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Abstract

The syntheses of metal nanoparticles by reduction in apolar solvent in presence of long chain
surfactants have proven to be extremely effective in the control of the particle size and shape.
Nevertheless, the elucidation of the nucleation/growth mechanism is not straightforward because of
the multiple roles played by the surfactant. The nucleation stage, in particular, is very difficult to
describe precisely and requires in situ and time-resolved techniques. Here, relying on in situ small angle
X-ray scattering (SAXS), X-ray absorption spectroscopy (XAS) and high-energy X-ray diffraction (HE-
XRD), we propose that ultra-small gold particles prepared by reduction of gold chloride in a solution of
oleylamine (QY) in hexane with triisopropylsilane do not follow a classical nucleation process but
results of pre-nucleation clusters (PNCs). These PNCs contain Au(lll) and Au(l) precursors, they are
almost stable in size during the induction stage, as shown by SAXS, prior to undergo a very fast
shrinkage during the nucleation stage. The gold speciation as a function of time deduced from the XAS

spectra have been analyzed through multi-steps reaction pathways comprising both highly reactive
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species, involved in the nucleation and growth stages, and poorly reactive species acting as reservoir
for the reactive species. The duration of the induction period is related to the reactivity of the gold
precursors, which is tuned by the coordination of OY to the gold complexes, while the nucleation stage
was found to depend on the size and reactivity of the PNCs. The role of the PNCs in determining the
final particle size and structure is also discussed in relation with previous studies. The multiple roles of
QY, solubilizing agent of the gold salt, ligand of the gold complexes determining both the size of the
PNCs and the reactivity of the gold precursors, and finally capping agent of the final gold particles as
oleylammonium chloride, have been clearly established. This work opens new perspectives to
synthesize metal NPs via metal-organic PNCs and to define new synthesis routes for nanoparticles that
may present structure and morphologies different from those obtained by the classical nucleation

routes.
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1. Introduction

Intense research has been carried out over the past 20 years on the growth of metallic nanoparticles
(NPs) by liquid phase processes for a precise control of the particle size,’ shape,? and surface
chemistry® opening applications in biology,* nanoelectronics,® or catalysis.® In this field, a huge
progress has been done, for example, on the use of heterogeneous nucleation with seed-mediated
growth methods.”® Until recent times, the formation of metal NPs in solution has been described by
the classical nucleation/growth theory but several studies stressed on the possibility of non-classical
nucleation pathways depending on the chemical and physico-chemical conditions of the reaction.® A
detailed knowledge of the nucleation mechanisms is of paramount importance for the control of the
particle morphology.1® However, due to its stochastic nature, observing experimentally the
homogeneous nucleation stage can be extremely challenging and requires in situ and in real time
techniques, such as combination of in situ X-ray absorption (XAS) and small angle X-ray scattering
(SAXS),'* or in situ electron microscopy.'?

In the classical nucleation theory (CNT), the nucleation is the crossing of the activation energy barrier,
resulting from the contribution of the volume and surface to the free energy of the nuclei. In case of a
synthesis of metal particles in solution by the reduction of a metal precursor, the CNT assumes the
formation of zero-valent metal atoms and the clustering of these atoms, the nucleation being the event
when the clusters reach the critical size. This size is obtained when the concentration of the zero-valent
atoms exceed the supersaturation threshold. After the nucleation step, these critical size nuclei further
grow. Considering an atom-by-atom growth, the final particle size in case of is given by the nucleation
rate. Experimental studies on gold nanoparticles, combining SAXS and UV-visible spectroscopy or XAS,
have shown a very good agreement with the classical nucleation theory. 13415 |n addition, thanks to
kinetic modeling, these studies have identified the surface reaction as the limiting step of the particle
growth. The formation of silver nanoparticles studied by in situ electron microscopy was found to
follow the classical nucleation with the existence of a nucleation threshold.*?

In the case of metal nanoparticles, an alternative model to the classical nucleation theory has been
proposed, in which the nucleation does not require a supersaturation threshold of zero-valent metal
atoms, but occurs via the successive formation of dimers, trimers ... and then clusters. The nanoparticle
growth is then described by an autocatalytic process at the surface of the metal clusters.® In that case,
the separation between the nucleation and the growth stages is attained if the growth rate is much
higher than the nucleation rate.” A slightly different pathway consists in the formation of partially
reduced clusters followed by their reduction into zerovalent metal clusters.'®1® In case of Au NPs
synthesized by reduction of gold chloride with citric acid in presence of PVP, such pathway via complex

clusters has been supported experimentally by X-ray absorption spectroscopy (XAS) showing a
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progressive contraction of the Au-Au distance during the nucleation stage, followed by a further
increase during the growth stage.?®

Several recent reviews described non-classical nucleation processes involved in the crystallization of
solids and nanoparticles.?12223.2425> These processes occur via more complex free-energy landscapes
than the single nucleation barrier of the classical theory, involving stable pre-nucleation clusters, as in
the case of CaC0;,%® or metastable intermediate states with amorphous structure, as in the case of
YVO,:Eu.?” Few examples of non-classical nucleation have been described in case of metal
nanoparticles. An in situ electron microscope study revealed the formation of gold particles from a
homogeneous solution, through three clearly identified stages: an initial spinodal decomposition of
the solution into metal-rich and metal-poor phases, a condensation of amorphous clusters in the
metal-rich phases and a third step of crystallization of the metal particles.?® Formation of dense liquid
droplets in which the nucleation and coalescence of the first nuclei occur, were observed in the
classical citrate synthesis of gold nanoparticles using atomic force microscopy (AFM), dynamic light
scattering (DLS) and small angle X-ray scattering (SAXS).2>3% Such intermediate structures are not
specific to aqueous solutions. In organic solvent media, unreduced mesoscopic structures were also
identified by DLS in the case of reduction of gold chloride in solution of oleylamine in octadecene.3!
Among the different methods, the synthesis of metal nanoparticles in apolar solvents, using long alkyl
chain surfactants to control the colloidal stability of the final suspensions are nowadays very popular
methods, both for noble3? or non-noble metals.3® The major property sought in alkyl chain surfactants
is their role in controlling the growth step, leading to a fine control of the particle size and shape.?*
However, capping agents such as long chain carboxylic acids®® or long chain amines3® are also ligands
of the metal precursors. The stability of metal complexes, their structure, their self-organization and
their solubility are all factors that can have a determining role in the reaction, the latter therefore
depending on the surfactant concentration and on their association constant with the metallic ions.
Disentangling the multiple role of the surfactants at the different stages of the reaction is an important
task to improve the control on particle morphology and to have a better understanding on their
nucleation/growth mechanism.437

The gold chloride reduction in oleylamine (OY) solution in hexane, with triisopropylsilane as reducing
agent, is a very simple method to synthesize at room temperature Au NPs with original properties. This
is a uniqgue method to synthesize monodisperse ultrathin gold nanowires with very high yield3? that
has been used by several groups with applications in different fields, such as transparent
electronics.?®4041 By varying the OY concentration, it is also possible to prepare ultrasmall
nanospheres with the same method and, interestingly, regardless of their shapes both kinds of
particles synthesized at room temperature exhibit an atomic structure different from the fcc structure

of bulk Au.*2
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In this paper, we present a detailed description of the role of oleylamine in the nucleation/growth
mechanism of Au NPs relying on in situ XAS, SAXS and high-energy X-ray diffraction (HE-XRD) studies
recorded during syntheses carried out with different OY concentrations. Only few experimental studies
were devoted to the nucleation and growth mechanism of NPs prepared by these methods, and
exclusively on nanowires using in situ techniques, SAXS,**** DLS,* or combination of XAS and SAXS.*®
Here, the speciation of Au in the different oxidation states was deduced from the time-resolved XAS
spectra. The speciation with different OY concentrations was analyzed through multi-steps reaction
pathways comprising highly reactive species involved in the nucleation and growth stages, and poorly
reactive species acting as reservoir for the reactive species. The reactivity of the different species and
the “size” of the reservoirs have been interpreted as dependent on the QY coordination at the Au
complexes. The time-resolved SAXS study has revealed the presence of pre-nucleation clusters (PNCs)
which are involved in the nucleation stage and the size of which depends on the OY concentration. A
short Au-Au distance observed on the HE-XRD pattern of the PNCs has been interpreted as an

aurophilic bond. The role of PNCs in determining the final particle size and structure is discussed.

2. Experimental details

2.1 Synthesis

Gold nanoparticles. Chemicals were used as received for all syntheses: Hydrogen tetrachloroaurate
trihydrate (HAuCl,-3H,0, 99.99%, Alfa Aesar), triisopropylsilane (TIPS, 98%, Sigma-Aldrich), oleylamine
(OY, 80-90%, Acros) and hexane (mixed isomer, 98+%, Alfa Aesar). Syntheses of Au nanospheres and
nanowires were performed by reduction of HAuCl,-3H,0 by TIPS in solution of QY in hexane following
the procedures as described in Ref. 42. For all syntheses, the final nominal concentration of Au and
TIPS in hexane were kept constant at 20 mM and 1 M, respectively, OY concentration was varied from
50 mM to 400 mM. HAuCl,-3H,0 was dissolved in 2 mL of solution of OY in hexane. For the lower
concentration of QY, the precursor suspension was sonicated for 5 min to help the dissolution. The
Au/OY solution in hexane takes pale yellow and orange color for the lowest and the highest
concentrations of QY, respectively. Then, 512 ulL of TIPS was added in the Au/QY solutions. By mixing
the TIPS, the solution containing 50 mM QY turns from pale yellow to dark brown-red within few
seconds while the solutions containing 100 mM and 400 mM QY takes around 10 min and a few hours,
respectively, to reach the same color. The particles prepared with [0Y] =50 and 100 mM were analyzed

after 3h of reaction, the particles prepared with [OY] = 400 mM were analyzed after 24 h of reaction.
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TIPS can be formally considered as a hydride. The stoichiometry of the chemical reduction of HAuCl,

by TIPS in presence of OY can be written as:
3 , 5 3 . 5
HAUCL} + ERgSlH + §C18H35NH2 —)AU(O) + ER3SlCl + EC18H35NH3+ cl— (Eq. 1)

Thus, TIPS was always introduced in very large excess with respect to the stoichiometry. The
experimental conditions with [OY] = 50 mM corresponds to the stoichiometry while with [OY] = 100

mM and 400 mM OY was introduced in excess.

In situ experiments. For the SAXS and XAS in situ experiments (see below) 3mL of a solution containing
HAuCl,;-3H,0 (40 mM) and OY (100 mM, 200 mM or 800 mM) dissolved in hexane and 3 mL of a TIPS
(2M) solution in hexane were prepared. The chemical reduction was achieved by injecting equal
volume of HAuCl,/OY solution and TIPS solution, at the rate of 10 ml.min, in a T-micromixer (IDEX-HS
P-712) using PHD 22/2000 syringe pumps (Harvard apparatus). The mixing time, estimated from the
Falk and Commenge correlation, is 40ms.*” The reaction were carried out in a glass capillary and in a

PMMA cuvette for SAXS and XAS analysis, respectively (see scheme S1 in supplementary information).

Au(l) intermediate compound. HAuCl,-3H,0 (20 mM) was dissolved in pure OY (5 mL) and left at room
temperature for 48h. A white precipitate appearing is a lamellar phase as already described in Ref. 44.
In the present study, this compound has been used as a Au(l) reference for XAS analysis. The in situ X-
ray absorption spectrum at the Au L, -edge of this compound was correctly fitted with approximately
two N at the distance of 2.09 A (Table 1). More details about the XAS spectrum and EXAFS fit are given
in the supplementary information (Fig. S7). The presence of only two light atoms in the Au coordination
sphere and the atomic ratio Au/Cl = 1 measured by XPS confirmed that Au has the oxidation state +1

in this compound.

2.2 Characterization

Ex situ transmission electron microscopy (TEM) images were captured using JEOL-JEM 1400 instrument
at the operating voltage of 120 kV. The colloidal suspensions were diluted in hexane and one drop was
deposited on a TEM grid covered with a carbon thin film. Ex situ X-ray photoelectron spectroscopy
(XPS) spectra were recorded using a K-Alpha* system (ThermoFisher Scientific, East-Grinsted, UK) fitted
with a micro-focused and monochromatic Al Ka X-ray source (1486.6 eV, spot size of 400 um). The
spectrometer pass energy was set to 150 and 40 eV for the survey and the narrow high resolution
regions, respectively. Several drops of the colloidal suspension prepared with the lowest QY

concentration were deposited on a silicon substrate. For the nanoparticles prepared with [0Y] = 100
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and 400 mM the excess of OY was removed from the suspensions. The colloidal suspensions (1 mL)
were mixed with absolute ethanol (3 mL) and centrifuged at 4000 rpm for 5 min. The supernatant was
discarded and the particles were re-dispersed in pure hexane. Several drops of the purified
suspensions were deposited on a Si substrate. Ex situ X-ray diffraction (XRD) at wide angles was carried
out on a Panalytical Empyrean diffractometer equipped with a Co Ka X-ray source, a Bragg-Brentano
HD primary optics and a linear PixcellD detector. The nanoparticles were centrifuged at 4000 rpm
during 5 min after addition of an oleylamine solution in absolute ethanol (3 mL) to the mother liquor
(1 mL). The supernatant was discarded and the particles were redispersed in a small volume of hexane.
Several drops of the particle suspensions were deposited on a zero-background silicon substrate and

dried in air. The patterns were recorded with a step size of 0.8 ° and a time per step of 250 s.
2.3 In situ studies

SAXS, XAS and HE-XRD measurements were performed in a static mode, during and after the
completion of a reaction. For the kinetic studies, the glass capillary and PMMA cuvettes were filled
using the mixing procedure described in the section 2.1 for the synthesis of gold nanoparticles
formation. In the case of 2.5 mL PMMA cuvettes for XAS experiments, the dead volume was 0.75 mL
(Scheme S1 in supplementary information). With a total flow rate of 20 mL.min%, the dead volume was
filled after 2.25 s. The first XAS acquisition time after mixing was 4 s. For SAXS experiments, the very
small dead volume in the capillaries allowed capturing the SAXS signal at the very beginning of the

reaction.

In situ small angle X-ray scattering (SAXS) synchrotron experiments were carried out at the SWING
beamline (SOLEIL, France) and at the c-SAXS beamline (PSI, Switzerland). SAXS measurements were
performed in the transmission mode with X-ray source energy of 12.5 keV and 11.5 keV, respectively.
A glass capillary with diameter of 1.5 mm was used for each measurement. In situ SAXS signals were
acquired every 2 s for the syntheses with [OY] =50 and 100 mM, and every 1 min 10 s for the syntheses
with [OY] = 400 mM. At PSI, time-resolved SAXS signals were recorded at the distance of 2.17 m using
PILATUS 2M. At SWING, time-resolved SAXS signals were recorded at two distances 6.07 m and 0.5 m
using Eiger X 4M (Dectris). Each reaction was performed twice with the SAXS detector at the two
different distances. For further analysis, the SAXS signals recorded at the two distances were merged
in the region q = 0.15 - 0.2 AL, The nice overlap of the SAXS signals recorded from the two detector
positions, all along the reaction time, indicated the reproducibility of the reactions. SAXS patterns,
before and after the nanoparticles nucleation were analyzed with a Beaucage model,*® using a
homemade python script. The detailed description of the fitting model and the procedure are

presented in supplementary information.
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In situ energy dispersive X-ray absorption spectroscopy (XAS) experiments were carried out at the ODE
beamline (SOLEIL, France). XAS was recorded at the Au L,-edge in transmission mode. Due to the low
concentration of Au, a PMMA cuvette of 10 mm was employed for XAS studies. Time-resolved XAS
signals were recorded every 0.36 s for the syntheses with [OY] = 50 and 100 mM and 3.8 s for the
syntheses with [OY] = 400 mM. The Athena* and Larch>® software modules were used for extracting
and best-fitting of the EXAFS spectra, respectively. The software PrestoPronto®! was used for the linear
combination analysis (LCA) of the XAS spectra. EXAFS spectra were Fourier transformed (FT), over three
different q ranges, 2 A1- 8.5 A%, 2.5 A1- 8.5 A1 and 2 A1 - 9.0 A, using Hanning window and fitted in
"R” space to extract the first and second shells EXAFS parameters, along with the uncertainty values,
around the Au absorber. Amplitude and phase shift functions of Au-Cl and Au-N bonds, and of Au-Au
were calculated from the structure of the aminochloroaurate(lll), AuClsNH; (crystallographic open
database file n°1532148),°2 and from bulk fcc Au, respectively, using FEFF8.4.>3 The time-resolved XAS
spectrum of each synthesis was analyzed by LCA with three spectra: precursor solution, intermediate
compound and final gold particles. This method provided an assessment of the gold speciation as a

function of time. More details are given in the supplementary information.

In situ high-energy x-ray diffraction (HE-XRD) experiments were carried out at the 11-ID-B beamline
(Advanced Photon Source, Argonne). Samples were contained in thin-walled glass capillaries. The
particles were analyzed in suspension in the mother liquor. X-rays with energy of 58.62 keV (A =0.2115
A) were used, and the scattered intensities were collected with a large area (amorphous Si) detector.
The patterns covered wave vectors in the range of 1 A1 to 25 A with a g-space resolution proven
acceptable for atomic pair distribution function (PDF) studies. The acquisition time was 1 min for each
spectrum, ruling out the possibility of monitoring the reaction in real time for [OY] = 50 mM. HE-XRD
data for an empty capillary and pure solvents were taken separately and used to correct the HE-XRD
patterns for the Au suspensions. Several structure models were tested to describe the experimental
PDFs. The models were relaxed in terms of energy and then equilibrated at room temperature by
classical molecular dynamics (MD). Best MD models for Au NPs and NWs were refined against the

experimental data with a reverse Monte Carlo technique.

3. Results and discussion

3.1 Au nanoparticles morphology and structure
Figure 1 shows representative TEM images of the final Au nanoparticles, prepared by reduction of
HAuCl,-3H,0 in solution of OY in hexane, with a large excess of TIPS, for three different QY

8
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concentrations. For [OY] = 50 mM, isotropic particles with a mean diameter of 2.2 nm are observed.
After 30 min of reaction, the final particle size does not vary with time. The same particles observed
after 3h and 24h exhibit the same mean diameter and same standard deviation of the size distribution
(see supplementary information, Fig. S1). The nanoparticle morphology is very dependent on the OY
concentration. A bimodal distribution of isotropic particles, a major population with a mean diameter
of 2.2 and a minor population of 5.9 nm was found for [0Y] = 100 mM after 3h of reaction. The smallest
particles self-organized on the TEM grid, while the largest ones are located at the grain boundaries of
the small particle super-lattices (Fig. 1b). For [OY] = 400 mM, the reaction is much slower and the
particle growth is completely different with the formation of nanowires (NWs) exhibiting a mean
diameter of 2.0 nm and length of several micrometers. The average diameter of the spheres and wires
prepared with [OY] = 50 and 400 mM, respectively, being almost the same, the ratio between the
volumes of the two types of particles is greater than several thousand. Therefore, oleylamine does
not act only as a simple capping agent of the final particles but plays also a crucial role in the nucleation

rate.

The XRD patterns of the different samples exhibited very broad bands in agreement with the very small
diameter of the particles (supplementary information, Fig. S2). The comparison with the expected
positions of the different reflections for the fcc structure of Au suggests a structure different from the
bulk. It is noteworthy that the structure of the synthesized NPs is very different from the one of those
prepared with ammonium borohydride or amino borane as reductant, that crystallize with the classical
fcc structure.’3% Structural models required high-energy X-ray diffraction and pair distribution
function (PDF) analysis. The experimental PDFs are given on Figure 2 along with the best fits obtained
from the 3D models shown as insets. In order to have a fair comparison, the PDF of a truncated
octahedron nanoparticle with a fcc structure is presented on the same figure. It is clear that none of
the Au nanoparticles synthesized here exhibits a fcc structure. The agreement between the
experimental and simulated PDFs is remarkable allowing us to talk about the atomic ordering with
confidence. The nanoparticles obtained with [OY] = 50 and 100 mM are well described by distorted
icosahedra and Marks decahedra, respectively, while the nanowires obtained with [OY] = 400 mM
exhibit a distinctive lack of the fcc second neighbor distance about r = 4 A, also present in icosahedral
and decahedral structures. This led us to propose a tetrahedrally close packed structure derived from
the a-Mn structure incorporating distorted icosahedra and larger size coordination polyhedra, as
reported in our previous work.*? According to the first feature of the PDFs, the first-neighbor Au-Au
pair distances are found at about 2.86 A, which is slightly smaller to the Au-Au bonding distance in

bulk Au (2.88 A).
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The X-ray absorption spectra at the Au L,-edge of nanospheres and nanowires are given in Figure S3
of supplementary information with the fits to the EXAFS spectra. The coordination number (N), the
bond distance (R) and the Debye-Waller factor (c?) deduced from these fits are given in the Table 1.
Two distinct atom shells were needed to fit the EXAFS spectra. Around the Au absorber, 0.7 Cl and 8.5
Au atoms, and 0.8 Cl and 9 Au atoms are found for the nanospheres and the nanowires, respectively
(Tab. 1). In the same conditions, the Na,.a, coordination number was found equal to 12 in the Au foil,
as expected for the bulk metal with fcc structure. The lower Nay.a, coordination number determined
here in both cases is related to the small particle diameter. For 2.2 nm gold NPs, 50% of the Au atoms
are located at the surface and therefore are uncoordinated. For the nanowires, the relative amount of
undercoordinated surface atoms was estimated at 43 %.42 The Au-Au distances of 2.84 A and 2.86 A
found in the nanospheres and nanowires, respectively, are in good agreement with the PDFs results

and previous XAS studies on ultrasmall gold particles.?%>*

The XPS survey scans of the particles prepared with [OY] = 50 mM exhibited Au 4f, C 1s, N 1s, and Cl
2p peaks centered at ca. 84, 285, 400, and 198 eV, respectively (supplementary information, Fig. S4).
The Au 4f;/, and 4fs;, high-resolution spectra were fitted with a single component corresponding to
Au(0). The N 1s high-resolution spectrum revealed a main peak centered at 401.3 eV corresponding to
the binding energy of oleylammonium cation N atoms.>®> The molar ratio ammonium/chlorine
calculated from the integrated intensity of the two respective peaks was found equal to 1 in agreement
with the formation of the oleylammonium chloride. A minor peak, centered at 399.2 eV corresponds
to the binding energy of oleylamine N atoms. The relative intensity of OY represented only 7% of the
total N 1s intensity showing that for the molar ratio Au/OY=2.5, the conversion of OY into ammonium
is almost complete in agreement with the stoichiometry of Eq. 1. For the nanospheres and nanowires
prepared with an excess of QY, the N 1s high-resolution spectrum exhibited two contributions centered
at the same energy 401.3 and 399.5 eV.*3 In such conditions, only a part of OY was converted to
ammonium which was nevertheless clearly identified on the XPS spectrum, despite the washing. We
can thus conclude that the oleylammonium chloride is strongly bound to the gold NP surface, in

agreement with adsorption energy calculations.>®

10
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Figure 1.Transmission electron microscopy images of nanoparticles and nanowires prepared with
different concentrations of oleylamine : (a) [0Y] = 50 mM, isotropic particles with a mean diameter d,,,
= 2.2 nm (o/d= 13%) ; (b) [OY] = 100 mM, isotropic particles with bimodal size distribution d,,, = 2.2
nm (o/d,= 11 %)and 5.9 nm (o/d,,= 21 %) ;(c) [OY] = 400 mM, nanowires with a mean diameter d, =
2.0 nm (0/d,,= 13 %). Particles were deposited on TEM grids after 3h of reaction (a) and (b), or after
24h (c).
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Figure 2. In situ atomic pair distribution function of Au nanoparticles prepared by reduction of
HAuCl,-3H,0 in OY solution in hexane at different OY concentrations (black circles) and best PDFs fits
(red lines) obtained from the atomic models presented as insets: distorted icosahedron for [OY] =
mM, Marks decahedron for [OY] = 100 mM and wire with tcp structure derived from the a-Mn crystal
structure. The theoretical PDF of a truncated octahedron with fcc crystal structure is also given for
comparison.

3.2 Influence of [0Y] on the Au(lll) precursor/ In situ study of the Au(lll) precursors

The precursor solutions, prepared by dissolution of HAuCl,.3H,O in hexane with different QY

concentrations, were studied both by XAS and by SAXS prior to the addition of TIPS.

The XAS spectra of the precursor solutions exhibit an intense white line peak “A” at 11921.2 eV,
characteristic of Au complex in the +3 oxidation state (supplementary information, Fig. S5a). An
increasing intensity of the feature “C” at 11934 eV and a slight shift of the white line towards high
energy are observed with increasing OY concentration (Fig. S5a, Inset). To evaluate the local changes
of the Au coordination sphere in the different precursors, the FT of the XAS signals were fitted in R-
space using the amplitude and phase shift functions of reference files calculated by FEFF8.4 (see
experimental details). The fitted curves of the different Au precursors are presented in the
supplementary information (Fig. S5b-d) and the fit parameters to the first coordination shell are

summarized in Table 1. For [OY] = 50 mM, 4 Cl atoms at the distance R = 2.23 A are found in the first

12
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coordination shell of Au. These values are consistent with the formation of [AuCl,]- OY*ion pairs when
HAuCl, is dissolved in the solution of OY in hexane. As a matter of comparison, the Au-Cl bond length
is between 2.23 and 2.34 A in the dimer Au,Cl; in the solid state,5” and takes an average value of 2.277
and 2.274 A in NaAuCl, and NR,AuCl,, respectively.585° With increasing [OY], the chlorine atoms of the
coordination shell are progressively replaced by nitrogen. Mixed Cl/N coordination shell is found for
[OY] =100 mM and four N atoms as first neighbors are found for [0Y] = 400 mM. The bond length Ra,.n
is found between 2.02 and 2.06 A (Table 1). The Au-N bond length is a little bit longer than in
AuCI3NH;,? but similar to the bond length measured by EXAFS on solution of HAuCl, in hexane with an
excess of OY.*¢ This complexation of the Au(lll) ions by OY is also revealed by a change in color of the

solution, from pale yellow with [0Y] = 50 mM to dark orange with [OY] = 400 mM.

Table 1. Coordination number, N, bond length, R, and Debye-Waller factor, ¢?, of the first coordination
shell around Au fitted to EXAFS spectra of Au(lll) precursors, Au(l) intermediate phase, Au(0)
nanospheres and nanowires and gold foil. Figures in brackets indicate the uncertainties of the last digit
as estimated after fitting FT EXAFS over three different g-ranges.

Au(lll) precursors

Nauci Ravci (B) 0200 A2) Nau-n RaunlA)  aun (A?)
[0Y] =50 mM 4.1(2) 2.23(1)  0.005(1) - - -
[OY] = 100 mM 1.5(1) 2.28(1)  0.005(1) 2.5(1) 2.02(1)  0.005(1)
[OY] = 400 mM - - - 4.1(6) 2.06(1) 0.006(2)

Au(l) intermediate

Nau-ci Ravc (A) o (B2 Naww Raun(A) 0 (A7)

Au(l)-0Y - - - 2.1(1) 2.09(1)  0.004(1)

Au(0) Nanoparticles

Nau-c RuwclR)  PauclB?) Nau-au RavadA)  nundl B2)
NSs [0Y] = 50mM 0.7(1) 2.41(1) 0.004(1) 8.5(5) 2.84(1) 0.014(1)
NWs [OY] = 400mM 0.8(1) 2.37(1)  0.009(1) 9.0(4) 2.86(1)  0.011(1)
Au foil Reference - - - 12 2.88(1) 0.008(1)

The SAXS patterns of the different precursor solutions are shown in figure 3. Whatever the OY

concentration, the scattering intensity exhibits a Guinier regime in the intermediate-q region and a
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Porod regime in the high-q region. Since the organic molecules, OY and TIPS, exhibit almost the same
scattering length density (SLD) as hexane (Table S1) they cannot be responsible for the scattering
intensity at small angles. At the opposite the SLD of the ion pair [AuCl;] OY* and the one of gold chloride
coordinated with OY are estimated as almost twice the SLD of hexane (Table S1). Thus, the observed
scattering intensity is interpreted by the presence in solution of molecular clusters of Au(lll) complexes.
These clusters will be further referred to as pre-nucleation clusters (PNCs). Note that in case of [OY] =
100 mM, the increasing intensity at very small g can reveal the presence of secondary structures
resulting of the assembly of PNCs (Fig. 3). Two variations in the SAXS profiles are observed when [OY]
is increased. The “knee-feature” is shifted toward high-q, from about 0.08 A-* for [OY] =50 mM to0 0.12
A1 for [OY] = 400 mM, and the slope of the Porod regime is decreasing. The radius of gyration, Rg, and
the exponent of the power law in the Porod regime, p, were determined by fitting a Beaucage equation
to the SAXS profiles (see supplementary information, Fig. S6). Assuming spherical objects, the average
diameter was calculated from the relation Dgyxs = ZMRQ. Dgaxs was found to decrease from 4.4
nm for [OY] = 50 mM, to 3.9 nm for [OY] = 100 mM and to 2.7 nm for [OY] = 400 mM (Table S2 in SI).
The value for the higher [OY] is similar to the one previously reported by Pschunder et al. ¢ The
exponent p for the Porod law decreases from 3.5 to 2.8 for [0Y] = 50 mM and 400 mM, respectively
(Table S2). These values reveal surface fractal objects, with an open shape and rough surface. This
confirms the “molecular nature” of the clusters, presumably coordination polymer chains in folded
conformation. The decreasing p value indicates that the clusters transform from surface fractal to mass
fractal at high [OY]. In other words, a large excess of QY limits the clustering and creates less dense
zones inside more open clusters. This effect may be related to the increasing number of OY molecules

coordinated to the Au atoms that can limit the clustering of the gold complexes.

e _
13 0.1
>
=
[ —— 50mM OY
2 —100mM OY
€ 0019 —400mmoOY
0.01 0.1
-1
q (A7)

Figure 3. SAXS pattern of the initial precursors obtained by dissolving HAuCl, in solution of QY in hexane
at the OY concentrations of 50 mM (black line), 100 mM (red line) and 400 mM (blue line).
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3.3 In situ study of nucleation and growth of Au nanospheres

The nucleation and growth of the nanospheres prepared with [0Y] = 50 mM were studied by in situ

XAS and SAXS to follow both the Au speciation and the particle morphology as a function of time.

Gold speciation. Time-resolved XAS spectra recorded during the synthesis of gold nanoparticles with
[OY] = 50 mM are shown in Figure 4a. Once the addition of TIPS, the EXAFS oscillations are modified,
the intensity of the white line at 11 921.2 eV decreases and the intensity of the peak “B” at 11 948.5
eV increases. After 30 min, the XAS spectrum is similar to that of a Au foil, indicating that most of Au(lll)
ions have been reduced to Au(0) in agreement with the XPS results. To assess the gold speciation as a
function of time, time-resolved XAS spectra were fitted by the linear combination analyses (LCA), as
described in previous studies.!*3! At first, the LCA were performed with only two contributions, the
spectrum of the Au(lll) initial precursor at t = 0 s (Fig. S5a) and the one of the final Au(0) nanoparticles
after 24 h of reaction (Fig. S3a). Nevertheless, the best fits of the XAS spectra left out a significant
residual contribution. Based on previous growth mechanism studies*%%6! showing that a Au(l) phase
with a layered structure could be an intermediate in the reduction of gold tetrachloride in presence of
oleylamine, the XAS spectrum of such an Au(l) phase (Fig. S7 in Sl), prepared with a large excess of
oleylamine (see experimental section), was introduced as a third possible contribution in the LCA. An
example of LCA is given in figure 4b showing the goodness of the fit. For each XAS spectrum, the
relative weights of the three different components were deduced from the LCA and were identified to
the gold concentration in the three different oxidation states. The relative concentrations of Au(lll),
Au(l) and Au(0) are plotted for short time range (up to 120 s) and for longer time range (up to 25 min)
in figures 4c and 4d, respectively. Three stages can be defined: the induction period, the nucleation,
and the growth stage. Straight after the addition of TIPS, Au(l) is observed in the medium. The first
stage, until 10 s, is referred as the induction period, during which the reduction from Au(lll) to Au(l) is
noticed. The second stage corresponding to the onset of Au(0) and then to the steep increase of Au(0)
concentration, grey shaded area on figure 4c, is interpreted as the nucleation stage. During this period,
the Au(l) concentration reaches the maximum value of c.a. 35 %. After t = 30 s, the increasing of [Au(0)]
is slowed down which is interpreted as the end of the nucleation and the beginning of the growth
stage. 50 % of the gold precursor has reacted during the first 30s and the remaining 50 % is reduced
very progressively during the following several tens of minutes. In order to describe more precisely the
nucleation/growth stages and to assess the reaction rates, an autocatalytic model was defined
following Finke’s approach.'®However, a model taking into account only the two-step reduction, Au(lll)
— Au(l) = Au(0), and the auto-catalytic step, Au(l) + Au(0) — Au(0), was not able to describe both the

very rapid variations of [Au(lll)] and [Au(0)] during the nucleation stage and the very slow ones during
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the growth stage. The study on the Au(lll) complexes with different OY concentrations showed that OY
can coordinate the Au ions. In the reaction with the molar ratio [OY]/[Au] = 2.5, one equivalent of OY
is used to dissolved HAuCl, in hexane through the formation of the ion pair OY*[AuCl,]. The 1.5
equivalent of OY remaining in solution can complex the Au ions and modify their reactivity.
Competition between reduction and complexation was therefore introduced leading to a possible co-
existence of reactive Au(lll) and Au(l) species (schematically Au coordinated mostly with Cl) and inert
species toward the reduction (schematically complex with OY in the Au coordination sphere). In this
model, the nucleation and the auto-catalytic step involve only the “reactive” Au(l) species (Scheme 1).
The kinetic model is described with more details in the supplementary information (Table S3 and
corresponding text). As can be seen in Figure 4(c,d), this kinetic model describes satisfactorily the
variation of [Au(lll)], [Au(l)] and [Au(0)] over the entire reaction. The reactive Au(lll) species are
consumed very rapidly during the induction and nucleation stages, while the concentration of the
reactive Au(l) species reaches a maximum value just after the onset of Au(0). During the growth stage,
the concentrations of the reactive species are almost zero, the “non-reactive” Au(lll) and Au(l) species
act both as reservoirs, their transformation into reactive species are the limiting steps of the reaction.
Thanks to the modelling of the kinetic, it is possible to plot the nucleation and growth rates as a
function of time (Fig. 4e). The rate constants fitted to the gold speciation show an overlap between
nucleation and growth during the steep increase of Au(0) and after 35 s the growth rate is higher than
1.9 times the nucleation rate (Fig. 4f). This time is in very good agreement with the extent of the
nucleation stage deduced from the experimental curves. It is noteworthy that, experimentally, the
beginning of nucleation has been taken at the onset of Au(0), i.e. when particles exhibiting a metallic
rather than a molecular character appear in the medium because the reference for the Au(0) species
in the LCA analysis was gold nanoparticles. It means that the presence of soluble Au(0) species was
neglected in our analysis. This stresses the limit of the comparison between the gold speciation and
the Finke’s model where the nucleation is described by a single step reaction. It may explain the small
discrepancy between the experimental data and the modelling at the beginning of the nucleation. The
modelling was nevertheless very useful to show the presence of non-reactive species and to identify

the end of the nucleation stage when Vy becomes much lower than V.
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Figure 4.(a) In situ XAS spectra at the Au L,~edge recorded during the synthesis of Au nanoparticles in
a solution of OY/hexane with [OY] = 50 mM ; (b) Fit of the XAS spectrum at 29 s (open circles) by a
linear combination of three components {magenta line), Au(lll) precursor (black line), Au{l)
intermediate (red line) and final Au{0) NPs {blue line). Relative Au(lll), Au(l) and Au(0) concentrations
deduced from the LCA: (c) plotted between 0 and 120 s and (d) between 1.5 and 25 min. The open
dots correspond to the best fit to the Au speciation, the symbols {+) correspond to the reactive Au(lll)
and Au(l) species, the symbols {x) correspond to the less reactive Au(lll) and Au(l) species (see text).
(e) Nucleation and growth rates as a function of time given by the fit according to the reaction scheme
1; {f) Ratio between the growth and nucleation rates.
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induction i nucleation i growth
kf kN AC
AU(”I)rEac — Au(l)rear. — AU(O) + Au(l)rear. _— AU(O)

o o

AU(I”)”OH Fodc Au(])uou reac.

Scheme 1. Modelling of the reaction mechanism of the Au nanospheres formation with [OY] = 50 mM.
The reduction pathway involves a two-step reaction, Au(lll) to Au(l) and Au(l) to Au(0). The Au(0) NP
nucleation/growth process is modelled by an auto-catalytic process with the reaction rate constants
ky and ksc. A competition between reduction and complexation of the Au(lll) and Au(l) by QY is
described by two additional equilibrium during the induction stage. The two “non reactive” complexes
are not directly involved in the reduction steps but serve as reservoir for the “reactive complexes”.

Evolution of size — SAXS. Figure 5 shows the time evolution of the SAXS patterns recorded during the
synthesis of nanoparticles with [0Y] = 50 mM, for the first 40 s of reaction, i.e. covering the induction
and nucleation stages and the beginning of the growth stage (Fig. 5a), and between 48 s and 30 min,

i.e. during the growth stage (Fig. 5b).

The absolute scattering intensity is almost constant between t =4 s and 22 s i.e. during the induction
stage. The SAXS profile follows: a Porod regime in the very low-q range, a Guinier regime in the
intermediate-q range with a “knee-feature” and a Porod regime at high-q (Fig. 5a). This SAXS profile is
interpreted by the presence of primary scattering objects responsible for the intensity at high- and
intermediate-q ranges, these first level structures being assembled at a larger scale into secondary
structures, responsible for the low-q power law. The structure of the primary objects is similar to the
pre-nucleation clusters (PNCs) observed prior to the addition of TIPS (Fig. S9a). The scattering intensity
profiles were analyzed using a Beaucage equation?® for a two level structure in order to take into
account the secondary structures (see more details in the supplementary information, Fig. S9). The
main fitted parameters to the SAXS curves are given in Table S4. The radius of gyration is comprised
between 17 and 14.8 A, giving a diameter Dgyxs that decreased from 4.4 to 3.8 nm, assuming an
isotropic shape for the PNCs. The exponent of the power law at high-q is also almost constant with an
average value of 3.3 (Table S4). Thus during the induction stage, a slight shrinkage of the PNCs size
and almost no change on their internal structure are noticed while the XAS study showed a progressive

reduction of Au(lll) to Au(l) during the same period. Between 22 s and 34 s, i.e. during the period

18



Page 19 of 33

Nanoscale

identified as the nucleation stage, an abrupt change of the scattering intensity profile is observed, with
a very fast shift of the “knee-position” to the high-q region. Thus, for the time range corresponding to
the highest [Au(0)] slope in the LCA-XAS data, a shrinkage of the particle size occurs that can be
interpreted as the fast transformation of the PNCs into metal NPs. For the period going from 48 s to
30 min, identified as the growth stage, the knee-position is progressively shifting towards low-q and
the SAXS intensity in the intermediate-q range is progressively increasing, which is interpreted as a
slight increase of the metal nanoparticle size. The scattering intensity profiles during the growth stage
were fitted to a sum of two single level Beaucage equations corresponding to a mixture of remaining
PNCs and metal NPs (see supplementary information for more details, Fig. S9). The weight of the PNC
scattering intensity, the radius of gyration and the slope of the Porod law corresponding to the SAXS
intensity of the metal nanoparticles are reported in supplementary information (Table S4). When time
increases, the weight of the PNCs decreases and the metal particle size increases from 1.9 to 2.4 nm
(Figure 5c). These values are consistent with the mean size measured from the TEM images. The metal
NP size increase, observed during the growth stage, corresponds approximately to 1 atomic layer
around the metal particles. Considering that, at these very small sizes, the addition of 1 atom shell
means an increase of 50 % in the number of atoms in the particles, the size increase is consistent with
the XAS analysis showing that 50 % of Au was involved in the growth stage (Fig. 4). The value of the
exponent of the high-q Porod regime was fixed to 3.7, equal to that of the 30 min signal. This value is
close to 4, the expected value for metal particle with smooth surface in suspension in liquid. The slight
difference can be attributed to NPs surface disorder and/or adsorption of unreduced species at the

metal NP surface since the reduction was not complete at 30 min.

The figure 5¢c summarizes the overall process including the XAS and SAXS results: - molecular pre-
nucleation clusters with almost stable size during the induction stage; - fast shrinkage of the PNCs in
the time interval corresponding to the nucleation stage according to the XAS results; - slow increase of
the metal NPs mean size during the growth stage. The shrinkage is interpreted as the transition from
molecular clusters with long internal Au-Au distance to dense metal NPs with shorter internal Au-Au

distance.
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Figure 5. In situ SAXS patterns recorded during the synthesis of Au nanoparticles in OY/hexane solution
with [OY] =50 mM: (a) between 4 and 40 s and (b) between 48 s and 30 min; (c) Particle mean diameter
as a function of time, calculated from the radius of gyration of the Au{lll})-Au(l) pre-nucleation clusters
during the induction stage and from that of Au{0) NPs during the growth stage. The grey shaded area
corresponding the nucleation stage was deduced from the XAS results.
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3.4 Influence of [OY] on kinetics of nucleation and growth

Figure 6(a,b) depicts the speciation of gold species in the different oxidation states, Au(lll), Au(l) and
Au(0), for the syntheses with [OY] = 100 mM and 400 mM, calculated from the LCA analysis of the time-
resolved XAS spectra following the same method as in the previous section. The corresponding XAS
spectra and examples of LCA are reported in the supplementary information (Figure S10). Increasing
[OY] prolongs the induction stage, Au(0) appearing after 10 min and around 180 min for [OY] = 100
mM and 400 mM, respectively. In both cases, the onset of Au(0) started when the Au(l) concentration
reached the relative value of about 0.55 and [Au(l)] reached a maximum value of 0.6. Since the final
particles have very different volumes, it is noteworthy that the nucleation rate is independent of
[Au(1)]. An auto-catalytic model was built to describe the kinetic of the reaction with [OY] = 400 mM.
For such OY concentration, the gold precursor characterization (section 3.2) showed that the initial
solution contained mainly Au complexes coordinated by oleylamine. These complexes were
considered as poorly reactive for the reduction by TIPS and in equilibrium with poorly reactive Au(l)
species. These Au(l) species are themselves in equilibrium with reactive Au (I) species involved in the
nucleation and auto-catalytic steps as in the previous model (Scheme 2). The kinetic model is described
in a more detailed way in the supplementary information (Table S4 and corresponding text). As can be
seen in Figure 6b, this model fits very well to the variations of [Au(lll)], [Au(l)] and [Au(0)] over the
entire reaction. The nucleation and growth rates given by this model are plotted as a function of time
on Figure 6c. Interestingly, the modelling describes well that the nucleation stage involves only a very
small amount of gold, at the opposite of the nucleation stage of the nanospheres prepared with [OY]
=50 mM. The grey shaded area on figure 6b corresponds to the nucleation stage. It begins at the onset
of Au(0) and finishes when V¢ is much higher than V. According to the rate constants given by the fit,
the growth rate becomes higher than twice the nucleation rate at 200 min and increase very quickly

afterwards (Figure 6d). The end of the nucleation stage has been taken arbitrarily at t = 200 min.
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Figure 6. Relative Au(lll), Au(l) and Au{0) concentrations deduced from LCA of the In situ time-resolved
XAS spectra at the Au [-edge during the Au nanoparticles synthesis with {(a) [OY] = 100 mM and (b)
[OY] = 400 mM (right). On figure (b) the open dots correspond to the best fit of the kinetic model to
the XAS data, the symbols {+) and (x) correspond to the reactive and less reactive intermediate Au(l)
species, respectively (see text). (c) Nucleation and growth rates as a function of time, given by the
kinetic modeling of the Au nanowires synthesis with [OY] = 400 mM, according to the reaction scheme
2; (d) Ratio between the growth and nucleation rates of the Au nanowires synthesis with [OY] = 400
mM .
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Scheme 2. Modelling of the reaction mechanism of the Au nanowires formation with [OY] = 400 mM.
The Au(0) NP nucleation/growth process is modelled by an auto-catalytic process with the reaction
rate constants ky and kac. The very large excess of oleylamine in the medium favors the formation of a
“non-reactive” Au(lll) complex. This complex is progressively reduced into a “non-reactive” Au(l)
complex in equilibrium with a reactive Au(l) complex which is finally involved in the Au{0) formation.
Both “non reactive” complexes serve as reservoir for the “reactive complexes”.
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The time-resolved SAXS patterns recorded during the synthesis with [OY] = 100 mM are given in figure
7a for the period 4s-20 min, that covers the induction, nucleation and beginning of the growth stages,
and in figure S12 for the complete reaction. The scattering intensity profile due to the 3.9 nm PNCs
remains almost constant during the first 5 minutes (Fig. 7a). Between 5 and 14 min, there is a
progressive change in the scattering intensity, with the shift of the “knee-position” to high-q. This
phenomenon occurs in the time range corresponding to the onset of Au(0) in the gold speciation plot.
Thus, a shrinkage of the particle size is observed at the metal particle nucleation, similarly to what has
been already observed with [0Y] = 50 mM, but much slowed down. After c.a. 14 minutes, the scattering
intensity incrases and the knee-position shifts toward low-q, showing an increasing number of metal
nanoparticles with an increasing size. The size of the PNCs and of the metal particles inferred from the
fits of the SAXS patterns are given in the Table S6. A change in the scattering intensity of the Porod
regime at very low-q is also noticeable between the beginning of the reaction and 30 min (Fig. S12).
The slope at low-q, revealing some secondary structures of the pre-nucleation clusters, is present
during the whole induction stage. It vanishes progressively from 15 min, i.e. at the beginning of the
growth stage, and has disappeared at after 30 min (Fig. S12). This observation highlights that the
nucleation stage occurs from PNCs involved in larger hierarchical structures. The reduction of the PNCs
into metal nanoparticles destabilizes the secondary structures.

After c.a. 40 minutes, a shift to the low-q region of the “knee-position” is observed along with an
increasing scattering intensity (Fig. $12). This last phenomenon was not observed with [OY] = 50 mM
and can be interpreted as a secondary growth stage with an increasing number of bigger particles in
agreement with the TEM images of the final particles showing a bimodal distribution with particles of
diameter 6 nm.

Figure 7b depicts the SAXS patterns for the synthesis with [0Y] = 400 mM. The scattering intensity
remains almost constant for the first 150 min. A progressive increase of the scattering intensity at low-
g is then observed, in agreement with the growth of nanowires. After around 450 min, the scattering
intensity at low q follows a g power law showing that the dominant scattering objects in the medium
are the nanowires.*346

High-energy X-ray diffraction combined with pair distribution function (PDF) analysis is a good probe
for very small particles and/or poorly crystalline compounds.®? PDFs calculated from in situ XRD pattern
recorded during the syntheses of the nanoparticles prepared with [OY] = 100 mM and nanowires
prepared with [OY] =400 mM are shown in Figure 8. For both kinetics, the PDFs exhibit at the beginning
of the reaction a distance at 3.38 A in good agreement with an Au-Au aurophilic bond observed mainly

in Au(l) dimers or chains, but also in some cases in Au(lll) dimers.®3 For [0Y] =100 mM, after c.a. 10 min
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of reaction, a well-defined PDF peak at the radial distance of 2.84 A corresponding to the Au-Au pair
distance in metal nanoparticles is also observed. This last distance is in good agreement with the
distance measured by EXAFS. The PDF peak at 3.38 A disappeared rapidly and after 1h the PDF was
similar to the one after 22h (Fig. 8a). It shows that, after 1h, the scattering intensity at wide angles is
mainly due to the atomic correlation in the metal particles, in agreement with the SAXS and XAS results.
For [OY] = 400 mM, the distance at 3.38 A was observed during the first 150 minutes of reaction, i.e.
covering the whole induction stage. Then, this distance progressively disappeared while at the same
time progressively appeared the distance at 2.86 A corresponding to the metal bond in the nanowires,
in agreement with the LCA analysis (Fig. 8b). Unfortunately, the acquisition time of few minutes
required for a good HE-XRD pattern prevented to study the structure of the pre-nucleation clusters for

the very fast reaction with [0Y] = 50 mM.
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Figure 7. In situ SAXS patterns recorded during the synthesis of Au nanoparticles in OY/hexane
solution: (a) [OY] = 100 mM, during the first 20 minutes and (b) [OY] = 400 mM.
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Figure 8. In situ atomic PDFs as a function of time: (a) [OY] = 100 mM; (b) [OY] = 400 mM. The blue
arrow highlights the Au-Au pair distances present at the beginning of the reaction as a PDF peak
centered at 3.38 A; the black arrow highlights the bonds between Au and light atoms, N or Cl, appearing
as a broad PDF peak centered at about 2.15 A; the red dotted arrow highligths the Au-Au pair distances
in metal NPs appearing as a well-defined PDF peak centered at 2.84 A and 2.86 A.

3.5 Discussion

The reduction of gold chloride by the TIPS in hexane in presence of different concentrations of
oleylamine have in common to lead to ultrasmall gold particles, spheres or wires, with unusual atomic
structure. The QY concentration plays a decisive role on the nucleation and growth stages. The joint
XAS and SAXS studies have permitted to combine chemical and morphological information during the
nanoparticle synthesis and to correlate the variation of morphology of the scattering objects in

solution with the extent of the reaction all along the induction, nucleation and growth stages. HE-XRD
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has completed the study providing structural information on the precursors before nucleation and on

the final gold particles.

The main result that must be highlighted here is the role of the molecular pre-nucleation clusters
(PNCs) in the nucleation of the gold particles. PNCs involved in secondary structures were identified by
SAXS for all OY concentrations. The PNCs shrinkage observed by SAXS is concomitant with the
nucleation and the beginning of growth of the metal particles Au(0) observed by XAS. Moreover, the
secondary structures attributed to Van der Waals attraction between the PNCs vanish progressively
during the nucleation stage. SAXS requires a contrast in the scattering length densities between the
clusters and the solvent, high enough to give a significant intensity. It shows that the core of the
clusters contain Au(lll) and/or Au(l) complexes. A short Au-Au distance was detected by HE-XRD during
the pre-nucleation/induction stage showing an association of Au complexes, attributed to the
aurophilic bond. The surface fractal structure of the PNCs may be attributed to the presence of
oleylamine in the outer shell. For the highest OY concentration, the internal structure seems quite
different that could be due to large number of QY coordinating the Au atoms, thus limiting their
association. The size of the PNCs was determined by SAXS but the question then arises on assessing
the number of gold atoms constituting the PNCs depending on their size. Assuming a molecular volume
of the gold complex coordinated by Cl and OY of about 0.6-0.65 nm3 (Table S1) and assuming PNCs
with an spherical shape, the ratio between the volume of the PNCs and the molecular volume of the
gold complex gives from 50 to 70 units in the PNCs with a diameter of 3.9-4.4 nm, like those observed
with [OY] =50 mM, and only 15 units for the PNCs with diameter of 2.7 nm, like those observed with
[OY] = 400 mM. Gathering SAXS and XAS results, a possible description of the Au NPs formation with
[OY] =50 mM is: (i) a sudden reduction of the PNCs to Au(0) nuclei containing 50 to 65 atoms, i.e. to a
size of about 1-1.2 nm ; (ii) a very fast growth with remaining highly reactive Au(l) species to give 1.9
nm NPs ; (iii) and after 30 s a slower growth involving the 50 % less-reactive species remaining to give
finally the 2.4 nm final Au NPs. The numbers of Au atoms inside the PNCs do not take into account
possible inhomogeneity of density inside the clusters, such as a core shell structure with OY chains
organized as an outer shell. Hence, the molecular volume in the cluster cores could be lower and the
number of Au atoms higher, but this does not change the overall description. The same scheme applies
to the nucleation and first growth stage of the nanospheres prepared with [0Y] = 100 mM. However,
in this case, the QY excess increases the non-reactive species amount, the nucleation step involves less
Au and an additional growth stage is observed leading to a bimodal size distribution. It is noteworthy,
however, that the primary particles have the same size as in the case with [OY] = 50 mM, despite a
much slower nucleation rate. This cannot be explained in the framework of the classical nucleation

theory, as was mentioned in other systems.?” For the nanowire synthesis, Pschunder et al. proposed a
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nucleation involving pre-nucleation clusters and reported on a size contraction at the nanowire
nucleation.*® Here, we show that the size of the clusters depends on the OY concentration and we can
make the hypothesis that the PNC size and the degree of coordination with OY of the Au centers
involved in the nuclei determine the nucleation rate. The biggest PNCs appear very reactive, because
they contain enough Au atoms to lead to stable nuclei, whereas the smallest ones are not reactive and,
as suggested by Pschunder et al.,*® require an association into bigger anisotropic structures to lead to
the nucleation. In both scheme, the Au(0) nuclei are not generated according to the classical nucleation
theory, i.e. by the progressive association of Au(0) free monomers into small Au(0) clusters and then
stable Au(0) nuclei, as it was described by Abecassis et al.'* or by Chen et al.'®> for the chemical
reduction of gold chloride using borohydride or borane as reductants. In the present case, the
shrinkage of the pre-nucleation clusters into small Au(0) metal particles shows that the nucleation is

an internal reduction of the pre-nucleation clusters.

The second particularity of this system is related to the reduction by TIPS of Au complexes coordinated
or partially coordinated by OY. The LCA of the time resolved XANES spectra showed the co-existence
of the three oxidation states during the growth stage whatever OY concentration, but the reaction rate
constants of the different reduction steps, deduced from the kinetic modeling, are at least two orders
of magnitude smaller for [OY] = 400 mM than for [OY] = 50 mM. This highlights the role of OY that not
only forms an ammonium to dissolve [AuCl,]- but also changes the reactivity of the precursors by
binding to the Au ions. The kinetic modelling required to introduce non-reactive Au(lll) and Au(l)
species to describe properly the experimental gold speciation. It is known from literature that gold(l)
complexes with amine and chloride ligands can adopt two kinds of coordination chemistry forming
charged or neutral complexes, [Au(RNH,),]Cl or (RNH,)AuCl, respectively.®* Both kinds of compounds
form polymeric chains like [Au(NH;),]X,%> or (RNH,)AuCl.%* In these chains, the aurophilic bond is
reinforced by hydrogen bonds between NH, and Cl groups. With large excess of OY, the Au(lll)N, and
Au(l)N, centers were evidenced by EXAFS showing the complete substitution of the chloride by OY in
the Au ion coordination spheres. With slight excess of OY, the presence of both coordination

complexes is very likely.

The equation 1 that describes the whole reduction of Au (1) to Au NPs is supported by the absence of
molecular hydrogen evolution during the syntheses and by the total conversion of oleylamine to
ammonium when it is added in stoichiometric amount. The gold reduction by TIPS involves hydrides
as intermediates. Gold hydrides have been proposed as intermediates in gold-catalyzed reactions such
as hydrogenation®® or hydrosilylation.s” Previous studies showed also the possibility to isolate Au(lll)
and Au(l) hydrides using lithium borohydride®® or hydrosilane via 6-bond metathesis.®® Thus, the first

step of Au(lll) and Au(l) reduction by TIPS likely proceeds via a o-bond metathesis with formation of a
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gold hydride and triisopropyl chlorosilane, followed by a reductive elimination of a proton with the
help of oleylamine to form the ammonium. The substitution of Cl by OY in the coordination spheres of
the gold complexes reduces the possibility of -bond metathesis that could be the reason of the lower
reduction rates, the reduction then occurring only through a dynamic ligand exchange in the Au
coordination sphere. This hypothesis is supported by the need to introduce in the kinetic models
equilibria between reactive (complexes containing chloride in the coordination sphere) and non-

reactive species (complexes with only OY in the coordination sphere).

Thus, by substituting the chloride ions in the coordination sphere of the gold precursors, OY has a
double effect. It slows down the reduction rates by the TIPS and notably increases the induction times,
and it limits the association of the molecular complexes into large pre-nucleation clusters limiting the
number of nuclei. A third effect of QY that can also contribute to slowing down the reduction rate is
the formation of a second shell of OY around the coordination sphere of the Au complexes with large
OY concentration, limiting the access of the TIPS to the Au(lll) and Au(l) coordination sphere. This
hypothesis is supported by the fact that, in a large excess of OY, the final nanowires are surrounded by
a bilayer of oleylammonium/oleylamine, as it was reported in previous studies.** This bilayer was also
described as responsible for the anisotropic growth through the formation of cylindrical micelles
around the wires. A fourth effect that has not been considered here is the reducing power of OY

assuming that Au(lll) and Au(l) complexes are reduced by OY at higher temperature.3?

4. Conclusion

The nucleation/growth mechanism evidenced for the nanosphere formation can be summarized as
follow: formation of non-reduced pre-nucleation clusters (PNCs); progressive reduction from Au(lll) to
Au(l) inside the clusters without significant PNC size modification; abrupt size shrinkage of the PNCs
into metal nuclei containing approximately 50-60 atoms; fast growth involving reactive Au complexes
followed by a slow growth involving non-reactive complexes acting as a reservoir. In the case of
nanospheres, the PNCs are large enough and/or enough reactive to allow the nucleation directly from
PNCs. In presence of an excess of QY the PNCs are smaller and less reactive, limiting the nucleation
and slowing down the growth. This mechanism is consistent with previous study on the nanowire
formation that described the association of prenucleation clusters into anisotropic objects before the
metal NW nucleation. The classical nucleation theory does not apply for these systems since the
number of nuclei depends more on the size and reactivity of the PNCs rather than on a concentration

threshold of zero-valent gold atoms. The multiple roles of QY have been clarified thanks to this study.

28

Page 28 of 33



Page 29 of 33

Nanoscale

The complete substitution of chloride ions by OY in the Au coordination sphere not only limits the
clustering but also hinder the action of TIPS preventing from the formation of hydrides through

metathesis.

The PNCs in this study have still an ill-defined formula [AucCl,0Y,].. In future studies, it will be
interesting to improve the structural characterization of the PNCs at the atomic/molecular scale. A
better assessment of the number of Au atoms involved in the nucleation stage will be useful to
complete the mechanism description because the kinetic modeling including an autocatalytic process,
although very useful for demonstrating the presence of non-reactive species acting as reservoirs, does
not include information on the size of the nuclei. A perspective for this work is to extend the study to
other systems exhibiting reactive metal-organic PNCs and try defining new rational routes of ultrasmall

nanoparticles and ultrathin nanowires with non-classical structures.
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