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ABSTRACT: The changes in optical properties that occur as gold nanoparticles (AuNPs) are thermally converted to a con-
tinuous thin film were studied with the purpose of determining the roles of particle coarsening and temperature. In situ
reflectance spectroscopy, electron microscopy and synchrotron X-ray diffraction were applied to provide complementary
information on the changes in particle size and shape. The AuNPs studied were stabilized with 1-butanethiol, 1-octanethiol,
oleylamine or 4-(pyren-1-yl)butane-i-thiol. Initially the films were dark brown or purple in color, due to the plasmon reso-
nance of the AuNPs. As the temperature was increased the AuNPs started to coalesce and percolate, thereby changing the
color of the films to that of bulk gold. Films of AuNPs stabilized with alkanethiols sintered very rapidly, measured as a rapid
change in the reflectance spectrum. In contrast, films of AuNPs stabilized with oleylamine or 4-(pyren-1-yl)butane-i-thiol
sintered more gradually and at a higher temperature. This permitted the transition to be studied in greater detail than for
the alkanethiols. Red-shifted plasmon peaks and increased intensity in the reflectance data, and XRD and electron micros-
copy measurements, revealed that a prolonged process of nanoparticle coarsening occurred prior to sintering. The effect of
temperature on the optical properties was isolated by monitoring samples as they cooled. The insulator-to-metal transition
in these types of composites offers a very flexible platform for controlling spectral properties in the near-infrared region.

Introduction

The useful and tunable optical properties of gold nano-
particles (AuNPs) have attracted considerable attention
from nanotechnology researchers.” 2 The size- and shape-
dependent optical properties of AuNPs arise from a local-
ized surface plasmon resonance (LSPR) - a collective oscil-
lation of the gold’s conduction electrons in response to cer-
tain wavelengths of incident light. In addition to the de-
pendence of the LSPR frequency on the size and shape of
the nanoparticles and the dielectric function of their im-
mediate surroundings,3 the LSPR of AuNPs also has some
dependence on temperature. As the temperature is raised,
the plasmon band red-shifts slightly as a result of thermal
lattice expansion, which decreases the electron density and
leads to the electrons resonating at a lower frequency.# 5
There is also significant broadening and decreased inten-
sity of the plasmon band with increasing temperature,
which has been attributed to increased electron-phonon
scattering.# These effects are reversible and repeatable# ¢
and are more pronounced for larger nanoparticles,” how-
ever they are only observed over a large temperature range,
on the order of a few hundred degrees Celsius. Therefore
in order to measure the LSPR temperature dependence
without damaging the AuNPs, most studies have used
AuNPs embedded within glass or silica, since colloidal so-
lutions can only be monitored over a relatively small tem-
perature range, and deposited films of AuNPs are prone to

sintering at temperatures around 200 °C.% 9 This depend-
ence of the LSPR on temperature has potential applications
in, for example, the optical sensing of temperature and gas
composition simultaneously in the harsh conditions of cer-
tain industrial processes.*

Several prior studies have investigated the effect of heat-
ing on the optical properties of AuNP thin films. Red- and
blue-shifts in the LSPR peak wavelength were observed,
depending on film thickness and temperature/annealing
time, and these were irreversible upon cooling the films to
room temperature. Some of the films used in these studies
were too thin to become electrically percolating upon heat-
ing, but instead became rougher with the formation of rel-
atively large, discrete islands of gold as the particles coa-
lesced.

The coalescence and sintering of thicker films of AuNPs
results in significant changes to their optical properties,
with the films rapidly changing from the dark color of the
nanoparticles to lustrous gold upon sintering (here we use
the definition of coalescence as the disappearance of the
boundary between two contacting gold particles and a sub-
sequent reduction of the total surface area, and sintering
to be temperature-induced coalescence of the gold parti-
cles below the melting point of gold'). The change in the
optical properties is a result of the Drude response® of the
electrically conductive gold film; the reflectivity in the
near-infrared (NIR) region of the spectrum decreases with
increasing wavelength for a film of separated particles, but



increases with wavelength when the particles coalesce and
the film becomes electrically percolating.”” '® This can be
detected in sintering studies as a dramatic increase in elec-
trical conductivity. 9
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Figure 1. Structures of (a) oleylamine (OA) and (b) 4-(pyren-
1-yl)butane-i-thiol (PyBuSH)

Recently we reported that certain organic compounds
with high decomposition temperatures, such as oleylamine
and 4-(pyren-1-yl)butane-1-thiol (Figure 1) can be used to
stabilize films of AuNPs and delay the onset of sintering.>®
In addition to increasing the temperature of the sintering
event (Tsg), these stabilizing compounds cause the sinter-
ing to progress far more gradually than has been observed
for AuNPs stabilized with alkanethiols.® This prolonged
sintering event provided us with a window to monitor the
changes to the optical properties throughout the sintering
process, and over a greater temperature range than would
otherwise be possible with AuNPs of lower thermal stabil-
ity. The results, reported herein, may have applications in
sensors such as thermal history indicators for temperature
sensitive materials or products.

Experimental

General. Tetrachloroauric acid,? 1-butanethiol-capped
AuNPs (BT@AuNPs),3 1-octanethiol-capped AuNPs
(OT@AuNPs),* oleylamine-capped AuNPs
(OA@AuNPs)> and 4-(pyren-i-yl)butane-1-thiol (Py-
BuSH)> were prepared using literature procedures. The
functionalization of OA@AuNPs with  PyBuSH
(Py@AuNPs) has been described elsewhere.?® The stabiliz-
ing compounds are reasonably transparent in the visible
and NIR regions of the electromagnetic spectrum, and our
previous work showed that oleylamine and PyBuSH greatly
increase the thermal stability of AuNP films.>® 1-Bu-
tanethiol and 1-octanethiol were included as comparators
with low thermal stability.

Scanning electron microscopy (SEM) was performed us-
ing a Zeiss Supra 55VP SEM operating at 20 keV for sam-
ples drop cast onto silicon wafer. Transmission electron
microscopy was conducted on a FEI Tecnai T20 TWIN mi-
croscope (LaBg) operating at 200 keV and fitted with a Ga-
tan 894 2k x 2k camera. All TEM samples were drop cast
from toluene onto lacy carbon grids.

Optical measurements. UV-visible spectroscopy was
performed using an Agilent Technologies Cary 6o UV-

Visible spectrophotometer for samples dissolved in tolu-
ene, and an Agilent Technologies Cary 7000 Universal
Measurement spectrophotometer for sample films on
glass. Transmission, reflection and absorption were calcu-
lated using the Maxwell-Garnett effective medium approx-
imation for a 30% volume fraction of gold spheres in air as
a 20 nm thick film on glass.

The reflectance spectra of thin films of AuNPs were
measured in situ in air whilst the temperature of the spec-
imens was increased. Suspensions of AuNPs in chloroform
were drop cast onto clear white glass slides. The apparatus
consisted of an Ocean Optics LS-1 tungsten halogen light
source and a USB-2000 Si photodiode array spectropho-
tometer with 5 mm diameter collimating and 25 mm diam-
eter collection lenses (Ocean Optics 84-UV-25), leading to
a 10 mm diameter sampling area. The light source and de-
tector were each positioned at 15° either side of normal in-
cidence to the sample. A sputtered aluminum reference
mirror was used for calibration of the spectrometer. The
sample was placed on a computer-controlled heating stage
within the spectrometer, allowing reflectance spectra to be
collected as the sample was heated at a rate of 10 °C min™
A LabVIEW program was used to synchronize sample heat-
ing and the collection of reflectance data. The reflectance
spectra were measured at 6 s intervals. The data were then
exported in a text format for post-processing and analysis.

Reflectance spectra were converted to CIE L*a*b* colors
using the appropriate ASTM standard.?® This scheme is
adapted to the sensitivity of the average human eye such
that a color distance of 1 unit is just detectable. L (lumi-
nance) indicates how bright the color is, a* parameterizes
the green to red components, and b* the blue to yellow
components. A coordinate of (0,0,0) is absolute black and
(100,100,100) is pure white. Bulk gold has an a* coordinate
of between 4 and 12 (depending on surface texture) while
b* is usually about 35 to 40. The conversion from CIE
L*a*b* to RGB and the colors appearing in the printed ver-
sion of this paper are approximate only.

X-ray diffraction experiments. X-ray diffraction
(XRD) studies on the OA@AuNPs were performed on the
Powder Diffraction beamline at the Australian Synchro-
tron. A wavelength of 0.5900 A was used, calibrated using
a LaBg standard. A Mythen strip detector with 0.004°ngu-
lar resolution was used. Samples were placed in 0.3 mm di-
ameter SiO, capillaries and spun in a Eurotherm hot air
blower and heated at 10 °C min™. Data were collected in
30 s segments with an intervening dead time of 12 s be-
tween segments due to the need to reposition the detector.
Peak parameters were extracted from selected reflections
by fitting a pseudoVoight peak onto a cubic background.
Instrumental broadening was established as a function of
20 using the LaBs standard and varied between o.01° at low
20 to 0.04° at 26=50°. Crystallite sizes and microstrain were
extracted using a Williamson-Hall analysis after subtract-
ing the instrumental broadening.



Results and Discussion

Table 1. AuNP characterization data.

Particle LSPR peak (nm)
Diameter (nm)
BT@AuNPs 2-5 -
OT@AuNPs 5 518
Py@AuNPs 2-6 530
OA@AuNPs 2-6 524

Characterization data for the AuNPs used in this work
are collected in Table 1. The synthesized BT@AuNPs were
2-5nm in diameter and as described in our previous
work.? 2227 The dark brown color of the colloid and the lack
of a plasmon peak in the visible region (Supporting Infor-
mation, Figure S1) are consistent with AuNPs on the size
threshold for the emergence of localized surface plasmon
resonance (LSPR).?® The OT@AuNPs were reasonably
monodisperse at ~5nm in diameter (Supporting Infor-
mation, Figure S2), with a plasmon resonance peak at
518 nm (Supporting Information, Figure S1). Py@AuNPs
were prepared by introducing PyBuSH to a solution con-
taining OA@AuNPs with no resultant change in particle
size (Supporting Information, Figure S3).

OA@AuUNPs were 2-6 nm in diameter,* (Supporting In-
formation, Figure S4a). Measurement of the particle sizes
from SEM images indicated that most of the particles were
about ~5nm in diameter and, as for OT@AuNPs and
Py@AuNPs, this included a contribution from the shell of
the stabilizing ligands. TEM images (Supporting Infor-
mation, Figure S3b were analyzed to provide a more accu-
rate measurement of the Au core and yielded an average
particle diameter of 3.3 nm (Supporting Information, Fig-
ure S3¢). These particles produced a deep red colloid and a
plasmon resonance peak at 524 nm (Supporting Infor-
mation, Figure S1).

Figure 2 shows in situ reflectance data for a film of
OT@AuNPs upon heating, both as a function of wave-
length (Figure 2a) and as a function of temperature (Figure
2b). The initial reflectance of the film was low, with a plas-
mon resonance peak at ~600 nm. This peak in the reflec-
tance represents only a small component of the LSPR of the
particles; a larger resonance peak would be observed if
measuring transmission or absorption (Figure Ss). The
plasmon resonance peak of AuNPs in the film is red-shifted
compared to that of the colloidal suspension (518 nm),
which is caused by complex electromagnetic interactions
between AuNPs that are in close proximity (but not touch-
ing).93 The spectra remained largely unchanged up to
~220 °C. Between 226 and 228 °C the reflectance rapidly in-
creased, particularly in the NIR region, indicating that the
film had rapidly percolated to become electrically conduc-
tive.® The resulting spectrum was similar to the reflectance
spectrum of bulk gold3* (Supporting Information, Figure

S6) but not as bright because the reflectance on the present
samples has a diffuse characteristic. It is clear that sinter-
ing had occurred. The reflectance spectra collected during
the heating of a film of BT@AuNPs (Supporting Infor-
mation, Figure S7) follow a very similar trend to those of
OT@AuNPs, but with the sharp increase in reflectance oc-
curring at a lower temperature of 160 °C, as expected for
AuNPs stabilized with a shorter alkanethiol.> 2> 33 The al-
kanethiol-stabilized AuNPs sinter too rapidly for any de-
tailed information on the optical properties and structural
changes that occur during the sintering process to be ac-
quired. A system with a more gradual onset of percolation
is required if details of the transient properties are desired.
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Figure 2. Raw reflectance data obtained from a film of
OT@AuNPs during heating: (a) as a function of wavelength
and (b) as a function of temperature.
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Figure 3. Raw reflectance spectra obtained from a film of Py@AuNPs during heating, separated into selected temperature ranges:

(a) 25-200 °C, (b) 250-335 °C, (c) 340-420 °C and (d) 430-460 °C.

Py@AuNPs have much greater thermal stability than
BT@AuNPs and OT@AuNPs, with a T as high as ~390
°C.> In addition, the sintering event occurs over a signifi-
cantly wider temperature range, on the order of ~100 °C.>°
The reflectance data collected while heating a film of
Py@AuNPs are shown in Figure 3 and Figure S10 of the Sup-
porting Information. A plasmon resonance peak was ini-
tially observed at ~600 nm (Figure 3a). The spectra re-
mained unchanged up to ~80 °C, then between 8o and
200 °C the reflectance of the plasmon peak significantly in-
creased and red-shifted to ~80oo nm (Figure 3a). Im-
portantly, this trend suggests that the Py@AuNPs are
coarsening (that is, the larger particles draw material from
the smaller particles, which is energetically favorable due
to the very high surface energy of the smaller particles)
without sintering. This is supported by the decreasing NIR
reflectance with increasing wavelength at 200 °C, which in-
dicates the film was not conductive.” The phenomenon of
gold nanoparticle coarsening and migration on solid sur-
faces has been described3+ 35 with both of these processes
observed at temperatures similar to those in the current
work. There was very little change in the spectra from 200

to 250 °C, but between 250 and 335 °C the reflectance of the
film significantly decreased across the spectrum (Figure
3b). This decrease is likely due to changes in the optical
properties of the PyBuSH stabilizer as it decomposes
(which occurs within this temperature range)* such as a
darkening of the color and roughening of the texture, caus-
ing less light to be reflected, which was observed during
the heating of a related compound, 1-pyrenebutanol (Py-
BuOH, Supporting Information, Figure Su). The NIR re-
flectance also increased at longer wavelengths between 250
and 335 °C (Figure 3b), suggesting that the gold crossed the
percolation threshold to become conductive, which is ex-
pected to coincide with the decomposition of the stabiliz-
ing compound. Between 340 and 420 °C, the reflectance of
the film greatly increased (Figure 3c) until the spectrum
resembled that of bulk gold, which is attributed to the re-
moval of the PyBuSH and its decomposition by-products
and the consequent development of the gold into a more
continuous film. Decreasing reflectance between 430 and
460 °C (Figure 3d) is attributed to the breaking up of the
gold film into discrete islands.3*
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Figure 4. Raw reflectance spectra obtained from a film of OA@AuNPs during heating, separated into selected temperature ranges:

(a) 23-80 °C, (b) 100-200 °C, (c) 200-340 °C and (d) 340-351 °C.

The reflectance data for a film of OA@AuNPs during
heating are shown in Figure 4 and Supporting Information,
Figure Sg. We have previously shown films of OA@AuNPs
to have a relatively high Tsg of ~320 °C.>° Reflectance at
23 °C (Figure 4a) was low and a plasmon resonance peak
was observed at ~546 nm, with an associated reflectance of
27%. Heating to 100 °C caused a slight decrease in the plas-
mon peak amplitude, consistent with literature describing
the temperature dependence of the LSPR of AuNPs.# 5
Heating from 100 to 200 °C (Figure 4b) resulted in a red-
shift of the plasmon peak and a more than doubling of its
reflectance, along with a broadening of the spectrum. We
attribute this change to coalescence of the AuNPs to form
various configurations containing fused particles.3” 3¢ Be-
tween 200 and 340 °C, the reflectance at wavelengths
longer than 630 nm increased incrementally as more parti-
cles coalesced, with the film becoming fully sintered (and
thus, conductive) by 320°C (Figure 4c). The gradual

change in reflectance is consistent with our reported elec-
trical resistance data> for OA@AuNPs where the change in
resistance decreases gradually in the temperature range
~260-350 °C with the maximum rate of change at ~320 °C.
Upon heating the film above 340 °C, a decrease in reflec-
tance across the whole spectrum was observed (Figure 4d).

Analysis of the particle film by SEM (Figure sb) reveals
the changes to the particle structure that correspond to the
changes in optical properties (Figure 5c). Each SEM image
in Figure 5 corresponds to a different specimen heated to
the desired temperature before measurement. The speci-
men shown in Figure 5b at 25 °C has a lower coverage of
AuNPs. At 25 °C, the OA@AuNPs were at their original size
and shape (~5 nm diameter and spherical). By 135 °C the
AuNPs began to coarsen, increasing in diameter to ~15—
20 nm and the particles maintained a spherical shape; this
corresponds to the increased reflectance measured at this
temperature. Upon heating to 173 °C, the particles became



significantly larger in diameter and a number of different
shapes (for example rods, hexagons, triangles) can be ob-
served. The corresponding reflectance spectrum indicates
that this film was not electrically conductive and thus the
particles were still insulated from each other. The increas-
ing degree of polydispersity causes a broadening of the
plasmon resonance peak. At 295 °C the particles were only
slightly larger than at 173 °C and with the same type of
shapes present, though lower magnification SEM images
show the development of microstructures in the film (Sup-
porting Information, Figure Sg). The significant increase in
the NIR reflectance at 295 °C shows that the film is very
close to the electrical percolation threshold.” At 472 °C,
large islands of sintered gold are evident. The process of
island formation (de-wetting) upon the annealing of thin
metallic films has been examined in the literature,3° and is
driven by the kinetic process of surface energy minimiza-

25°C 135°C
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tion.3 This breaking apart of the gold film into islands ac-
counts for the measured decrease in reflectance across the
spectrum after heating beyond 340 °C (Figure 4d).

The color changes associated with the various stages of
heating may be visualized within the framework of the
widely used CIE L*a*b* color coordinates (Figure 5d). Gen-
erally, the development of the optical properties, and
hence colors, during sintering depends on the thickness of
the film. Sufficiently thick films evolve from the tarnished
brass color of the nanoparticle composite to the bright yel-
low of bulk gold with a strong increase in luminance, as
seen in the first half of the color strip in Figure 5d. How-
ever, after prolonged heating the film will break up into is-
lands and the reflectance decreases again, indicated by a
drop in the value of L, which can be seen as a darkening of
the color in the second half of Figure 5d.
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Figure 5. Particle structure and corresponding optical properties for films of OA@AuNPs heated from room temperature
(left) to temperatures up to 472 °C (right): (a) illustrations showing particle morphology, (b) SEM images of the AuNP films
after heating to each temperature, (c) optical reflectance spectra collected in situ (at temperature) for the films shown in
(b), and (d) RGB colors recovered from the reflectance spectra of the film heated from room temperature to 472 °C using

standard tables for CIE XYZ and CIE L*a*b*.
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Figure 6. In situ synchrotron XRD data for heated OA@AuUNPs (a) iso-intensity map showing formation of strongly crystalline
peaks starting at ~230 °C, (b) variation of height and FWHM of the Au (1) peak, (c) variation of microstrain and stacking fault
density, (d) crystallite sizes obtained from Scherrer analysis of the (111) peak, from a full Williamson-Hall (W-H) analysis, and the

particle size determined by SEM.

Changes to particle structure upon heating were ana-
lyzed using in situ synchrotron X-ray powder diffraction.
Figure 6a shows the development of the diffraction pat-
terns in the form of an intensity map. The increase in the
height and simultaneous decrease in width of the Au (111)
peak is shown in Figure 6b (peak area is not shown as ex-
traction of it was imprecise at the lower temperatures be-
cause of the acute sensitivity of such calculations to back-
ground noise and nature of analytical equation used.) The
data show that the material recrystallized over the temper-
ature range 240 to 360 °C. The crystallite size, microstrain
and stacking fault density were extracted from the XRD
data and are plotted in Figure 6c¢&d. In Figure 6d the aver-
age of the Scherrer size estimated from the (1) peak is
plotted alongside a crystallite size estimated from a Wil-
liamson-Hall analysis of eight peaks. The XRD data indi-
cate that the crystallites are of the order of 4-5 nm in size
at the start of the heat treatment, in excellent agreement
with the TEM results. In contrast, however, after the nano-
particles were raised to elevated temperature and then ex-
amined ex situ in SEM, the particle size becomes much
larger than the crystallite size provided by XRD (the SEM

estimate of particle size obtained at 174 °C is also shown in
Figure 6d). We account this by noting that individual par-
ticles crystallized into more than one grain in many in-
stances, either as separate crystals separated by a grain
boundary, or as twins. This factor would produce an XRD
crystallite size that is smaller than the physical particle
size.

The XRD data for 3-4 nm diameter OA@AuNPs were
collected from samples on a linear temperature ramp and
so they cannot be directly compared to those obtained by
Ingham et al.4° using isothermal heat treatments applied to
10-12 nm diameter OA@AuNPs. However, in both cases
very little change occurred up to about 170 °C, after which
stacking faults began to anneal out. Our starting stacking
fault density of about 0.05 is more than twice as high as the
0.02 reported by Ingham et al, which is not unexpected
considering that our nanoparticles were less than half the
diameter and hence considerably more faulted. This latter
aspect is also reflected in the microstrain of about 0.005 to
o.01 of our OA@AuUNPs, which is high and much greater
than the yield strain of annealed gold (E =79 GPa,
oy ~ 75 MPa, therefore & ~ 0.001). This is the consequence
of the fact that the crystalline lattice of these nanoparticles



is quite distorted relative to that of bulk gold. The interpar-
ticle scattering peak can also be observed in the X-ray pat-
tern because it generates a low peak at a 26 of about 1.85°
but, due to this being at the limit of the instrument’s range,
no quantitative analysis was attempted. This peak disap-
pears at 220-230 °C, suggesting that electrical percolation
begins at this temperature.

Conclusions

Reflectance measurements of films of OA@AuNPs
showed a gradual but significant red-shift in the LSPR peak
wavelength and a more than doubling of its reflectance be-
tween 100 and 200 °C, which indicates a process of nano-
particle coarsening prior to sintering. This coarsening was
confirmed by electron microscopy and XRD analyses,
which revealed both an increase in particle size and a
change in particle shape from spherical to a range of shapes
such as rods, hexagons and triangles. Heating to 300 °C led
to a change in the reflectance spectrum to resemble that of
bulk gold as the particles sintered and the film became
electrically conductive. Continued heating caused the film
to undergo surface tension-driven island formation, result-
ing in a decrease in reflectance. Reflectance measurements
of films of Py@AuNPs displayed similar characteristics to
those of OA@AuNPs, though with some possible interfer-
ence from the decomposition byproducts of the stabilizer.
The dramatic changes in optical properties of these AuNP
films over such a wide temperature range make them
promising candidates as sensing materials in thermal his-
tory indicators.

The observations reported here were possible because of
the sintering characteristics of the selected nanoparticles,
which in turn are determined by the stabilizing ligands.
AuNPs stabilized with 1-butanethiol or 1-octanethiol sinter
very rapidly, which was measured here as sharp transition
in the reflectance spectrum from that of a dark film of na-
noparticles to a spectrum similar to that of bulk gold. In
contrast, the sintering of AuNPs stabilized with PyBuSH or
oleylamine proceeded much more gradually than the al-
kanethiol-stabilized AuNPs, and at a higher temperature,
allowing the transitions to be studied in detail.
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Supporting Information. UV-visible spectra, SEM and TEM
micrographs, histogram of particle sizes for OA@AuNPs, pho-
tographs showing decomposition of PyBuOH. This material is
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Heating from 25 °C to 470 °C

Change in film'color.




