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ABSTRACT: The quantitative analysis of nanomaterials synthesis kinetics is valuable both for understanding the synthesis and for
development of manufacturing processes, and it usually requires the use of synchrotron-based instrumentation, making it challenging
to perform experiments in the large parametric space needed to develop quantitative kinetic models. UV—vis spectroscopy represents
a convenient technique to circumvent such difficulties, as it is available in most chemistry laboratories and allows fast data
acquisition. This technique can in theory be used for the characterization of plasmonic nanomaterials synthesis kinetics. However,
linking UV—vis spectra with characteristic features of the produced nanomaterials, such as size and shape, is a challenging task. This
work presents a detailed spectroscopic analysis of gold nanoparticles syntheses via in situ time-resolved UV—vis spectroscopy, with
emphasis on the role of gold precursor adsorption on the particle surface during nanoparticle growth. We show that the classic
Turkevich synthesis and the growth of preformed gold nanoparticles with two different methods exhibit significant commonalities in
the spectra evolution, explained in terms of the interaction between gold precursor species and the nanoparticle surface. Such
interaction was accounted for in a model based on the Mie theory, describing the growing nanoparticles as core—shell spheres with
an outer shell of few Angstroms characterized by reduced conductivity and increased electron damping rate. The proposed model led
to the determination of the nanoparticle size and concentration evolution throughout the synthesis with good quantitative agreement
against literature SAXS data. Furthermore, the core—shell model enabled the reproduction of the progressive blue-shift in the SPR
peak position observed during the synthesis. Thus, this work reconciles the “seed-mediated growth” mechanism for the Turkevich
synthesis with the temporal evolution of the spectra within the framework of the Mie theory, showing that the distinctive purple-
greyish hue observed during the synthesis can be related to the interaction of gold precursor with the growing gold nanoparticles.

B INTRODUCTION of their constitutive atoms. A plethora of different synthetic

Plasmonic nanoparticles represent an area of intense research routes is available in the literature to obtain plasmonic
due to their unique optical properties, making them attractive
for a variety of applications in optics, electronics, biomedicine,
etc."”” These nanoparticles are generally made of rare metals
(e.g, gold or silver) or less expensive and more abundant
materials, such as aluminum® or magnesium,4 and exhibit
absorbance peaks in the UV—vis—NIR region due to the
collective oscillation of the electron cloud surrounding the core
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nanoparticles of different material,” shape,” and assembly,” in
order to tailor their surface plasmon response to the desired
application.

Among the plasmonic materials gold stands out,” particularly
in the field of biomedicine,” in light of the proven
biocompatibility of most gold nanostructures.'” The most
common method for the synthesis of gold colloids is arguably
the citrate reduction of chloroauric acid, also known as the
Turkevich method."" This synthesis consists of the reduction
of gold precursor (chloroauric acid, HAuCl,) by trisodium
citrate (Na;CqHO;) in water at a moderately high temper-
ature (~100 °C). The outcome of the synthesis varies
depending on the experimental conditions. Frens'” showed
that by changing the ratio between HAuCl, and citrate, the
average particle size changes significantly. Ji et al.’
demonstrated that this is due to different reaction mechanisms
taking place when varying the gold-to-citrate ratio. These
different mechanisms are a result of the pH variation due to
the change of the [HAuCl,]/[citrate] ratio: HAuCl, speciation
is pH dependent, and the gold precursor reactivity decreases as
the pH of the solution increases.

Since gold nanoparticles are plasmonic nanomaterials, UV—
vis spectroscopy is the simplest way to gather information
regarding the mechanism of the reaction. This was extensively
studied in the literature,'>~ ' nonetheless leading to somewhat
unusual results. In particular, a progressive blue-shift of the
spectra is observed during the reaction. This phenomenon has
been attributed to an aggregative mechanism, with large
aggregates forming in the early stage of the reaction that
subsequently break down, leading to the formation of the final
monodisperse product.'®'” These conclusions have been
partially supported by ex situ TEM measurements,'”'® even
though the applicability and accuracy of this technique for
those cases are questionable,'” since drying artifacts and beam-
induced particle nucleation/aggregation are common issues
encountered when analyzing unstable specimens.

The a§§regative mechanism was disproved by Polte and co-
workers™>" for typical experimental conditions of the
Turkevich synthesis, that is, for HAuCl, concentration
between 0.1 and 1 mM, [citrate]/[HAuCl,] ratio between $
and 20, and temperature between 75 and 100 °C. For these
conditions, the pH remains approximately constant throughout
the reaction'” at a value between 5 and 7.*” An extensive study
of the synthesis at these conditions was carried out by Polte’s
grouplg’zo’zz_24 through SAXS/XANES measurements with
synchrotron radiation. This study led them to propose a “seed-
mediated growth” mechanism for this synthesis.'””’ According
to this mechanism, gold nuclei are created from a super-
saturated solution of Au(0) (nucleation step) and rapidly
aggregate to form colloidally stable seeds. After this
aggregation step, the seeds number remains constant over
time, and the particles grow via surface reduction of the gold
precursor. We recently reported a quantitative population
balance model for the prediction of the particle size based on
this mechanism,” which accurately predicts the final particle
size, whereas a previously available model not taking into
account the decoupling between the aggregation and surface
growth steps as well as the different reactivity of the various
precursor species”® failed in reproducing the synthesis
outcome in several different conditions.”” However, this recent
mechanistic description still leaves some unanswered ques-
tions, as apparently it is not in accordance with UV—vis
spectroscopy results. The monotonic increase of the particle

size observed via SAXS'”*® would suggest a progressive red-
shift in the SPR peak position during the synthesis, whereas
experimental evidence shows a blue-shift in the SPR peak
position from ~550 to ~520 nm. Regarding this discrepancy,
Wauitschick et al.'” proposed that the reason for the spectra
blue-shift during the synthesis stems from the interaction of
the HAuCl, molecules with the particle surface. A similar effect
has been reported for the adsorption of Ag(CN),” on the
surface of preformed Ag nanoparticles” and for the chelation
of metal ions (at low concentration) on the surface of
plasmonic particles.”” In both cases, no aggregation was
observed, but the spectra showed a higher peak absorption
wavelength than expected due to ion adsorption.

This work addresses the apparent inconsistency between
UV—vis spectroscopy results and the recent proposed reaction
mechanism for the Turkevich synthesis by fitting in situ time-
resolved UV—vis spectra recorded throughout the synthesis
with a model based on the Mie theory. The proposed model
takes into account the presence of adsorbed gold precursor on
the particle surface by considering the growing particle as a
core—shell structure, with a thin outer shell representing the
portion of the particle interacting with the adsorbed Au
precursor species. A similar model was employed by Peng et
al.*” to explain the nonmonotonic trend of the SPR position of
silver nanoparticles for decreasing particle size, and by Averitt
et al.*' to model Au-coated Au,S nanostructures (though in
this case a dielectric core represented the Au,S cluster, while
the outer shell described the Au coating). We show that the
simple model proposed in this work can reproduce the
evolution of the two main spectra characteristics during the
synthesis: the SPR peak absorbance increase and the
progressive shift toward higher energies of the SPR peak as
the reaction time increases. To further support our hypotheses,
we examined the growth of preformed gold nanoparticles (with
no further nucleation occurring) with two different methods,
namely citrate reduction of HAuCl,, i.e., “citrate growth”,23
and “hydroxylamine growth” of gold nanoparticles.”” The same
behavior in the SPR position is observed, with a significant red-
shift at the beginning of the reaction (upon injection of the
gold precursor) and a progressive blue-shift in the SPR peak
position, further suggesting the validity of our model.

The manuscript is organized as follows: first, the details of
the experimental procedure used in the work are described;
then, in the first subsection of the Results and Discussion, we
summarize and discuss the model employed to fit the data. We
then comment on the experimental results, with emphasis on
the distinctive features observed in the spectra, as well as the
aspects that bridge our experimental results with SAXS
measurements from the literature. We next compare the
results obtained from fitting the spectra with SAXS measure-
ments from the literature. The model is subsequently used to
study particle evolution during seeded growth. Eventually, the
conclusions of the work are presented in the final section of the
manuscript.

B EXPERIMENTAL SECTION

Materials. Gold(III) chloride trihydrate (HAuCl,-3H,0, >
99.9%) and citric acid monohydrate (ACS reagent grade
>99.0%) were purchased from Sigma-Aldrich. Trisodium
citrate dihydrate (99%) was purchased from Alfa-Aesar.
Hydroxylamine hydrochloride (+99.0%) was purchased from
Acros Organics.
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Synthesis and Characterization of Gold Nanopar-
ticles. All reactions were carried out in a quartz cuvette
(Hellma Optics) with 10 mm optical path placed in a UV—vis
cuvette holder equipped with Peltier elements to allow for
temperature control (Qpod, Quantum Northwest). The liquid
in the cuvette was kept under agitation with the aid of a
magnetic stirrer (stirring speed 3000 rpm). The liquid volume
employed in each synthesis was 1.5 mL. TEM micrographs of
the particles were obtained with a JEOL 1200 EX microscope
with a tungsten filament operating at an acceleration voltage of
120 kV. TEM samples were prepared by casting ~5 uL of
colloidal solution on a carbon coated copper grid. Particle size
distributions from the TEM images were obtained using the
software Pebbles.*

Gold seeds (8.9 nm radius) were synthesized according to
the Turkevich method,'" replicating the protocol from Polte et
al.?® In detail, for given final concentrations of 0.25 mM of
HAuCl, and 2.5 mM of trisodium citrate, 75 uL of a S mM
stock solution of HAuCl, was added to 1.35 mL of preheated
DI water (at a temperature of 85 °C), followed after ~3 min by
the addition of 75 yL of a 50 mM solution of trisodium citrate,
separately preheated to the reaction temperature.

In the “citrate growth” experiment, we replicated the
protocol from Polte et al.”> In detail, after completing the
synthesis of the seeds (8.9 nm radius) via the above-mentioned
Turkevich procedure ([HAuCl,] = 0.25 mM, [citrate] = 2.5
mM, 85 °C), the obtained particles were kept at a temperature
of 85 °C. After the seeds synthesis terminated (that is, after the
UV—vis spectra stabilized, ~ 40 min), 19 uL of S mM HAuCl,
was added to the solution. After the addition of the fresh
precursor, the Au(III) concentration was equal to 0.0625 mM.

The “hydroxylamine growth” experiment was performed
starting from 6.3 nm radius Au seeds prepared according to
Panariello et al.** In brief, a 0.2 mM Au(III) solution (initial
pH = 12, adjusted with NaOH 2 M) was preheated to 90 °C.
Subsequently, concentrated citric acid (72 mM) was added to
the solution (citric acid:Au(III) 12:1 mol:mol after addition).
The final pH of the seeds solution (measured at room
temperature) was approximately S5.6. After synthesis, the seeds
were diluted to yield a final Au(0) concentration of 0.03 mM.
Then, particle growth was performed at room temperature
according to the ?Protocol proposed by Brown and Natan with
minor changes:*> 7 uL of a 0.2 M hydroxylamine hydro-
chloride solution was added to 1.487 mL of the diluted 6.3 nm
radius gold nanoparticles solution. After 1 min, 6 uL of a 25
mM Au(III) solution was added and stirring of the solution
was continued for 10 min.

B RESULTS AND DISCUSSION

Spectra Modeling Framework. Following the exper-
imental evidence gathered from Polte’s group via SAXS,'”*
we modeled the growing particles as single spherical entities.
However, to account for the adsorption of gold precursor on
the particle surface, the spherical gold nanoparticle was
described as a core—shell structure embedded in a solvent of
dielectric constant ¢, (see Figure 1), following the same
framework employed by Peng et al.’ to describe the optical
properties of silver nanoparticles. The detailed model is
reported in the Supporting Information, Section SI1. In the
following, all the quantities in the model eqs S.1—S.16 referring
to the core have the subscript ¢ (e.g., A¥), while they have the
subscript s when referring to the shell (e.g,, A¥).
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Figure 1. Modeling domain used in this work. The inner core of
radius R, and dielectric constant &, represents the fraction of gold
nanoparticle not directly affected by surface phenomena. The outer
shell of thickness R, surrounding the particle represents the region of
interaction between the Au precursor species and the particle,
characterized by a dielectric constant &, The particle is surrounded by
a nonabsorbing solvent of dielectric constant ¢,, (in this specific work,
water).

The parameters determining the value of the dielectric
constants of core and shell are the core and shell radius (R, and
R,), the core and shell electron density scale factor (g, and g,)
and conduction electron damping frequency correction factor
(A¥* and A¥). Following the work of Mulvaney et al.”> and
Peng et al,,’>*° we introduced the parameter g to account for
changes in the particle free electron density due to the
interaction of the particle with the precursor species (see eq
S.15), while the parameter A* corrects the conduction electron
damping frequency, accounting for nonlocal effects arising
particularly in particles with radii smaller than 5 nm.”” The
inner core of the nanoparticle represents the largest fraction of
the sphere, with radius R, and dielectric constant (R, ®)
(with @ radiation frequency), described according to eqs
S.12—S.16. Assuming that the particle core is not involved in
interactions with metal precursor species present in solution,
we set g = 1 in eq S.1S and A¥* = 1 in eq S.16 (value
theoretically predicted for a sphere®). The particle core is
surrounded by a thin shell of thickness R; and dielectric
constant &, representing the region where the gold precursor
species attach to the gold nanoparticle surface. g is also given
by eqs S.12—S.16, however, accounting for the following
points:

e Changes in the free electron density due to adsorption of
gold precursor species. Therefore, we hypothesize that
the scaling factor g in eq S.15 is smaller than 1,
representing a decrease in the free electron density N, =
&N, caused by the adsorption of gold precursor species
on the surface of the particles.”*">3%3°

e Possible spectra damping due to adsorption of the
precursor on the particle surface. We subsequently treat
the parameter A¥ in eq S.16 as a fitting parameter.

The value of R was also set as a fitting quantity, expected to
be in the order of few Angstroms, as the shell should be
composed only of a small number of atomic layers. A similar
approach has been adopted by Peng et al.*’ to explain the non-
monotonic changes of the SPR peak position for silver
nanoparticles, whose radius ranged between 1 and 9 nm. Since
the particles studied in this work are below 15 nm in radius, we


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07405/suppl_file/jp0c07405_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07405/suppl_file/jp0c07405_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07405/suppl_file/jp0c07405_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07405/suppl_file/jp0c07405_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07405/suppl_file/jp0c07405_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07405/suppl_file/jp0c07405_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07405/suppl_file/jp0c07405_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07405/suppl_file/jp0c07405_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07405/suppl_file/jp0c07405_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07405/suppl_file/jp0c07405_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07405/suppl_file/jp0c07405_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07405?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07405?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07405?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07405?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c07405?ref=pdf

use the dipole approximation to model them by applying eqs
S.2 and S.9—-S.11 to calculate the extinction coefficient of the
particles.”*”** Equations S.12—S.16 are used to model the
dielectric properties of the particles. The unknown quantities
in these equations are then R, R, N, g, and A¥. The other
parameters appearing in the model and various constants in
eqs S.1, S.2, and S.9—S.16 are reported in Table SI.

Each experimental spectrum was fitted with the aid of the
commercial software Matlab, returning the parameters used in
the model to describe the spectrum (R, Ry N, g, A¥). Details
of the fitting procedure are provided in the Supporting
Information, Section S2. In brief, each set of spectra obtained
from an experiment was fitted starting from a time point where
the particle features were known via ex situ TEM measure-
ments (e.g,, the end of the synthesis for the seedless Turkevich
synthesis or beginning of the synthesis for the seeded-growth
syntheses). The ex situ determined particle features were used
as initial guess for the first spectra fitting according to egs S.1,
S.2, and S.9—S.16. The results obtained from the ith spectrum
fitting (at time, t = #;) were used as initial guess for the fitting of
the next spectrum (see Supporting Information, Section S2).

Synthesis of Gold Nanoparticles via the Turkevich
Method. The absorption at the SPR peak (Absgpy) is
proportional to the product between the particle number
density N and the extinction coefficient at the SPR peak
wavelength o,,,(Aspr) (see eq S.1). The latter is proportional to
the third power of the particle radius R*>*' (eq S.8). Figure 2a
shows the cubic root of the Absgpy as a function of time. Note

that the {/Absgpy is proportional to the product 3/NR. One
can clearly distinguish three regions in the graph:

L An initial region where 3/Absgr increases in a
superlinear fashion;
II. An intermediate region where 3/Absgyy increases
linearly;
III. A final region where 3/Absgpr exponentially increases
and levels off to its final value.

The same three regions were identified by Polte et al.”” via in
situ time-resolved SAXS measurements (Figure 2b). The
authors assigned to each region a different reaction stage,

which can be also observed in the {/Absgpy curve:

I. A first stage where the particles grow via aggregation:
here the number density of the particles decreases, while

the particle size increases (region I of the 3/Absgpy

curve);

II. A second stage where no further aggregation occurs, and
the particles grow linearly in time via a surface growth
reaction; the same linear trend is observed in region II of

the 3/Absgpr;

III. A third final stage, where the particle size grows via an
autocatalytic growth stage and levels up to its final value,

equivalent to the region III of the 3/Absgpp curve.

The behavior of the SPR peak position (Agpr) apparently
contradicts the “seed-mediated growth” mechanism: Agpg moves
from ~550 nm to ~520 nm during the synthesis (Figure 2a).
The trend observed in Agpy during the reaction was explained
in the past with the formation of large aggregates in the first
part of the synthesis, which subseclluently break down leadin%
to the final monodisperse product. '’ However, Polte et al.”
demonstrated via in situ time-resolved ultrasmall angle X-ray
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Figure 2. (a) 3/Absgyz and SPR peak position Agpp versus time,
obtained via in situ time-resolved UV—vis spectroscopy during the
Turkevich synthesis of gold nanoparticles performed in this work
([HAuCL] = 0.25 mM, [citrate] = 2.5 mM and temperature of 85
°C). (b) Evolution of particle radius and number density from SAXS
measurements performed by Polte et al.*® during the same synthesis.
Three distinct regions (I-III) can be observed in both graphs. Each
region corresponds to a different reaction stage: (I) nanoparticle
nucleation/aggregation, (II) slow linear particle growth, and (III) fast
final particle growth.

scattering (USAXS) that no large aggregates are present at any
time during the reaction. The progressive blue-shift of the peak
position from 550 to 520 nm could then be caused by the
adsorption of Au precursor species on the surface of the
particles. As a matter of fact, Biggs et al.* observed via AFM
measurements the adsorption of Au(III) species on the surface
of citrate coated gold nanoparticles upon addition of HAuCl,
to the colloidal solution. The interaction of Au precursor
species with the gold particle surface is also supported by the
results from Polte et al,,** who studied the citrate reduction of
HAuCl, on the surface of preformed gold nanoparticles. They
noticed that upon injection of the gold precursor in the seeds
solution at room temperature (hence, with no reduction of the
precursor taking place), the SPR peak shifted to a higher
wavelength, the SPR intensity decreased and the peak width
increased; however, the SAXS spectra of the particles before
and after addition of the precursor appeared identical,
suggesting that the changes in the spectra are linked to surface
phenomena rather than aggregation of the particles (see
Supporting Information, Section S3). Similar observations are
reported by Hendel et al,”> who studied the relation between
UV-—vis spectra and gold nanoparticle concentration; when
diluting Au nanoparticle solutions with HAuCl, solutions, the
authors observed a systematic red-shift and increase in the SPR
peak width, even though no reaction was taking place. The
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literature discussed led us to hypothesize that, during the initial
stage of the reaction, the gold precursor species bind to the
particle surface, causing the SPR peak to be initially located at
~550 nm. During the synthesis, as the gold precursor adsorbs
on the particle surface and is progressively consumed, Agpy
shifts from 550 to 520 nm.

The synthesis investigated led to particles with an average
radius of 8.9 nm (Supporting Information, Figure S2a) with a
reaction time of 30 min, values very close to the experiments
performed by Polte et al,”® who obtained particles with an
average radius of 8 nm with a reaction time of 35 min. The
discrepancies can be attributed to experimental error, as well as
inherent lack of complete reproducibility of the standard
Turkevich synthesis, as reported by Wuithschick et al.'’ In
their work the authors showed that different researchers
performing the standard Turkevich synthesis at 100 °C
obtained particles with radii ranging from ~6.5 to ~11 nm.

To explain the optical behavior observed during the
synthesis, we modeled the gold nanoparticles as a core—shell
structure, as described in the previous section and in the
Supporting Information, Section SI1. The particle core has no
direct interaction with the Au precursor species; on the other
hand, the strong binding of the gold precursor species with the
particle surface needs to be accounted for a proper description
of the spectra. Therefore, we modeled the outer part of the
sphere as a shell with damping frequency correction factor A¥
> 1 and free electron density scale factor g, < 1.

Therefore, to compute the spectra at each reaction time ¢
through egs S.1, S.2, and S.9—S.16, five parameters need to be
fitted: the core size R, the shell size R, the shell parameters A¥
and g and the particle number density N. The results of the
fitting in terms of particle radius, number density and volume
fraction are reported in Figure 3a—c. Here, one can observe the
good agreement with the data reported from Polte et al.,,” with
the discrepancy observed likely due to the inherent lack of
perfect reproducibility when performing the experiment
(possibly due to different reactor scale and configuration,
gold precursor stock, etc.).

When comparing the fitting results with the SAXS
measurements from Polte et al.*’ (Figure 3a—c), we can
observe in both data sets the same three reaction stages (i.e.,
nucleation/aggregation, linear growth, and autocatalytic
growth). It is worth stressing that the pH of the final colloidal
solution was approximately 6.2, which is larger than the pH
value of 5.6 required for optimal reproducibility of the
synthesis.”” Considering the discussed inherent lack of
reproducibility, the agreement between the SAXS and UV—
vis determined radii, number densities and volumetric fractions
is satisfactory. Despite the model simplicity, the fitting quality
of the full spectra is acceptable throughout the synthesis (see
Figure S3a,b), with good estimation of the SPR peak
absorbance and position compared to those determined
experimentally (see Figure 4a,b).

During the synthesis, the fitting returned a constant outer
shell thickness of 0.5 nm, which started to slowly decrease after
~25 min, reaching zero when the synthesis was over (Figure
Sa). The free electron density of the shell decreased during the
synthesis by a factor g, ~ 0.85, down to ~S5.1 X 10*® m™
(Figure Sb). The correction factor of the conduction electron
damping frequency A initially increased from 1 to 1.5 and
then decreased to 1 after approximately 15 min (Figure Sc),
when the particle radius was ~5 nm. Once the growth process
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Figure 3. (a) Particle radius, (b) particle number density, and (c)
volume fraction (given by N(t)R(t)3/Nf,-,m,Rj,~,m,3) obtained from the
fitting of the UV—vis data from the experiments performed in this
work (solid red lines) and comparison with the SAXS experimental
data obtained from Polte et al.”® for the same Turkevich synthesis
(blue open symbols); experiments conducted with [HAuCl,] = 0.25
mM, [citrate] = 2.5 mM, and temperature of 85 °C.

terminated, the shell thickness decreased to 0 and the free
electron density increased to the bulk gold value.

The trends reported in Figure Sa—c can be justified from a
physical chemistry point of view considering the possible
effects induced by the adsorption of the Au precursor species
on the surface of the nanoparticles. The reduction of Au
precursor to Au(0) during the Turkevich synthesis can be
described according to the following two reactions:*>***’
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AuCl,” + CH(0,>~
- CgH,0.>” + AuCl,” + CO, + 2CI" + H*

3Au(I) — 2Au(0) + Au(II)

The Au(III) precursor is present in the solution throughout
the whole synthesis, as observed by Polte et al. via XANES
measurements,”’ with the oxidation state of gold in solution
during the synthesis being above 1 for approximately the whole
duration of the process. As already discussed, Au precursor
species have more affinity to the Au nanoparticle surface than
citrate molecules.”” Due to this affinity, we hypothesize that
the initially formed Au particles adsorb Au precursor species
on their surface. Both Au(I) and Au(Ill) species can be
involved in this process, due to their likely coexistence during
the synthesis. While the interaction between gold precursor
and the gold nanoparticle surface is supported by experimental
evidence as discussed earlier in the text,”>**** the mechanism
of this process is not yet clear. The adsorption of the Au
precursor species on the surface of the particles can induce a
decrease in the free electron density of the particle surface;
then, the reducing agent (citrate) provides the electrons
required for the reduction of the adsorbed precursor. Once the
Au precursor species have been converted to Au(0), other
precursor present in the solution bulk can adsorb on the
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Figure S. Evolution of (a) outer shell thickness R, (b) electron
density scale factor g, and (c) conduction electron damping
frequency correction factor A¥, during the Turkevich synthesis.
Experimental conditions: [HAuCl,] = 0.25 mM, [citrate] = 2.5 mM,
and temperature of 85 °C.

particle surface, with this cycle repeating itself until full
precursor conversion. A similar mechanism was observed by
Mulvaney et al,”® where the authors studied a seeded-growth
experiment of Ag nanoparticles. The addition of Ag(CN),™ to
preformed silver seeds caused a red-shift of the spectra in
absence of any reducing agent. Then, radiolytically generated
reducing organic radicals caused the reduction of the adsorbed
silver ions and subsequent particle growth. After the radical
generation, the spectra blue-shifted to the initial position, with
an increase in absorbance and peak sharpening due to particle
growth. The authors inferred that the adsorption of the
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precursor on the preformed seeds caused a decrease in the free
electron density, leading to the spectra red-shift. Once the
reducing radicals were introduced in the system, these
compounds would inject electrons in the particles, which
would then be used to reduce the adsorbed precursor, and the
SPR peak would subsequently blue-shift and increase in
intensity. The inverse phenomenon has been observed by
Novo et al,,*® who monitored the SPR evolution during the
gold-catalyzed oxidation of ascorbic acid. The spectra of the
gold catalyst blue-shifted upon addition of ascorbic acid due to
the injection of electrons from the compound being oxidized
(ascorbic acid) to the surface of the gold nanoparticles. At the
end of the process, the spectra of the catalyst shifted back to
the initial position as the oxidizing agent (in this case oxygen)
removed the electrons transferred from ascorbic acid to the
catalyst.

Chemisorption is also reported to cause a faster coherence
loss of the free electrons due to the introduction of new
electrons relaxation pathways.*”*"*” This phenomenon trans-
lates in an increase in the damping frequency y, which is
observed in our fitting results in the increase of A¥ in the first
15 min of the synthesis (Figure Sc). One can note from Figure
Sa—c that, after approximately 15 min, A} abruptly decreases
from 1.5 to 1. The shell thickness instead starts decreasing
from the value of 0.5 nm only after ~25 min, leveling off at 0
after ~30 min, when the reaction is over. Similarly, g, remains
constant and equal to 0.85 until the reaction is completed.
These three trends suggest that the damping frequency of the
outer shell electrons y,, is mainly affected in the first 15 min of
the reaction, possibly due to the smaller particle size (below S
nm in radius), whereas the free electron density variations take
place during the whole synthesis. This is not surprising, as
small particles are more sensitive to changes in the surface
chemistry than larger ones, as observed from the effect of thiols
coating on Au nanoparticles of different sizes. The coating of
particles smaller than S nm with thiols is reported to cause SPR
peak damping (that is, an increase in y,), whereas particles
larger than S nm coated with thiols only show red-shift of the
spectra.*’ Finally, one should also consider that citrate
molecules compete with the Au precursor for adsorption on
the particle surface. Since citrate is in excess, it is not possible
to rule out the fact that citrate could be present on the particle
surface together with the gold precursor, causing an
inhomogeneous coating on the particles, possibly contributing
to the evolution of both A} and g,

Seeded-Growth Syntheses. We then considered the
possibility that the effect of the Au precursor adsorption on the
particle surface manifested in other syntheses. We therefore
performed a seeded-growth experiment (“citrate growth”)
reproducing Polte et al,>* who conducted the same synthesis
examined in the previous section to form Au seeds ([HAuCl,]
= 0.25 mM, [citrate] = 2.5 mM, temperature of 85 °C) and
once the seed synthesis was completed, added gold precursor
([HAuCl,] = 0.0625 mM) to the solution at the temperature
of 85 °C. The excess citrate present in solution from the initial
seeds synthesis reduced the freshly added gold precursor
during the growth step. When replicating this experiment, we
observed that the SPR peak position initially red-shifted from
520 nm (of the seeds) moving to lower energies, leveled off at
~525 nm, and then blue-shifted to eventually level off again at
520 nm (Figure 6a). These findings are in agreement with the
measurements performed by Polte et al,”> who observed the
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Figure 6. SPR peak absorption, Absgpy, and position, Agpy, from in situ
time-resolved UV—vis spectra of (a) the “citrate growth” experiment
performed in this work (8.9 nm radius seeds with an Au(0)
concentration of 0.25 mM produced at 85 °C with 2.5 mM of citrate,
and grown with the addition of gold precursor, final concentration of
0.0625 mM) and (b) the “hydroxylamine growth” experiment
performed in this work (6.3 nm radius seeds with an Au(0)
concentration of 0.03 mM, grown with the addition of hydroxylamine
and gold precursor, final concentrations of 0.93 mM and 0.1 mM,
respectively).

same initial red-shift followed by a progressive blue-shift in the
SPR position.

We next performed a different seeded-growth experiment,
starting from preformed seeds of 6.25 nm radius produced
according to Panariello et al.>* (see Supporting Information,
Section S6), and grew them via “hydroxylamine growth”.”” In
this synthesis, the reduction of the gold precursor was carried
out by hydroxylamine, which can only reduce the gold
precursor in the presence of a gold surface.”” Despite the
different synthetic route, the spectra showed similar features in
terms of evolution of the SPR peak position (Figure 6b),
further supporting the conclusion that gold precursor species
interact with the surface of the preformed particles, causing the
red-shift of the colloid spectra.

The spectra acquired during the seeded-growth experiments
were fitted with the same model employed in the seedless
Turkevich synthesis, returning the fitting parameters R, R, N,
g and A¥. The profiles of particle size and concentration for
both experiments, obtained from the spectra fitting, as well as
the temporal evolution of SPR peak position and absorbance,
are reported in Figure 7 and 8. Both seeded-growth
experiments fitting revealed a final size in good agreement
with TEM measurements (see Supporting Information,
Sections S4 and S6). Comparing the results obtained from
the citrate growth spectra fitting with the SAXS measurements
from Polte et al,** we observed good quantitative agreement
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Figure 7. Evolution of particle size and number density obtained from spectra fitting of the “citrate growth” experiment and comparison between
experimental and modeled peak absorbance, Absgpg, and peak position, Agpg, throughout the synthesis replicating Polte et al.*® (a) Particle radius
and (b) particle number density obtained from the fitting of our UV—vis spectra (red solid lines) against the data obtained in the same experiment
by Polte et al. via SAXS (blue open symbols); (c) Aspr and (d) Absgpr obtained from the modeled spectra (solid red lines) against the
corresponding experimental values (open blue symbols) taken from our experiments. Evolution of the shell thickness R, the shell conduction
electron damping frequency correction factor A¥, and the shell electron density scaling factor g, during the synthesis are reported in Figure SSa.

for the evolution of the particle size and particle number
concentration, supporting the validity of our model.

One can observe that the fitting provides a similar shell
thickness as the one obtained when fitting the spectra of the
Turkevich synthesis (Figure Sa): 0.5 nm in the Turkevich
synthesis against 0.23 nm (Figure SSa) in the “citrate growth”
experiment and 0.5 nm in the “hydroxylamine growth”
experiment (Figure SSb). The small difference of shell
thickness observed in the experiments could be explained as
follows: in the seedless Turkevich synthesis, “bare” Au particles
are initially formed in the early stage of the synthesis, rapidly
coated by Au precursor species, due to their higher affinity to
the particle surface as compared to citrate. Citrate only starts
adsorbing in large quantity on the surface of the particles when
most of the precursor has already been converted to Au(0),
when the shell thickness in Figure Sa starts decreasing, ~25
min after the beginning of the synthesis. In the “citrate
growth”, the seeds used are coated with citrate, and the
amount of Au(IIl) added is almost 2 orders of magnitude
lower than that of the excess citrate present in solution (0.0625
mM of Au(Ill) after addition against ~2.5 mM of citrate in
solution, with an Au(III)/citrate ratio of 40, against a ratio of
10 used in the seedless Turkevich synthesis). It is reasonable to
conclude that during the “citrate growth” the coating of the

particles is a mixture of citrate and Au(III) species, influencing
the value of the shell thickness, which appears smaller than that
observed in the seedless Turkevich synthesis (0.5 nm against
0.23 nm). In the “hydroxylamine growth” case, both the Au
seeds and the excess citrate present in solution are significantly
more diluted than in the “citrate growth” (by a factor of ~10).
Furthermore, the amount of Au(Ill) added is considerably
larger than that used in the “citrate growth” (0.1 mM against
0.0625 mM). This suggests that in the “hydroxylamine growth”
experiment, the Au nanoparticles initially get mainly coated by
Au(III) species, similarly to what happens in the initial stage of
the seedless Turkevich synthesis, hence the similar values of
shell thickness (in both cases 0.5 nm), which are higher than
those obtained in the “citrate growth” experiment.

The fitting returned a value of A} constant and equal to 1
throughout the growth for both seeded-growth experiments,
whereas g, decreases to 0.85. This is consistent with the values
of A¥ and g, reported for the Turkevich synthesis, where only
particles smaller than S nm radius showed an increase in the
value of A¥ (Figure S).

B CONCLUSIONS

This work presents a model for the interpretation of in situ
time-resolved UV—vis spectroscopy data gathered during the
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in Figure SSb.

synthesis of gold nanoparticles via the Turkevich method,
returning the evolution of the main nanoparticle features
during the synthesis (i.e., particle size and concentration). The
spectra features observed are in line with evidence from the
literature, with a progressive blue-shift in the SPR peak
position during the synthesis. The spectra were fitted with a
core—shell model, with a metallic outer shell with reduced
conductivity and increased electron damping rate. The model
describes satisfactorily the evolution of the particle size and
particle number concentration when compared to SAXS
measurements from the literature, as well as being able to
correctly replicate the spectra features evolution during the
synthesis (in terms of SPR absorbance and peak position). The
lower free electron density and higher damping frequency of
the outer shell are attributed to the strong interaction of the Au
precursor species with the Au nanoparticle surface. We
hypothesized that the precursor species, upon adsorption on
the Au nanoparticle, can cause a decrease in the free electron
density of the particle surface and an increase in the electron
damping frequency. These two phenomena could explain the
observed deviation from the behavior expected from an
unperturbed gold nanoparticle. Seeded-growth experiments
using preformed seeds exhibited the same SPR behavior as the
conventional Turkevich synthesis. These experiments were
performed using two different protocols with two distinct

reducing agents (namely hydroxylamine and citrate). Despite
the different protocols used, we observed the same features in
the spectra as displayed by the Turkevich synthesis, suggesting
that the same phenomena take place in the three different
syntheses studied. Therefore, the adsorption of precursor on
the particle surface appears as a reasonable explanation of the
SPR behavior during these syntheses. The developed model
was able to satisfactorily fit also the seeded-growth experi-
ments, as demonstrated by the close match of the obtained
particle size and number density with the results from literature
SAXS experiments.

The presented model allows to reconcile the recently
suggested “seed-mediated growth” mechanism for the Turkevich
synthesis and the observed UV—vis spectra, disproving the
presence of large aggregates that have been invoked to explain
the SPR behavior during the synthesis. We hypothesized that a
major role in determining the spectra features is associated
with the surface chemistry of the particles and its evolution
during the synthesis. Experimental investigations providing a
definitive picture of the changes of the particle surface during
the Turkevich synthesis are not available to the best of our
knowledge. Such investigations are very challenging, partic-
ularly considering that techniques commonly employed for this
purpose, such as electron microscopy, are rather invasive and
can induce artifacts when performed on unstable specimens
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(such as evolving particles). Future work addressing such
issues and providing a clearer description of the surface
phenomena taking place during the Turkevich synthesis (and
in general, during nanoparticle syntheses) will support the
development and refinement of models such as the one
reported here.

Retrieving features such as particle size and concentration
directly from the UV—vis spectra is an extremely challenging
task, as Bohren and Huffman state in their classic book on
absorption and scattering of small particles: “This is the hard
problem; it consists of describing a dragon from an
examination of its tracks”.** We demonstrated here that the
combination of UV—vis spectroscopy with other techniques
providing a priori mechanistic knowledge of the synthesis (e.g.,
SAXS) represents a tool to gather quantitative kinetic data
during nanoparticle formation. This approach can ultimately
contribute to the development of quantitative kinetic models
describing nanomaterial synthesis.
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