
  

 

ARTICLE 

  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

 

 

The fate of organic species upon sintering of thiol-stabilized gold 
nanoparticles under different atmospheric conditions  
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Understanding and controlling the sintering behavior of gold nanoparticles is important for applications such as printed 

electronics, catalysis and sensing that utilize these materials. Here we examine the processes by which thiol-protected gold 

nanoparticles thermally sinter under a variety of atmospheres. We find that upon sintering, the surface-bound thiyl ligands 

exclusively form the corresponding disulfide species when released from the gold surface. Experiments conducted using air, 

hydrogen, nitrogen, or argon atmospheres revealed no significant differences between the temperatures of the sintering 

event nor on the composition of released organic species. When conducted under high vacuum, the sintering event occurred 

at lower temperatures compared to ambient pressures in cases where the resulting disulfide had relatively high volatility 

(dibutyl disulfide). Hexadecylthiol-stabilized particles exhibited no significant differences in the temperatures of the sintering 

event under ambient pressures compared to high vacuum conditions. We attribute this to the relatively low volatility of the 

resultant dihexadecyl disulfide product.

Introduction 

Gold nanoparticles (AuNPs) have attracted significant attention 

due to their unique properties and diverse applications.1, 2 

AuNPs may be sintered to form continuous, electrically 

conducting gold films at moderate to low temperatures.3, 4 In 

contrast, for many sensing and catalysis applications it is crucial 

to prevent sintering and thereby maintain the size and shape of 

the nanoparticles.5-7 Understanding the mechanism of the 

sintering process as well as the influence of atmosphere and 

ligands on the thermal stability of AuNPs can provide strategies 

to prevent, control or induce sintering for various applications 

such as sensors, radio frequency identification tags and in 

bioimaging.8-10  

Sintering may be defined as “temperature-induced coalescence 

and densification of porous solid particles below the melting 

points of their major components”11 and for AuNPs with 

diameters >1.5 nm, the temperatures applied to induce 

sintering are generally significantly lower than the NP melting 

points.12 However, a thin molten surface layer between actively 

coalescing particles has been described.13 Coalescence (the 

disappearance of the boundaries between particles) of organic 

molecule-stabilised AuNPs generally starts with contact 

between the NPs and subsequent neck formation.14 As the 

surface area of the merging nanoparticles decreases, surface 

energy is transformed into thermal energy, thus increasing the 

temperature of the particles.15, 16  

There remains considerable debate about whether stabilising 

ligands should first be released from the gold surface17-19 or if 

sintering can proceed with the surface layer intact.20-23 

Although the thermal stability and desorption of thiol-based 

monolayers on flat gold surfaces has been reasonably well 

investigated, few reports have examined this behaviour on the 

surfaces of AuNPs.24-30 Such knowledge is important as the 

desorption behaviour directly affects the sintering 

temperatures of AuNPs.31 In the context of self-assembled 

monolayers (SAMs), Reimers et al. describe an equilibrium 

between surface-bound thiyl species (that is, Au(0)-˙SR species 

bonded via strong van der Waals attractions, polarization 

effects and s–d hybridization) and unbound disulfide 

compounds.32 This model improves upon the more classical 

Au(I)-thiolate model for Au-SR compounds (such AuNPs). 

Considering the model of Reimers et al, one might predict that 

species of the type RS-SR might predominate when released 

from gold surfaces. Desorption studies on SAMs using 

hexanethiol on Au(111) under high vacuum at room 

temperature support this equilibrium model29 and the disulfide 

derived from the stabilising thiol has been found to be the major 

species desorbed from SAMs on gold surfaces upon heating 

under particular conditions.33  
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Fig. 1 Schematic depicting the removal of short (a) and long (b) chain thiyl bound ligands 

from the surface of gold nanoparticles under ambient pressures. Initially, an equilibrium 

exists between bound thiyl and disulfide. (a) Short chain butanethiyl produces volatile 

dibutyl disulfide that leave the vicinity of the particle surface at moderate temperatures. 

(b) Long chained hexadecanethiyl ligands produce dihexadecyl disulfide with relatively 

low volatility that leave the surface at significantly higher temperatures.  

In gold clusters stabilized using thiols, Au-S bonds can be 

cleaved at temperatures where the ligands remain in the 

vicinity of the particle prior to the sintering event.34 Smith and 

Hutchison provided evidence that disulfide compounds (formed  

from the stabilising thiol compound) exist on the surface of 

AuNPs at room temperature and that their concentration 

increased upon heating.35 Disulfide species have also been 

identified in the ligand shell of thiolate-stabilised Au130 

clusters.36 These observations are not inconsistent with the 

concept of an equilibrium between bound thiyl and disulfide 

species. We hypothesized that such an equilibrium would be 

disrupted when the disulfide leaves the vicinity of the particle 

surface, which will be a function of the disulfide volatility. 

Ligands have a significant role in the stability of AuNPs, with 

longer chain alkanethiol ligands (thus lower volatility) generally 

exhibiting a greater temperature of the sintering event (TSE) 

compared to shorter chain (higher volatility) ligands.9, 31, 35, 37, 38 

Here we show that the sintering of thiol-stabilized AuNPs is 

critically controlled by the equilibrium between thiyl and 

disulfide species and describe the influence of ligand volatility 

and atmosphere (Fig. 1). We explore the sintering of thiol-

stabilized AuNPs using 1H nuclear magnetic resonance 

spectroscopy, themogravimetric analysis, differential scanning 

calorimetry, electrical conductivity measurements, and mass 

spectrometry to elucidate the processes that occur under 

different atmospheric conditions during the thermal sintering 

event, and examine the nature of the residual material upon 

sintering. These findings shed new light on the processes 

involved in sintering alkanethiol-stablized AuNPs. 

Experimental 

General 

1-Butanethiol (Sigma-Aldrich), 1-hexadecanethiol (Fluka), and 

deuterated chloroform (CDCl3) were used as received. 

Tetrachloroauric acid39, butanethiol-capped AuNPs 

(BT@AuNPs), and hexadecanethiol-capped AuNPS 

(HDT@AuNPs) were prepared using literature procedures.40 

Dihexadecyl disulfide and dibutyl disulfide were synthesised 

using literature procedures.33 Proton nuclear magnetic 

resonance (1H NMR) spectra were recorded using an Agilent 

NMR spectrometer operating at 500.13 MHz (CDCl3, δ7.26). 

Themogravimetric analysis-mass spectroscopy (TGA-MS) 

analysis was performed using a Netzsch STA 449 F5 Jupiter TGA 

instrument coupled to an Agilent 5977B mass spectrometer. 

The heating rate was 10 °C min-1 under a 30:70 helium: air gas 

flow rate of 50 ml/min, using 5-6 mg of the sample in an alumina 

oxide crucible. Themogravimetric analysis (TGA) was performed 

using a TA Instruments SDT Q600 with a heating rate of 10 °C 

min-1 under an air atmosphere and flow rate of 50 ml/min with 

5-6 mg of sample used. Differential scanning calorimetry (DSC) 

was completed using a TA Instruments Q2000 with a heating 

rate of 10 °C min-1. Samples were prepared in air in a Tzero pan 

with Tzero hermetic lid, which could be punctured using a steel 

pin. 

Transmission electron microscopy (TEM) images were taken 

using a FEI Tecnai T20 TWIN microscope (LaB6) operating at 200 

keV and fitted with a Gatan 894 2k x 2k camera. The TEM 

samples were prepared by evaporating diluted nanoparticle 

solution on the carbon-coated copper grid. The images were 

analysed using ImageJ software (https://imagej.nih.gov/ij/). 

Scanning electron microscopy (SEM) was performed at facilities 

at Western Sydney University. A Zeiss Merlin field emission gun 

scanning electron microscope (FEGSEM) was utilised for 

imaging samples prepared on stubs. The FEGSEM was operated  

at 20kV accelerating voltage in Hivac mode at a working 

distance of approximately 3 mm. Both secondary and in-lens 

secondary detectors were utilised for imaging. 

Resistance measurements of AuNP films 

Films of AuNPs were formed by drop casting 10 mg/mL 

suspensions of AuNPs in chloroform onto DropSens (Metrohm) 

interdigitated gold electrodes and heated within a modified 

Linkam THMS600 temperature control stage. A heating rate of 

10 °C min-1 from room temperature to 350 °C was maintained 

using a Linkam TMS 94 controller. The temperature was 

measured using a Rigol DM3058E digital multimeter and a 

PT100 (RS PRO) RTD sensor, 2mm x 5mm Class B thermocouple 

placed within 2 mm of the gold electrodes and held in contact 

with the heating block surface using a small clamp. We note that 

temperature measurements using a thermocouple in vacuo can 

be problematic and so data were verified using certified melting 

standards (acetanilide, saccharin, dicyandiamide, benzanilide, 

acetaminosalol, phenacetin, benzil, azobenzene and benzoic 

acid).  

Electrical resistance was measured with a Rigol DM3068 digital 

multimeter (maximum resistance of 100 MΩ). A LabView 

program was used to interface with and control the 

multimeters, and to acquire the temperature and electrical 

resistance. The flow rate of gases was controlled using an Apex 

mass flow controller with a rate of 25 ml/min. High vacuum 

measurements were recorded using a highly modified Linkam 

heating stage mounted within a purpose-built vacuum chamber 

operating at ~8 x 10-6 mbar. Data were analysed using Jamovi 

software (https://www.jamovi.org/) with Kruskal-Wallis One- 
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Fig. 2 Representative resistance data obtained from films of BT@AuNPs and 

HDT@AuNPs during heating in air. 

Way ANOVA (non-parametic) and Dwass-Steel-Critchlow-

Fligner pairwise comparisons to calculate p-values. 

Analysis of heated AuNPs 

AuNPs were heated in gastight conical reaction vials to 300 °C 

under atmospheres of air, nitrogen or hydrogen. The organic 

residues were collected by rinsing the interior of the cooled vials 

with deuterated chloroform and then filtering through cellulose 

fibre (Kimwipe) to remove elemental gold. The resultant 

solutions were analysed using 1H NMR spectroscopy. 

Results and Discussion 

AuNPs were synthesized using variations of the two-phase 

Brust-Schiffrin method.32 BT@AuNPs (synthesized using 1-

butanethiol as stabilising ligand) had diameters of 3.2 (± 0.1) nm 

(measured using TEM, Fig. S1). HDT@AuNPs (synthesized using 

1- hexadecanethiol as stabilising ligand) had diameters of 2.7 (± 

0.05) nm (Fig. S1). The 1H NMR spectra of BT@AuNPs and 

HDT@AuNPs in CDCl3 (Fig. S2) are similar to previously reported 

spectra of octanethiol-stabilized AuNPs.35 In the 1H NMR 

spectrum of BT@AuNPs, no signals arising from the protons 

attached to C1 were observed. This has been reported for thiol-

stabilized AuNPs with diameters of ~3 nm.41-43 However, in 

small clusters with diameters of ~1 nm, NMR signals arising 

from the alpha protons were observed.44, 45 This was attributed 

to fewer types of binding sites on the small clusters, thus 

diminishing spectral broadening created from chemical shift 

distributions. Furthermore, methylene groups close to the Au 

surface are more densely packed relative to those further from 

the surface and therefore experience faster spin relaxation from 

dipolar interactions42 resulting broader signals. The resonances 

for the protons attached to C2 to C3 are observed as a broad 

peak from 1.45-1.10 ppm, and a triplet at 0.88 ppm. The 1H NMR 

spectrum of HDT@AuNPs contains a signal at 1.60 ppm assigned 

to the protons attached to C2, a broad peak at 1.26 ppm 

assigned to protons attached to C3-15, and a triplet at 0.88 ppm 

assigned to the protons on C16. No signals arising from 

unbound thiol were observed. 

The AuNPs were heated at a rate of 10 °C min-1 in air to 350 °C 

to facilitate sintering. Figure S3 shows representative SEM 

images of (a) as-prepared BT@AuNPs and (b) sintered 

BT@AuNPs. Prior to sintering (Fig. S3a/c), the nanoparticulate 

nature of the samples is apparent whereas after sintering (Fig. 

S3b/d), no nanoparticles are evident but larger gold structures 

separated by grain boundaries are observed. It has been 

reported that there is a kinetic component to the thermal 

sintering of the AuNPs, with slower heating rates leading to 

lower temperatures of sintering events.46 Thus, a heating rate 

of 10 °C min-1 was maintained for all experiments to allow for 

meaningful comparisons to be made. 

The resistances of drop-cast films of AuNPs were measured as a 

function of temperature using interdigitated gold electrodes 

heated at a rate of 10 °C min-1. The sintering event is 

characterized by a drop in resistance from values >1 MΩ to 

values <100 Ω. We use the definition of the temperature of the 

sintering event (TSE) as the temperature at the maximum rate of 

change in resistance.10 Figure 2 shows representative data 

recorded while heating BT@AuNPs and HDT@AuNPs. 

Resistance at room temperature was significantly lower for 

films of BT@AuNPs compared to those of HDT@AuNPs. The 

greater TSE for the longer chain length HDT@AuNPs compared 

to BT@AuNPs is consistent with previous data (230 °C and 180 

°C respectively).31  

This ligand effect has also been observed by others investigating 

AuNPs stabilized using alkanethiol compounds.47-49 Low-polarity 

alkyl groups have been reported to not disturb the gold core 

framework significantly50 and longer alkane chains have been 

shown to increase TSE, indicating that interactions between the 

alkyl chains contribute to the observed trend in TSE.   

TGA-MS data (see Fig. S4) were collected for BT@AuNPs at 

temperatures between 40 °C and 1300 °C. Upon heating 

BT@AuNPs under He or air atmospheres, no species were 

detected prior to the main mass loss event. A mass loss of ~10 

% was observed and occurred at the TSE, which is consistent with 

previous reports.35 In He or air atmospheres, the mass 

spectrometry data revealed a single peak in the extracted ion 

chromatogram.  Analysis of the chromatogram showed mass 

spectra that corresponded to only dibutyl disulfide. No other 

products were detected. Products formed from heating 

HDT@AuNPs were not detected due to their low volatility and 

thus precluded MS analysis. 

The nature of the compound(s) released from the surface 

before and during the sintering event is crucial to the 

understanding of the processes involved with sintering of thiol-

stabilized AuNPs. To obtain this data, 1H NMR spectra were 

collected of the residues of AuNPs heated at 10 °C min-1 beyond 

the TSE in airtight reaction vessels (Fig. 3). After cooling to room 

temperature, solvent (CDCl3) was added to the reaction vessels, 

filtered to remove the sintered gold, and 1H NMR spectra 

recorded immediately. Figure 3a shows the 1H NMR spectrum 

of BT@AuNP residue post-sintering. Comparison with an 

authentic sample of dibutyl disulfide reveals that the major 

reaction product is disulfide. HDT@AuNPs exhibited the same 

behavior (Fig. 3b). This is in agreement with previous reports 

that describe the mechanism of the removal of thiol-based 

ligands from SAMS by oxidation of the surface-bound thiyls to 

the corresponding disulfide compounds.29 The 1H NMR spectra 

of other possible sulphur-containing compounds 1-butanethiol 

and di-n-butylsulfide differ from those shown in Figure 3 as (in 

deuterated chloroform) the signals of the protons bonded to α-
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carbon atoms have chemical shifts at ~2.5 ppm51 while peaks at 

for the dialkyl disulfide compounds are observed at ~2.7ppm 

(Fig. S5). 

Fig. 3 1H NMR spectra of sintering residue of (a) BT@AuNP in hydrogen and nitrogen and 

(b) HDT@AuNP in hydrogen and nitrogen (* denotes H2O at 1.58 ppm). 

Comparison of TGA data for the AuNPs with data for dibutyl 

disulfides and dihexadecyl disulfide is informative. 

Thermogravimetry with a heating rate of 10 °C min-1 from room 

temperature to 450 °C, Figure 4, shows mass losses of 8 % and 

33 % for BT@AuNPs and HDT@AuNPs, respectively, which is in 

agreement with previously reported literature.10 Interestingly, 

total mass loss of neat dibutyl disulfide occurs at a temperature 

~50°C lower than the temperature of mass loss from 

BT@AuNPs. In contrast, mass loss for neat dihexadecyl disulfide 

occurs at similar temperatures to that of HDT@AuNPs. That is, 

for BT@AuNPs, the ligands remain in the vicinity of the AuNPs 

at temperatures beyond those where neat dibutyl disulfide 

vaporizes. On the other hand, dihexadecyl disulfide vaporizes at 

a temperature more than 100 °C greater than that of dibutyl 

disulfide (significantly greater van der Waals interactions due to 

longer chain lengths) and so for the HDT@AuNPs, the long-

chain intermolecular interactions between the ligands have a 

more dominant effect on TSE. In general, it is apparent that the 

volatility of the disulfide has a significant effect on the 

temperatures at which ligands are removed from the particle 

environment. 

The thermal behavior of the AuNPs was also examined using 

DSC (Fig. 5). Samples were placed in DSC pans where the 

hermetic seals were either intact (closed pan) or punctured 

(open pan). Figure 5 shows a difference of ~20 °C in the 

temperatures of maximum heat flow (associated with the 

sintering event) for BT@AuNP in open pan (200 °C) and closed 

pan (220 °C) experiments. For HDT@AuNPs, the open and 

closed pan experiments showed no difference in the 

temperature of maximum heat flow with sharp peaks at 233 °C 

for both.  

The DSC results suggest that when BT@AuNPs are heated in an 

environment where the disulfide product can readily escape, 

the equilibrium (as depicted in Figure 1) is shifted to the right 

Fig. 4 Themogravimetric analysis data for (a) BT@AuNPs and dibutyl disulfide and (b) 

HDT@AuNPs and dihexadecyl disulfide 

relative to the case where the BT@AuNPs are heated in a closed  

environment and the disulfide is prevented from escaping. In 

contrast, the different pan environments have minimal effect 

on HDT@AuNPs sintering event, as the dihexadecyl disulfide 

has relatively low volatility, as shown in Figure 5, and thus the 

amount that remains in the vicinity of the NPs is unaltered.  

AuNPs were sintered under different gaseous atmospheres and 

electrical resistance data were used to determine the TSE (Table 

1). These data are consistent with the TGA data. The Kruskal-

Wallis (non-parametric) method was used to compare TSE data 

obtained under different gaseous environments (Tables S1 & 2). 

No significant differences (p>0.05) in TSE were observed for the 

different gaseous environments for BT@AuNPs or 

HDT@AuNPs, respectively. That is, oxygen-containing, 

hydrogen, or inert atmospheres exert no influence on the 

sintering event or the temperature-induced ligand reaction. 

Coupled with the TGA data (Fig. 4), it is apparent that, at the TSE 

for HDT@AuNPs, significant amounts of dihexadecyl disulfide 

remain in the vicinity of the sintered gold up until ~320 °C. In   

the case of BT@AuNPs, removal of dibutyl disulfide at the TSE 

was rapid as this species volatilizes at temperatures less than  

Fig. 5 Heat flow peaks (exothermic) under sealed and open environments for 
BT@AuNP and HDT@AuNP. 
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Table 1 Summary of TSE (°C) of BT@AuNP and HDT@AuNP determined using electrical resistance measurements in different atmospheres. 

 

the TSE. Visual observation of the HDT@AuNPs during sintering 

revealed that the gold becomes lustrous only above the 

temperature of complete volatilisation of the dihexadecyl 

disulfide, whilst BT@AuNPs formed lustrous films at the TSE. 

Comparison of TSE data for HDT@AuNPs sintered under 

gaseous atmospheres compared to in vacuo (~8 x 10-6 mbar) 

also showed no significant differences (p>0.05). In contrast, TSE 

data for BT@AuNPs sintered in vacuo were significantly lower 

(p<0.05) compared to TSE under the gaseous environments. 

BT@AuNPs sintered ~30 °C lower under high vacuum compared 

to BT@AuNPs under the gaseous environmental conditions. We 

attribute this difference to the greater volatility of the dibutyl 

disulfide in vacuo compared to atmospheric pressure, which has 

the effect of moving the equilibrium (shown in Figure 1) to the 

right. 

This effect was also observed in the open/closed DSC 

measurements. This effect is not evident in the TSE data for the 

HDT@AuNPs because of the much lower volatility of the 

dihexadecyl disulfide (compared to dibutyl disulfide). These 

observations are consistent with those from open/closed pan 

DSC and TGA data.  

We have also considered the possibility that the transport of 

detached species to the gas phase may be more efficient in the 

presence of gas flux than in vacuum. However, this effect would 

show the opposite trend to that observed. Processes involved 

with sintering of BT@AuNPs and HDT@AuNPs were 

investigated under different atmospheric conditions. The 

organic residue obtained upon sintering thiol-stabilized AuNPs 

was unambiguously identified as the dialkyl disulfide and was 

formed consistently regardless of the atmospheric conditions. 

Furthermore, the various gaseous atmospheres had no 

significant effect on TSE for either the BT@AuNPs or 

HDT@AuNPs.  

Conclusions 

TGA data showed that neat dibutyl disulfide evaporated well 

before the TSE of BT@AuNP, however TGA-MS of BT@AuNP. 

showed no loss of dibutyl disulfide before TSE. If the Au-S 

interaction was the dominant factor that influenced the TSE, 

then applying high vacuum should result in no change the TSE. 

We showed that this is not the case and that sintering under 

high vacuum conditions resulted in significantly lower TSE. This 

can be explained by considering an equilibrium between dibutyl 

disulfide (the only detected volatile species) and the bound 

thiyl. Increasing the rate of removal of disulfide (by increasing 

its volatility under high vacuum) shifts the equilibrium to the 

right and thus lowers TSE.  

In contrast, neat dihexadecyl disulfide and HDT@AuNPs 

exhibited similar mass loss behavior when analyzed using TGA. 

Furthermore, under high vacuum, the TSE of HDT@AuNP was 

not notably different to that of particles under ambient 

pressure. These results are a consequence of the much lower 

volatility of the dihexadecyl disulfide (compared to dibutyl 

disulfide). 

These findings, along with the observations made by DSC, 

indicate that the TSE of AuNPs stabilized using alkanethiols is 

controlled primarily by the volatility of the resultant disulfide 

species. 
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