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Figure 1: formation of AulNP by in situ UV-visible, SAXS and WAXS with the decancic acid ligand: a)
TV-vis spactra as a function of time. The decrease of the 400 nm peak in the first instants shows the disparition
of Au(lll} befors the appearance of the plasmon band at ca 540 nm. b) SAXS patterns as a function of times,
Just after the mixing and until t=140 ms, the signal is very weak in the whole scattering range indicating a very
lowr structuration of the salution and the absence of nancparticles. During the first sseond, a large increase of the
intensity at small q is visible, with a cross-cver to a rapidly decreasing intensity at large q. As the time of reaction
increases beyond one second, the intensity at low q still devellops meamwhile the cross-ower of regime at large q
is reached for a lower q value. In this large q regime, an cscillation is even measurable arcund 3 nm—? which is
characteristic of the form factor of nancmetric objects. This cecillation shifts with time toward lower q indicating
that the scattering cbjects are growing in size. <) WAXS patterns as a function of time, The two peaks (110} and
{200 are clearly visible and their intensity increases with time.

We have probed in site by SAXS/WAXE the nucleation and growth of gold nanoparticles, The use of a fast mixing
stopped fow device enables the assesment of the whole particle formation process with & 200 ms time resalution.
The mumber of particles, their size distributicn and the yvield of the reaction is determined in real time through the




quantitative analysis of the SAXS datas at the absolute scale. Two ligands exhibit drasticly different bhehavicrs.
When an alkancic acid is wsed a nucleation phase of 1 s is followed by a growth step whoss rate is limited by the
reaction of the monomers at the interface. At the opposite, when an alkylamine is used, the muclestion rate is
increased by a an crder of magnitude, thus annealing growth by lack of monomer and vielding B = 1 nm particles
in 2 second as compared to B = 2.7 nm in 12 s in the acid case,

In the last few years, the sontrol over the size, shape and somposition of incrganic nano-crystals has became far
more complets than ever expeeted’™ and now the reaction conditions can be tuned to yield a specific praduct.
However, the predictive character of these essentially empirical approaches remsin incomplets and precisel v designed
experiments are now mandatory to reveal the mechanisms at work in the formation of nanoparticles® During the
formation of nanoparticles (NP, the time and length scales of the nuclestion and growth processes and their
inherent transient nature have hindered the possibility of direct real-time messurements,

Gold nanoparticles [AuNP) are among the oldest and most studied nancerals materials” due to their important
potential applications in bictechnology® and catalysis® In this paper, we investigate the monophasic synthesis
deseribed by Jana et al'™ The AuMP are obtained through the reduction by & borohydride salt ({EH ) of a gold
zalt solubilised in toluene by & cationic surfactant (DPABY in the presence of an excess of alkyl derivative ligands,
either decylamine or decancic acid {see supporting information). Fast and reproducible mixing of the two precursor
solutions (gold salt and reducing agent ligand solutiona | was ensured by the use of & stopped fow devies, 2% The
AulNP form in a few seconds and the experimental set-up enables the monitoring of their formation since the
very beginning of the reaction (dead time of 16 ms) with a time resclution ranging from 2 ms in the case of the
UVovizsible experiments to 130 ms for the small angle X-ray scattering (SAXS) and 200 ms for the wide angle X-ray
scattering | WAXS), performed at the ID02 beamline. Figure 1 presents the tempeoral evalution of the different
phyzical quantities. SAXS iz very efficient to assess unambignously the mumber and size distribution of the mclsi
and particles during the reaction. Indeed, a sclution of atomic gold sclely scatters a flat and very weak =ignal and
after a correct treatment the scattering signal only comes from the contrast between the growing AuMNP and the
solvent. In that case, the volume fraction & of the AuNF can be measured with time using a general property of
scattering diagrams (Eq 1)

)‘( Hgig?dg = 20% (A (1 — ) (1

where Ap is the scattering length density contrast between gold and toluene {Ap* = 1.51910%" mm~?). The left
term is calculated from experimental seattering disgram and the right term allows to extract the volume fraction
of AulNp in the solution. For a total conversion of atomis gold to nanoparticles, the maximal value of ¥ would b=
Frar = Cn = Vi where O iz the initial concentration of Au(lIl) and V,y, the maolecular valume of Au0) in bulk
gold. Thus, the yield of the reaction is obtained at any time thy @ ¥ = -4% as shown in Agure 2. Two conclusicns
can b= drawn: for the acid cose the reaction lasts 12 s and 52 % of g-:n]d“..n._h:-nw are transferred in the particles at
the end. For the amine case, the final vield is the same but the platean is reached in 3 seconds confirming the fact
that the reaction is much faster.

In order to extract the number density =, the radius r; and the polydispersity o of the nuclei and growing
nanoparticles, the caleulated seattering from a population of chjects is compared to the SAXS data and the
distribution adjusted to optimize the Atting using o Levenberg-Marquardt algorithm. The bast results were cbtained
with the total scattered intensity per unit wolume (Eq 2) caleulated for a population of spheres with a gaussian
distribution

Iigi = %% = Mg [:lz.J(,T’[:'] VirP Pig, vide) (2
where Plg.r) = gi"""“’”._‘?.',_"m‘?"”a iz the form factor of & sphere. The influences of », ry and & are strongly

(qrl
decoupled, providing unambigucus results for the fitting process. The radius centre ro and o act on the transition

regime of the SAXS pattern where the intensity starts to decrease and on the attenuation of the form factor cecil-
laticns at high g whereas n» only acts on the total amplitude. The agreement of the caleulated intensities with the
experimental diasgrams is almost perfect as shown in figure 3 (see also supporting information) vielding for every
tirne the size distribution of particles 3 &) and prowviding a solid ground to discuss the time evalution of the different
parametsra,
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Figure 2: Yield of the reaction as a function of time for the two different ligands chtained via a general
property of seattering diagrams.

The results are shown on figure 3 a) for the two different ligands. We cbeerve that the final radius strongly depends
om the chemical nature of the ligand (3.5 nm for the acid, 1.4 nm for the amine). Moreover, the kinetics are also
different in the first instants of the reacticn process. In the acid case, two distinet regimes separated in time can ke
readily ohserved. During the first second, there is a burst of the total number of particles while the average radius
remains around 1 nm. This behavicur can be ascribed to a nucleation period at the end of which, remarkably, a
very little amount {10 % § of the available gold atoms hes been consumed, as can be noticed in figure 2. Then, after
1.5 &, the number of growing particles remains almest constant while their radius is incressing by consumption of
the remaining atoms in solution thus defining the growth pericd. In the amine cass, the reaction i= faster and a
burst of nusleation with nearly no growth regime is observed. The nucleation rate is simply deduced by dividing the
mumber density of particles at the end of the nucleation periad by the time required to generate these stable nucledi.
This global value corresponds to an integration over the instantanecus micleation rate which strongly depends on
the initially increasing supersaturation. A larger nucleation rate iz found when amine ligands (1.4810%% L-1a-1)
are used instesd of scid ligands (5.9910% L=Ys='). This can b= due to a difference in reducing agent activity. For
the acid case, the borohydride (& Lewis base) reacta with the carboxylic acid*® to produce (trijacylmorborchydide,
a weaker reducing agent limiting the initial rate of nuclei formation.

The kineties of growth {only obeerved with the acid) can either be limited by the diffusion of the monomers towards
the aurface or by the surface reaction with the monomera.!® In the two limiting eases where one process fully limits
the growth, the rate of growth of a particle of radius v is given by a generie differential equation:

dr 47
5= A (If-'.:. —n ?;:'3 - C}q[m-je“'"-"') . (3

where A = K innm.s~" for a surface reaction limited growth and A = 2 (I? in nm®s~" being the diffusion coefficient
of the moncmer ) for a diffusion limited growth, Oy (=} the equilibrium sclubility of geld with & macroseopic surface,
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Figure 2: Hadius, concentration and size distribution from SAXS fitting o) Besulis of the fits of the SAXS
pattarns as o function of time. The ecncentration in particles {n+ N4, the center of the gaussian distribution and
the o parameter are indieated for the two different ligands, b) SAXS patterns for the first instants of the reaction
and the corresponding fits for the case of an acid ligand. ¢} Size distribution corresponding to the SAXS patterns
in bj.

n* the mumber of particles in the solution at the end of the nucleation pericd snd ra the capillary radius which iz
linked to the interfacial sclid-solvent interfacial tension v by: v, = EJE_I;"E- The width of the size distribution being
amall during the whole time of reaction (figure 3 ¢}, the equation 2 iz integrated versus time sonsidering a unigue
typ= of particles of size vy, A good fit is obtained for & = 2.010* nma~! and .. = 1.2 nm. A typical particls
radiuz of r = 2 nm yields a diffusicn coefficient (D = 4.0 107 nm? 51 four crders of magnitude less than a typical
diffusion coefficient of any gold complex species in sclution. Thus the growth is limited by the surface reaction
with a rate constant of K = 2(£05)1¢nm.s-1,

Finally, the crystalline nature of the AuMNP in formation is given by the in sits WAXS results. The sppearsncs
and growth of teo typical diffraction pesks which belong to FOC gold crystal are clearly chserved, cne at 31.4
nm—t for the (111} plane and the other at 355 nm~! for the (200) plans. The full width at half-maximum of
the (111 diffraction peak is constant with time and sannot be linked to the size of the particle. On the contrary,
the maximum of the {1117 peak increases with time with a charateristic behaviour. The normalised value (rela-
tive to the maximum final value) is superimpeossd to the normalised radius obtained from SAXS (see supporting
information). This indicates that the crystallinity of the particles is not modified during the time of the experiment.

The quantitative determinstion of the number density and size distribution, which in the present case revealed
that the ligands impose the AulNp final size by controlling their nucleation rate, opens an effective experimental
route towards a comprehensive treatment of the nucleation and growth of nanoparticles.
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