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Formation of gold nanoparticles (NPs) from the mixture containing NaAuCl, as a precursor, octadecene as a
solvent and oleylamine as a reducing agent was studied in situ by means of optical and X-ray spectroscopies.
Dynamic light scattering (DLS) revealed the presence of initial aggregates of 500 nm average size which split into
nanoparticles of about 8 nm width shortly after the reduction from Au®>* to Au™ has been completed. Based on
Density Functional Theory (DFT) simulations and analysis of X-ray absorption spectra (XAS) we identified the
structure of Au®>* and Au™ gold complexes. Quantitative analysis shows that Au NPs formation proceeds in
following steps: substitution of chlorine ligands in Au®>* complex by four oleylamines; reduction of Au®** to Au*

coordinated by two oleylamines. Latter process occurs in oleylamine micelles in octadecene. The third step is a
fragmentation of large micelles into smaller ones shortly after reduction Au®* to Au*, and subsequent slow
growth of Au NPs via reduction of Au™ to Au’.

1. Introduction

Au NPs find applications in biomedicine, catalysis and electronics
due to a unique combination of size effects, active surface atoms and
high electron conductivity (Corma and Garcia, 2008; Jain, 2014).
Knowledge about elementary steps of the gold ion reduction is im-
portant for tuning the size and shape of resulting NPs during synthesis.
Oleylamine's (OAm) amino group can act as an electron donor upon
increasing temperature, while its long hydrocarbon chain allows to
stabilize the resulting NPs (Aslam et al., 2004; Huo et al., 2008). Its
hydrophilic and hydrophobic parts form micelles which act as micro-
reactors for the nucleation and growth of NPs (Liu et al., 2007;
Kosmella and Koetz, 2006). In situ investigation of the gold reduction in
such micelles is crucial for the understanding of the speciation of in-
termediates and kinetics of the process. XAS has not yet been applied
for the characterization of gold reduction by OAm; existing examples of
the in situ characterization concern Au®* reduction in water by citrate
or citric acid (Mikhlin et al., 2011; Polte et al., 2010a,b; Yao et al.,
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2010). In the presence of PVP stabilizer (Yao et al., 2010) combined
XANES and EXAFS analysis predicts partial reduction from AuCl,~ to
AuCl;~ and subsequent formation of dimers and bigger Au,Cl, .«
clusters rather than Au,° clusters. XANES and SAXS did not provide
experimental evidence for the existence of intermediate Au™ stage in
the citrate or sodium borohydride reduction process (Polte et al.,
2010a,b).

The goal of our present work is to use a combination of X-ray and
optical methods to characterize intermediate states of gold in the pro-
cess of Au>* reduction by OAm in octadecene.

2. Methods

Synthesis of Au NP was performed by method described in (Wang
et al., 2012). 2ml of OAm, 0.1 g of NaAuCl, and 20 ml of 1-octadecene
(Sigma Aldrich) were mixed at room temperature, heated up to 80 °C
and left over 120 min. UV-vis spectra were measured in situ with a
Shimadzu UV-2600 spectrometer in a 10 mm quartz cell. DLS was

Received 30 September 2018; Received in revised form 21 November 2018; Accepted 23 November 2018

0969-806X/ © 2018 Elsevier Ltd. All rights reserved.

Please cite this article as: Kirichkov, M.V., Radiation Physics and Chemistry, https://doi.org/10.1016/j.radphyschem.2018.11.021



http://www.sciencedirect.com/science/journal/0969806X
https://www.elsevier.com/locate/radphyschem
https://doi.org/10.1016/j.radphyschem.2018.11.021
https://doi.org/10.1016/j.radphyschem.2018.11.021
mailto:guda@sfedu.ru
https://doi.org/10.1016/j.radphyschem.2018.11.021

M.V. Kirichkov et al.

Radiation Physics and Chemistry xxx (Xxxx) XXX—XXX

—e—1.Initial 1
—e—2. Intermediate |
—e—3. Final

,B

300 400 500 600 700 800
Wavelength (nm)

Fig. 1. (a) Scheme of the experimental setup for the combined UV-vis and DLS (left side) and XAS (right side) measurements and (b) the main stages of the synthesis of

Au NPs according to UV-vis analysis.

measured through the optical fiber of a Microtrac Nano-flex simulta-
neously with acquisition of UV-vis spectra. Both XANES and EXAFS
were measured at the BMO1b beamline (successively moved to the
BM31 port) of ESRF (Grenoble, France) and at the beamline “Structural
Materials Science” (Mozhchil et al., 2015) of Kurchatov Synchrotron
Radiation Source (Moscow, Russia). Spectra were measured in the
transmission mode with Si(111) monochromator. Gold foil was placed
between the second and the third ionization chambers for spectra en-
ergy calibration. Experimental scheme is shown in Fig. 1a.

3. Results and discussion

The characteristic color of the Au®* water solution is yellow, which
is due to characteristic absorption of the [AuCly] ~ complex at 313 nm.
The rise of absorption band at 350 nm in the beginning of synthesis
(peak A in Fig. 1b) indicates formation of the Au®>* complex, whose
chlorine ligands are substituted with amino groups.

Then color of the reaction mixture during the first hour of reaction
changes from the orange to the colorless and later within the next hour
to deep red. Red color appears due to surface plasmon resonance (SPR)
of Au NPs (peak B at 535nm in Fig. 1b, see also Fig. S1 in SI). The
amplitude of the SPR peak can be used to quantify the size of Au NPs as
reported in Haiss et al. (2007). The Au NPs diameter, calculated from
the ratio of absorbances at 535nm (SPR) and at 450 nm (reference
point), increases over time of reaction, as shown in Fig. 2a. The growth
of Au NPs in OAm is slow in contrast to the fast nucleation and growth
in a classical Turkevich synthesis (Turkevich et al., 1951). It evidently
begins after 60 min of the reaction and finishes after 120 min.

DLS data were acquired simultaneously with UV-vis spectra. Fig. 2b
presents size distributions for scattering particles as a function of time.
At the beginning of synthesis, the reaction mixture contains agglom-
erates with an average size of 500 nm. They originate from reverse

micelle-like structures formed by OAm (Wang et al., 2007) confining
the Au®* complexes. Large OAm micelles release small nuclei of gold
after 70 min of the reaction. These nuclei are covered by a shell of OAm
which is consistent with a model provided in the work (Yao et al.,
2010), where PVP was used as a stabilizer.

After the initial reaction mixture had been rapidly heated to 80 °C
the Au L3 XANES were measured every 3 min (Fig. 2¢). The intensity of
the white line at 11,920 eV decreases over the first 20 min of the re-
action, indicating reduction of the Au®>* to Au*. The spectrum of the
intermediate component (red one in Fig. 2c) is similar to that of
[AuCl,] ~ reported in Pokrovski et al. (2009) and Chang et al. (2015) as
well as to the spectrum of Au(tht)Cl shown in Helmbrecht et al. (2015),
allowing attribution to the Au* complex with OAm (Huo et al., 2008).
PCA analysis (Guda et al., 2019) performed for the series of data (see SI
for the details) indicated absence of additional components, e.g. Au®*
species, observed in situ recently by Szlachetko et al. (2014) during the
temperature-programmed reduction of Au,Os.

At the end of the reaction Au L; XANES indicate formation of small
Au NPs (blue line in Fig. 2¢). The EXAFS analysis (Fig. 3a and Section 3
in SI) performed for the Au>* and Au™ intermediate species according
to Zabinsky et al. (1995), evidences the changes in coordination
number in the first coordination shell of gold. Initial Au®** is co-
ordinated by 4 nitrogen atoms, and upon transition to Au™, the co-
ordination number is reduced to 2.

Results of EXAFS fit are further supported by DFT calculations at
B3LYP level of theory (ADF-2017 program package, QZ4P basis set
(Fonseca Guerra et al., 1998). DFT results predict the Au-Cl distance to
be larger than 2.3 A for both the Au®* and Au* complexes. However,
experimentally found distances in the first coordination shell were less
than 2.05 A. Therefore, we can exclude Cl atoms from the first co-
ordination shell and conclude that when NaAuCl, is dissolved in OAm,
the Cl ligands are substituted by OAm molecules. The XANES spectra,
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Fig. 2. (a) Quantification of the size of Au NPs from the UV-vis data as a function of reaction time, (b) particle size distribution obtained from experimental DLS data
measured in situ during formation of GNPs, (c) in situ Au L3 XANES of the reaction mixture at 80 °C measured every 3 min.
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Fig. 3. (a) Amplitudes and imaginary parts of experimental (solid black lines) and fitted (solid red lines) k*weighted Fourier-transforms of EXAFS spectra of Au>*
and Au*. (b) comparison between experimental Au*, Au®** PCA components obtained for Au L XANES in the reaction in OAm/octadecene solution and theoretical
simulation for the [Au(OAm)4]®* and [Au(OAm),] " structures, obtained from DFT, (c) scheme of the stages of the reaction.

calculated with the finite difference approach within FDMNES software
(Guda et al., 2015) for the DFT relaxed structures of [Au(OAm)4]°* and
[Au(OAm),] ", (bottom spectra in Fig. 3b and Section 4 in SI) are in a
good agreement with experimental ones (top spectra).

Fig. 3c schematically combines the conclusions derived from optical
and X-ray characterization. Initial [Au(OAm),]1%+ complexes are co-
ordinated by four OAm molecules and form micelles of hundreds nm
size (1 in Fig. 3¢). Upon reduction to Au* number of coordinated OAm
molecules is reduced to two (2 in Fig. 3c). After 60 min small gold
clusters are formed upon reduction of some Au™ ions to Au®. They get
released then from the micelle remaining surrounded by the OAm shell
(3 in Fig. 3c). The final stage is the growth of Au NPs until ~11 nm size
until full depletion of Au* precursor (4 in Fig. 3c). Our results show
that gold reduction in octadecene proceeds in dense droplets of OAm as
in ‘nano-reactors’ — the similar concept has been already suggested for
citrate synthesis (Mikhlin et al., 2011; Kumar et al., 2007). Due to
generally slower kinetics of the process, we were able to register ex-
perimentally and to characterize Au™ intermediate state while for the
fast citrate reduction this step is still remains poorly studied.

4. Conclusions

We performed XAS and UV-vis in situ characterizations of Au NPs
growth in octadecene medium upon NaAuCl, reduction by OAm. DLS
revealed that initial agglomerates of about 500 nm are split into small
8 nm particles after 70 min of the reaction at 80 °C. It occurs after re-
duction of all Au®* ions into Au™ and partial reduction of Au™ into
Au®. Initial and intermediate species were identified by theoretical
analysis of the Au L XAS spectra. We found that initial Au®* complex
was coordinated by four N located at 2.04 A and Au* complex is co-
ordinated by two N atoms at 2.05 A. We, thus, exclude the presence of
chlorine atoms in the first coordination of gold ions at all stages of
nanoparticle formation.
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