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ABSTRACT

We probe in situ by synchrotron SAXS/WAXS and UV −visible spectroscopy the nucleation and growth of gold nanoparticles. The use of a
fast-mixing stopped-flow device enables the assesment of the whole particle formation process with a 200 ms time resolution. The number
of particles, their size distribution, and the yield of the reaction is determined in real time through the quantitative analysis of the SAXS data
on an absolute scale. Two ligands exhibit drastically different behaviors: when an alkanoic acid is used, a nucleation phase o f 1 s is followed
by a growth step whose rate is limited by the reaction of the monomers at the interface; on the other hand, when an alkylamine is used, the
nucleation rate is increased by an order of magnitude, thus annealing growth by a lack of monomer and yielding R ) 1 nm particles in 2 s,
as compared with R ) 3.7 nm in 12 s for the acid case.

In the past few years, control over the size, shape, and
composition of inorganic nanocrystals has became far more
refined than ever expected,1-3 and reaction conditions can
now be tuned to yield a specific product. However, the
predictive character of these essentially empirical approaches
remains incomplete, and precisely designed experiments are
now necessary to reveal the mechanisms at work in the
formation of nanoparticles.4 During the formation of nano-
particles (NPs), the time and length scales of nucleation and
growth processes and their inherent transient nature have
hindered the possibility of direct real-time measurements.
To date, only a few reliable measurements of the microscopic
mechanism and kinetic of nucleation of NP have been made.
They often relied either on ex situ microscopy techniques,
which can lead to drying artifacts and prevent the time
resolution under 1 min, or on indirect techniques, where the
size of the particles is deduced from size-dependent optical
properties.5,6 The high brilliance of synchrotron radiation has
recently proven useful to probe dynamic phenomenon in
nanomaterials.7,8 Gold nanoparticles (AuNP) are among the
oldest and most studied nanoscale materials9 due to their
important potential applications in biotechnology10 and
catalysis.11 In this paper, we investigate the monophasic
synthesis described by Jana et al.12 The AuNP are obtained

through the reduction by a borohydride salt (BH4
-) of a gold

salt solubilized in toluene by a cationic surfactant (DDAB)
in the presence of an excess of alkyl derivative ligands, either
decylamine or decanoic acid (see Supporting Information).
Fast and reproducible mixing of the two precursor solutions
(gold salt and reducing agent/ligand solutions) was ensured
by the use of a stopped flow device13-15 (see Supporting
Information). The AuNP form in a few seconds and the
experimental setup enables the monitoring of their formation
from the very beginning of the reaction (dead time of 16
ms) with a time resolution ranging from 3 ms in the case of
the UV-visible experiments to 130 ms for the small-angle
X-ray scattering (SAXS) and 800 ms for the wide-angle
X-ray scattering (WAXS), both performed at the ID02
beamline of the ESRF (European Synchrotron Radiation
Facility, Grenoble, France). Figure 1 presents the temporal
evolution of the different physical quantities. Time-resolved
UV spectrophotometry (Figure 2) allows the different phases
of the formation of the AuNP to be checked qualitatively.
The gold(III)-DDAB ion pair16 has a characteristic metal-
to-ligand charge-transfer band atλ = 400 nm. For the acid
case, the decrease of the intensity of this peak over 150 ms
shows the reduction of Au(III) into Au(I) or Au(0) because
none of these complexes absorb in the probed range.

After 150 ms, the UV-visible spectrum is constant during
a transient phase of 250 ms. Afterward, starting fromt )
400 ms, the formation of the AuNP is indicated by the
increase of the surface plasmon absorption band (λp ) 544
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nm) with time. The break around 1 s suggests a change in
the regime of formation of the AuNP. When decyl amine is
used instead of decanoic acid, the reduction reaction is faster.

The disappearance of the Au(III) signal is not visible, and
the transient phase is shorter (50 ms). Finally, the plasmon
absorption band continuously rises with time, and in contrast
to the acid case, only one regime is present. These experi-
ments demonstrate that no Au(III) is present in solution when
the AuNP start to nucleate and grow whatever type of ligand
and that both the reduction of Au(III) and the formation of
the nanoparticles proceed much faster in the case of the
amine ligand, showing the strong influence of the nature of
the ligand on the kinetic of the formation of AuNP.

Contrary to UV-visible spectrophotometry,17 SAXS18,19

is very efficient for assessing unambiguously the number
and size distribution of the nuclei and particles during the
reaction. Indeed, a solution of atomic gold solely scatters a
flat and very weak signal, and after a correct treatment (see
Supporting Information), the scattering signal only comes
from the contrast between the growing AuNP and the solvent.
In that case, the volume fractionΦ of the AuNP can be
measured with time using a general property of scattering
diagrams (eq 1):

where∆F is the scattering length density contrast between
gold and toluene ((∆F)2 ) 1.519× 1020 mm-4). The term

Figure 1. Formation of AuNP by in situ UV-visible, SAXS, and WAXS with the decanoic acid ligand: (a) UV-vis spectrum as a
function of time. The decrease of the 400 nm peak in the first instants shows the disappearance of Au(III) before the appearance of the
plasmon band at ca. 540 nm. (b) SAXS patterns as a function of time. Just after the mixing and untilt ) 140 ms, the signal is very weak
in the whole scattering range, indicating a very low structuration of the solution and the absence of nanoparticles. During the first second,
a large increase of the intensity at smallq is visible, with a crossover to a rapidly decreasing intensity at largeq. As the time of reaction
increases beyond 1 s, the intensity at lowq continues to develop, while the crossover of regime at largeq is reached for a lowerq value.
In this largeq regime, an oscillation is even measurable around 3 nm-1, which is characteristic of the form factor of nanometric objects.
This oscillation shifts with time toward lowerq, indicating that the scattering objects are growing in size. (c) WAXS patterns as a function
of time. The two peaks (110) and (200) are clearly visible, and their intensity increases with time.

Figure 2. Temporal evolution of UV absorbance at 540 and 400
nm. Absorbance at 540 nm vs time for the two ligands (decanoic
acid and decylamine) during AuNP formation. The increase in
plasmon intensity presents a break in the acid case, whereas it is
much faster and continuous in the amine case. The insert shows
the absorbance at 400 nm vs time. For the acid case, the decrease
of the signal indicates the reduction of the Au(III) salt. For the
amine case, the reduction of the Au(III) salt is not visible: the
observed increase after 50 ms is linked to the increase of the
plasmon band. ∫ I(q)q2 dq ) 2π2(∆F)2Φ(1 - Φ) (1)
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on the left-hand side is calculated from the experimental
scattering diagram, and the term on the right-hand side allows
to extract the volume fraction of AuNp in the solution. For
a total conversion of atomic gold to nanoparticles, the
maximal value ofΦ would beΦmax ) C0 × Vm, whereC0

is the initial concentration of Au(III) andVm the molecular
volume of Au(0) in bulk gold. Thus, the yield of the reaction
is obtained at any timet by: Y) Φ/Φmax, as shown in Figure
3. Two conclusions can be drawn: For the acid case, the
reaction lasts 12 s and 53% of gold atoms are transferred to
the particles at the end. For the amine case, the final yield is
the same but the plateau is reached in 3 s, confirming the
fact that the reaction is much faster.

To extract the number densityn, the radiusr0, and the
polydispersityσ of the nuclei and growing nanoparticles, the
scattering from a population of objects is calculated and
compared to the SAXS data. The size distribution and
number of particles are adjusted to give the best fit using a
Levenberg-Marquardt algorithm. In the case of a diluted
assembly of spherical particles, the scattered intensity is given
by:20

whereV(r) andP(q,r) ) (9(sin(qr)-qr cos(qr))2)/(qr)6 are
the volume and the form factor of a sphere of radiusr. f(r)
is the size distribution function of the particles. The best
results were obtained for a population of spheres with a
Gaussian size distribution (eq 3):

The fitting procedure yields a set of 3 paramaters:n, r0,
andσ. The influences of each parameter on the calculated
scattering patterns are strongly decoupled, providing un-
ambiguous results for the fitting process. The radius center
of the distribution,r0, and the polydispersity,σ, act on the
transition regime of the SAXS pattern where the intensity

starts to decrease and on the attenuation of the form factor
oscillations at highq. For smaller particles, the plateau at
low q will extend over a widerq range, and the scattered
intensity will decrease for higherq. The smaller the poly-
dispersity, the sharper the oscillations at highq will be. The
number density of particles,n, only acts on the total
amplitude asI(q) is directly proportional ton. The agreement
of the calculated intensities with the experimental diagrams
is almost perfect, as shown in Figure 4 (see also Supporting
Information), yielding for every time the size distribution
of particles 4c) and providing a solid basis for understanding
the time evolution of the different parameters.

The results are shown in Figure 4a for the two different
ligands. We observe that the final radius strongly depends
on 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 reaction process. In the
acid case, two distinct regimes separated in time can be
readily observed. During the first second, there is a rapid
increase in the total number of particles, while the average
radius remains around 1 nm. This behavior can be ascribed
to a nucleation period at the end of which, remarkably, only
a very little amount (10 %) of the available gold atoms has
been consumed, as can be noticed in Figure 3. Then, after
1.5 s, the number of growing particles remains almost
constant while their radius increases by consumption of the
remaining atoms in solution, thus defining the growth period.
In the amine case, the reaction is faster, and a burst of
nucleation with nearly no growth regime is observed. The
nucleation rate is simply deduced by dividing the number
density of particles at the end of the nucleation period by
the time required to generate these stable nuclei. This global
value corresponds to an integration over the instantaneous
nucleation rate, which strongly depends on the initially
increasing supersaturation. A larger nucleation rate is found
when amine ligands (1.48× 1018 L-1‚s-1) are used instead
of acid ligands (5.99× 1016 L-1‚s-1). This can be due to a
difference in reducing agent activity. For the acid case, the
borohydride (a Lewis base) reacts with the carboxylic acid21

to produce (tri)acyloxyborohydide, a weaker reducing agent,
limiting the initial rate of nuclei formation.

The kinetics of growth (only observed with the acid) can
either be limited by the diffusion of the monomers toward
the surface or by the surface reaction with the monomers.22,23

In the two limiting cases where one process fully limits the
growth, the rate of growth of a particle of radiusr is given
by a generic differential equation:

whereA ) K in nm‚s-1 for a surface reaction limited growth
andA ) (D/r) (D in nm2 s-1 being the diffusion coefficient
of the monomer) for a diffusion-limited growth,Ceq(∞) is
the equilibrium solubility of gold with a macroscopic surface,
n* is the number of particles in the solution at the end of
the nucleation period, andrcc is the capillary radius, which
is linked to the interfacial solid-solvent interfacial tension

Figure 3. Yield of the reaction as a function of time for the two
different ligands obtained via a general property of scattering
diagrams.

dr
dt

) VmA(C0 - n*
4π
3

r3 - Ceq(∞)ercc/r) (4)

I(q) ) (∆F)2 (n∫ f(r)V(r)2P(q,r) dr) (2)

f(r) ) 1

x2πσ
e-[(r-r0)2/2σ2] (3)
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γ by rcc ) 2γVm/kT. The width of the size distribution being
small during the whole time of reaction (Figure 4c), eq 4 is
integrated versus time by considering a single particle type
of sizer0. A good fit is obtained forA ) 2.0 × 104 nm‚s-1

and rcc ) 1.2 nm. A typical particle radius ofr ) 2 nm yields
a diffusion coefficient (D ) 4.0× 104 nm2‚s-1) 4 orders of
magnitude less than a typical diffusion coefficient of any
gold complex species in solution. Thus the growth is limited
by the surface reaction with a rate constant ofK ) 2((0.5)
× 104 nm‚s-1. For the acid case, the end of the nucleation
period for a yield of 10% can be explained following
Sugimoto’s arguments.22 For a constant feeding of the
solution in monomers, Sugimoto established that nucleation
stops when the added momomers are all transferred to the
growth of the existing particles, suppressing accordingly the
chance of nucleating new particles. In the present case, the
addition is not constant because it depends on the instanta-
neous flux of new monomersQ(t). A rate of consumption
by growth can also be defined asQG(t) ) (dr/dt)‚n*(4π/
Vm)r2. Q(t) goes from a maximum initial value to zero at
long time, whereasQG(t) increases from 0 att ) 0 to a
maximum then back to zero at long times. If at any time

during the reactionQG(t) goes aboveQ(t), the nucleation
will stop. The occurrence of this stoppage intrinsically
depends on the instantaneous supersaturationS(t) behavior
controlling the size of the first nuclei throughrc ) rcc/
log(S(t)). This happens for the acid ligand conditions but
not for the amine ligand because it does not weaken the
reducing agent activity. The final size of the particles is thus
controlled by the very first instant of the reaction that these
experiments are able to probe: the higher the nucleation rate,
the smaller the final particle size. Our results thus unambigu-
ously prove the pionneering hypothesis of Frens.24

Finally, the crystalline nature of the AuNP formed is given
by the in situ WAXS results. The appearance and growth of
two typical diffraction peaks which belong to FCC gold
crystal are clearly observed, one at 31.4 nm-1 for the (111)
plane and the other at 35.5 nm-1 for the (200) plane. The
full width at half-maximum of the (111) diffraction peak is
constant with time and cannot be linked to the size of the
particle. On the contrary, the maximum of the (111) peak
increases with time with a charateristic behavior. The
normalized value (relative to the maximum final value) is
superimposed to the normalized radius obtained from SAXS

Figure 4. Radius, concentration, and size distribution from SAXS fitting. (a) Results of the fits of the SAXS patterns as a function of time.
The concentration of particles (n/NA), the center of the Gaussian distribution, and theσ parameter are indicated 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. (c) Size distribution
corresponding to the SAXS patterns in (b).
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(see Supporting Information). This indicates that the crystal-
linity of the particles is not modified during the time of the
experiment.

In summary, the quantitative determination of the number
density and size distribution has revealed that the ligands
determine the final size of gold nanoparticles by controlling
their nucleation rate. This opens an effective experimental
route toward a comprehensive treatment of the nucleation
and growth of nanoparticles.
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