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ABSTRACT

The thermal behaviour of ligand-stabilised gold nanoparticles (AuNPs) is an
important consideration when using these materials to form gold films via sin-
tering. AuNPs stabilised with butanethiol and hexadecanethiol ligands displayed
quite different properties upon heating up to their sintering temperatures. Films
of AuNPs bearing the longer chain stabilising ligand hexadecanethiol become
liquids at 56 °C. This temperature corresponds to the melting point of dihexadecyl
disulfide, a known product that forms when such AuNPs are heated. No liquid
phase was observed for butanethiol-stabilised AuNPs at any temperature. Films
of the hexadecanethiol-stabilised AuNPs had high resistances (> 100 MQ) at room
temperature and the short-chain butanethiol-stabilised AuNPs had resistances
in the k() range. Small-angle X-ray scattering data showed that the butanethiol-
stabilised AuNPs begin to coarsen at ~ 140 °C whilst the hexadecanethiol particles
began to coarsen ~ 90 °C.
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1 Introduction

The sintering of gold nanoparticles (AuNPs) is a con-
venient technique for the formation of electrically con-
ductive gold films and additively manufactured gold-
based materials and devices [1-3]. Sintering involves
the coalescence of particles at temperatures below their
melting point, which in the case of bulk gold is 1064
°C [4]. The AuNPs can be formulated as printable inks
that can be printed using either contact or non-con-
tact printing techniques, and then sintered at moder-
ate temperatures (usually around 200 °C) to form the
desired gold structures [1, 5, 6]. Prior to sintering, the
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AuNPs must be stabilised to prevent unwanted aggre-
gation or coalescence, which would otherwise render
printable inks unusable. A number of stabilisers have
been investigated including ionic compounds (e.g. cit-
rate) [7, 8], polymers (e.g. polyvinyl pyrrole) [9], and
of particular relevance to this work, thiol compounds
[10].

Thiol-protected AuNPs have shown to be accessible,
reproducible, stable and have a large range of tuneable
sintering temperatures [11-17]. The interaction of the
sulfur atoms with the gold surface may be described as
a thiyl-gold species (where thiyl is the SR radical spe-
cies). That is, the thiol (H-SR) species is deprotonated
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upon binding to the gold surface. From studies of self-
assembled monolayers, an equilibrium was described
between gold surface-bound thiyl species and the
corresponding unbound disulfide compounds (RS-
SR) [18]. Thus, upon sintering, the stabilising ligands
are released as the disulfide species, with the volatil-
ity of the disulfide influencing the temperature of the
sintering event (Tsg) [15]. However, the properties of
such thiol-stabilised AuNPs have been less studied in
the temperature range immediately prior to and dur-
ing the sintering transition [19]. For amine-stabilised
AuNPs, coarsening behaviour prior to sintering has
been reported at temperatures approaching the Tgg
(by observation of optical properties and scanning
electron microscopy (SEM)) [20]. Here we exam-
ine the behaviour of thiol-stabilised AuNPs (using a
short- and long-chain stabilising alkanethiol) in the
temperature regime from room temperature to sinter-
ing using SEM, in situ synchrotron small-angle X-ray
scattering (SAXS) techniques, and electrical resistance
measurements. The electronic conductivity of films of
alkanethiol stabilised AuNPs offers insights into their
structures. Between individual NPs, the conductivity
has been shown to occur due to electron tunnelling
between the gold cores via the alkanethiolate chains
[21]. Previously, the electrical conductivity for films
of gold nanoparticles was observed to increase irre-
versibly upon heating to temperatures below those of
Tsg and the activation energies were found to change
dramatically following a single heating cycle [22].

We build upon our previous investigations that
demonstrated the effect of the volatility of dialkyl
disulfide compounds that form during heating on the
sintering behaviour of thiol-stabilised AuNPs [12, 15,
23]. Here, we use electrical resistance measurements,
SAXS and SEM to examine thiol-stabilised AuNPs at
temperatures from room temperature up to their Tgg
to better understand the processes that lead from the
nanoscale to macroscale gold films.

2 Experimental

1-Butanethiol, 1-hexadecanethiol, tetraoctylammo-
nium bromide, sodium borohydride, and metha-
nol were purchased from Sigma-Aldrich and used
as received. Toluene (ChemSupply Australia) and
chloroform (Rowe Scientific) were used as received.
Tetrachloroauric acid [24], butanethiol AuNPs (BT@
AuNPs), and hexadecanethiol AuNPs (HDT@AuNPs)
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were prepared using literature procedures [25]. The
AuNPs were characterised by SEM, transmission
electron microscopes (TEM), and ultraviolet-visible
(UV-vis) absorption spectroscopy.

Resistance measurements of AuNPs suspensions
of BT@AuNPs in chloroform (10 mg/ml) were drop
cast onto DropSens (Metrohm) interdigitated gold
electrodes forming films of AuNPs, which were then
heated using a modified Linkam THMS600 temper-
ature control stage as described previously [15]. A
heating rate of 10 °C min! from room temperature
to 250 °C was used. A Rigol DM3068 digital mul-
timeter with a maximum resistance measurement
capability of 100 M(Q) was used to measure electrode
resistances. A LabView program was used to acquire
the temperature and electrical resistance data. SEM
was performed at facilities at Western Sydney Uni-
versity, Australia. A Zeiss Merlin field emission gun
scanning electron microscope (FEGSEM) was utilised
for imaging samples prepared on stubs. The FEG-
SEM was operated at 10 kV accelerating voltage in
Hivac mode at a working distance of approximately
3 mm. Both secondary and in-lens secondary detec-
tors were utilised for imaging. TEM images were
taken using a JEOL JEM-F200 FE-TEM operating at
200 kV and fitted with a Gatan Rio 1816 —4 k x 4 k
camera. The TEM samples were prepared by evapo-
rating diluted nanoparticle solution on the carbon-
coated copper grid. The images were analysed using
Image] software (https://imagej.nih.gov/ij/). UV-Vis
spectra were recorded on an Agilent Cary 60 spec-
trophotometer. Samples were prepared in a quartz
cuvette by dispersing ~ 0.4 mg of AuNP sample in
toluene (8 mL). Variable temperature SAXS measure-
ments were performed at the Australian Synchrotron
using the SAXS/WAXS undulator source. Powders
of AuNPs were placed in S5iO, capillaries. The sam-
ples were exposed to 8 x 10'? photons per second at
an X-ray energy of 11.5 keV, and scattered X-rays
were detected using a Pilatus 1M detector with active
area of 170 mm x 170 mm at a distance of 1400 mm.
Detector images were acquired at a scan rate of 10
Hz and averaged to yield one frame for every ~ 1
°C in temperature between 30 °C to either 160 °C or
230 °C. Detector images were corrected using Scat-
terBrain IDL and q vs T plots were prepared using
Python3. Data was not quantitatively assessed as
the aggregation state of the particles could not be
accurately determined, data up until formation of the
liquid phase corresponds to diffraction rather than
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scattering from a solution, and upon formation of
liquid phase the concentration was variable.

3 Results and discussion
3.1 Synthesis

BT@AuNPs and HDT@AuNPs were synthesised using
the two-phase Brust-Schriffrin method [25] and had
diameters of 3.1 (£ 0.9) nm and 3.5 (+ 1.7) nm, respec-
tively, (measured using TEM, Fig. S1). The UV-visible
spectra of the nanoparticles (Fig. S2) contain shoulders
at~517 nm (BT@AuNPs) and ~ 512 nm (HDT@AuNPs),
which is consistent with AuNPs with diameters pre-
vious reports [26, 27]. Importantly, no unbound thiol
was detected in the '"H NMR spectra of the synthesised
AuNPs.

3.2 Scanning electron microscopy

Representative SEM images of films of BT@AuNPs on
silicon wafer are shown in Fig. 1. Unheated films are
comprised of AuNPs that are uniform in size (within
the resolution of the instrument), Fig. 1a, b. Images of
films that have been heated to 100 °C reveal AuNPs of
similar size to the unheated particles, Fig. 1c, d. After
heating to 150°C, coarsening of the AuNPs is apparent
but no sintering occurs at this temperature, Fig. 1e, f.
Figure 2 shows SEM images of HDT@AuNPs that have
been heated to various temperatures. Unheated films
contain AuNPs in a uniform layer, Fig. 2a, b, and are
similar in appearance to those of BT@AuNDPs.

In contrast, films of HDT@AuNPs heated to 100
and 150 °C contain deposits of a crystalline material
that obscure the AuNPs, Fig. 2c—f. We have previ-
ously shown experimentally that HDT@AuNPs release
exclusively dihexadecyl disulfide upon heating [15].
We attribute the deposits observed in the SEM images
to increased formation of dihexadecyl disulfide upon
heating, which melts at ~ 56 °C [15] and subsequently
solidifies upon cooling to room temperature prior to
imaging.

Upon heating to 200 °C, Fig. 2g, h, coalesced gold
material is evident, and the organic material observed
in Fig. 2c—f is absent. Previous thermogravimet-
ric analysis [15] showed that dihexadecyl disulfide
undergoes mass loss at 200°C, and so over the heating
period of 2 h, organic material is removed from the
surface. In the case of BT@AuNPs, the formed dibutyl
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disulfide has significantly greater volatility [15], and
thus evaporates during heating as well as during SEM
imaging (in the high vacuum environment) to leave no
observable residue upon cooling to room temperature.

In general, the released dihexadecyl disulfide from
HDT@AuNPs results in a layer of organic material on
the AuNPs that increases with temperature until ~ 150
°C, whereas the more volatile dibutyl disulfide from
BT@AuNPs is removed rapidly from the vicinity of the
gold surfaces. Thus, the BT@ AuNPs could be imaged
at each intermediate temperature, with no coarsen-
ing evident until temperatures >100 °C. Importantly,
during these experiments only a small proportion of
the total ligand concentration has been removed. If
otherwise, the AuNPs would have sintered [15]. We
note that variable temperature TEM experiments
were not conducive to coarsening investigations due
to the requirement of a very low density of particles
for imaging.

Resistance measurements of gold nanoparticle
films. The electrical resistance of solid films of thiol-
stabilised AuNPs is dependent on electron tunnelling
between the gold cores via the alkanethiyl ligands [21].
The technique is therefore useful to probe changes in
interparticle distances in the temperature range that
precedes sintering, whereupon the resistance is simi-
lar to that of bulk gold after sintering. Small changes
in core size (1.6 nm vs. 2.2 nm diameters) have rela-
tively minor effects on conductivity but increased thiol
ligand carbon chain length correlates with decreased
conductivity [21]. Dropcast BT@ AuNP films had resist-
ances in the range of 3-4 MQ when maintained at 24
°C, which were stable for at least 10 h (see Fig. S3). In
contrast, the resistances of dropcast HDT@AuNP films
were outside the range of our instrumentation (> 100
MQ) at 24 °C. The increased resistances of AuNPs
bearing longer chain stabilising groups has been inves-
tigated by others [21, 28, 29] and is a consequence of
electrons having to tunnel over greater distances.

Upon increasing the temperature to 100 °C, the
resistance of BT@AuNPs decreased by several orders
of magnitude (from 3-4 MQ range to 40-50 kQ),
Fig. 3b and Fig. 54, where it remained stable for at least
5 h (Fig. 53). The HDT@AuNP films also exhibit a drop
in resistance upon heating to 100 °C with the resistance
changing from off-scale to ~ 80 MQ), Fig. 3a. In contrast
to the BT@AuNDPs, we observed that the HDT@AuNTP
films become molten at~56 °C. This phenomenon
has been investigated previously using differential
scanning calorimetry [30]. Alkylthiolate-stabilised
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Fig. 1 SEM images
(obtained at 21°C) of BT@
AuNPs after exposure to the
following temperatures for 2
h: a, b room temperature; c,
d 100 °C; e, £ 150 °C

AuNPs with carbon chain lengths of 12-20 displayed
phase transitions at temperatures similar to those
observed here and with enthalpies that increased
with increasing chain lengths [29-31]. A melting event
was associated with the interdigitation of CH, units
located ~ 10-12 units from the Au core [31]. In light of
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more recent findings [15], we propose that the transi-
tion to liquid phase is a consequence of the melting
of the corresponding dialkyl disulfide that has been
released from the NP surface. We also note that a small
increase in resistance (from ~ 70 to ~ 90 MQ) over 6 h
was observed for the HDT@AuNPs and is attributed to
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Fig. 2 SEM images
(obtained at 21°) of HDT @
AuNPs after exposure to the
following temperatures for 2
h: a, b room temperature; c,
d 100 °C; e, £150°C; g, h
200 °C
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Fig. 3 Graph showing the resistances (raw data) of thiol-sta-
bilised AuNPs during heating over a period of ten minutes. a
HDT@AuNP film. The dotted trace for time up to 3.5 min indi-
cates that the resistance was out of the range of the instrument
(>100 MQ). b BT@AuNP film. The small fluctuations up to
Time =two minutes are typical of measurements of AuNPs using
this apparatus [11-16]. ¢ The temperature ramp used during the
10 min heating period

the fluid film expanding and thinning across the elec-
trode surface, which was visually observed to occur.
Upon cooling the films from 100°C to room tem-
perature, the resistances of films of BT@ AuNPs did not
return to the original MQ range but increased to ~ 20
kQ (Fig. S4) and remained stable for several hours.
Re-heating the AuNP films to 180°C induced sinter-
ing at a temperature similar to that of BT@AuNP films
heated directly from room temperature (Tsg ~ 180 °C).
Our experiments indicate that changes to the AuNP
film that occur upon heating to do not influence the
eventual sintering process but nor do the films return
to their original as-formed state, an idea proposed by
others based on optical measurements [22]. This phe-
nomenon may have electronic applications as many
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AuNPs films are hindered by very high resistances at
RT.

The resistance of HDT@AuNP films also increased
upon cooling from 100°C to room temperature to a
value that was, again, out of range of our instruments
(Fig. S4), and was associated with the solidification of
the films at ~ 56 °C. Re-heating to ~ 210 °C induced sin-
tering of the HDT@AuNPs at a similar temperature to
that observed for films of HDT@AuNPs heated directly
(Tsg ~ 220 °C). We note that this type of behaviour
has been reported previously [22] and it was specu-
lated that a chemical change occurred on the particle
surface.

Importantly, the resistance data shows decreases
in resistance at temperatures corresponding to an
increase in the gold particle size (as shown in SAXS
data below). This observation suggests a shift in con-
ductance mechanism from tunnelling (common in
smaller particles) towards bulk conductance as the
effective cross section of conductive gold increases
[15, 21].

Small-angle X-ray Scattering. AuNPs have been
previously investigated using SAXS to probe suspen-
sions of AuNPs in a variety of solvents [32-35]. Here
we present data acquired using variable-temperature
synchrotron SAXS experiments on AuNP powders
heated at 3 °C min'. The size of scattering elements
probed was between 1 and 9 nm.

The g dependence versus temperature for BT@
AuNPs, Fig. 4, shows a single constant diffraction
band at §=0.2 A™}, corresponding to an average
spherical particle diameter of 31 A (or 3.1 nm), which
is in agreement with the measured size obtained using
TEM (Fig. S1). The presence of a single band at 4=0.2
A1 suggests that the dispersion of the particle sizes
is low. The BT@AuNPS scattering band is present
with no measurable changes in intensity of FWHM
until ~ 125 °C. From 125 to 140 °C, the band decreases
in intensity with an associated increase in scattering
from species at 4<0.1 A™!, which indicates a coars-
ening of the BT@AuNPS. Above 140 °C, all scattering
signals disappear, which we attribute to the forma-
tion of particles (or aggregates of particles) >9 nm in
diameter, which subsequently scatter at angles beyond
the measurable range of the instrument. As the experi-
ment temperature is less than Tg; for BT@ AuNPs, the
variable temperature SAXS clearly demonstrate the
thermal stability until ~ 125 °C, at which point they
coarsen into larger particles or aggregates of particles
of >9 nm in diameter. This observation is in agreement
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Fig. 4 Iso-intensity map of
SAXS data for BT@ AuNPs
heated from 30 to 165 °C at
3 °C/min

with previous studies showing an increase in the sizes
of AuNPs prior to the sintering event [20] as well as the
SEM observations discussed above.

For HDT@AuNPS, the scattering behaviour, Fig. 5,
is different to that observed for the BT@AuNPs. At
room temperature, two low intensity diffraction bands
are present at g range of 0.19-0.1 A™! indicating a dis-
perse mixture of 3.5-6 nm scattering elements. The
distributions of these scatterers merge into a single
band at 4=0.12 by ~ 40 °C, suggesting a slight coars-
ening of the HDT@AuNP:s to a size of 5.2 nm. In the

Fig. 5 Heat map of SAXS 0.6
data for HDT @ AuNPs

heated from 30 to 165 °C at

3 °C/min 0.5

0.1
4

50 75
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region where the surface disulfide layer melts (~ 50
°C) the ~5 nm scatterers remain stable until 90 °C as
indicated by diffraction bands with equal intensities
between ~ 50 and ~ 90 °C. There is a sharp decrease in
intensity between 90 and 110 °C and almost no inten-
sity until ~ 160 °C, where very small amounts of scat-
tering are observed at 4 <0.1 indicating the presence
of larger coarsened AuNPs, similar to those observed
in BT@AuNPs. By 225 °C (close to the Tgp), all particles
are larger than the g limit of the experiment. Beyond
the Tgg, a featureless region is observed. We propose
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that the lack of diffraction between 110 and 160 °C is
attributed to the formation of the liquid films whereby
the particles are scattering in a fashion more like a
solution (rather than diffraction from a solid AuNPs
film). Instead, a low intensity featureless dispersion is
observed until ~ 160 °C. At 160 °C, an increased inten-
sity of scattering from species at < 0.1 A™ is observed,
attributable to the coarsening of the HDT@AuNPs to
form scattering species >9 nm in diameter. That is, suf-
ficient dihexadecyl disulfide is formed from the sur-
face of AuNPs to give a dispersion of HDT@AuNPs
in dihexadecyl disulfide, from which the suspended
HDT@AuNPs coarsen.

4 Conclusion

Films of AuNPs stabilised with butanethiol and hexa-
decanethiol ligands displayed quite different proper-
ties upon heating up to their sintering temperatures.
Films of HDT@AuNPs, which form non-volatile dihex-
adecyl disulfide upon heating, become liquid at 56 °C.
This temperature corresponds to the melting point of
dihexadecyl disulfide. In contrast, no liquid phase
was observed for BT@AuNPs at any temperature.
The stabilising ligands also had a significant influ-
ence on the electrical resistances of the AuNP films.
The longer HDT ligands imparted resistances of > 100
MQ at room temperature whilst BT@ AuNP films had
resistances in the k() range. Upon heating, both types
of films showed a decrease in resistance. In the case
of BT@AuNP films, the resistance did not return to
that of the as-formed films. SAXS data showed that
the BT@AuNPs do not coarsen until ~ 140 °C whilst
HDT@AuNPs underwent changes at lower tempera-
tures (~ 90 °C) that we ascribe to the liquid phase in
which the particles were embedded.
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