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Low temperature sintering of metallic nanoparticles can be used to enhance the thermal properties of composite, thermal 

interface materials. Here, we present an approach to achieve the coalescence and sintering of a gold nanorod (AuNR) 

assembly in a block copolymer pattern by thermal annealing at low temperatures. Prior to thermal annealing in a 

conventional furnace or a rapid thermal processing unit, self-assembly of AuNRs is directed by the guidance of 

nanochannels in the block copolymer thin films and the removal of surfactants by brief plasma treatment. Both furnace 

thermal annealing and rapid thermal annealing are employed to study the sintering behavior of the AuNR assembly. 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. The condensation heat transfer coefficient was measured 

in an environmental scanning electron microscope by following droplet growth over time and it is shown to be 3.7 times 

higher for AuNR composites.  

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 electrical9, 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 

the lamellar pattern. Liu et al. has also achieved ordered two-

dimensional gold nanorod arrays via plasma-ashed block 

copolymer templates.14 Gold nanorods and tellurium nanowires, 

used as nanoparticles monomers, were “polymerized” into 

long-chain structure following the chain-growth polymerization 

mode by Wang et al., which offered rational design for 

complex nanostructures.15 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.16 

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.17 Sintering of these 

nanoparticles can take place at an even lower temperature due 

to premelting of the surface atoms.18, 19 A variety of techniques, 

including thermal,7, 8, 20, 21 electrical,22, 23 laser,24 microwave,25 

plasma,14, 26 and electron beam27 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 reaction is 

exothermic, once the surfactants were removed, the 

nanoparticles sintered.28, 29 While the fusion of isotropic 

nanoparticles, i.e. nanospheres, has met with great success, 

there are limited studies30, 31 on the sintering behaviour of their 

anisotropic counterparts, such as nanorods. In many 

applications, this anisotropy is the origin of some distinct 

optical,32 physical,33, 34 and electrical35, 36 properties. It is 
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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. However, it is essential to remove these 

surfactants prior to sintering because they present a high energy 

barrier 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.26 

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.37, 38 The end result is that large particles grow at the 

expense of small particles. The other one is attractive migration 

and coalescence.39, 40 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 paper, we explored the possibility of achieving a 

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 neighbouring AuNRs as 

confirmed by SEM imaging. Further annealing led to a coarse 

network structure with a small number of isolated AuNRs. 

Eventually, the migration and integration of individual AuNRs 

to the main network eliminated isolated particles and the 

structure was smoothed by surface atom diffusion. 

2. Experimental 

2.1. Materials 

The following chemicals were used as received. Hydrogen 

tetrachloroaurate trihydrate (HAuCl4·3H2O), 

hexadecyltrimethylammounium bromide (CTAB, >99.0%), 

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

99%), 5-bromosalicylic acid (>98.0%), and thiol-terminated 

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

Mercaptopropionylamino)ethyl]-O’-methylpolyethylene 

glycol, Mn = 2000) were purchased from Sigma Aldrich. 

Polystyrene-block-poly(methyl methacrylate) (SMMA, 95k-b-

95k) was obtained from Polymer Source, Inc. Ultrapure water 

produced by a Milli-Q Integral5 system was used in all 

experiments. 

2.2. Preparation of directed self-assembly of AuNRs in 

patterned SMMA thin films 

AuNRs were synthesized using a seed-mediated approach 

developed by the Murray group.41 Ligand exchange was 

performed to replace CTAB with PEG-SH so that the AuNRs 

could be dispersed in ethanol (see SI for details). The sample 

used for the thermal annealing experiments had an average 

aspect ratio of 3.6 and the mean length of the sample was 

38.2±5.4 nm. The SMMA block copolymer patterns were 

generated by selective removal of poly(methyl-methacrylate) 

(PMMA) domains using oxygen plasma after SMMA formed 

lamellar thin films (~80 nm in thickness) on a silicon substrate. 

Next, the AuNR dispersion in ethanol was deposited onto a 

patterned SMMA thin film in a covered petri dish. Slow 

solvent evapouration leaded to controlled assembly of the 

AuNRs.  

2.3. Thermal annealing experiments 

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.  

2.4. Characterization 

Scanning electron microscopy (SEM) images were obtained 

with a Carl Zeiss Supra SEM operating at 2.0 kV. The 

condensation of water vapour 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 avoid any electron beam heating effects. In 

the experiment, the temperature of the Peltier cooling stage 

was held at 1 °C (corresponding to a saturation pressure of 651 

Pa) and the chamber pressure was maintained at 660 Pa during 

imaging. The contact angles of water on the different surfaces 

were recorded with a Rame-Hart Model 500 Advanced 

Goniometer. 

3. Results and discussion 

3.1. 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 evapouration of the solvents. The SEM 

images of polystyrene-block-poly(methyl methacrylate) (SMMA) 

thin films after selective removal of poly(methyl methacrylate) 

(PMMA) block via oxygen plasma ashing are presented in Fig. 1a 

and 1b, 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 evapouration of the solvents 

leads to formation of a three-phase (vapour-dispersion-substrate) 

contact line. As the three-phase contact line recedes across the 
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patterned block copolymer thin film, the resultant capillary force 

drives the movement of the nanorods until they are trapped into the 

nanochannels. Once the 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 steerin and driving the translation of gold nanoparticles, 

giving rise to the AuNR ensembles shown in Fig. 1c and 1d. The 

majority of AuNRs were confined to the PMMA channels, and they 

exhibited 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-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. 

3.2. 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 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, thiol-terminated 

polyethylene glycol (PEG-SH), so that they would be well-

dispersed in the solvent instead of agglomerating. To determine the 

minimal separation between AuNRs, the thickness of the PEG-SH 

brush is estimated from the radius of gyration, Rg, using the 

equation obtained by Devanand and coworkers:42 

 �� � 0.0215	
�.�
�	�� (1) 

The molecular weight of the PEG-SH is 2000, resulting in a gyration 

radius of ~1.8 nm. Thus, adjacent nanorods are 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 can be reduced  

Fig. 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. 

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 agglomeration of AuNRs was observed from 

SEM images (not shown), probably due to insufficient protection 

from short PEG-SH molecules. Thus in this work, the PEG-SH 

surface coating on AuNRs was removed by applying oxygen plasma 

for 10 sec. 

Fig. 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, 

they showed no significant difference in size over the first 2 h when 

compared with those obtained at room temperature. Sintering of the 

AuNRs due to coalescence between adjacent nanoparticles took 

place only after 6 h (Fig. 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.43 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 (Fig. 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 Fig. 2f. However, this sintering behavior was found 

 

Fig. 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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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 (Fig. 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 (Fig. 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 (Fig. 2l).  

The structural and morphological changes for assemblies of 

AuNR undergoing thermal annealing are quite different from 

individual AuNRs that have been annealed44 or exposed to laser 

irradiation.45 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.44 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,45 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 less stable facets into more stable 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 Fig. 3a and 3b. 

However, if the annealing temperature was set too high, i.e. 240 °C 

(Fig. 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 would flow and finally reorganized to 

form spheres. This is very similar to what Petrova et al. observed in 

their study44 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.  

 

Fig. 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). 

 

3.3. 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 Fig. 4, coalescence and coarsening between 

neighboring AuNRs started to take place within just a few minutes. 

This is due to the much higher power densities in a rapid thermal 

processing unit than in a conventional furnace. In fact, AuNRs 

began to sinter within 2 min at 180 °C (Fig. 4b) and within 1 min at 

200 °C (Fig. 4e). As the annealing process continued, the grains 

grew both in width and length by integrating more and more gold 

nanoparticles, and an extensively continuous network structure was 

formed in the end, providing direct evidence of coalescence (Fig. 

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 reduction46 

during sintering process and weak adhesion between the gold 

nanoparticles and the polymer films. Despite the fact that the 

integrity of the network was compromised locally by the cracks and 

breakages, the nanostructure appeared to remain globally 

continuous.  

3.4. 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 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  
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Fig. 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. 

 

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.43 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 Fig. 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 

Fig. 5a. As presented in Fig. 1d, 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.  

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  

Fig. 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. 

 

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 substantial 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. 

3.5. Thermal property measurements with ESEM 

Since the thickness of the block copolymer nanocomposites with 

AuNR assemblies is very small, i.e. less than 100 nm, it is extremely 

difficult to measure the thermal or electrical conductivity directly. 

Therefore, water condensation on the surfaces within an 

environmental scanning electron microscope (ESEM) was employed 

here to study the thermal properties of the thin film materials. 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 

surfaces47, 48 and complex nanostructures,49, 50 due to its enhanced 

spatial resolution, better control of vapour pressure, and advantage in 

controlling contamination issues and noncondensable gases. In our 

experiments, ESEM images were recorded to observe the 

condensation of water vapour on two surfaces, an annealed block 

copolymer surface and a gold/polymer composite surface. As 

displayed in Fig. 6 at the start of data recording, the diameter of the 

water droplet condensed on the gold composite surface was about 3 

times of that on neat SMMA thin film. The droplets on both surfaces 
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grew almost linearly with time. Furthermore, the water droplet 

growth rate for sintered AuNRs (~7.3 nm/s) was larger than that for 

pristine SMMA thin film (~2.1 nm/s) by a factor of ~3.5. It is known 

that vapour 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 explains the great enhancement in 

condensation rate on sintered AuNR nanostructures.  

We can use the information on drop growth rate, substrate 

temperature and system pressure to estimate the mass transfer and 

heat transfer coefficients 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. The contact angle of water on SMMA thin film and 

sintered AuNRs on SMMA film were 69.5° and 73.3°, respectively, 

indicating that both surfaces were hydrophilic. Fig. 7a shows an 

optical image of the water drop, which could be treated as a 

spherical cap. The volume of the spherical cap and area of the liquid-

vapour interface are given below:51 

 	� � ���
3 �1 � cos ����2 � cos �� (2) 

 � � 2����1 � cos��	 (3) 

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 a gas phase under dilute conditions. Hence the 

mass transfer rate could be expressed in terms of a pressure driving 

force as:52  

 	� � !"�#$%&�'(#� � #$%&�)*+,�� (4) 

where �  is the mass transfer rate, !" is the gas-phase mass transfer 

coefficient, psat(vap) is the saturation pressure of the vapour phase, 

660 Pa, and psat(surf) is the saturation pressure of the vapour 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 same 

as that of the substrate, Tl = Ts (Fig. 7b). According to the Antoine 

equation,53 the relationship between the saturated pressure (in 

mmHg) and the saturation temperature (in °C) is given by  

 	-./0�1 � � � 2
3 � 4 (5) 

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 vapour phase, Tsat is calculated to be 1.18 °C and the vapour 

pressure right above the drop surface, psat(surf) was determined to be 

651 Pa. The mass transfer rate based on unit area of the liquid- 
vapour interface is expressed as: 

Fig. 6. Growth of water droplet on neat SMMA thin film (black 

square) and sintered AuNRs on SMMA (red circle). 

Fig. 7. (a) Optical image of a sessile water drop on block copolymer 

thin film. (b) Schematic of a liquid drop on a flat surface. 

 

� � �
	
5 � 6

	
7
78 9

�
�: �

6
6	 �1 � cos���2 � cos�� 7�78  (6) 

where M is the molecular weight of the vapour phase, in our case it 

is 18 kg/kmol for water. Combining Equations (4) and (6), we find 

that the mass transfer coefficients are 5.50 < 10=>	mol ∙ s/�kg ∙ m�, 
and 2.04 < 10=F	mol ∙ s/�kg ∙ m�  for the SMMA film and the 

composite film, respectively.  

   The corresponding heat transfer rate during the condensation is 

given by 

 	G � HI��5 � HI�6�5  (7) 

In this equation, hfg is the latent heat of water condensation, 2260 

kJ/kg, and ρ is the density of water, 1000 kg/m3. Hence, the heat flux 

during condensation is the heat transfer rate per unit area of the 

liquid-vapour interface 

	G′′ �	 G� � HI�6 778 9
�
�:
� HI�6

6 �1 � cos ���2 � cos ��7�78  

(8) 

Meanwhile, the surface heat flux may be expressed as 

 	G$′′ � H�4$%& � 4$� (9) 

where h is the convection heat transfer coefficient, Tsat is the 

saturation temperature for the water vapour, 1.18 ˚C.  By equating 

Equation (8) and Equation (9), we can obtain that the convection 

heat transfer coefficient for a single drop on a pristine SMMA thin 

film is 6.71 W/(m2K), while that for the composite film is 24.90 

W/(m2K).  

In our system, there are three resistances to transferring heat. The 

first is getting the vapour molecules to the liquid-vapour interface, 

the second is converting the vapour to liquid, and the last is 

removing the heat released during the condensation process.  We 

attribute the difference in heat transfer coefficient to the enhanced 

ability of the surface to conduct heat away from the drop and 
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maintain the interface at a low temperature.  The relatively low heat 

transfer coefficients overall can be attributed to the low mass transfer 

rate within the ESEM chamber. The increase in heat transfer 

coefficient by a factor of 3.7 further proves the improvement in 

thermal properties of thin films after AuNRs are sintered to form a 

percolating network nanostructure. 

4. Conclusions 

In summary, we have demonstrated that gold nanorods can be 

sintered with thermal annealing after they are selectively 

sequestered in block copolymer patterns to form a continuous 

network structure and align in an end-to-end fashion. Both 

furnace thermal annealing and rapid thermal annealing are 

explored to study the sintering behaviour 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 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. The 

condensation of water vapour on sintered AuNR nanostructures 

is ~3.5 times faster than that on SMMA thin film, resulting in a 

3.7 times increase in convection heat transfer coefficient, which 

indicates the improved thermal conductivity of the materials. 

These results open up new possibilities in the development of 

percolating pathways for improvement in thermal and electrical 

properties. 
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