interaction between species A and B, while a negative value suggests 

favorable mixing. In the case of BCPs, in which there are no strong specific interactions 

(hydrogen bonding, charges, etc), χAB is normally positive and small compared with 

unity. In addition, χAB typically varies inversely with temperature, which means mixing 

is more favorable as the temperature increases. The ease and degree of BCP microphase 

separation is determined by the product of the interaction parameter and the total degree 

of polymerization, χN. When the temperature increases (smaller χ) or the molecular 

weight of the copolymer decreases (smaller N), the incompatibility between two blocks 

reduces, resulting in an order-to-disorder transition (ODT) and thus disordered BCPs. 

The temperature at which ODT takes place is termed TODT.  

The phase behavior of BCPs in bulk can be described by a number of theories [69-

72]. Initially, the mean-field theory (MFT) was introduced by Leibler [70]. The phase 

behavior of BCPs is dictated by the separation parameter χN. Under the condition χN ≤ 

10, or so-called weak segregation limit (WSL), the entropic terms are dominant in the 
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system, leading to a disordered phase. In the case χN >> 10, or the strong segregation 

limit (SSL), the system is dominated by enthalpic terms, resulting in ordered states 

where incompatible blocks segregate into a variety of periodic microstructures. In order 

to bridge the gap between WSL and SSL, Matsen et al. [71, 72] developed the self-

consistent mean-field (SCMF) theory, and the phase diagram of diblock copolymers 

predicted by it is shown in Figure 1.1. At a given χN above the ODT (χN > ~10.5), as the 

volume fraction, f, of one block increases, the order-to-order transition (OOT) begins  

 

Figure 1.1. Theoretical phase diagram of diblock copolymers in bulk predicted by 

the self-consistent mean-field theory and the equilibrium morphologies depending 

on the volume fraction, f, of one block with respect to the whole copolymer and the 

segregation parameter, χN, where χ represents the Flory-Huggins segment-segment 

interaction energy and N is the degree of polymerization. CPS and CPS’ = closely 

packed spheres, S and S’ = body-centered-cubic spheres, C and C’ = hexagonally 

packed cylinders, G and G’ = bicontinuous gyroids, and L = lamellae. The pictures 

are reproduced with permission from ref. [66]. 
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with closely packed spheres (CPS), then transform to body-centered cubic spheres (S), 

hexagonally packed cylinders (C), bicontinuous gyroids (G), and lamellae (L) when f 

approaches 0.5. Then the inversion in morphology occurs when the composition is 

inverted, namely in the following order: L  G’  C’  S’  CPS’  disordered. 

For many nanotechnological applications, such as in the preparation of 

superhydrophobic surfaces, bio-compatible surfaces and microelectronic devices, the use 

of thin films of materials is highly preferred [73-76]. In thin films, the microphase 

separation involves not only the segregation parameter χN and the composition, but also 

some other variables such as the surface/interface energies and the interplay between the 

film thickness and the periodicity of the structure [77]. Generally speaking, the 

preferential segregation of one block of the thin film to either the substrate or surface 

takes place depending on the interfacial interaction between the substrate and one 

segment of the BCP. As a result, the periodic structure of the thin films orients parallel 

to the substrate. However, if the substrate is pretreated prior to the formation of thin 

films so that it is “neutral” to both blocks, in other words the interfacial energies 

between the substrate and the two segments in the BCP are similar to each other, 

perpendicular alignment of periodic structure with respect to the substrate is preferred 

[78-80]. Film thickness, on the other hand, also plays an important role in determining 

the structure and orientation of the thin films [81-83].  

Thin films of BCPs can be fabricated by spin coating or dip-coating from relatively 

dilute solutions, i.e. 1-5% by weight, onto silicon substrates. The uniformity and 

thickness of the film depend mainly on the viscosity of the solution, the evaporation rate 

of the solvent, and some processing variables, such as the spin speed and time or the 
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withdrawal speed. In order to obtain ordered equilibrium morphologies as well as to 

eliminate the defects, an optimization of the nanostructures is necessary by performing 

different annealing process. Thermal annealing, i.e. heating BCP thin films to a 

temperature above the glass transition temperature of the constituent blocks, is most 

commonly used to induce microphase separation, preferably in an inert gas atmosphere, 

such as argon and nitrogen, or under vacuum. By annealing the asymmetric and 

symmetric PS-b-PMMA thin films on Si wafers at 195 °C, Black and co-workers [84] 

were able to obtain ordered cylinder and lamellar morphologies (see Figure 1.2). In 

recent years, an annealing technique commonly used in the microelectronics industry, 

named rapid thermal processing, has been explored to induce lateral ordering the block 

copolymers in a dramatically reduce time frame, as short as 10 seconds [85]. For 

polymers with high molecular weights and complex structures, the energy barriers to 

equilibrium are large due to chain entanglement and the slow diffusion of the polymer 

chains. If this is the case, thermal annealing might not be sufficient to promote 

thermodynamically equilibrium morphologies. Instead, solvent-vapor annealing has been 

successfully employed as an efficient approach to induce microphase separation in BCP 

thin films. Long-range equilibrium structures have been produce by exposing thin films 

to vapors of a good solvent. For example, the evolution of microdomains in symmetric 

PS-b-PMMA thin films was investigated with atomic force microscopy (AFM) during 

the solvent vapor annealing process [86]. The ordered metastable microphase 

segregation features were observed as a function of time because the diffusion of the 

solvent into the copolymer film and hence the movement of the BCP molecules were 

time-dependent, as shown in Figure 1.3a [86]. By controlling the rate of solvent 
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evaporation and solvent annealing, nearly defect-free arrays of cylindrical microdomains 

perpendicular to the substrate surface in polystyrene-block-polyethylene oxide (PS-b-

PEO) thin films can be generated that span the entire film and have a high degree of 

long-range ordering, as seen in Figure 1.3b (from ref. [87]). 

 

Figure 1.2. Representative SEM images of PS-b-PMMA films. a) Thin film of a 

cylindrical phase. The bottom image shows a cross-sectional SEM image revealing 

an approximate film thickness of ca. 26 nm. The inset shows the power spectral 

density from which a repeat unit, Lo, was extracted. b) Thin film of a lamellar 

phase (Reproduced with permission from ref. [84]). 
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Figure 1.3. (a) AFM images of PS-b-PMMA thin films after annealing in acetone 

vapor for (i) 0, (ii) 3, (iii) 5, (iv) 48, (v) 60, (vi) 85 h. Fast Fourier transform (FFT) 

pattern in the inset of (iii) indicate a hexagonal arrangement of the depressions. 

(Reproduced with permission from ref. [86]) (b) AFM phase image of PS-b-PEO 

film cast from benzene in benzene/water atmosphere for 48 h, with long-range 

order (Reproduced with permission from ref. [87]). 

(a) 

(b) 
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Since the Keller group in the early 1970s [88, 89] carried out the first macroscopic 

arrangement of cylindrical domains of an industrial block copolymer by extrusion, many 

more external fields have been explored to control the microstructures and orientation of 

BCP thin films, including mechanical shearing, electric fields, magnetic fields, and light. 

The technique of mechanical shearing has been widely used to align various 

microdomains, such as lamellae, cylinders and spheres, but it is restricted to relatively 

thick films. As Spiess and co-workers [90] demonstrated, a number of phase separation 

features were discovered by using shear to break the system isotropic properties. In 

contrast to the shearing force, an external electric field is a more controllable and 

effective means of orienting the microdomains along the field direction. PS-b-PMMA 

has been widely used for electric field induced self-assembly of BCPs owing to the large 

contrast of dielectric constants between the constituent block (εPS = 2.4, εPMMA = 3.6) 

[91]. Electric fields have been applied to guide the alignment of BCP thin films in the 

melt in-plane [92, 93] as well as normal to the substrates [94, 95]. However, the 

applicability of the electric field for aligning the microdomains of a BCP thin film is 

limited by dielectric breakdown at strong electric fields. In such cases, a magnetic field 

might be applied as another alignment approach to induce orientation for materials that 

exhibit anisotropic susceptibility, especially for liquid crystalline BCPs with a dielectric 

diamagnetic isotropy and for BCPs with a crystallizable block. Majewski et al. [96] 

studied the anisotropic conductivity in thin films composed of PEO cylindrical segments 

containing lithium ions by applying an external magnetic field. Sakurai et al. [97] 

performed thermal annealing to polystyrene-block-poly(ethylene-butylene)-block-

polystyrene (SEBS) thin films with thicknesses ranging from 20 to 300 nm in the 
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presence of a 30T magnetic field and found that cylindrical microdomains oriented 

preferentially in a direction parallel to the applied magnetic field when the magnetic 

field was parallel to the substrate.  

For the above mentioned methods using external fields, a major drawback is the 

relatively short-range ordered structure. To this end, long-range order and orientation of 

the BCP thin films may be induced by template guiding on either topographically or 

chemically patterned substrates. For the method using topographical patterns on a 

substrate, or commonly termed graphoepitaxy, a topographic confinement, such as a 

grooved structure, is generated to induce the microphase separation process. For 

example, Park and co-workers [98] introduced electron beam lithography in conjunction 

with a liftoff technique to form grooved patterns 80 nm in height and 100-400 nm in 

width. The chemistry of the patterns was carefully designed so that the bottom surface 

was neutral to both block domains while the sidewalls were preferentially wetted by one 

of the polymer blocks. As a result, the lamellar microstructure within the thin film 

oriented perpendicular to the substrate as well as parallel to the sidewalls.  

Chemically patterned guiding is another efficient way to tailor the orientation and 

registry of the BCP microdomains. In this method, both the chemical affinity and the 

commensurability of the block domains with respect to the underlying substrate play 

significant roles in the assembly process. Soft X-rays have been employed by the Nealey 

group [98-103] to create chemically heterogeneous patterns with precisely controlled 

dimensions on the order of cm
2
. During the alignment of BCP microdomains, the 

interfacial interaction between the BCP thin film and the surface pattern can be tuned by 

varying the volume fraction of the random block copolymer, in order to stabilize the 
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BCP microphases. If sufficient attractive energy between one block and the chemically 

heterogeneous substrate is provided and the periodicity of the BCP, L0, is close enough 

to the period of the surface patterns, Ls, an ordered perpendicular lamellar structure with 

high degree of registration would be achieved for symmetric BCPs. The final BCP 

structures shown in Figure 1.4 [100] demonstrated that this procedure was affected by 

both the surface energy and the periodicity of the surface pattern.  

 

Figure 1.4. Directed assembly of lamellar PS-b-PMMA (Lo = 48 nm) on surfaces 

chemically patterned with periodicities 42.5 nm < Ls < 52.5 nm. The degree of 

interfacial energy contrast between the chemically modified and unmodified 

regions of the surface pattern and the corresponding BCP domains plays a 

significant role in directed self-assembly. The low contrast PS-r-PMMA 50:50 

brush (top low) fails to provide perfect ordering for any Ls, but the high contrast 

PS brush (bottom low) directs the assembly of well-ordered BCP domains for the 

entire range of Ls (Reproduced with permission from ref. [100]). 

 

1.2.3 Assembly of Nanoparticles 

Over the past decades, huge progress has been made in the synthesis of 

nanoparticles (NPs) and numerous routes have been developed to produce NPs with 

well-controlled sizes and shapes, including spheres [17-19], cubes [20, 21], rods [22-24], 

and wires [25, 26]. While these particles show dramatically different properties 

compared to their bulk counterparts, they would be of little importance unless their 
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position and orientation could be precisely controlled. In other words, the way in which 

the NPs are assembled matters for their practical applications. Generally speaking, there 

are two primary strategies for the arrangement of nano-sized objects, namely self-

assembly and directed self-assembly.  

Self-assembly is defined as the process by which nanoparticles or other discrete 

elements spontaneously organize into ordered structures due to direct specific 

interactions and/or indirect interactions with their surroundings. The self-assembly 

process involves a noncovalent or a weak covalent interaction, such as van der Waals, 

electrostatic, and interfacial hydrogen bonding at the molecular scale, and long-range 

forces, including those governed by gravity, capillarity, and electromagnetism. In reality, 

the self-assembly of nanoparticles can take place in the bulk solutions, at interfaces, or 

on a substrate surface. Perhaps the most facile way to align colloidal nanoparticles into 

ordered structures is solution-based assembly since it does not require complicated 

experimental setups or tedious experimental steps. Typically, it starts with formation of 

small aggregates of NPs due to the interaction between the solution and the particles and 

the influence of Brownian motion. Then the surrounding building blocks are attracted to 

these small aggregates, which serve as nucleating sites, and in the end it leads to larger 

microscopic or macroscopic ordered nanostructures [104, 105]. The final arrangement of 

the NPs relies on the delicate interplay among various interactions present in the solution. 

Zhang et al. demonstrated that chemical bonding interactions can be used to assist the 

solution-phase self-assembly of CoP nanowires [106]. They showed that upon the 

solution aging, direct Co-P chemical bonds between exposed Co and P atoms from 

neighboring nanowires are formed after the desorption of capping agents from the 
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nanoparticle surface, leading to either vertical or horizontal alignment. Manna and co-

workers [107] have also successfully accomplished ordered assemblies of core-shell 

CdSe-CdS nanorods in solution via depletion attraction forces. In their work, an additive 

species is introduced to the colloidal solution of nanorods, which then reduces the 

amount of solvent molecules between adjacent rods and gives rise to an inward force, 

known as the depletion force, that draws rods toward each other. In addition, specific 

linkers like thiol-terminated carboxylic polyethylene glycol (PEG), have been employed 

to serve as a bridge between neighboring nanorods and thus to assist the self-assembly of 

gold nanorods. By carefully replacing the CTAB molecules with bifunctional PEG 

molecules selectively either at the end, or on the side, and simultaneously protecting 

other faces of individual AuNRs, Zhong et al. [108] have been able to achieve 

assemblies of AuNRs in side-by-side, end-to-end, and end-to-side fashions based on the 

electrostatic interaction between the PEG molecules and the original capping agents on 

the AuNRs.  

For over a century, the so-called Pickering emulsion [109] has been known to trap 

particles at liquid-liquid interfaces. The driving force to induce the self-assembly of 

nanoparticles at the interface is the reduction in interfacial energy. Meanwhile, the 

orientation and structure of the assembly is controlled by size, dimension, surface 

chemistry, concentration of NPs and the solvent evaporation rate [110]. This technique 

has been exceptionally successful for Janus nanoparticles (nanoparticles that have two 

distinctly different hemispherical or surface regions, such as polar and apolar regions), 

as demonstrated by Glaser et al in assembling gold-ion oxide Janus NPs at the water-

hexane interfaces [111].  
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Another simple, yet widely used approach to the self-assembly of NPs, is performed 

on flat substrates, such as silicon and silicon nitride, mediated by solvent evaporation. In 

general, when the NP dispersion is deposited onto a substrate and the solvent starts to 

evaporate in a controlled manner, the relatively weak attractive interactions, including 

van der Waals forces and dipole-dipole interactions, between the dispersed NPs become 

dominant as the volume of the solvent decreases, driving the NPs to self-organize [112]. 

During the formation of the NP assembly, capillary forces, hydrophobic interactions, and 

electrostatic repulsive forces may come into play to affect the resultant nanostructures 

[113, 114]. By applying this technique, Kim et al. [115] have been able to obtain highly 

uniform large-scale self-assembly of colloidal CdSe nanorods via monolayer end-to-end 

linking, as shown in Figure 1.5. The tips of the nanorods are partially etched to alter their 

wetting properties both in the toluene and at the toluene/air interfaces so that the 

capillary forces can drive the attraction between tips of adjacent nanorods, leading to 

two-dimensional nanorod network.  

Directed, or guided, self-assembly, on the other hand, refers to a process whereby an 

intrinsically self-assembling system is aided or modulated using directing agents, 

external fields, or templates. So far, various external fields, for example electric field and 

magnetic field, and templates have been exploited to assist the ordered arrangement of 

NPs. Often, NPs are stabilized with capping agents that carry either positive or negative 

charges. For these types of NPs or those with a permanent electric dipole moment, an 

electric field is the best external stimulus for guiding their assembly. The temporarily or 

permanently charged NPs can align themselves parallel to the field lines and grow in 

length with strength of electric field, NP concentration, and time. Under direct current  
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Figure 1.5. Assembly of CdSe nanorods (NRs) on the substrate using vertical dip-

coating. (a) Schematic illustration of the assembly process of colloidal CdSe NRs 

into two distinct morphologies: 2-D network structure composed of end-to-end 

linkages is prepared through assembly with gold chloride (AuCl3) and 

didecyldimethylammonium bromide (DDAB), and a series of bands composed of 

side-by-side stacks is prepared through concentration of NRs under the meniscus 

without additives. (b) Transmission electron microscopy (TEM) images of a 

uniform CdSe NR network prepared with AuCl3 and DDAB (Reproduced with 

permission from ref. [115]). 

(a) 

(b) 
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(DC) electric field, centimeter-long chains of CdS nanorods have been proven possible 

and switchable when a reversed bias is applied [116]. Similar to electric field, for  

nanoparticles that have either permanent or field-induced magnetic dipole moment, a 

magnetic field would be a good option to mediate the self-assembly process by aligning 

the magnetically active NPs in accordance with the magnetic field lines [117]. Song and 

co-workers have successfully demonstrated that an applied magnetic field can be utilized 

to control the orientation of ellipsoidal core-shell Fe2O3-SiO2 NPs during solvent 

evaporation [118].  

However, only a small portion of the NPs synthesized so far possess permanent 

dipole moments or transient ones triggered by external fields. Therefore, more general 

approaches needs to be investigated and adopted to guide the self-assembly of nanoscale 

particles. To this end, using templates to direct the arrangement of colloidal NPs has 

drawn extensive attention in recent years. The templates, mostly solid substrates, are 

surface-modified in two ways, either by creating topographical confinements or by 

chemically functionalize selective areas to induce the formation of NP assemblies.  

A technique used in the microelectronics to generate geometrical patterns, e.g. 

channels and pillars, is called electron beam lithography. This is a top-down method in 

which a focused beam of electrons are scanned over the surface of an electron-sensitive 

film to draw custom patterns. Cui et al. [119] took advantage of the lithographically 

defined nanostructures on a chip to sequester a controlled number of isotropic and 

anisotropic colloidal nanocrystals and obtain hierarchical assembly. During the past two 

decades, the study on block copolymers has identified them as a great template for 

assembling NPs. As we mentioned in the previous section, depending on the volume 
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fractions of the blocks in the BCPs, they self-assemble into various morphologies in the 

equilibrium state. For instance, lamellar structure normal to the substrate can be obtained 

by thermally annealing a thin film of PS-b-PMMA on silicon wafer. One way to promote 

the height contrast of the two blocks is by exposing the BCP films to a saturated solvent 

vapor (acetic acid or cyclohexane) so as to selectively swell one domain [35]. It has also 

been found that the PMMA microdomains can be selectively etched by oxygen plasma 

owing to its much higher etching rate compared to that of the PS block to generate 

fingerprint-like nanostructures for incorporation of gold nanorods [48].  

Alternatively, the substrates can be chemically modified in order for their 

applications in self-assembly of NPs. A generic method is to manipulate the wetting 

properties, i.e., hydrophilicity and hydrophobicity, of the templates. As a result, the 

deposition of the NPs is selective based on the interactions between the dispersion 

medium and the patterned surface. The contrast in wettability can be achieved by 

forming a self-assembled monolayer (SAM) of hydrophobic species in predefined 

regions, such as stripes [120]. Then the gold nanorods dispersed in aqueous solution 

deposit selectively onto the hydrophilic portion of the surface, and the alignment and 

orientation of the nanorod aggregates are controlled by the concentration of the nanorods 

and their width with respect to the hydrophilic stripes. In fact, since the blocks 

comprising BCPs are chemically distinct, the thin films with either a close-packed dot 

structure or an alternating line morphology serve as a natural template for directing NP 

self-assembly. NPs with properly modified surface chemistry are prone to align 

themselves on the domains with similar chemical structure owing to the affinity between 

them. Furthermore, the self-assembly of NPs can take place simultaneously with the 
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self-organization of the BCP thin films, making it a versatile approach to a variety of 

nanostructures. Hierarchical structures of both spherical gold nanoparticles [32] and 

asymmetric CdSe nanorods [30] on PS-b-PMMA thin film have been achieved by 

Shenhar and co-workers with this method. 

1.2.4 Sintering of Nanoparticles 

Sintering is one of the oldest human technologies, dating back to the prehistoric 

times when our ancestors made pottery by firing. In spite of that fact, it was only from 

the 20
th

 century that sintering was systematically studied to understand its fundamental 

principles. Significant advancements have been made in sintering science and 

technology ever since. Sintering is defined as a processing technique used to fabricate 

density-controlled materials and components from metal and/or ceramic powders by 

applying external energy. Typically, the purpose of sintering is to produce consolidated 

materials with reproducible and designed microstructures via control of material 

variables (such as size, shape, and size distribution) and process variables (e.g. 

temperature, time, atmosphere, and pressure). The driving force for the sintering of 

particles is the reduction of the total surface energy, Δ(γA), where γ is the 

surface/interface energy per unit area and A is the total surface/interface area of the 

particles. This reduction in the total energy is given by [121]: 

                   ( 1.2 ) 

In this equation, the change in surface/interface energy (Δγ) is consequence of 

densification, i.e. the replacement of solid/vapor interfaces with solid/solid interfaces, 

and the change in the surface area (ΔA) is due to grain coarsening.  
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The sintering technique has been extensively explored for nano-sized particles. 

There exist two primary mechanisms responsible for the nanoparticle sintering: Ostwald 

ripening [53, 54] and surface diffusion and coalescence [55, 56]. In Ostwald ripening, 

the NPs bind firmly to the surface, making the migration of adatoms or mobile molecular 

species between nanoparticles more favorable than the particle movement. During this 

process, nanoparticles with a smaller diameter shrink and eventually disappear, while 

larger particles grow at the expense of the smaller particles. The driving force is the 

dependence of the solubility of the particles on their sizes, as described by Kelvin 

equation [122]:  

               
    

   
         

    

   
   ( 1.3 ) 

In this equation, c is the solubility, r is the particle radius, γ is the interfacial tension, Vm 

is the molar volume of the substance of the disperse phase, R is the universal gas 

constant, and T is the absolute temperature. In contrast, if the NPs adhere poorly to the 

support surface, the nanoparticles will behave in a Brownian-like motion resulting in 

coalescence when they come in close proximity to each other. Surface diffusion and 

coalescence is the responsible mechanism for this behavior. The formation of a neck 

strongly indicates this mechanism. The coalescence process is initiated with the physical 

contact of adjacent nanoparticles, followed by the diffusion of surface atoms to the 

interfacial areas [55]. In order for this to take place, the surface atoms should be mobile. 

The melting temperature of nanoparticles has been found to be substantially lower than 

the bulk value, which is known as melting point depression. Prior to the complete 

melting of the nanoparticles, a mobile molten layer at the surface exists because of 
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premelting of the surface atoms [39]. This is supported by molecular dynamics (MD) 

simulation performed by Barrat and coworkers [123]. By performing the replica-

exchange molecular dynamics (REMD), Gong and co-worker [124] were able to liquid 

skin melting model which showed that the thickness of surface liquid layer was 

dependent on the size and that the melting temperature increased with the particle size. 

As a result, it becomes more difficult for the particles to coalesce as they grow. In some 

applications, both Ostwald ripening and surface diffusion and coalescence may play a 

part in different stages of the sintering process [56]. One way to distinguish between 

these two operative mechanisms is based on the observed particle size distributions 

during the sintering [125]. It is suggested that Ostwald ripening would lead to a log-

normal size distribution with a tail toward the smaller particles the smaller particles 

while surface diffusion and coalescence would result in an opposite distribution with a 

long tail toward the larger particle sizes.  

A variety of techniques have been applied to promote sintering of the NPs. Perhaps 

the most widely adopted method is using thermal energy. Pashayi et al. [13, 14] obtain 

epoxy-silver nanoparticle composites with high thermal conductivity by sintering the 

nanoparticles at low temperature to form percolating nanostructured networks. 

Grigoropoulos and co-workers [42] characterized the percolation of silver nanoparticles 

ink films by spectroscopic ellipsometry by thermal sintering. Other approaches, 

including electrical [44, 45], laser [46], microwave [47], plasma [48, 49], and electron 

beam [50], have also been developed during the last two decades to extend the study of 

sintering process. Surprisingly, the sintering of gold and silver nanoparticles has been 

shown to take place even at room temperature by using a simple chemical treatment to 
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remove the surfactants. Since the overall reaction is exothermic, the metal nanoparticles 

sintered due to the heat released from surfactant removal [51, 52]. 

1.2.5 Limitations in the Literature 

Despite the great achievement in the assembly and sintering of nanoparticles, there 

are still limitations in current studies. For example, the majority of studies focus on 

isotropic nanoparticles, e.g. nanospheres, rather than anisotropic nanoparticles such as 

nanorods and nanoprisms. In their thermal application, a very high loading of 

nanoparticles is necessary to reach percolation threshold and hence high thermal 

conductivity due to lack of ways for effective and controlled nanoparticle assembly.  

1.3 Motivation and Objectives of This Work 

1.3.1 Motivation of This Work 

The original motivation of this work is to improve the thermal performance of a 

thermal interface material by directing the self-assembly of metal nanoparticles and 

lowering the percolation threshold to obtain continuous metal networks. In order to 

accomplish this, a few fundamental questions need to be addressed. How can we control 

the directed self-assembly of gold nanoparticles using block copolymer? How can we 

achieve nanoparticle percolation with a loading as low as possible? What shape serves 

this purpose best? What can we do to reinforce the percolating nanostructure and how 

can we optimize the process? 

1.3.2 Objective 1: Directed Self-Assembly of Gold Nanorods with Block 

Copolymer Templates 

While gold nanorods show dramatically different properties compared to their bulk 

counterparts, their potential in practical applications cannot be fully realized unless their 
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placement and orientation are well-controlled. In this work, we will explore the use of 

patterned block copolymer thin films as topographical templates to guide the self-

assembly of AuNRs [126]. The AuNRs dispersed in a solution that wets the block 

copolymer surface will be selectively sequestered in the nanoscale trenches within the 

pattern and the assembly will take the morphology of the block copolymer. Two primary 

factors influencing this process are the size and shape of the AuNRs and the templates. 

From last section, we know the final structure of NP assembly is affected by the 

dimension and the surface chemistry of individual nanoparticles. Therefore, it is critical 

that the size and aspect ratio of the synthesized AuNRs can be precisely tuned and that it 

is easy to tailor the capping agents on the AuNR surface. On the other hand, the ability 

to generate geographical contrasts from block copolymer thin films with lamellar 

structure normal to the substrate is also important. Owing to the different etching rate of 

the two copolymer segments when exposed to plasma, we propose the selective removal 

of one block and hence to create nanoscale trenches or channels by treating the thin films 

with oxygen plasma. The confinement of AuNRs in the patterned block copolymer thin 

films results from the interplay among several parameters, including the size and aspect 

ratio of the AuNRs, the width of the nano-channels, and the evaporation rate of the 

solvent. The mechanism for the directed self-assembly of AuNRs will be investigated. 

This study will provide helpful guidance to accomplish the controlled assembly of 

nanorods with high concentration on patterned surfaces for different nanorod-based 

applications. 
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1.3.3 Objective 2: Promotion of Gold Nanorod Sintering by Thermal Annealing 

Once we are able to direct the position and orientation of individual AuNRs and 

hence the overall alignment of the AuNR assembly, it is desirable to strengthen the 

physical contact between adjacent AuNRs by thermal sintering. Once all the AuNRs are 

sintered to form continuous pathways, the interfacial resistances between the nanorods 

as well as between the nanorods and the surroundings are greatly reduced, leading to 

enhanced thermal or electrical properties. Two critical conditions must be met in order 

for efficient sintering. First, the AuNRs in the assembly need to be in close proximity. 

The other one is the effective removal of stabilizing agents on the surface of nanorods. 

While these capping agents are necessary to protect the nanorods and prevent them from 

agglomerating in the solution, they tend to separate neighboring AuNRs by a small 

distance, usually a couple of nanometers, inhibiting the contact of metal cores. Once 

removed, the sintering of AuNRs will be induced by thermal annealing in both a 

conventional furnace and a rapid thermal annealing unit. These two annealing techniques 

will be compared in terms of processing time and effectiveness of sintering. Eventually 

we would like to study different phases of the sintering process and propose an acting 

mechanism to explain the way sintering occurs [127]. The outcome of this work will 

open up new possibilities in the development of percolating networks for thermal 

applications. 

1.3.4 Objective 3: Exploration of the Thermal Performance of the 

Nanocomposites 

It is the ultimate goal of this thesis work to enhance the performance of the BCP 

nanocomposites materials in term of thermal properties [127]. Due to the small thickness 

of the composite thin films, i.e. less than 100 nm, it is extremely difficult to measure the 
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thermal conductivity by utilizing conventional apparatus directly. A novel method is 

necessary to explore the thermal properties of the thin film materials. In this work, we 

take advantage of a relatively new technique, namely environmental scanning electron 

microscopy (ESEM), to study the water vapor condensation on different surfaces by 

following droplet growth over time. We aim to obtain the thermal transfer coefficients 

from the vapor condensation experiments in a controlled environment (i.e. the 

temperature and pressure can be accurately set), and expect an improved thermal transfer 

coefficient in thin films with sintered AuNR assembly.  
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2. Materials and Methods 


 

2.1 Introduction 

In this Chapter, the procedure to synthesize gold nanorods (AuNRs) via wet 

chemistry, the approach to prepare block copolymer pattern and guide the self-assembly 

of AuNRs in the pattern, and subsequently, the sintering of the gold nanorod assembly 

are described in detail. The optical, morphological and structural properties of both 

AuNRs and block copolymer were characterized with a variety of spectroscopic and 

microscopic techniques, such as UV-visible spectrophotometry and scanning electron 

microscopy.  

2.2 Materials 

The following chemicals were used as received. Hexadecyltrimethylammounium 

bromide (CTAB, >99.0%), hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O), silver 

nitrate (AgNO3, >99%), sodium borohydride (NaBH4, 99%), sodium hydroxide 

(NaOH, >97.0%), chloroform (CHCl3, anhydrous, >99%), ethanol (EtOH, >99.5%) and 

thiol-terminated polyethylene glycol (PEG-SH) polymers (O-[2-(3-

Mercaptopropionylamino)ethyl]-O′-methylpolyethylene glycol, Mn = 2000) were 

purchased from Sigma Aldrich [1]. Hydroquinone (HQ, 99%) was received from Alfa 

Aesar. Polystyrene-block-poly(methyl methacrylate) (SMMA, 95k-95k) was purchased 

from Polymer Source, Inc. Ultrapure water produced by a Milli-Q Integral5 system was 

used in all experiments. 

                                                 

Portions of this chapter previously appeared as: F. Lai, T. Borca-Tasciuc and J. Plawsky, 

“Controlling directed self-assembly of gold nanorods in patterned PS-b-PMMA thin 

films,” Nanotechnology, vol. 26, no. 5, pp. 055301, Jan. 2015. 
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2.3 Instrumentation 

Scanning electron microscopy (SEM) was performed on a Carl Zeiss Supra 55 FE-

SEM operating at 1.5-3 kV. When the electron beam interacts with specimen, various 

types of signal are generated, including backscattered, secondary electrons, characteristic 

x-rays and cathodoluminescence radiation. Secondary electrons are most commonly 

used for SEM imaging. The images are formed by a mapping operation which gathers 

information from the specimen space and then transfers to the display space (such as a 

monitor) simultaneously. In this process, the secondary electrons emitted from a certain 

area in the sample are picked up by a detector, and the intensity of the signal corresponds 

to the gray scale of a pixel in the image displayed on a monitor. As the electron beam 

scans over the specimen, the nature of the intensity variations produces the gray-level 

shading of various objects in the image. In our SEM images, the gold nanorods appeared 

brighter than the background or the polymer template, and so we were able to measure 

their width and length with ImageJ. Ideally there should be a very sharp contrast 

between the edge of AuNRs and their surroundings so that we could determine the sizes 

accurately. However, due to the finite beam diameter and the scattering effects, the 

apparent edges in the SEM images broadened, especially at high magnifications. 

Therefore, despite the measurement error with the software, the sizes we measured 

might be larger (<1 nm) than they actually were.  

UV-visible absorbance spectra were recorded using a Hitachi U-2910 

spectrophotometer in the range of 400-1100 nm. AFM images were taken by using 

Asylum Research MFP-3D AFM operating in the tapping mode. Samples were 

centrifuged in a Sorvall Legned XTR Centrifuge at 12000 rpm for volumes larger than 
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10 mL, and in an Eppendorf Centrifuge 5415D at 10000-12000 rpm for volumes smaller 

than 1 mL. Block copolymer thin films were obtained with Headway Research 

EC101DT spin coater at 3000-4000 rpm for 30 sec. The block copolymer patterns with 

selective removal of one block domain were generated in a Tegal Plasmaline Barrel Etch 

Plasma System. Prior to thermal annealing, the capping agents on the AuNRs were 

removed in the same plasma system at 90 W for 10 sec. Thermal annealing of AuNR 

assembly was carried out in both a standard laboratory furnace in a dry, nitrogen 

atmosphere and a Jiplec Jetfirst 100 rapid thermal processor with inert gas supply. The 

condensation of water vapor was performed in a FEI Versa 3D environmental scanning 

electron microscope (ESEM). The temperature of the samples was controlled by a Peltier 

cooling stage and the samples were imaged with a gaseous secondary electron detector 

(GSED). The electron beam energy was set to 10 keV in order to minimize the electron 

beam heating effects [2]. In the experiment, the temperature of the Peltier cooling stage 

was held at 1 °C (corresponding to a saturation pressure of 652 Pa) and the chamber 

pressure was maintained at 660 Pa during imaging. The contact angles of water on 

different surfaces were recorded with a Rame-Hart Model 500 Advanced Goniometer. 

2.4 Synthesis and Surface Functionalization of Gold Nanorods 

2.4.1 Synthesis of Gold Nanorods with Lower Aspect Ratio 

Gold nanorods (AuNRs) with lower aspect ratios were prepared by a seed-mediated 

growth approach [3]. The typical procedure for synthesizing AuNRs with aspect ratios 

lower than 4 was as follows: 5 mL of 0.5 mM HAuCl4 was added to 5 mL of 0.2 M 

CTAB solution. Then 0.6 mL of ice-cold 0.01 M NaBH4 was introduced and the solution 

was vigorously stirred for 2 min, resulting in a brown color. After that, the solution was 



 

     43 

kept at 27 °C for 1 hour before further use. Next, 5 mL of 1 mM HAuCl4 and 0.05-0.25 

mL of 4 mM AgNO3 was added to 5 mL of 0.2 M CTAB solution at room temperature. 

To the growth solution, 70 μL of 0.0788 M ascorbic acid was added, followed by gentle 

swirling until the solution turned clear. Then 12 μL of the as-prepared seed solution was 

added. The growth solution was left undisturbed in a 27 °C water bath overnight. The 

final solution of AuNRs displayed dark blue to grey depending on the aspect ratio and 

the solution was used without further purification. 

2.4.2 Synthesis of Gold Nanorods with Higher Aspect Ratios 

AuNRs with higher aspect ratios were also obtained via a seed-mediated growth 

process [4] with a few modifications. NaOH was introduced in the seed solution to 

suppress the reaction between NaBH4 and water. Ascorbic acid was replaced with an 

even milder reducing agent, hydroquinone, to slow down the AuNR growth rate and thus 

promote a higher aspect ratio. Typically, 0.5 mL of 0.01 M HAuCl4 and 0.364 g of 

CTAB was added to 9.5 mL of water so that the final concentration for HAuCl4 and 

CTAB were 0.5 mM and 0.1 M, respectively. Then 460 μL of 0.01 M NaBH4 and 0.01 

M NaOH was added to the solution while stirring at 1000 rpm for 2 min, leading to a 

change in color from greenish to light brown. Following seed preparation, 20-70 μL of 

AgNO3 solution was added to 20 mL of HAuCl4 (0.5 mM) and CTAB (0.1 M) solution. 

Then 1 mL of 0.1 M hydroquinone was added and the color of the solution became 

colorless after gentle swirling. Next, 320 μL of seed solution was added and mixed 

thoroughly. The growth solution was allowed to sit in a 30 °C water bath overnight. The 

color of the final AuNR solution varied from reddish brown to brown with different 
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aspect ratios. The schematic procedure of the above two approaches for AuNR synthesis 

is illustrated in Figure 2.1.  

 

Figure 2.1. Schematic of AuNR growth mechanism with seed-mediated method. 

Small seeds are generated in the presence of strong reducing agent NaBH4.Next, the 

seeds are introduced in the growth solution where the weak reducing agent, 

ascorbic acid or hydroquinone, reduces gold ions from Au
3+

 to Au
+
 and eventually 

Au
0
 on the surface of nanoparticles. Finally, AuNRs capped with CTAB are formed 

in the growth solution. 

2.4.3 Surface Functionalization of Gold Nanorods 

While the AuNRs were stable in aqueous solution, the dispersion could not spread 

on a polymer film, which would be used as a template to sequester the AuNRs, because 

it was hydrophobic. Hence, in order for the AuNRs to be dispersible in organic solvents 

like ethanol and chloroform, the capping agent, CTAB, needed to be replaced with other 

molecules. PEG-SH was used here for ligand exchange. In a typical experiment, 100 μL 

of 5 mM PEG-SH was added to 1 mL of rinsed AuNR dispersion and stirred at 1000 rpm 

for one day to ensure the complete replacement of CTAB with PEG-SH. Then the 

solution was centrifuged at 12000 rpm for 15 min. After discarding the supernatant, the 

AuNR pellet was redispersed in ethanol. Figure 2.2 illustrates the procedure for ligand 

exchange. 
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Figure 2.2.  Molecular structure of CTAB (a) and PEG-SH (b), and schematic of 

ligand exchange procedure (c). 

2.5 Preparation and Characterization of Block Copolymer Patterns 

and the Directed Self-Assembly of AuNRs 

SMMA block copolymer with the volume ratio of polystyrene being ~50% was 

dissolved in chloroform to achieve a 1 wt% solution at room temperature. 5-inch silicon 

wafers were cleaned with piranha solution (sulfuric acid : hydrogen peroxide = 1:1 in 

volume), and cleaved into 2 cm x 2 cm pieces, which were then further cleaned with 

acetone and ethanol for 10 min. The SMMA solution was spun-coat onto a clean silicon 

wafer at a speed of 3000-4000 rpm for 30 sec to obtain a thin film of SMMA. The thin 

film was then transferred to either a furnace with nitrogen supply and annealed at 240 °C 

for 6 hours, or a rapid thermal annealing unit to anneal at 240 °C for 10 min, to develop 

the lamellar structure normal to the silicon substrate. The thickness was measured by 

AFM after making some scratches across the film with a razor blade. To determine the 

periodicity, a fast Fourier transform (FFT) was performed on a SEM image of the 

pristine SMMA lamellar structure with ImageJ, as shown in Figure 2.3. Next, the radial 

profile plug-in was invoked to obtain the radial profile plot of the FFT image (concentric 
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halo circles). The first peak (highlighted with red dotted line) corresponded to the 

periodicity of the lamellar structure of BCP, which was 83 nm. Oxygen plasma was 

applied to selectively remove the PMMA block and create a pattern with nano-channels 

since PMMA block was much less resistant to the plasma than the PS domain[5].  

 

Figure 2.3. Process for measurement of periodicity of SMMA pattern. 

 

A drop of AuNR dispersion in ethanol (40~50 μl) was deposited onto a patterned 

SMMA thin film (1cm x 1cm) in a covered petri dish. Slow solvent evaporation led to 

the controlled arrangement of the AuNRs. The results and mechanism of this procedure 

is discussed in detail in Chapter 4.  
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2.6 Sintering of AuNR Assembly in Patterned Block Copolymer Thin 

Films 

Prior to thermal annealing experiments, the AuNR composite was treated with a 90 

W oxygen plasma for 10 seconds. Then, it was annealed by one of two techniques. In the 

first method, the annealing was performed in a standard laboratory oven in a dry, 

nitrogen atmosphere. The samples were heated to the target temperature at a speed of 

10 °C/min and then held at that temperature for a specified length of time. The samples 

were cooled at 10 °C/min until they reached room temperature. In the second technique, 

rapid thermal annealing was performed in a Jiplec Jetfirst 100 rapid thermal processor. 

The temperature of the tool was brought up to target temperatures at a ramp rate of 

25 °C/sec and the dwell time of 1 - 8 min was used. Then the samples were cooled to 

room temperature at a rate of 25 °C/sec using circulating water and inert gas supply. 

2.7 Unsuccessful Trials 

2.7.1 Using Block Copolymer Thin Films as Chemical Templates 

Our initial plan was to use the SMMA thin film as a chemical template to guide the 

self-assembly of the AuNRs because the PEG capping agents on the surface were more 

compatible with the PMMA block than PS domain. However, two issues arose in our 

attempts, as shown in Figure 2.4. At a low loading of gold nanorods, we were able to 

sequester those nanoparticles in PMMA block. However, the shape of the nanoparticles 

changed from rods to spheres. When concentration of the nanorods increased, the 

situation became worse since we failed to obtain lamellar structure for the block 

copolymer. Therefore, we decided to use the block copolymer thin film as a 

topographical template.  
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Figure 2.4. Use of SMMA thin films as chemical templates at low concentration (a) 

and high concentration (b). 

2.7.2 Solvent Swelling for Making Block Copolymer Patterns 

In order to use the block copolymer thin films as geographical templates, we first 

tried to swell one block in the lamellar structure and form grooved structure. We know 

that PMMA can be swollen in an acetic acid vapor while PS can be swollen in a 
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cyclohexane vapor.  However, the height of the grooves was not large enough to confine 

the nanoparticles effectively and the AuNRs distributed randomly on the template. In 

fact, even though the AuNRs could be selectively arranged in the grooves, the structure 

would be disrupted when subject to thermal annealing since the solvent trapped in the 

films would eventually evaporated. In the end, we applied oxygen plasma ashing to 

selectively remove the PS blocks to form more reliable block copolymer patterns.  

2.7.3 Gold Nanospheres for Directed Self-Assembly 

We also attempted to use gold nanospheres for directed self-assembly in the 

patterned block copolymer thin films. Similar to gold nanorods, ligand exchange was 

performed to the nanospheres (~30 nm) after their synthesis. Then the ethanol dispersion 

was deposited onto the patterned block copolymers. Slow evaporation of the solvent led 

to distribution of the gold nanospheres on the thin film as displayed in Figure 2.5. 

Apparently, selective sequestration of the nanospheres was not successful in this case. 

Another challenge of the gold nanospheres came from their synthesis. When we were 

trying to synthesize gold nanospheres with smaller diameter, i.e. smaller than 15 nm, we 

had difficulty in concentrating the nanoparticles in aqueous solution because it required 

extremely high rotating speed (>15000 rpm) for the centrifuge, which was beyond the 

capability of instruments currently available on campus. This makes it quite time-

consuming to obtain the desired amount of nanospheres for the directed self-assembly 

experiments.  Hence, we selected gold nanorods instead of nanospheres to conduct our 

research. 
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Figure 2.5. Assembly of gold nanospheres (~30 nm in diameter) on a SMMA 

topographical pattern.  

2.7.4 Block Copolymers with Smaller Molecular Weight for Topographical 

Templates 

As we will discuss in Chapter 4, one factor that affects the directed self-assembly of 

gold nanorods in the patterned block copolymer thin films is the ratio between the width 

of the pattern channel and the width of the nanorods. There are two ways to change the 

ratio. One is varying the nanorod width, as will be shown in Chapter 4. The other is to 

adjust the channel width, which can be accomplished by changing the molecular weight 

of the block copolymer. Besides the molecular weight we mentioned in this Chapter, 

which is 95k-95k, we also carried out the thermal annealing for lower molecular weights, 

including 54k-52k and 25k-26k. The SEM images of the final morphology after thermal 

annealing were shown in Figure 2.6. For the SMMA with a molecular weight of 25k-26k, 

the lamellar structure perpendicular to the substrate only occupied a small portion of the 

whole sample surface, while the rest either presented no lamellar structure or had 
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lamellar structure parallel to the substrate. For the 54k-52k block copolymer, although 

lamellar structure was clearly seen, it was not well-developed and the defect density was 

much higher than its 95k-95k counterpart. Hence we only chose the block copolymer 

with highest molecular weight for the rest experiments and research.  

 

Figure 2.6. SEM images of SMMA thin film with a molecular weight of 55k-52k (a) 

and 25k-26k (b) after thermal annealing. 
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2.8 Conclusions 

In conclusion, AuNRs are prepared with seed-mediated approaches. We made a few 

modifications, such as introducing NaOH to seed solution and reducing the AgNO3 

concentration, to ensure the quality and yield of AuNRs. The aspect ratio of the AuNRs 

could be easily adjusted by changing a variety of parameters such as the reducing agent 

used, the concentration of silver nitrate, and the details are discussed in Chapter 3. 

Lamellar structure of the block copolymer thin film is obtained via thermal annealing 

according to the literature. In addition, we successfully achieve that with rapid thermal 

annealing. The nano-channel patterns are obtained by selectively removing the PMMA 

block in the lamellar structure with oxygen plasma asher. With AuNRs and the block 

copolymer patterns in hand, we are able to investigate the directed self-assembly of these 

AuNRs in the block copolymer thin film patterns and subsequent sintering of the AuNRs 

into an inter-connected network for enhanced thermal and electrical properties. 

Unsuccessful trials throughout the entire research project were also summarized in this 

Chapter.  
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3. Gold Nanorod Synthesis, Surface Functionalization and 

Characterization 

 

3.1 Introduction 

During the last decade, gold nanorods (AuNRs) have drawn much attention owing 

to their potential application in a variety of new technologies including sensing [1, 2], 

surface-enhanced spectroscopy [3, 4], bioimaging and therapeutics [5-7], and drug 

delivery [8, 9]. Pioneered by Jana et al. [10] and later improved by Nikoobakht et al. 

[11], chemical synthesis of AuNRs with seed-mediated approach has been well 

developed in terms of controlling the size, shape and longitudinal surface plasmon 

resonance (LSPR). Many modifications of the initial recipe have been made to obtain a 

better understanding of the growth mechanism, and the influence of factors like 

temperature [12], pH [13-15], and concentration of reactants [16-18] is thoroughly 

explored. It is found that the cationic surfactant hexadecyltrimethylammonium bromide 

(CTAB) forms micelles as a soft template to guide the growth of AuNRs. In most 

recipes, ascorbic acid is employed as a mild reducing agent to reduce gold ions (Au
+
) to 

gold atoms (Au
0
) with the help of heterogeneous nucleation sites, gold nanosphere seeds. 

However, this method suffers from two issues. First, the concentration of ascorbic acid 

needs to be within a narrow window in order to produce AuNRs of high quality [19]. 

Second, only a small portion (~15%) of the gold ions are converted to metallic gold [19]. 

Therefore, we also replace ascorbic acid with an even weaker reducing agent, 

hydroquinone, to make high quality AuNRs with high yield according to Zubarev and 

coworker’s recipe [20]. The effect of hydroquinone, silver nitrate, and seed 

concentration are investigated to gain control over the aspect ratio of AuNRs. 
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While CTAB capped AuNRs show great stability in aqueous solution, even after 4 

months, they tend to agglomerate and precipitate in organic solvents such as chloroform 

and ethanol. In order for the AuNRs to be dispersible in organic solvents, the ligand 

exchange technique can be employed to replace CTAB with other surfactants such as 

thiol-terminated polyethylene glycol (PEG-SH). In fact, a majority of gold nanoparticles 

surface modification occur through creation of a strong Au-S bond [21]. In all the 

subsequent work in this thesis, AuNRs are functionalized with PEG-SH and are 

dispersed in ethanol prior to deposition onto thin films of block copolymer patterns. 

3.2 Synthesis and Characterization of Gold Nanorods 

3.2.1 Controlling the Aspect Ratio of Gold Nanorods 

It is essential to control the aspect ratio of AuNRs during synthesis process since it 

determines the longitudinal surface plasma resonance and hence many other properties 

associated with it. In the experiments, various parameters including the concentration of 

seed solution, hydroquinone, and silver nitrate are modified to see their effects on the 

aspect ratio of AuNRs. Note that the overall volume of the growth solution is ca. 10 mL 

prior to the addition of seed solution. 

3.2.1.1 Concentration of Seed Solution 

The gold seed nanoparticles are introduced into the growth solution as 

heterogeneous nucleation sites for nanorod synthesis. Since the total amount of gold ions 

in the growth solution is constant, the more nucleation sites there are, the shorter the 

AuNRs will be, provided the growth rate is universal all over the solution. This is in 

agreement with the UV-vis spectra of AuNRs synthesized with different amount of seed 

solution, as shown in Figure 3.1. In a standard protocol, 160 μL of seed solution is used. 
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The LSPR peak changes only a few nm when the amount of the seed is increased 5 times. 

However, The LSPR peak undergoes a 67 nm blue shift from 971 nm to 904 nm with 

decreasing intensity. Further doubling the amount of seed solution induces another blue 

shift to 818 nm by 86 nm, indicating an even smaller aspect ratio. The decrease in the 

intensity of LSPR peak suggests that there are more and more gold nanosphere 

byproducts. Therefore, increasing the seed concentration results in a consistent blue shift 

of the LSPR peak, and meanwhile lowers the quality of AuNRs by formation of 

nanosphere.  

 

Figure 3.1. Effect of seed solution on the UV-vis spectra of AuNRs. 
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3.2.1.2 Concentration of Hydroquinone 

Figure 3.2 shows the effect of changing the concentration of hydroquinone on the 

optical properties of AuNRs. Generally speaking, reducing the amount of hydroquinone 

used in the growth solution leads to both a larger LSPR peak wavelength and higher 

peak intensity. When the volume of hydroquinone doubles from 500 μL to 1000 μL, a 

102 nm blue shift is observed in the UV-vis spectra from 1027 nm to 925 nm. It is 

important is note that the concentration of hydroquinone is at least 10-fold excess 

compared with the concentration of gold ions. This is in sharp contrast with standard 

seed-mediated approach in which the concentration range of ascorbic acid is quite  

 

Figure 3.2. Effect of hydroquinone (HQ) concentration on the UV-vis spectra of 

AuNRs. 
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narrow, in 10-15% molar excess. In fact, small variations in the amount of ascorbic acid 

can result in completely different AuNR quality or even failure in the synthesis. While 

by using a milder reducing agent, hydroquinone, the growth of AuNRs slows down and 

a better control over the growth kinetics may be gained. 

3.2.1.3 Concentration of Silver Nitrate 

We also studied the influence of adding various silver nitrate concentrations to the 

growth solution. As one can see in Figure 3.3, as the amount of 4 mM silver nitrate 

increases from 20 μL to 35μL the LSPR peak wavelength redshifts from 730 nm to 979 

nm, and the peak intensity increases monotonically as well. Size distribution 

measurements based on the SEM images (see Figure 3.4a-d) reveals that the aspect ratio 

of AuNRs increases from 3.3 to 5.8. In order to calculate the aspect ratio, diameter and 

length measurements were performed for at least 300 AuNRs, and the aspect ratio was 

given as mean length divided by a mean diameter. Particles with other shapes, such as 

spheres, were skipped for the calculation. The relationship between the LSPR peak 

wavelength and aspect ratio for AuNRs is shown in Figure 3.5. A curve fitting with 

linear regression gave us the following expression: 

                    

Furthermore, one can tell the change in aspect ratio from a gradual change in the 

color of AuNR dispersions, as shown in Figure 3.4e.  

It is worth mentioning that addition of silver nitrate is of paramount importance to 

the successful synthesis of AuNRs. Jana et al. [10] suggested that silver ions were 

absorbed at the side of gold nanoparticles to confine the growth in {110} facets in the 
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form of silver bromide. As a result, the gold ions could only attach to the ends of AuNRs, 

which were {100} facets, and hence increased the length and subsequent aspect ratio of 

AuNRs.  

 

Figure 3.3. Effect of silver nitrate concentration on the UV-vis spectra of AuNRs. 

The solid black, dashed red, dotted blue and dash-dotted green curves correspond 

to AuNRs with aspect ratios of 3.3, 3.7, 4.8, and 5.8, respectively.  
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Figure 3.4. SEM micrographs of AuNRs with various aspect ratios: a) 3.3, b) 3.7, c) 

4.8, and d) 5.8, and e) photograph of corresponding aqueous dispersion of AuNRs. 
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Figure 3.5. Relationship between LSPR peak wavelength and aspect ratio for 

AuNRs. 

3.2.2 Controlling the Purity of Gold Nanorods 

In a typical synthesis recipe for AuNRs, the quality as well as the yield is sensitive 

to many parameters, among which the quality of seed solution and selection of reducing 

agent are the most significant. Here, we studied how different reducing agents 

influenced the purity of AuNRs. There are two choices for the mild reducing agent, 

ascorbic acid and hydroquinone, the role of which is to convert Au
3+

 to Au
+
. In the 

synthesis with ascorbic acid, the intensity ratio between LSPR and transverse surface 

plasmon resonance (TSPR) is usually below 3, indicating the formation of a fair amount 

of gold nanospheres in the final product. Since it is quite difficult to separate these 
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nanospheres from nanorods with centrifugation due to their similar sizes, it would 

greatly affect the usefulness of the mixture if monodispersity of AuNRs is required.  

 

Figure 3.6. UV-vis spectra of AuNRs prepared with both hydroquinone (HQ, solid 

black curve) and ascorbic acid (AA, dashed red curve) at LSPR of a) ~800 nm, and 

b) ~1000 nm.  
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Therefore, another reducing agent, hydroquinone, was introduced as a replacement 

of ascorbic acid. Owing to its weaker reducing power, the kinetics of the AuNR 

synthesis can be well controlled by slowing down the growth rate. In this manner, the 

gold nanosphere growth is suppressed and thus the purity of the final product is 

enhanced. This is evident from the UV-vis spectra of AuNRs with LSPR at both ~800 

nm and ~1000 nm in Figure 3.6. The intensity ratio between LSPR and TSPR reaches 

higher than 10 when AuNRs are synthesized by using hydroquinone.  

3.3 Surface Functionalization of Gold Nanorods 

As aforementioned, ligand exchange is necessary to ensure that AuNRs have an 

appropriate surface coating to be dispersible in organic solvents like ethanol. Two 

questions needed to be addressed for ligand exchange. How does ligand exchange affect 

the stability and dispersion state of AuNRs in aqueous solution? How to determine 

whether the ligand exchange process is complete or not? 

To answer the first question, UV-vis spectra for AuNRs aqueous dispersions both 

before and after ligand exchange were recorded, as shown in Figure 3.7. No significant 

changes in the TSPR and LSPR peak wavelength and intensity at 510 nm and 887 nm, 

respectively, were observed in the absorption spectra, indicating an absence of 

aggregation. When CTAB molecules on the surface of AuNRs are replaced with PEG-

SH, the AuNRs are still capable of dispersing well in aqueous solution.  
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Figure 3.7. UV-vis spectra of AuNRs before (solid black curve) and after (dashed 

red curve) ligand exchange (LE).  

 

As for the second question, there are two types of techniques researchers have been 

using extensively to characterize the ligand exchange process, namely Fourier transform 

infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS). In the first 

method, two characteristic peaks of PEG will appear in the FTIR spectrum, including 

one broad band in 3200-3600 cm
-1

 region attributed to the OH group and the other one at 

1114 cm
-1

 owing to the C-O-C stretching [22]. This method is usually employed to 

detect the presence of PEG on the surface of nanoparticles, or in other words, the success 

of ligand exchange. However, to make sure of the complete replacement of CTAB with 

PEG, XPS would be a better option. Both the pronounced reduction or even 
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disappearance in the characteristic CTAB bromide signal and marked increase in the C-

O peak at 286.5 eV strongly suggest the completeness of the ligand exchange process 

[23]. But there exists a much simpler approach to accomplish this task. As a reminder, 

AuNRs capped with CTAB can be well dispersed in aqueous solutions whereas they 

agglomerate and precipitate in organic solvents. On the other hand, PEG-SH-

functionalized AuNRs show good dispersity in both aqueous and organic solvents. When 

the ligand exchange process is done, same volume of chloroform is added to the AuNR 

dispersion along with a small amount of ethanol. After violent shaking, the emulsion 

separates into two layers, with top layer being aqueous solution and the bottom layer 

being chloroform solution. In a complete ligand exchange, AuNRs would be fully 

extracted from organic phase to water phase, resulting in a clear top layer and a colored 

bottom layer, as shown in Figure 3.8. It is worth noting that the brown hue in the top 

layer of Figure 3.8b is due to some AuNRs sticking onto the inner wall of the vial. 

3.4 Conclusion 

In summary, AuNRs of various aspect ratios have been synthesized by following 

both the standard seed-mediated approach with ascorbic acid and a more recently 

developed method with hydroquinone. A great deal of control over the dimensions of 

AuNRs has been achieved by varying the seed, hydroquinone, and silver nitrate 

concentrations in the growth solution. Increasing the concentration of seed and 

hydroquinone blue-shifts the LSPR peak wavelength and leads to formation of AuNRs 

with smaller aspect ratio, due to either enlarged nucleation sites or slower growth rate. In 

contrast, the aspect ratio of AuNRs becomes larger with increasing amount of silver 

nitrate present in the growth solution. Furthermore, replacement of ascorbic acid in a 
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Figure 3.8. Photographs of a) aqueous AuNR dispersion before ligand exchange, 

and b) top layer: water, bottom layer: AuNR dispersion in chloroform after 

extraction with a small amount of ethanol. 

 

standard recipe for AuNR synthesis with a weaker reducing agent, hydroquinone, 

improves the quality and purity of AuNRs dramatically. This is beneficial because sound 

conclusions can be drawn without the influence of the gold nanosphere impurities. To 

enable the dispersity of AuNRs in organic solvents, such as chloroform and ethanol, 

ligand exchange is successfully performed with our own recipe to replace the CTAB 

surface coating with the organic-solvent-compatible PEG-SH. A simple extraction 

method is employed to determine the completeness of the ligand exchange process. 
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4. Controlling Directed Self-Assembly of Gold Nanorods in Patterned 

PS-b-PMMA Thin Films 


 

4.1 Introduction 

Controlled assembly of metallic or semiconducting nanoparticles (NPs) in thin films 

is critical in the fabrication of NP-based devices, such as photonics [1, 2], plasmonics [3-

5], optics [6],  and sensors [7, 8]. Over the past decades, huge progress has been made in 

the synthesis of NPs and numerous routes have been developed to obtain NPs with 

precisely tailored sizes and shapes, including spheres [9-11], cubes [12, 13], rods [14-16], 

and wires [17, 18]. While these particles in the nanometer scale show dramatically 

different properties compared to their bulk counterparts, they would not be of great 

importance unless their position, orientation and placement can be well-controlled. To 

this end, using prefabricated templates [19, 20], or block copolymer (BCP) [21-27], as 

the matrices to direct the arrangement of spherical NPs or nanorods (NRs) has drawn 

much attention in recent years. Depending on the volume fraction of different segments, 

block copolymers can self-assemble into various morphologies including cubically 

packed spheres, hexagonally packed cylinders, alternating lamellae and bicontinuous 

gyroids [28, 29], which offers flexibility in chemical design. 

The most widely studied BCP nanocomposites are based on spherical NPs [19, 21-

23, 25, 26, 30]. It has been demonstrated that spherical NPs can be selectively 

sequestered in one specific BCP domain by carefully tuning the surface chemistry and 

                                                 

Portions of this chapter previously appeared as: F. Lai, T. Borca-Tasciuc and J. Plawsky, 

“Controlling directed self-assembly of gold nanorods in patterned PS-b-PMMA thin 

films,” Nanotechnology, vol. 26, no. 5, pp. 055301, Jan. 2015. 
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thus the compatibility between the NPs and the corresponding block of BCP. Compared 

to the controlled organization of spherical nanoparticles, the assembly of NRs is of 

particular interest because of their shape anisotropy. In many applications, this 

anisotropy is the origin of some distinct optical [31], physical [32, 33], and electrical 

[34-36] properties. For many applications such as plasmonic wave guides, sensors and 

percolating networks, to achieve optimal electrical and mechanical properties, assembly 

of NRs is required to enable a locally enhanced field, efficient transport of plasmons [24, 

27, 37-39], or an inter-connected pathway for percolation [32, 40]. The research 

focusing on BCP-NR nanocomposites includes three-dimensional bulk assembly and 

two-dimensional assembly on surfaces of BCP thin films. In the three-dimensional case, 

Deshmukh et al. was able to control the placement of gold NRs in a thick polystyrene-

block-poly(methyl methacrylate) (SMMA) film with lamellae parallel to the substrate 

and found that the gold NRs self-oriented in the PMMA domain during the self-

assembly of the film [41]. While in the two-dimensional perspective, Russell and 

coworkers have successfully sequestered a NR ensemble on the PMMA block of SMMA 

thin films by controlling the surface chemistry of the NRs [19]. Ploshnik et al. obtained a 

hierarchical structure of CdSe nanorods on the surface of a SMMA thin film and 

concluded that this self-assembly was a cooperative assembly process [27]. Xu and 

coworkers have shown that control over the location and orientation NRs can be 

achieved by tailoring the surface chemistry of the NRs and imposing geometric 

constraints via block copolymer-based supramolecular assemblies [25]. The surface 

chemistry of the nanorods also plays a very important part in the alignment of NRs with 

the assistance of BCP. Nevertheless, limited success has been achieved in establishing a 
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high concentration of well aligned nanoparticles. In fact, the inclusion of NRs into the 

BCP domain often leads to morphological change in BCP structure from lamellae to 

cylinders to spheres with increasing NR loading [25, 42-44]. 

This phase transition can be detrimental to certain applications if a well-connected 

network is required. In our previous work, we have shown that a ~200 fold enhancement 

of thermal conductivity of the epoxy-silver nanocomposites can be achieved by forming 

a conductive silver network within the polymer [45, 46]. In contrast, the thermal 

conductivity of polymer composites based on silver microparticles, was increased only 

by a factor of 3-4 due to poor distribution and lack of a continuous pathway for heat 

conduction. The formation of a self-constructed inter-connected metallic ensemble by 

sintering the NPs at low temperatures was found to be crucial for the large improvement 

in thermal conductivity, yet only a small fraction of the overall silver loading became 

part of the network structure. Further improvements to the thermal properties could be 

achieved if the dispersion and assembly of the NPs were better guided and controlled.  

Herein, we report a simple approach to the directed self-assembly of gold NRs 

(AuNRs) in patterned SMMA thin films upon solvent evaporation. AuNRs were 

selectively sequestered in the degraded PMMA blocks and they showed preference to 

orient in parallel with these microdomains. Surface coverage of as high as 44.7% was 

achieved without causing phase transition of the BCP during the assembly of AuNRs. A 

high concentration of nanoparticle fillers is essential for high thermal conductivity of the 

composite materials, as has been demonstrated in our previous study [45]. Angular 

distribution of AuNRs in SMMA patterns shows that as the aspect ratio increases from 

3.3 to 5.8, the average angle between the NRs and the axis of the microdomain decreases 
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from 14.9° to 7.7°. The process of directed self-assembly is controlled by both 

thermodynamics and kinetics. The present study provides one means of accomplishing 

the controlled assembly of a high concentration of NRs on patterned surfaces. Potential 

applications for this kind of material lie in the areas of heat and mass transfer, such as 

the thermal interface material mentioned in [45] and [46] or enhanced surfaces for 

dropwise condensation or enhanced evaporation. There are also sensor applications that 

rely on the optical characteristics of such a film. The self-assembled AuNR ensemble 

fabricated in an end-to-end fashion could be employed as an ultrasensitive sensor in 

surface-enhanced Raman scattering (SERS) spectroscopy, as shown by Xu and 

coworkers [50]. 

4.2 Results and Discussion 

Figure 4.1 illustrates the process for the directed self-assembly of AuNRs in a 

striped pattern made of block copolymer. Upon formation of the lamellar structure 

perpendicular to the substrate, the block copolymer thin films were exposed to oxygen 

plasma ashing (100 W, 90 s) to selectively remove the PMMA block and generate the 

alternating channel structure. PEG-SH-capped AuNRs dispersed in ethanol were then 

deposited onto the patterned substrate to form a thin layer of liquid. As the solvent 

evaporated, the thickness of the liquid layer decreased, and to some point the pattern 

would be exposed to air, leading to formation of three-phase (vapor-dispersion-substrate) 

contact line (see Figure 4.2). Liddle et al. have shown that for nanoparticles immersed in 

the liquid, gravitational, buoyancy, van der Waals forces are negligible when compared 

with thermal fluctuations [47]. However, the work done by the capillary force remains 

large with respect to the thermal energy. When the three-phase contact line receded  
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Figure 4.1. Schematic on the directed self-assembly (DSA) of AuNRs in patterned 

block copolymer thin films. 

 

Figure 4.2. Schematic illustrating the capillary force (Fc) acting on a nanorod (front 

view) at the three-phase contact line. 
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across the block copolymer pattern, the resulting capillary force dragged the nanorods 

along and forced them into the channels, as shown in Figure 4.2. 

To better understand the role capillary forces played in guiding the AuNRs into the 

block copolymer pattern, a rough calculation was performed to estimate the magnitude 

of the driving force. Assuming 2r is the distance between two contact lines of AuNRs, L 

is the length of the AuNR (not shown in Figure 4.2), φ is the nanorod-ethanol contact 

angle, and γ is the ethanol-air surface tension, the capillary force would be  

                   

where         , with R being the radius of the AuNR, and   being the angle 

between r and R. The average capillary force can be determined by integrating the force 

over   from 90° (no solution interface deformation) to 0° (distance between two contact 

lines equals to the diameter of AuNR). Then the work done by capillary forces is simply 

the product of the mean capillary force and the diameter of AuNR. In our case, we use 

AuNRs with a diameter of 15 nm and a length of 60 nm for calculation, and the nanorod-

ethanol contact angle, φ, is assumed to be 30°. The estimated capillary interaction energy 

is ~         , which is large enough to overcome the thermal fluctuation, and this is 

consistent with our experimental observation. This result is also in agreement with Cui 

and co-worker’s work [48]. The capillary interaction energy for a nanorod was compared 

with a nanosphere of the same volume. The radius of the sphere is determined to be Rs = 

13.6 nm. Then the capillary force is simply Fc = πγRscosθ, assuming the nanorod-ethanol 

contact angle, φ, to be 30°. By following similar procedure, the capillary interaction 

energy for a nanosphere is estimated to be ~         , which is about three orders of 
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magnitude lower than that for a nanorod. This explains why nanorods behave much 

better in the directed self-assembly process in a patterned block copolymer thin film, as 

we have discussed in Chapter 2.  

In Figure 4.3, SEM micrographs of nanocomposites with three different 

concentrations of AuNRs (aspect ratio = 4.8, 66.9±8.2 nm in length, 13.8±2.1 nm in 

diameter) in plasma-treated SMMA thin films are shown. The actual size of the sample 

placed in the SEM chamber was 1 cm by 1cm, and all the SEM images shown in this 

chapter and the next one were representative of the nanostructures in the samples. To 

measure the periodicity, a fast Fourier transform (FFT) was performed on a SEM image 

of the pristine BCP lamellar structure with ImageJ. Next, the radial profile plug-in was 

invoked to obtain the radial profile plot of the FFT image (concentric halo circles). The 

first peak (highlighted with red dotted line) corresponds to the periodicity of the lamellar 

structure of BCP, which is 83±7 nm (see Figure 4.4). At a lower surface coverage, the 

AuNRs predominantly align parallel to the axis of the domain beneath them. This is 

opposite to Ploshnik and co-worker’s observation [24]. In their report, CdSe NRs 

residing on a flat SMMA thin film of alternating structure preferred to assemble in a 

perpendicular configuration instead of the parallel one. They reasoned that the 

perpendicular orientation preference arose from more favorable nanorod-nanorod 

interaction and less unfavorable interaction between the nanorods and the domain that 

was less compatible with nanorods. 

While in our case, the geometric confinement from the patterned surface restricts 

the orientation of AuNRs. As the three-phase contact line moves across the pattern, 

AuNRs are forced into the channels filled with solvent. According to Cavallaro et al.’s 
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work [49], the concave meniscus over the channel generates an interface curvature field 

which drives the rotation and migration of the AuNRs so that they are parallel to the axis 

of the channel and locate close to the side wall of the channel. This explains the fact that 

at a low surface coverage of 21% (Figure 4.3a & b), when there is only one AuNR 

across a channel, the AuNR prefers to reside at one corner of the stripe. 

 

Figure 4.3. SEM images at two magnifications of AuNRs (aspect ratio = 4.8) in 

patterned SMMA thin films with different surface coverage: (a, b) σ = 21.0%, (c, d) 

σ =31.6%, (e, f) σ = 44.7%. AuNRs reside primarily in PMMA domains which are 

darker stripes in the images, and the PS blocks, corresponding to lighter grey areas, 

lie in between. 
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Figure 4.4. Process for measurement of periodicity of SMMA pattern. 

 

With increasing surface coverage, the PMMA channels are filled with AuNRs and a 

network structure composed primarily of two parallel AuNRs is formed (Figure 4.3c & 

d). The height of the stripe pattern is measured to be ~17 nm from AFM images (see 

Figure 4.5), which is comparable to the diameter of the AuNRs (13~17 nm). That is to 

say, the channels are high enough to accommodate only one layer of AuNRs. Therefore, 

as the concentration of the AuNRs further increases, the geometric constraint on the 

arrangement of the AuNRs is significantly reduced. Instead of aligning themselves 

parallel to the director of the domain axis, AuNRs orient more randomly above the well-

assembled counterparts and the patterned BCP thin film, as is clearly seen in Figure 4.3e 
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& f. It is worth mentioning that the depth of the channels can be controlled by adjusting 

plasma ashing parameters so that there would be two or more layers of AuNRs included 

in the channels and the width of the channels can be controlled by altering the block 

domain size.  

In order to study the effect of geometric confinement on the assembling behavior of 

AuNRs with various aspect ratios, we carried out the deposition of these NRs onto 

SMMA patterns. Similar to what we have seen for AuNRs with an aspect ratio of 4.8 on 

block copolymer stripes, AuNRs with smaller aspect ratio (3.3 for Figure 4.6a & b, 

56.2±8.3 nm in length, 17.0±1.8 nm in diameter) and larger aspect ratio (5.8 for Figure 

4.6e & f, 73.4±10.5 nm in length, 12.7±1.7 nm in diameter) assemble along the stripes 

with majority of their axes parallel to the director of the PMMA domain. At lower 

concentration, most of the channels are filled with one line of AuNRs (Figure 4.6a, c & 

e), while for a higher concentration (Figure 4.6b, d & f), the main part of the channels 

are capable of accommodating two parallel AuNR lines. 

To investigate the differences among these BCP nanocomposites, the angular 

distribution of the AuNRs in Figure 4.6a, c and e were determined by measuring the 

angle of the long axis of the NRs with respect to the director of the PMMA domain in 

which they reside using ImageJ. More than 200 NRs were measured for the angular 

distribution, and the nanosphere by-products from AuNR synthesis were skipped for the 

measurement. Figure 4.7a shows the histogram for the angular distribution of AuNRs 

(aspect ratio = 3.3) relative to the microdomains. Over 75% of the AuNRs orient less 

than 20° off the director of the PMMA domains, although the angle ranges from 0°to 60°, 
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Figure 4.5. AFM images of plasma-treated SMMA thin films with striped patterns. 

Top: 2D height image; bottom: 3D height image. 

 

giving an average value of 14.9°. With the same block copolymer pattern, when the 

aspect ratio of the AuNRs increases from 3.3 to 4.8, their angular distribution changes 

dramatically, as is clearly seen in Figure 4.7b. About 90% of the AuNRs on the PMMA 

blocks tilt within 20° when compared to the channels, and the angle spans over a range 
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from 0° to 40°. As a result, the average nanorod tilt drops to only 8.9°. Further extending 

the aspect ratio of AuNRs to 5.8 (Figure 4.7c) narrows the scope of the angle even more, 

with an exception in the range of 60° to 70°, which is possibly due to the defect in the 

BCP pattern. Overall, the mean angle decreases to 7.7° as a result of the increasing 

aspect ratio. 

 

Figure 4.6. SEM images at two magnifications of SMMA-AuNR nanocomposites 

with AuNRs of different aspect ratios: (a, b) 3.3, (c, d) 4.8, (e, f) 5.8. 
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Figure 4.7. Histogram of the angle between the long axis of the AuNRs and the 

director of the PMMA domain corresponding to: a) Figure 4.6a (aspect ratio = 3.3), 

b) Figure 4.6c (aspect ratio = 4.8), and c) Figure 4.6e (aspect ratio = 5.8). 
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As we mentioned earlier, when the AuNR dispersion forms a concave meniscus 

inside a channel, an interface curvature field is generated. The AuNRs can thus steer and 

translate towards the sidewall of the channel so that they will assemble in a parallel 

configuration relative to the microdomains under them and locate at one corner of the 

channel. However, while this process is taking place, the solvent evaporates 

simultaneously. If the evaporation rate of the solvent is too large, for example due to 

elevated temperature, there might not be enough time for the AuNRs to rotate and 

migrate to occupy the thermodynamically stable state. In the worst scenario, both ends of 

AuNRs are in contact with the sidewall of the channel when the solvent evaporates, as 

shown in Figure 4.8a. To simplify the calculation, the width of the AuNRs is neglected, 

and only linear portion of the channel is considered. The tilt angle, denoted as α, can be 

determined by the following equation: 

      
                

               
 

  

 
 

where c is the length of AuNRs in nm. Figure 4.8b exhibits the correlation between the 

length of AuNRs and the tilt angle. As the AuNRs become longer, the angle of AuNRs 

with respect to the axis of the channel decreases monotonically and non-linearly. For 

example, for AuNRs with a length of 50 nm, the maximal tilt angle is 57.1°, while for 

AuNRs with a length of 70 nm, the upper limit for the tilt angle is only 36.9°, provided 

AuNRs reside completely inside the channel. This is in agreement with the angular 

distributions of AuNRs in Figure 4.7 except for those with an aspect ratio of 3.3 (Figure 

4.7a) where the maximal angle is 57.1°, as indicated with the solid orange triangle in 

Figure 4.8b. There might be two possible explanations for the discrepancy. First, 
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variation in width of the channel exists in the actual SMMA pattern so that in some 

region the width could exceed the average width, resulting in a larger tilt angle. Second, 

there is a size distribution for AuNRs in the channel, and so shorter AuNRs may account 

for larger tilt angles. Close examination of the nanorod dimension in Figure 4.6a shows 

that the shortest AuNRs are only 48 nm in length. For a given BCP channel with a width 

of 43 nm, the maximal angle would be 63.6°, which is bigger than our experimental 

results. The variation in nanorod size increases as the aspect ratio of the nanorods 

decreases which is why the discrepancy between the measured values and the calculated 

curve is more pronounced for the smaller aspect ratio system.  

 

Figure 4.8. Schematic of top view of a AuNR in contact with both sidewalls of the 

channel (a), and the relationship between tilt angle and the length of AuNRs (b). 

The solid orange triangle, blue square, and purple circle indicate the maximal 

measured tilt angles for AuNRs with aspect ratios of 3.3, 4.8, and 5.8, respectively. 
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4.3 Conclusion 

In this Chapter, we present our original work to explore the directed self-assembly 

of AuNRs in patterned block copolymer thin films [51]. Both the capillary force and the 

interface curvature field play an important role in the sequestering of nanorods within 

the channels and their alignment with the walls of the channels. AuNRs with aspect 

ratios from 3.3 to 5.8 assembled in an end-to-end manner and were oriented primarily in 

a direction parallel to the director of the microdomains in which they reside. The height 

of the channel pattern was set so that it could include one layer of AuNRs in the 

channels.  This allowed for accommodating one line of end-to-end aligned AuNRs at a 

surface coverage of 21.0% to close to two lines of AuNRs for a surface coverage of 

31.6%. Beyond that concentration, the arrangement of AuNRs occurs in a more random 

fashion due to lack of geometric confinement. While the interface curvature field theory, 

which was developed by Stebe and coworkers, indicates the AuNR ensemble assembles 

parallel to the microdomain in equilibrium, they might not rotate and migrate fast 

enough to accomplish it due to the evaporation of the solvent, leading to an angular 

distribution of these NRs. We show that the angular distribution for AuNRs with smaller 

aspect ratios is wider than those with larger aspect ratios. In fact, the final state of the 

directed self-assembly process is the result of competition between thermodynamic 

consideration and kinetic factors. 

  



 

     85 

4.4 References 

[1] M. R. Bockstaller and E. L. Thomas, "Proximity effects in self-organized binary 

particle-block copolymer blends," Phys. Rev. Lett., vol. 93, no. 16, p. 166106, 

Oct. 2004. 

[2] M. R. Bockstaller and E. L. Thomas, "Optical properties of polymer-based 

photonic nanocomposite materials," J. Phys. Chem. B, vol. 107, no. 37, pp. 

10017-10024, Sep. 2003. 

[3] M. J. A. Hore and R. J. Composto, "Nanorod self-assembly for tuning optical 

absorption," ACS Nano, vol. 4, no. 11, pp. 6941-6949, Nov. 2010. 

[4] K. J. Stebe, E. Lewandowski, and M. Ghosh, "Oriented assembly of 

metamaterials," Science, vol. 325, no. 5937, pp. 159-160, July 2009. 

[5] S. Biswas, J. S. Duan, D. Nepal, et al., "Plasmonic resonances in self-assembled 

reduced symmetry gold nanorod structures," Nano Lett., vol. 13, no. 5, pp. 2220-

2225, May 2013. 

[6] D. Nepal, L. F. Drummy, S. Biswas, et al., "Large scale solution assembly of 

quantum dot-gold nanorod architectures with plasmon enhanced fluorescence," 

ACS Nano, vol. 7, no. 10, pp. 9064-9074, Oct. 2013. 

[7] M. R. Bockstaller, R. A. Mickiewicz, and E. L. Thomas, "Block copolymer 

nanocomposites: Perspectives for tailored functional materials," Adv. Mater., vol. 

17, no. 11, pp. 1331-1349, June 2005. 

[8] Z. H. Nie, A. Petukhova, and E. Kumacheva, "Properties and emerging 

applications of self-assembled structures made from inorganic nanoparticles," 

Nat. Nanotechnol., vol. 5, no. 1, pp. 15-25, Jan. 2010. 

[9] Y. Q. Zheng, Y. Y. Ma, J. Zeng, et al., "Seed-mediated synthesis of single-

crystal gold nanospheres with controlled diameters in the range 5-30nm and their 

self-assembly upon dilution," Chem. Asian J., vol. 8, no. 4, pp. 792-799, Apr. 

2013. 

[10] H. Y. Liang, W. Z. Wang, Y. Z. Huang, et al., "Controlled synthesis of uniform 

silver nanospheres," J. Phys. Chem. C, vol. 114, no. 16, pp. 7427-7431, Apr. 

2010. 

[11] J. J. Li, Y. A. Wang, W. Z. Guo, et al., "Large-scale synthesis of nearly 

monodisperse CdSe/CdS core/shell nanocrystals using air-stable reagents via 

successive ion layer adsorption and reaction," J. Am. Chem. Soc., vol. 125, no. 41, 

pp. 12567-12575, Oct. 2003. 



 

     86 

[12] Y. Wang, Y. Q. Zheng, C. Z. Huang, et al., "Synthesis of Ag nanocubes 18-32 

nm in edge length: the effects of polyol on reduction kinetics, size control, and 

reproducibility," J. Am. Chem. Soc., vol. 135, no. 5, pp. 1941-1951, Feb. 2013. 

[13] W. X. Niu, S. L. Zheng, D. W. Wang, et al., "Selective synthesis of single-

crystalline rhombic dodecahedral, octahedral, and cubic gold nanocrystals," J. 

Am. Chem. Soc., vol. 131, no. 2, pp. 697-703, Jan. 2009. 

[14] X. C. Ye, L. H. Jin, H. Caglayan, et al., "Improved size-tunable synthesis of 

monodisperse gold nanorods through the use of aromatic additives," ACS Nano, 

vol. 6, no. 3, pp. 2804-2817, Mar. 2012. 

[15] L. Vigderman and E. R. Zubarev, "High-yield synthesis of gold nanorods with 

longitudinal SPR peak greater than 1200 nm using hydroquinone as a reducing 

agent," Chem. Mater., vol. 25, no. 8, pp. 1450-1457, Apr. 2013. 

[16] L. Carbone, C. Nobile, M. De Giorgi, et al., "Synthesis and micrometer-scale 

assembly of colloidal CdSe/CdS nanorods prepared by a seeded growth 

approach," Nano Lett., vol. 7, no. 10, pp. 2942-2950, Oct. 2007. 

[17] F. Kim, K. Sohn, J. S. Wu, et al., "Chemical synthesis of gold nanowires in 

acidic solutions," J. Am. Chem. Soc., vol. 130, no. 44, pp. 14442-14443, Nov. 

2008. 

[18] H. J. Feng, Y. M. Yang, Y. M. You, et al., "Simple and rapid synthesis of 

ultrathin gold nanowires, their self-assembly and application in surface-enhanced 

Raman scattering," Chem. Commun., no. 15, pp. 1984-1986, Feb. 2009. 

[19] Q. L. Zhang, S. Gupta, T. Emrick, et al., "Surface-functionalized CdSe nanorods 

for assembly in diblock copolymer templates," J. Am. Chem. Soc., vol. 128, no. 

12, pp. 3898-3899, Mar. 2006. 

[20] D. Nepal, M. S. Onses, K. Park, et al., "Control over position, orientation, and 

spacing of arrays of gold nanorods using chemically nanopatterned surfaces and 

tailored particle-particle-surface interactions," ACS Nano, vol. 6, no. 6, pp. 5693-

5701, June 2012. 

[21] M. K. Mayeda, W. F. Kuan, W. S. Young, et al., "Controlling particle location 

with mixed surface functionalities in block copolymer thin films," Chem. Mater., 

vol. 24, no. 14, pp. 2627-2634, July 2012. 

[22] E. Ploshnik, K. M. Langner, A. Halevi, et al., "Hierarchical structuring in block 

copolymer nanocomposites through two phase-separation processes operating on 

different time scales," Adv. Funct. Mater., vol. 23, no. 34, pp. 4215-4226, Sep. 

2013. 



 

     87 

[23] A. Halevi, S. Halivni, M. Oded, et al., "Co-assembly of A-B diblock copolymers 

with B'-type nanoparticles in thin films: effect of copolymer composition and 

nanoparticle shape," Macromolecules, vol. 47, no. 9, pp. 3022-3032, May 2014. 

[24] E. Ploshnik, A. Salant, U. Banin, et al., "Hierarchical surface patterns of 

nanorods obtained by co-assembly with block copolymers in ultrathin films," 

Adv. Mater., vol. 22, no. 25, pp. 2774-2779, July 2010. 

[25] K. Thorkelsson, J. H. Nelson, A. P. Alivisatos, et al., "End-to-end alignment of 

nanorods in thin films," Nano Lett., vol. 13, no. 10, pp. 4908-4913, Oct. 2013. 

[26] J. G. Son, W. K. Bae, H. M. Kang, et al., "Placement control of nanomaterial 

arrays on the surface-reconstructed block copolymer thin films," ACS Nano, vol. 

3, no. 12, pp. 3927-3934, Dec. 2009. 

[27] E. Ploshnik, A. Salant, U. Banin, et al., "Co-assembly of block copolymers and 

nanorods in ultrathin films: effects of copolymer size and nanorod filling 

fraction," Phys. Chem. Chem. Phys., vol. 12, no. 38, pp. 11885-11893, Aug. 2010. 

[28] G. H. Fredrickson and F. S. Bates, "Dynamics of block copolymers: Theory and 

experiment," Ann. Rev. Mater. Sci., vol. 26, pp. 501-550, Aug. 1996. 

[29] J. L. Zhang, X. H. Yu, P. Yang, et al., "Microphase separation of block 

copolymer thin films," Macromol. Rapid Commun., vol. 31, no. 7, pp. 591-608, 

Apr. 2010. 

[30] S. B. Darling, N. A. Yufa, A. L. Cisse, et al., "Self-organization of FePt 

nanoparticles on photochemically modified diblock copolymer templates," Adv. 

Mater., vol. 17, no. 20, pp. 2446-2450, Oct. 2005. 

[31] T. Chen, H. Wang, G. Chen, et al., "Hotspot-induced transformation of surface-

enhanced Raman scattering fingerprints," ACS Nano, vol. 4, no. 6, pp. 3087-3094, 

June 2010. 

[32] W. U. Huynh, J. J. Dittmer, and A. P. Alivisatos, "Hybrid nanorod-polymer solar 

cells," Science, vol. 295, no. 5564, pp. 2425-2427, Mar. 2002. 

[33] M. A. Modestino, E. R. Chan, A. Hexemer, et al., "Controlling nanorod self-

assembly in polymer thin films," Macromolecules, vol. 44, no. 18, pp. 7364-7371, 

Sep. 2011. 

[34] S. I. White, B. A. DiDonna, M. F. Mu, et al., "Simulations and electrical 

conductivity of percolated networks of finite rods with various degrees of axial 

alignment," Phys. Rev. B, vol. 79, no. 2, p. 021301, Jan. 2009. 

[35] R. M. Mutiso, M. C. Sherrott, J. Li, et al., "Simulations and generalized model of 

the effect of filler size dispersity on electrical percolation in rod networks," Phys. 

Rev. B, vol. 86, no. 21, p. 214306, Dec. 2012. 



 

     88 

[36] R. M. Mutiso, M. C. Sherrott, A. R. Rathmell, et al., "Integrating simulations and 

experiments to predict sheet resistance and optical transmittance in nanowire 

films for transparent conductors," ACS Nano, vol. 7, no. 9, pp. 7654-7663, Sep. 

2013. 

[37] M. R. Jones, R. J. Macfarlane, B. Lee, et al., "DNA-nanoparticle superlattices 

formed from anisotropic building blocks," Nat. Mater., vol. 9, no. 11, pp. 913-

917, Nov. 2010. 

[38] J. F. Liu, L. L. Wang, X. M. Sun, et al., "Cerium vanadate nanorod arrays from 

ionic chelator-mediated self-assembly," Angew. Chem., Int. Ed., vol. 49, no. 20, 

pp. 3492-3495, Apr. 2010. 

[39] M. Rycenga, J. M. McLellan, and Y. N. Xia, "Controlling the assembly of silver 

nanocubes through selective functionalization of their faces," Adv. Mater., vol. 

20, no. 12, pp. 2416-2420, June 2008. 

[40] G. A. Buxton and A. C. Balazs, "Predicting the mechanical and electrical 

properties of nanocomposites formed from polymer blends and nanorods," Mol. 

Simul., vol. 30, no. 4, pp. 249-257, Apr. 2004. 

[41] R. D. Deshmukh, Y. Liu, and R. J. Composto, "Two-dimensional confinement of 

nanorods in block copolymer domains," Nano Lett., vol. 7, no. 12, pp. 3662-3668, 

Dec. 2007. 

[42] B. J. Kim, J. J. Chiu, G. R. Yi, et al., "Nanoparticle-induced phase transitions in 

diblock-copolymer films," Adv. Mater., vol. 17, no. 21, pp. 2618-2622, Nov. 

2005. 

[43] B. J. Kim, G. H. Fredrickson, J. Bang, et al., "Tailoring core-shell polymer-

coated nanoparticles as block copolymer surfactants," Macromolecules, vol. 42, 

no. 16, pp. 6193-6201, Aug. 2009. 

[44] J. B. He, R. Tangirala, T. Emrick, et al., "Self-assembly of nanoparticle-

copolymer mixtures: A kinetic point of view," Adv. Mater., vol. 19, no. 3, pp. 

381-385, Feb. 2007. 

[45] K. Pashayi, H. R. Fard, F. Y. Lai, et al., "High thermal conductivity epoxy-silver 

composites based on self-constructed nanostructured metallic networks," J. Appl. 

Phys., vol. 111, no. 10, p. 104310, May 2012. 

[46] K. Pashayi, H. R. Fard, F. Y. Lai, et al., "Self-constructed tree-shape high 

thermal conductivity nanosilver networks in epoxy," Nanoscale, vol. 6, no. 8, pp. 

4292-4296, Jan. 2014. 

[47] J. A. Liddle, Y. Cui, and P. Alivisatos, "Lithographically directed self-assembly 

of nanostructures," J. Vac. Sci. Technol. B, vol. 22, no. 6, pp. 3409-3414, Nov. 

2004. 



 

     89 

[48] Y. Cui, M. T. Bjork, J. A. Liddle, et al., "Integration of colloidal nanocrystals 

into lithographically patterned devices," Nano Lett., vol. 4, no. 6, pp. 1093-1098, 

June 2004. 

[49] M. Cavallaro, L. Botto, E. P. Lewandowski, et al., "Curvature-driven capillary 

migration and assembly of rod-like particles," Proc. Natl. Acad. Sci. U. S. A., vol. 

108, no. 52, pp. 20923-20928, Dec. 2011. 

[50]     Y. Y. Zhu, H. Kuang, L. G. Xu, et al., "Gold nanorod assembly based approach 

to toxin detection by SERS," J. Mater. Chem., vol. 22, no. 6, pp. 2387-2391, Feb. 

2012. 

[51] F. Lai, T. Borca-Tasciuc, and J. Plawsky, "Controlling directed self-assembly of 

gold nanorods in patterned PS-b-PMMA thin films," Nanotechnology, vol. 26, no. 

5, p. 055301, Jan. 2015. 

 



 

     90 

5. On the Sintering of Gold Nanorod Assembly Towards Continuous 

Networks

 

 

5.1 Introduction 

During the past decade, polymer nanocomposites have attracted much attention 

because of their enhanced optical [1, 2], mechanical [3, 4], thermal [5-8], and electrical 

[9, 10] properties. Various kinds of inorganic nanoparticles, ranging from silver and gold 

to carbon nanotubes, have been incorporated to improve either thermal or electrical 

conductivity [7-11]. These enhancements are increasingly important in the 

microelectronic industry since heat dissipation has become a significant problem as the 

scaling of devices continues. A high loading of thermally or electrically conductive 

particles that exceeds the percolation threshold, is necessary to achieve a large 

improvement in the conductivity [12]. The connected network structure that exists once 

the percolation threshold is crossed, provides effective pathways for phonon or electron 

transport. However, a high volume fraction of inorganic nanoparticles in the polymeric 

matrix may cause several issues, including reduced flexibility, poor mechanical 

performance, and dramatically increased viscosity prior to polymer curing. Therefore, 

great efforts have been made to try to achieve a percolated network without sacrificing 

other desirable material properties. In our previous work [13], we explored the 

possibility of using patterned block copolymer thin films to guide the end-to-end self-

assembly of gold nanorods and hence to fabricate a continuous network structure within 

                                                 


Portions of this chapter previously appeared as: F. Lai, T. Borca-Tasciuc, S. Iruvanti and 

J. Plawsky, “On the sintering of gold nanorod assemblies towards continuous networks,” 

RSC Adv., vol. 5, no. 69, pp. 55678-55685, June 2015. 
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the lamellar pattern. Liu et al. has also achieved ordered two-dimensional gold nanorod 

arrays via plasma-ashed block copolymer templates [14]. Kim and coworkers studied the 

correlation between the percolation threshold and the aspect ratio of carbon nanotubes 

and concluded that the percolation threshold decreased with increasing aspect ratios [15].  

Many researchers have also investigated approaches to reduce the interfacial 

resistance between individual nanoparticles and hence to reinforce the connection or 

bonding strength. Of particular interest has been the sintering process.  Melting point 

depression is a prominent phenomenon in nanoscale materials, which melt at 

temperatures hundreds of degrees lower than the bulk materials [16]. Sintering of these 

nanoparticles can take place at an even lower temperature due to premelting of the 

surface atoms [17, 18]. A variety of techniques, including thermal [7, 8, 19, 20], 

electrical [21, 22], laser [23], microwave [24], plasma [14, 25], and electron beam [26] 

methods have been applied to promote sintering of metal nanoparticles. Surprisingly, the 

sintering of gold and silver nanoparticles has been demonstrated at room temperature 

using a simple chemical treatment to remove the surfactants. Since the overall reaction is 

exothermic, the heat released from the reaction could be absorbed by the nanoparticles. 

Once the surfactants were removed, the nanoparticles sintered [27, 28]. While the fusion 

of isotropic nanoparticles, i.e. nanospheres, has met with great success, there are limited 

studies [29, 30] on the sintering behavior of their anisotropic counterparts, such as 

nanorods. In many applications, this anisotropy is the origin of some distinct optical [31], 

physical [32, 33], and electrical [34, 35] properties. It is important to note that most 

metal nanoparticles are functionalized with an organic capping agent to prevent 

agglomeration and ensure good dispersion of the nanoparticles in the polymer matrix. 
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However, it is essential to remove these surfactants prior to sintering because they 

present a high energy barrier they pose for the diffusion of metal atoms. We 

demonstrated successful use of thermal treatment to detach polyvinylpyrrolidone from 

silver nanoparticle surface [7, 8]. Winkler et al. employed oxygen plasma to decompose 

the organic material on gold nanoparticles [25]. 

There are two primary mechanisms responsible for the sintering process. One is 

Ostwald ripening, in which individual atoms leave a smaller metal particle and attach to 

a larger metal particle [36, 37], The end result is that large particles grow at the expense 

of small particles. The other one is surface diffusion and coalescence [38, 39]. In this 

sintering mechanism, metal particles are either close enough to each other or free to 

move so that they can collide with other particles, resulting in coalescence. The 

formation of a neck between adjacent particles is a strong indication of this mechanism.  

In this chapter, we explored the possibility of achieving percolating gold network 

guided by a block copolymer pattern. After deposition of a AuNR dispersion onto the 

channel patterns, the AuNRs could be directed and sequestered in the block copolymer 

pattern [13]. The AuNR assembly was then thermally annealed at low temperatures 

ranging from 115 to 200 °C both in a conventional furnace and in a rapid thermal 

processing unit to sinter the particles and thus form a continuous network nanostructure. 

The sintering process was initiated by coarsening between neighboring AuNRs as 

confirmed by SEM imaging. Further annealing led to a coarse network structure with a 

small number of isolated AuNRs. Eventually, migration and integration of individual 

AuNRs to the main network eliminated isolated particles and the structure was smoothed 

by the surface atom diffusion. 
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5.2 Results and Discussion 

5.2.1 Directed Self-Assembly of Gold Nanorods in Patterned Block Copolymer 

Thin Films 

Directed self-assembly of AuNRs was obtained by depositing AuNRs dispersed in 

ethanol onto patterned block copolymer thin films followed by the slow evaporation of 

the solvents. The SEM images of SMMA thin films after selective removal of PMMA 

block via oxygen plasma ashing are presented in Figure 5.1a & b, where percolating 

pathways comprising of PMMA nanochannels are clearly seen. The PMMA regions 

appear darker than PS domains on the template due to plasma ashing.  In our previous 

work [13] , we have shown that evaporation of the solvents leads to formation of a three-

phase (vapor-dispersion-substrate) contact line. As the three-phase contact line recedes 

across the patterned block copolymer thin film, the resultant capillary force drives the 

movement of the nanorods until they are trapped into the nanochannels. Once AuNRs 

are inside the PMMA channels, they are subject to an interface curvature field created by 

the concave meniscus of the solvents. The curvature-induced field is capable of driving 

the steering and translation of gold nanoparticles, giving rise to the AuNR ensembles 

shown in Figure 5.1c & d. The majority of AuNRs were confined in the PMMA 

channels, and they exhibited a preference to align in a parallel configuration with respect 

to the underlying microdomains. This is advantageous since it facilitates the end-to-end 

alignment of AuNRs and thus lowers the percolation threshold, which means percolation 

of the nanoparticles in the block copolymer pattern could be obtained at a lower 

concentration. It is worth noting that there was a significant amount (~36% number 

density) of nanosphere impurities along with AuNRs in the thin films. This is due to the 

fact that at low aspect ratios, the synthesis leads to a large number of nanosphere by-
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products. Similar to their nanorod counterparts, gold nanospheres mainly located in the 

PMMA channels and their presence did not seem to disrupt the percolating assembly. 

Most importantly, the sintering could occur between nanospheres and nanorods when 

thermal energy was applied, as will be discussed later. 

 

Figure 5.1. SEM images at two magnifications of patterned SMMA thin films (a, b) 

and directed self-assembly of AuNRs (average aspect ratio = 3.6 and mean length of 

the sample = 38.2±5.4 nm) in the patterned SMMA thin films (c, d). The darker 

stripes correspond to PMMA domains, in which the AuNRs reside.  

 

5.2.2 Furnace Thermal Annealing 

While the formation of AuNR assemblies guided by the nanochannels in the 

patterned block copolymer thin films is crucial, the percolating structure itself will not 
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be of great use unless the AuNRs are sintered to form continuous pathways. The AuNRs 

in all the experiments were protected by a polymer layer so that they would be well-

dispersed in the solvent instead of agglomerating. However, heat transfer from one 

particle to another was also hindered due to the PEG-SH layer even if adjacent nanorods 

were in touch with each other. To determine the minimal separation between AuNRs, the 

thickness of the PEG-SH brush was estimated from the radius of gyration, Rg, for linear 

polymers in an aqueous solution using the equation obtained by Devanand and 

coworkers [40]: 

            
         

 

The molecular weight of the PEG-SH was 2000, resulting in a gyration radius of 

~1.8 nm. Thus, adjacent nanorods were separated by a distance of at least 3.6 nm. This 

3.6 nm separation is too far apart for efficient sintering. The large inter-particle distance 

could be reduced by two routes, either using a PEG-SH with a smaller molecular weight 

or applying PEG-SH removal. We tried to use PEG-SH with a molecular weight of 800 

for the ligand exchange. However, a significant degree of aggregation of AuNRs was 

observed from SEM images, probably due to insufficient protection from short PEG-SH 

molecules. In this work, the PEG-SH surface coating on AuNRs was removed by 

applying oxygen plasma for 10 sec.  

Figure 5.2 shows the self-assembled AuNRs in patterned SMMA thin films after 

furnace thermal annealing (FTA) at 115 °C to 135 °C for different times. When the 

AuNR ensemble was annealed at 115 °C, the rods showed no significant difference in 
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size over the first 2 h when compared with those obtained at room temperature. 

Significant coarsening of the AuNRs due to coalescence between adjacent nanoparticles  

 

Figure 5.2. SEM images of AuNR assemblies in patterned SMMA thin films after 

furnace thermal annealing at 115 °C (a-d), 125 °C (e-h) and 135 °C (i-l). The 

samples were annealed for 1 h, 2 h, 6 h and 12 h, respectively, from top to bottom.  
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took place only after 6 h (Figure 5.2c). This is attributed primarily to the premelting of 

the gold atoms at the surface of AuNRs. As a result, a liquid layer was formed on a 

metal core, as shown by Barrat and coworkers using MD simulation [41]. Since AuNRs 

in the assemblies were separated by a very short distance or even in physical contact, the 

liquid layer on different AuNRs could flow and join one another to form a neck. This is 

very similar to the morphology of a typical sintering process at the initial stage.  No 

remarkable change of the morphology of the AuNR ensemble was found by further 

extending the annealing time to 12 h (Figure 5.2d). If the annealing temperature was 

increased to 125 °C, sintering of AuNRs occurred in a shorter time, at 2 h, as is clearly 

seen in Figure 5.2f. However, this sintering behavior was found only locally, where 

aggregates were composed of at most 3-4 gold nanoparticles. As the annealing 

progressed, the scope of sintering expanded and more and more AuNRs were joined 

together until a microscopically continuous gold network with barely any breakage was 

formed (Figure 5.2h). However, individual AuNRs were still present around the network, 

maintaining their rod shape. At this relatively low temperature, the thickness of the 

liquid layer on the surface could be very small, and therefore the shape of the 

nanoparticles was determined by the metal core which remained rod-like in shape. 

Sintering could be observed even sooner, i.e. in 1 h, when the annealing temperature 

rose to 135 °C (Figure 5.2i). Similar to those annealed at 125 °C, AuNRs started with 

local sintering, and gradually grew into a network where continuous pathways were 

accomplished. Moreover, the portion of isolated nanoparticles reduced and the gold 

networks appeared much smoother than those obtained at 125 °C (Figure 5.2l).  
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The structural and morphological changes for assemblies of AuNR undergoing 

thermal annealing are quite different from individual AuNRs that have been annealed 

[42] or exposed to laser irradiation [43]. For well-distributed AuNRs on a substrate, 

when they are treated with thermal annealing, the aspect ratio of the nanorods decreases 

gradually with increasing annealing time up to 2 h and temperature up to 250 °C, and 

eventually all the rod shaped nanoparticles are transformed into spheres, as evidenced by 

their time-evolving ultraviolet-visible spectra [42]. The maximum temperature examined 

in that work is much lower than the melting point of the bulk gold, which indicates that 

the morphological changes stem from surface melting. However, no coalescence of 

AuNRs due to sintering was seen since they are too far apart to approach one another. 

Alternatively, when AuNRs are exposed to laser pulses [43], they undergo a different 

transformation process. Point and planar defects including twins and stacking faults are 

induced in the as-prepared defect-free AuNRs. In this way the AuNRs convert their {110} 

facets into more stable {100} and {111} facets via surface reconstruction and diffusion 

to minimize the surface energy.  

In the temperature range from 115 °C to 135 °C, sintering among AuNRs in close 

proximity was evident within 12 h. When the temperature dropped slightly to 100 °C, no 

sign of sintering could be observed even after annealing for 12 h, as shown in Figure 

5.3a & b. However, if the annealing temperature was set too high, i.e. 240 °C (Figure 

5.3c & d), a completely different structure was exhibited. The AuNRs could no longer 

maintain their rod-like shape, and they transformed to nanospheres instead. At high 

temperatures, the thickness of the surface melting layer became much larger and perhaps 

only a small core was not melted. Therefore, to lower the surface energy, the gold atoms 
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would flow and finally reorganized to form spheres. This is very similar to what Petrova 

et al. observed in their study [42] and it reveals the important role of surface melting in 

the shape transformation. Due to their mobility on the substrate, neighboring particles 

could further fuse to form a larger sphere, driven by additional reduction in the surface 

energy. It is important to note that the gold nanoparticles were still well aligned in 

accordance with the original underlying block copolymer pattern despite the fact that the 

morphology of the block copolymer degraded at such a high temperature, i.e. 240 °C.  

 

Figure 5.3. SEM images at two magnifications of AuNR assemblies in patterned 

SMMA thin films after furnace thermal annealing at 100 °C for 12 h (a, b) and 

240 °C (c, d). 

5.2.3 Rapid Thermal Annealing 

Another technique that was applied to obtain sintering of AuNRs was rapid thermal 

annealing (RTA) in order to reduce the process time. As shown in Figure 5.4,  
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Figure 5.4. SEM images of AuNR assemblies in patterned SMMA thin films after 

rapid thermal annealing at 180 °C for 1, 2, 4, 8 min (a-d), and 200 °C (for 1, 2, 4 

min (e-g), respectively.  
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coalescence and coarsening between neighboring AuNRs started to take place within just 

a few minutes. Instead of using conduction or convection governed heating, RTA 

adopted radiation-based, usually lamp-based, heating which provided much higherpower 

densities in a rapid thermal processing unit than in a conventional furnace. In fact, 

AuNRs began to sinter within 2 min at 180 °C (Figure 5.4b) and within 1 min at 200 °C 

(Figure 5.4e). As the annealing process continued, the grains grew both in width and 

length by integrating more and more gold nanoparticles, and an extensively 

continuousnetwork structure was formed in the end (Figure 5.4d & g). The number of 

isolated gold nanoparticles also decreased probably because they migrated to the main 

network due to polymer melting since the working temperature was much higher than its 

glass transition temperature (107 °C), and became part of it. In the meantime, the metal 

stripes comprising of fused AuNRs turned smoother which was caused by surface atom 

diffusion. This nanostructure was better developed in terms of smoothness and number 

density of isolated nanoparticles. It is interesting to note that gaps in the range of ~100 to 

300 nm started to appear in the nanostructure during the formation of gold network. The 

tendency to crack could be attributed to the intrinsic volume reduction [44] during 

sintering process and the polymer chain movement above the glass transition 

temperature, which might be large enough to break down the network structure. Despite 

the fact that the integrity of the network was compromised by the cracks and breakages, 

the nanostructure appeared to remain continuous. 

5.2.4 Comparison Between FTA and RTA 

Both FTA and RTA can serve as effective tools to anneal and eventually sinter 

AuNRs to form percolating networks. The sintering process was initiated between 
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AuNRs in close proximity. Due to the weak adhesion between AuNRs and the 

underlying substrate, diffusion of AuNRs can happen so that adjacent nanoparticles 

come into physical contact with each other. The melting temperature of nanoparticles 

has been found to be substantially lower than the bulk value, which is known as melting 

point depression. Prior to the complete melting of the nanoparticles, a liquid layer at the 

surface exists because of premelting of the gold atoms. This is supported by molecular 

dynamics (MD) simulation performed by Barrat and coworkers [41]. The driving force 

for the coalescence of two AuNRs is the reduction in surface energy since the surface 

area of the new particle is less than the sum of the surface areas of two original AuNRs. 

As the annealing temperature rises, it takes less time for the AuNRs to start sintering. At 

the initial stage of annealing, depending on the orientation of the neighboring AuNRs, 

the sintering process could be categorized into three types: tip-to-tip, side-by-side, and 

end-to-end, as shown in Figure 5.5. Morphological observation of the SEM micrographs 

have directly shown these three kinds of sintering processes, as indicated with solid red, 

dashed green, and dotted blue rectangles, respectively, in Figure 5.5a. As presented in 

Figure 5.5d, the AuNRs showed a preference to orient parallel to the underlying block 

copolymer template, forming the tip-to-tip configuration, especially in linear regions. 

These AuNRs would sinter in the tip-to-tip fashion. Depending on the ratio between the 

channel width and the diameter of the AuNR there could be up to 3 AuNRs in a single 

channel, arranged side by side. These AuNRs would sinter in the second configuration 

and form a particle with bigger diameter. While in the curved areas, it is necessary for 

the AuNRs to sinter in an end-to-end way. The angular tilt of the AuNRs ensures the 

connectivity of the nanostructure and thus facilitates their sintering ability.  
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As the thermal annealing continues, locally sintered gold nanoparticles keep 

growing to form a globally connected structure by merging smaller grains. However, 

individual AuNRs far away from the metal network would still maintain their rod shape 

because the solid metal core holds in spite of surface melting. Eventually, these isolated 

AuNRs are brought closer together, driven by the flow of underlying polymers, and 

sinter to become part of the percolating nanostructure. Meanwhile, the atoms of the 

liquid-like surface layer diffuse and smooth the network to further reduce the system 

energy.  

While the mechanism for thermal sintering is similar to both FTA and RTA, there 

are some differences between these two techniques. In FTA, the heat transfer is 

governed by conduction or convection mechanisms. While in RTA, the high heating rate 

can be accomplished by high energy radiative sources, typically halogen lamps. Due to 

the high power density output from the lamp and strong absorption by the gold particles, 

RTA can be completed in a much shorter time than FTA. This high power density is also 

beneficial to “heal” the local defects and hence form a well-developed network structure. 

However, we found no fundamental difference between FTA and RTA when the AuNR 

assemblies were annealed with both methods at 135 
o
C for the same time (1 hour), as 

shown in Figure 5.6. In fact, when comparing Figure 5.6a & b it seems the degree of 

sintering achieved with FTA is even higher than RTA. This can be explained by the 

actual annealing processing parameters, as illustrated in Figure 5.6c. Recall that the ramp 

rate for FTA is only 10 
o
C/min while for RTA it is 25 

o
C/s. Therefore, although the 

dwell times for both techniques are the same (1 hour), the ramp time for the former (11 

min) is much longer than the latter (< 5 sec). This leads to a longer annealing time in  



 

     104 

 

Figure 5.5. SEM image showing the beginning phase of sintering process (a), and 

schematics of tip-to-tip (b), side-by-side (c), and end-to-end (d) sintering between 

adjacent AuNRs. 

 

FTA, which results in a higher degree of sintering. Alternatively, we can comprehend 

this difference by calculating the area under the curve. Taking the horizontal dotted line 

at 25 
o
C as the baseline, we calculate the area under the curves in Figure 5.6c to be 7810 

and 6608 (unit:  
o
C.min) for FTA and RTA, respectively. The larger curve area for FTA 
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indicates a larger energy input to the AuNR assemblies, and hence it is responsible for a 

higher degree of sintering.  

 

Figure 5.6. SEM images of AuNR assemblies after annealing at 135 
o
C for 1 h with 

FTA (a) and RTA (b), and the corresponding processing parameters (c).  
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5.3 Conclusion 

In summary, we have demonstrated that gold nanorods can be sintered to form a 

continuous network structure with thermal annealing after they are selectively 

sequestered in block copolymer patterns and align in an end-to-end fashion [45]. Both 

furnace thermal annealing and rapid thermal annealing are explored to study the 

sintering behavior of gold nanorods. It has been found that the development of well-

defined percolating metal network consists of three phases. In the beginning, gold 

nanorods in close proximity migrate and coalesce with each other in a tip-to-tip, side-by-

side or end-to-end manner, which is facilitated by surface premelting and driven by the 

reduction in surface energy. Then the scope of sintering spreads across the thin film, 

leading to globally connected gold networks. Finally, individual gold nanorods away 

from the main frame adhere to the network and smooth gold lines are accomplished. 

Rapid thermal annealing is advantageous over furnace thermal annealing not only 

because the processing time is shorter but also because of its capability for better 

development of percolating gold network due to high power intensity. These results open 

up new possibilities in the development of percolating pathways for improvement in 

thermal and electrical properties. 
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6. Thermal Characterization of Gold Nanorod-Block Copolymer 

Composites with Environmental Scanning Electron Microscope 


 

6.1 Introduction 

With increasing power densities in many power electronic devices, such as ultra-fast 

computer chips, high power light emitting diodes, heat dissipation has become an urgent 

issue to ensure the optimal performance and lifespan of these units. Thermal interface 

materials (TIMs), used at interfaces in the heat flow path such as those between dies and 

heat sinks, have attracted much attention due to their low thermal resistance. Among all 

kinds of TIMs, perhaps the most widely studied and used ones are polymer 

nanocomposites composed of thermally conductive fillers, including silver [1, 2], nickel 

[3], aluminum nitride [4], boron nitride [5], graphene [6], and carbon nanotubes [7], and 

polymeric matrices such as epoxy and silicone. Various experimental techniques have 

been developed in order to measure the thermal conductivity of the polymer 

nanocomposites. In general, steady-state measurements based on the ASTM D5470 

tester [8] are utilized. In this one-dimensional testing method, the sample is placed 

between two planar surfaces, with one surface electrically heated and the other cooled to 

ensure a nearly uniform heat flux within the specimen. The overall thermal resistance of 

the sample can be calculated by extrapolating the temperature difference across the 

sample [2, 9]. The laser flash measurement, a transient method known for its noncontact 

nature, is also an established technique for determining the thermal conductivity of thin 
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solid specimens, such as solders [10], adhesives [11], and thermal greases [12]. However, 

this method suffers from issues that other thermal and mechanical properties, including 

density and specific heat, need to be known in order to determine the thermal 

conductivity [13]. Another transient technique is the 3ω method in which a strip heater 

in contact with the sample is heated by an alternating current at frequency ω. For 

instance, Hu et al. [14] took advantage of this approach to measure the effective thermal 

conductivity of vertically aligned carbon nanotubes. Nevertheless, the thermal property 

measurement of ultrathin films with a thickness of less than 100 nm has proven to be a 

great challenge so far.  

In this Chapter, we present an approach to investigate the thermal characteristics of 

block copolymer thin films with AuNR assemblies by using environmental scanning 

electron microscope (ESEM). ESEM is a relatively new technique, and it has been 

widely used to study the growth dynamics and mechanisms of water droplets both on flat 

surfaces [15, 16] and complex nanostructures [17, 18], due to its enhanced spatial 

resolution, better control of vapor pressure, and advantage in controlling contamination 

issues and non-condensable gases. In our work, experimental parameters of the ESEM 

chamber, including the temperature, the pressure and the relative humidity were well-

controlled to induce water vapor condensation on the samples. The growth of water 

droplets on neat block copolymer thin film, as-assembled AuNR composite, and sintered 

AuNR composite were examined. Based on this measurement and the contact angle of 

water on different surfaces, we were able to determine the mass and heat transfer 

coefficients for these three types of thin films, and they have been shown to be 3.6 times 

higher for sintered AuNR composites with respect to the pristine block copolymer film.  
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6.2 Results and Discussion 

6.2.1 Vapor Condensation on Block Copolymers and Composites 

Figure 6.1 shows the growth of water droplets on sintered AuNR-block copolymer 

nanocomposites at different time intervals. Water was used in our experiments because it 

was a fluid that could be easily introduced in the ESEM and the relationship between its 

temperature and pressure was well established. Initially, the condensation of water vapor 

led to the nucleation of droplets with relatively small diameters on the composite thin 

film. Over time the droplets grew gradually in diameter caused by further vapor 

condensation onto the droplets. During this process, the shape of the droplet might 

deviate from spherical because the surface topography became less uniform and smooth 

after sintering of AuNRs. Individual water droplets would eventually coalesce with 

adjacent droplets, which also contributed to the growth of the droplets. Since this is not 

due to the direct condensation of water vapor, we will not discuss it in this chapter.  

Similar behavior has been observed for the vapor condensation on pristine SMMA 

block copolymers and the AuNR composites without sintering. A comparison of the 

droplet growth among these three thin film materials is presented in Figure 6.2. At the 

beginning of data recording, the diameter of the water droplet condensed on neat SMMA 

thin film, AuNR-SMMA composite and the sintered gold composite surface were 0.48 

μm, 0.84 μm, and 1.46 μm, respectively. It is worthwhile noting that at a magnification 

of 8000x, the smallest feature that can be detected by the ESEM is only on the order of 

100 nm so actual nucleation events could not be observed directly. The initial diameter 

for sintered gold composite is about 3 times larger compared to that for pristine block  
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Figure 6.1. SEM images (8000x) taken at different time intervals during the water 

droplet growth: (a) 0, (b) 29, (c) 62, (d) 91, (e) 120, (f) 148, (g) 182, (h) 210 sec.  
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Figure 6.2. Growth of water droplet on pristine SMMA thin film (black square), 

SMMA-AuNR thin film (red circle) and sintered AuNR composite (blue triangle). 

 

copolymer thin film. The droplets on both SMMA and sintered gold composite surfaces 

grew almost linearly with time, while for AuNR-SMMA composite the diameter of the 

droplet increased fast in the first 60 sec and slowed down to grow linearly afterwards. 

Furthermore, the water droplet growth rate for pristine SMMA thin film is slowest at 

~2.1 nm/s, and the growth rates for AuNR-SMMA and sintered gold composite are ~3.7 

nm/s and ~7.1 nm/s, respectively, which are larger than the polymer film by a factor of 

1.8 and 3.4. It is known that vapor condensation is an exothermic process. Hence the 

larger the thermal conductivity of the underlying substrate, the faster the heat released 

from condensation can be dissipated, and the larger the droplet growth rate. This 
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explains the enhancement in condensation rate on both unsintered and sintered AuNR 

nanostructures. 

6.2.2 Mass and Heat Transfer Characteristics 

We can use the information on drop growth rate, substrate temperature and system 

pressure to estimate the overall heat transfer coefficient for a single drop. To determine 

the volume of a drop, we assume it is a portion of a sphere and measure the contact angle. 

Figure 6.3a shows an optical image of the water drop on the substrate, which could be 

treated as a spherical cap. The contact angle of water on SMMA thin film, SMMA-

AuNR composite and sintered gold composite films were 69.5°, 69.7° and 73.3°, 

respectively, indicating that all the surfaces were not hydrophobic. The volume of the 

spherical cap and area of the liquid-vapor interface are given below [19]: 

    
   

 
                  ( 6.1 ) 

                 ( 6.2 ) 

where R is the radius of the sphere, and θ is the contact angle. 

The ESEM chamber pressure was set at 660 Pa and so we could treat the system as 

an ideal gas. Hence the overall mass transfer rate could be expressed in terms of a 

pressure driving force as [20]:  

                              ( 6.3 ) 

where    is the overall mass transfer rate,    is the overall gas-phase mass transfer 

coefficient, psat(vap) is the saturation pressure of the vapor phase, 660 Pa, and psat(surf) 

is the saturation pressure of the vapor at the surface temperature, Ts. The Peltier cooling 

stage in the ESEM was set to 1 °C. Here we assume the temperature of the liquid is the 
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same as that of the substrate, Tl = Ts (Figure 6.3b). According to the Antoine equation 

[21], the relationship between the saturated pressure (in mmHg) and the saturation 

temperature (in °C) is given by  

           
 

   
 ( 6.4 ) 

For water, the values for the constants A, B, and C are 8.0713, 1730.63, and 233.427, 

respectively. Therefore, the temperature of the vapor phase, Tsat is calculated to be 

1.18 °C and the vapor pressure right above the drop surface, psat(surf) was determined to 

be 651 Pa. The overall mass transfer rate based on unit area of the liquid-vapor interface 

is expressed as: 

    
 

 

 
 

 

 

 

  
 
 

 
  

 

  
                

  

  
 ( 6.5 ) 

where M is the molecular weight of the vapor phase, in our case it is 18 kg/kmol for 

water. Combining Equations (6.3) and (6.5), we find that the overall mass transfer 

coefficients are                       ,                       and 

                       for the SMMA film, the AuNR-SMMA film and the 

sintered gold composite film, respectively.  

The corresponding overall heat transfer rate during the condensation is given by 

                 ( 6.6 ) 

In this equation, hfg is the latent heat of water condensation, 2260 kJ/kg, and ρ is the 

density of water, 1000 kg/m
3
. Hence, the heat flux during condensation is the overall 

heat transfer rate per unit area of the liquid-vapor interface 
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Figure 6.3. (a) Optical image of a sessile water drop on block copolymer thin film. 

(b) Schematic of a liquid drop on a flat surface. 

 

Meanwhile, the surface heat flux may be expressed as 

    
              ( 6.8 ) 

where U is the overall heat transfer coefficient, Tsat is the saturation temperature for the 

water vapor, 1.18 ˚C.  By equating Equation (6.7) and Equation (6.8), we can obtain that 

the overall heat transfer coefficient for a single drop on a pristine SMMA thin film is 
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Upolym = 6.71 W/(m
2
K), while those for the unsintered and sintered gold composite films 

are Uu-comp = 11.87 and Us-comp = 24.22 W/(m
2
K), respectively. In the actual ESEM setup 

(see Figure 6.4 (a)), the temperature of the stage (point D) was set at 1 °C, which means 

the temperature on the surface (point B) would be higher than 1 °C. According to 

Equation (6.8), the actual temperature difference between Tsat and Ts was smaller, 

resulting in a larger overall heat transfer coefficient for a given heat flux. Therefore, the 

overall heat transfer coefficients we calculated were at the lower bound of their possible 

values.  

During the condensation of water vapor onto the films, the heat flux went from 

point A in the vapor to point D on the lower surface of the silicon wafer. There were 

three thermal resistances in the pathway, including those from vapor condensation 

(Rvapor), polymer or composite film (Rpolym or Rcomp), and silicon wafer (RSi). The overall 

thermal resistance could be expressed as 

 int int

1 Si
polym vapor polym Si

c polym Si

LL
R R R R R R

h k k
         ( 6.9 ) 

 int int

1 Si
comp vapor comp Si

c comp Si

LL
R R R R R R

h k k
         ( 6.10 ) 

where hc is the convection heat transfer coefficient, L is the thickness of the polymer or 

composite film, LSi is the thickness of the silicon wafer, kpolym is the thermal conductivity 

of the polymer film, kcomp is the thermal conductivity of the composite film, kSi is the 

thermal conductivity of Si, Rint is the interfacial thermal resistance. In our case, L ≈ 80 

nm, LSi = 375 μm, kpolym = 0.033 W/(mK), kSi = 149 W/(mK), Rint =       Km
2
/W 

[22]. The upper limit of kcomp is the thermal conductivity of gold, 318 W/(mK). The 
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convection heat transfer coefficient hc can be estimated by assuming maximum heat flux 

[19] from kinetic theory 
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 ( 6.11 ) 

where ρvapor is the density of water vapor which can be determined by the equation of 

state of the ideal gas, R is the ideal gas constant 8.314 J/(molK), Tvapor is the same as Tsat, 

and M is the molecular weight of the vapor 18.02 kg/kmol. By equating Equation (6.8) 

and Equation (6.11), we have hc =          W/(m
2
K). 

For the pristine SMMA thin film, the heat flux is  
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While for the unsintered or sintered gold composite films, the heat flux becomes 
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Hence, 
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 (6.14 ) 

In this expression, the only unknown parameter is kcomp. And it is easy to tell that as 

kcomp increases, the ratio between the two overall transfer coefficients increases as well. 

In order to estimate the value of kcomp, we apply a general rule of mixtures.  From 
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Chapter 4, we know that the surface coverage of the gold nanorods is somewhere near 

40%. Then the value of kcomp could be approximated by the following expression. 

 0.4 0.6 127.2 / ( )comp gold polymk k k W mK    ( 6.15 ) 

 

 

Figure 6.4. (a) Layout of components inside an ESEM chamber. (b) Thermal 

resistances between point A and point D in (a). 

Incorporating all the known parameters and Expression (6.15) into (6.14), we find 

the overall heat transfer coefficient for the two cases to be:  
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 1.86
comp

polym

U

U
  ( 6.16 ) 

Our results show that the overall heat transfer coefficient of the sintered gold 

composite film is 3.6 times that of the polymer film. Therefore, we might conclude that 

the thermal conductivity of the sintered composite film is much higher than the polymer 

thin films. To obtain an accurate value of the thermal conductivity, more thermal 

measurement techniques, such as 3ω method, along with simulation are needed, which 

will be discussed in the future work in Chapter 7.  

6.3 Conclusion 

In this chapter, we studied the condensation of water vapor on three different thin 

films, including pristine SMMA, AuNR-SMMA composite, and sintered AuNR 

composite by using ESEM [23]. The diameter of the initial droplets increases in the 

order of block copolymer film, AuNR-SMMA composite and sintered composite films. 

During the condensation process, the water droplets generally grow linearly with time. 

The condensation of water vapor on the AuNR-SMMA thin film and the sintered gold 

composite film are ~1.8 and ~3.4 times faster than that on the SMMA thin film, resulting 

in 1.8 and 3.6 times increase in overall heat transfer coefficient. Based on our thermal 

resistance model, the thermal conductivity of the thin film is dramatically improved after 

inclusion of AuNRs in the block copolymer thin films and subsequent metal sintering. 

Our work here expands the scope of instruments researchers can use to explore the 

thermal properties of thin film materials.  
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7. Summary and Future Work 

 

7.1 Summary 

Despite great advances in the understanding and application of metal nanoparticle 

assemblies and their polymer nanocomposites, much remains unsolved and unexploited 

and hence the potential of this field has not been fully realized. In special, the controlled 

organization of anisotropic metal nanoparticles, such as nanorods, has proven to be a 

great challenge. In this dissertation, we have successfully directed the self-assembly of 

gold nanorods with various aspect ratios in block copolymer patterns with nanoscale 

trenches. Further thermal annealing of the gold nanorod assemblies leads to sintering of 

adjacent nanorods and formation of network nanostructure. The continuous metal 

pathways are responsible for improvement in the thermal properties of the thin film 

materials, as confirmed by our ESEM measurements on water vapor condensation.  

The performance or properties of a material is determined by its composition, 

processing, and structure. The two major components that are investigated in this work 

are gold nanorods and block copolymers. In the beginning, gold nanorods with 

controlled dimensions and uniform distribution are synthesized with a wet chemistry 

approach, commonly referred as seed-mediated growth. During the synthesis, a variety 

of experimental parameters, including the volume of seed solution, the silver 

concentration, the type and concentration of reducing agent, are varied to tune the aspect 

ratio of the gold nanorods. The quality and yield of the final products can be inspected 

with both UV-vis spectrophotometer and SEM imaging. Ligand exchange is also 
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performed to modify the surface chemistry of the gold nanorods and thus to enable their 

dispersion in organic solvents. Then thin films of block copolymer, SMMA in our case, 

with lamellar structure perpendicular to the substrates are obtained by means of thermal 

annealing at temperatures higher than the order-to-disorder transition temperature.  

Owing to the marked difference in etching rate, oxygen plasma is applied to selectively 

remove the PMMA blocks and form patterns with nanoscale channels, which then serves 

as the template to guide the arrangement of gold nanorods.  

Directed self-assembly of gold nanorods in patterned block copolymer thin films 

has been accomplished by slow evaporation of gold dispersion on the templates. We find 

that nearly all gold nanorods are sequestered in the nanoscale trenches in both end-to-

end and side-by-side fashions, with surface coverage of over 40%. The majority of the 

nanorods orient parallel to the underlying block copolymer patterns. This guided self-

organization process is determined by the capillary forces and the interface curvature 

field. However, the kinetic factors also play a role during the assembly due to the fast 

solvent evaporation. This is confirmed by the angular distribution of the gold nanorods 

with respect to the director of the channels for different aspect ratios. Therefore, the final 

structure of the composite thin films is the interplay between thermodynamic 

considerations and kinetic factors.  

Two types of thermal annealing techniques, i.e. conventional furnace thermal 

annealing and rapid thermal annealing, have been utilized to promote the sintering of 

gold nanorods and thus form continuous pathways. It is revealed that the formation of 

interconnected gold network nanostructure through sintering consists of three major 

stages. In the first stage, neighboring gold nanorods migrate and coalesce with each 
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other in a tip-to-tip, side-by-side, or end-to-end fashion, depending on their relative 

position and orientation. Longer annealing time or higher annealing temperature then 

leads to globally percolating gold networks that span the whole thin film. Eventually 

isolated gold nanorods away from the main frame adhere to the network to smooth the 

nanostructure by surface atom diffusion. The driving force for the sintering process is 

the reduction in surface energy.  

The thermal performance of the resultant composite materials before and after 

sintering, as well as the pristine block copolymer thin films, are investigated with ESEM 

by following water vapor condensation on them over time. We have shown that both the 

initial droplet diameter and the droplet growth rate increase in the order of pristine block 

copolymer, AuNR-SMMA composite, sintered gold composite thin films. Our 

calculation indicates that compared to the neat SMMA thin film, enhancement of 1.8 and 

3.6 times in overall heat transfer coefficient has been achieved, which substantiates 

improved thermal performance of the block copolymer film after sequestration of the 

gold nanorods and subsequent sintering process.  

The outcomes of this work not only provide helpful guidance to accomplish 

controlled assembly of nanorods with high concentration on topographically patterned 

surfaces for different nanorod-based application, but also open up new possibilities in 

the development of percolating pathways for improvement in thermal and electrical 

properties. In addition, the innovative usage of ESEM in our work expands the scope of 

instruments available to the researchers to study the thermal performance of thin film 

materials.  
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7.2 Future Work 

7.2.1 Block Copolymers as Chemical Templates 

As mentioned in the Introduction, block copolymers can serve as not only 

topographical templates, but also chemical ones. With appropriate chemical affinity 

between the gold nanorods and one domain of the copolymer, either PS or PMMA, the 

directed self-assembly of gold can be accomplished while the polymer film reaches an 

equilibrium state to form lamellar structure. The challenge is to find the right capping 

agent and successfully perform the ligand exchange to ensure the compatibility of gold 

nanorods with the block copolymer. Another challenge here is obtaining a high enough 

concentration of nanorods for percolation since the lamellar structure could be disrupted 

when the nanoparticles loading is too high. Alternatively, we can replace SMMA with 

other PEG-containing block copolymers which are able to form lamellar structure. 

Furthermore, thermal annealing would no longer be a proper option to obtain the 

lamellar structure since the gold nanorods transform to nanospheres at high temperatures 

to lower the surface energy. Instead, we need to take the solvent annealing approach to 

achieve optimal results.  

7.2.2 Block Copolymers with High Glass Transition Temperatures 

In our current material system, the nanochannels in the block copolymer template 

could not survive when sintering gold nanorods because the annealing temperature was 

significantly higher than the glass transition temperature of the polymer. This issue could 

be resolved by introducing polymers with high glass transition temperature, such as 

polyimides, into the copolymer. For example, poly(methchemyl methacrylate)-block-

polyimide (PMMA-b-PI), can be used to obtain the lamellar structure in the thin film. 
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Then the PMMA blocks would be selectively removed by plasma etching, and the 

remaining PI blocks consist of the nanochannels, which serve to guide the arrangement 

of nanoparticles. Due to their glass transition temperature of up to 410 
o
C, polyimides 

will stay intact during thermal annealing to preserve the nanorod network structures and 

prevent them from breaking. 

7.2.3 Using Directed Self-Assembly of AuNRs for Electrodeposition 

In this work, we have accomplished ordered assembly of AuNR in patterned block 

copolymer thin films with over 30% of surface coverage. Percolating network 

nanostructure has been confirmed by SEM imaging. However, imperfections and 

discontinuity have also been observed, which might potentially compromise the integrity 

of the nanostructure. In order to mitigate this issue, we propose to use the ordered gold 

nanorods in the nanochannels as seeds for electrodeposition. Upon completion of the 

electrodeposition process, we expect to further fill the channels, resulting in a much 

higher concentration of metal nanoparticles and a better-developed network 

nanostructure.  This could also open new ways in using dual damascence process for 

making interconnect structures.  

7.2.4 Block Copolymer Composites with Different Nanoparticles 

Successful directed self-assembly of gold nanorods has been demonstrated in this 

work with the guidance of a geographical template made of block copolymer. Since 

there is no specific interaction between the gold nanords and the patterned block 

copolymer thin films and the dominant driving force for this process is the capillary 

force, the procedure we establish here should also be applicable to gold nanoparticles 

with different geometry, such as nanospheres, and other metal or semiconducting 
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nanoparticles. Note that the size of the nanoparticles and the width of the nanoscale 

channels on the template should be comparable to ensure efficient sequestration.  

7.2.5 Combine ESEM Experiments with Simulation for Better Heat 

Characteristics 

In Chapter 6, we have shown that a considerable enhancement is achieved in the 

thermal conductivity of the sintered gold composite film based on our thermal resistance 

model. In the analysis, we made a few assumptions, which can to be further validated by 

more ESEM data. For example, a thermal couple can be embedded in the silicon wafer 

to acquire a better approximation of the surface temperature. We can also take the 

surface roughness of thin films into account and study their effect on the vapor 

condensation and the thermal performance of the films. The parameters obtained from 

ESEM experiments can then be taken as inputs for simulation using COMSOL 

Multiphysics modeling software so as to gain a deeper understanding of the overall heat 

transfer process.  

7.2.6 Estimate Rate of Sintering for the Thermal Annealing Experiments 

From Chapter 5, we are able to see that the morphological structure of the gold 

nanorod assembly changes with temperature from 115 
o
C to 135 

o
C and with time from 1 

h to 12 h. SEM images of these samples need to be taken prior to the thermal annealing 

experiments, By comparing the SEM images before and after thermal annealing, we 

should be able to determine the degree of sintering and thus a rate constant at different 

temperatures for various times. In combination with Arrhenius equation, as expressed 

below 

/( )aE RT
k Ae
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(where k is the rate constant, A is the prefactor, Ea is the activation energy, and R is the 

universal gas constant), we can estimate the value of the activation energy Ea. In order to 

verify this result, thermal annealing of the nanorod assembly can be performed at a 

temperature other than those used in this work, such as 150 oC. We can check the actual 

degree of sintering and compare it with what is calculated with the activation energy.  

7.2.7 Explore Ways to Measure Thermal Performance of the Thin Film Materials 

While ESEM is introduced in this work as an innovative method to study the 

thermal performance of different thin film materials, it is time-consuming and one can 

only use water vapor due to current technological limitation. Hence, we propose to 

investigate the thermal properties of these thin films by following the condensation and 

evaporation of droplets in different atmospheres, such as propanol and butanol, at 

ambient conditions. Interferometer integrated in an optical microscope will be utilized to 

track the growth and shrink of droplets. Similar to the ESEM measurements, useful 

information regarding the thermal performance of the films can be extracted and 

calculated from this series of experiments.  


