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In this work colloidal gold nanoparticles (GNPs) are prepared using a citrate-reduction route, in which citric acid serves as
reductive agent for the gold precursor HAuCls. We demonstrate that a temperature variation on the one hand enables to tune
the reaction rate of GNP formation and on the other hand allows modifying the morphology of the resulting metal nanoparticles.
The use of chitosan, a biocompatible and biodegradable polymer with a multitude of functional amino and hydroxyl groups,
facilitates the simultaneous synthesis and surface modification of GNPs in one pot. The resulting GNPs, which are stabilized
by a network of chitosan and R-ketoglutaric acid units, are characterized by UV-vis spectroscopy, atomic force microscopy
(AFM), transmission electron microscopy (TEM) as well as fluorescence correlation spectroscopy (FCS) and reveal an average

diameter of about 10 nm at the end of the synthesis. The kinetics of GNP formation is studied by calculating

1. Introduction

Due to their unique physical and chemical properties gold nanoparticles
(GNPs) have attracted considerable scientific interest in several fields of
chemistry, physics, material science, medicine or photonics since the second
half of the 20th century [1-6]. In the literature various synthesis methods for
producing GNPs are reported, such as micro emulsions, reversed micelles,
seeding growth, sono-chemistry, photochemistry, radiolysis or direct chemical
reduction [7-9]. From all these methods, the most efficient approach according
to its simplicity constitutes the method of direct chemical reduction, in which
goldcontaining precursors are reduced by a reducing agent [10]. The majority
of synthesis protocols for the production of GNPs rely on a reduction of Au(ll11),
e.g. HAuCl, or AuCl,—, to gold with oxidation state zero when a suitable
reductant, commonly citrate [11] or borohydride [12] is added or generated in
situ, e.g. by radiolysis of appropriate oligomers [13,14] into the reaction
mixture. The so-called citrate synthesis, in which citrate serves as reductant,
was introduced by Turkevich et al. [11] and later reinvestigated by Frens [15].

One of the key issues in colloid synthesis displays avoiding the aggregation
of GNPs in order to obtain a monodisperse solution. In fact, sodium citrate in
Turkevich’s synthesis [11] is playing an important role as stabilizing agent,
which prevents aggregation and precipitation of the GNPs that reveal a
compelling tendency to flocculate as a result of van der Waals interactions.
Consequently, GNPs are successfully stabilized if an appropriate support or
anions or polymers are available, which are shielding the surface of each
nanoparticle [16]. The use of polymers in nanoparticle encapsulation for their
further release by means of a semi-crystalline polymer matrix, which allows a
better dispersion of the synthesized material, is one of the most promising
techniques for the stabilization of nanoparticles’ dispersions [17,18].

Biosynthesis and green synthesis are other significant areas in GNPs
preparation via in situ synthesis, in which the biomolecule may act as stabilizer
and reductant both. Suitable sources for bio- and green preparations of GNPs
are natural source extracts, for instance chitosan and microbes. Polysaccharides
may also serve as stabilizing agents [19] according to their ability to coordinate
metal ions. The resulting polymer-metal ion complex can then be reduced under
mild conditions, yielding particles with smaller size and narrower size
distribution in comparison to those synthesized in the absence of polymers,

since the polysaccharide chains prevent the aggregation of the nanoparticles
formed. Chitosan [20], starch [21], gum arabic [22] and alginate [23] are some
examples of polysaccharides that were reported as stabilizing agents for the
synthesis of metal nanoparticles. Chitosan constitutes a biocompatible,
biodegradable, mucoadhesive, pH-dependent cationic polymer, which is
insoluble in water at alkaline and neutral pH, and displays the second most
abundant biopolymer in nature after cellulose. It consists of B-1,4 linked
glucosamine and N-glucosamine units and can be synthesized by deacetylation
of chitin. In acidic media chitosan’s amine groups become protonated (R-NH;")
so that the polymer is positively charged, which enables to solvate it in water.
Furthermore, the ionic repulsion between the charged amine groups causes an
extended linear polymer configuration. As polyelectrolyte chitosan is able to
form electrostatic complexes under acidic conditions [24]. In presence of
primary amino, hydroxyl or ester groups, chitosan is reconciled as excellent
support material for metal nanoparticles by building networks with the above-
mentioned functionalities that may protect the nanoparticle surface from
aggregation. Chitosan stabilization of GNPs by adding NaBH, as reductant was
first published in 2003 [25], while Huang et al. proposed a complete green
synthesis of GNPs in 2004 claiming that chitosan acts both as reductive and
stabilizing agent [26]. From this time onwards, chitosan-stabilized GNPs have
found various applications in catalysis [27], biomedicine [28] and sensing [29].

In this article we report for a new synthesis of GNPs in presence of chitosan
dissolved in citric acid, which enables the simultaneous synthesis and surface
modification of GNPs in one pot. While so far in the literature either synthesis
protocols for the formation of GNPs in presence of chitosan and acetic acid or
in the presence of citric acid but in the absence of chitosan can be found, we
demonstrate in this communication that the combination of citric acid and
chitosan reveals major consequences in the size and shape of the produced
GNPs as well as in the ongoing reaction mechanism as discussed in Section 3.
We study the reaction kinetics of GNP formation by applying the FinkeWatzky
model [30] and harmonic transition state theory in order to gains insights into
activation parameters such as the apparent activation energy, entropy and free
energy. The synthesized GNPs are characterized by different methods (cf.
Section 2), such as ultraviolet-visible spectroscopy ((UV-vis)), atomic force
microscopy (AFM), transmission electron microscopy (TEM) and fluorescence
correlation spectroscopy (FCS).



2. Materials and methods

2.1. Chemicals and reagents

Analytical grade tetrachloroauric acid (HAuCls-3H,0) and trisodium
citrate (Na;C3HsO(COO);-2H,0) were obtained from Panreac Quimica S.A.U.
(Spain) and Merck (Germany), respectively, while medium-molecular-weight
chitosan, composed of pB-(1-4)-linked b-glucosamine and N-acetyl-p-
glucosamine with a deacetylation degree of about 75-85%, as well as citric acid
(CA; C¢HgO;) were purchased from Sigma-Aldrich®. All solutions were
prepared with deionized water.

2.2. Synthesis procedure

In our synthesis protocol, 1.0 wt. % of chitosan was dissolved in an aqueous
solution of CA (1.0 wt. %) by stirring and heating the system at 50 °C for 24 h.
Besides, a second solution was prepared, in which 10 mL of a 2.5 mM solution
of tetrachloroauric acid (HAuCI,) was added to 85 mL deionized water. The
second mixture was stirred at 350 rpm and heated up to various temperatures,
namely 50 °C, 60 °C, 70 °C, 80 °C and 90 °C. After that 5 mL of the first
solution containing chitosan and CA was added to the solution of
tetrachloroauric acid. During the synthesis of the GNPs the color of the solution
changed from pink to red-violet.

2.3. Experimental methods

The obtained GNPs according to the above-presented synthesis procedure
were characterized by ultraviolet-visible spectroscopy ((UV-vis)), atomic
force microscopy (AFM), transmission electron microscopy (TEM) and
fluorescence correlation spectroscopy (FCS).

2.3.1. Ultraviolet-visible spectroscopy ((UV-vis))

(UV-vis) absorption spectra of GNP dispersions were recorded by a
spectrophotometer (Thermo Scientific Evolution 300, USA) at different
reaction time intervals. Deionized water was used as reference sample.

2.3.2. Atomic force microscopy (AFM)

AFM imaging was performed on the NanoScope V system (Bruker Ltd,

Germany) operating in tapping mode in air at room temperature.
We used silicon cantilevers (Tap 300AI-G, Budget Sensors, Innovative
solutions Ltd, Bulgaria) with 30 nm thick aluminum reflex coatings. According
to the producer’s datasheet the cantilever spring constant and the resonance
frequency are in the range of 1.5-15 N/m and 150 + 75 kHz, respectively. The
tip radius was less than 10 nm. The scan rate was set at 1 Hz and the images
were captured in height mode with 512 x 512 pixels in JEPG format.
Subsequently, all images were flattened by using NanoScope software. The
same software was also used for section analysis and particle size
determination.

The sample preparation for AFM imaging involved a deposition of the
nanoparticle solution on a freshly cleaved mica surface by means of spin
coating. Therefore, freshly cleaved quadratic mica sheets (Structure Probe
Inc./SPI Supplies, West Chester, PA, USA) with a size of
10 x 10 mm glued to the metal pads were applied. An amount of about 100 pL
of nanoparticle solution was deposited on the mica support. The corresponding
samples of the nanoparticle solution were taken at different reaction times in
accordance with the UV-vis measurements. For spin coating we applied
Precision Spin Coater Model KW-4A (West Chester, PA, USA). Timer | was
adjusted for 10 s. at 0.4 RPM and timer 1l for 60 s. at 2000 RPM. After spin
coating the samples were thoroughly dried out with nitrogen gas and then
transferred for AFM imaging.

2.3.3. Transmission electron microscopy (TEM)

The morphology and the size of the prepared GNPs were determined by
JEOL-JEM-2100 LaB6 Transmission Electron Microscope (JEOL Ltd., Japan).
The samples for TEM analysis were prepared by placing drops of GNP
dispersions on carbon-coated TEM copper grids. After evaporation of the liquid
the samples were analyzed. Size and size distribution were calculated
statistically from TEM images.

2.3.4. Fluorescence correlation spectroscopy (FCS)

FCS experiments were performed using a commercial setup (Zeiss, Germany)
consisting of the module ConfoCor 2 and an inverted microscope model
Axiovert 200 with a Zeiss C-Apochromat 40 x /1.2 W water immersion
objective. While an argon laser with wavelength of 488 nm was used for
excitation, collected emission was filtered through a LP505 long pass filter
before reaching the detector that consists of an avalanche photodiode in order
to allow for single-photon counting. Eight-well polystyrene-chambered cover
glass (Laboratory-Tek, Nalge Nunc International) was used as sample cell for
the studied GNP dispersions. The confocal observation volume was calibrated
using a reference dye with a known diffusion coefficient, namely Alexa Fluor
488.



3. Results and discussions

3.1. State of the art — literature survey

In the literature various schemes for the synthesis of GNPs in presence of
chitosan can be found [31-35]. Most frequently, chitosan is dissolved in acetic
acid. In all the above-mentioned studies, chitosan is identified as stabilizing
agent for the obtained GNPs, while in some of these studies chitosan also serves
as reductant. Since investigations of GNP formation in an aqueous solution of
chitosan and citric acid (CA) have not been carried out yet, the literature does
not reveal any mechanistic clues of GNP formation under the chosen
experimental conditions (cf. Section 2.2). In Turkevich’s citrate synthesis, CA
constitutes the reductant for tetrachloroauric acid, thereby forming R-
ketoglutaric acid and a multitude of GNPs that are varying in their size and
shape [11]. However, in an aqueous solution of chitosan and CA, either
chitosan or CA may act as reductive agent for tetrachloroauric acid. Therefore,
we are discussing the reaction mechanism of GNP formation for the chosen
experimental parameters (cf. Section 2.2) in the following subsection.

3.2. Reaction mechanism of GNP formation in presence of chitosan and
citric acid

In the first step of the synthesis, chitosan is dissolved in an agqueous CA
solution (cf. Section 2.2). Chitosan reveals a multitude of functional amino and
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hydroxyl groups, while a hydroxyl group and carboxyl functionalities are
prevalent in CA. In principle, three major interactions are conceivable: i)
Interaction between the amino groups of chitosan and the carboxyl groups of
CA resulting in the formation of amides; ii) Interaction between the hydroxyl
groups of chitosan and the carboxyl groups of CA resulting in the formation of
esters; iii) Electrostatic interactions between positively charged ammonium
groups (R-NHj;") of chitosan and negatively charged carboxylate functions (R—
COO") of CA. Amide formation can be clearly ruled out, since the interaction
between an amino and a carboxyl group is kinetically hampered and requires
temperatures higher than 100 °C. Quite in contrast, the reaction temperature of
50 °C may allow ester formation between hydroxyl groups of chitosan and
carboxyl groups of CA, thereby producing an additional water molecule.
However, ester formation constitutes an equilibrium reaction so that the yield
is governed by the equilibrium constant. As water is the main component in the
reaction mixture (98.0 wt. %), ester formation is strictly limited according to
thermodynamics and thus can be neglected. Therefore, electrostatic interactions
between positively charged ammonium and negatively charged carboxylate
functions are reconciled as main interaction between chitosan and CA. This
finding is also supported by the measured pH value of pH = 4.5, since an
inspection of the corresponding pK, values reveals that the amino groups (R—
NHy) of chitosan are protonated, thereby forming an ammonium group (R—
NHs*), while the carboxyl functions of CA ((R-COOH)) are partially
deprotonated, resulting in a carboxylate group (R-COO-). The electrostatic
interactions between ammonium and carboxylate lead to the formation of an
extended network of chitosan and CA molecules (cf. reaction Eq. (1) in Fig. 1).
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Fig. 1. Reaction mechanism for the formation of colloidal GNPs in an aqueous solution of CA and chitosan. In the first step, CA and chitosan form an extended network via electrostatic interactions
between positively charged ammonium groups of chitosan and negatively charged carboxylate termini of CA. The addition of tetrachloroauric acid to this solution results in the oxidation of citrate,
thereby producing B8-ketoglutaric acid under cleavage of CO: (step I1). The released electrons are adopted by tetrachloroauric acid in order to reduce gold, thereby forming a GNP that is covered by a

stabilizing protection shield consisting of chitosan units linked to R-ketoglutaric acid (step I11).



Such cross-linking of CA and chitosan has already been reported in literature
previously [36].

In the second step of the synthesis, the aqueous solution of CA and chitosan
is mixed with an aqueous solution of tetrachloroauric acid (cf. Section 2.2)
giving rise to the occurrence of redox processes and GNP formation [37]. In
the corresponding reduction reaction, Au(lll) from tetrachloroauric acid is
reduced to Au(0) in the bulk of the GNP, while gold atoms at the GNP surface
might have some residual charge, e.g. Au (I). These reduction processes require
the supply of electrons from a reductant, namely either CA or chitosan. In order
to elucidate, whether CA or chitosan is serving as reductive agent, we need to
consider all possible oxidative sites in both molecules. While in case of CA the
hydroxyl group is oxidized to a ketone under cleavage of CO,and formation of
3-ketoglutaric acid [11], for chitosan as reductant either the hydroxyl groups
may be oxidized to ketones (without cleavage of CO,) or an amino functionality
(R-NH;) may be oxidized to a nitro group (R-NO;). An oxidative
decarboxylation of an alcohol to a ketone is energetically preferred over an
oxidation of an alcohol to a ketone (without decarboxylation) according to the
corresponding entropy gain (and thus free energy gain) by forming CO,.
Therefore, in case of chitosan oxidation, we only need to inspect the possible
pathway for the oxidation of the amino functionality. For both competing
pathways, namely oxidative decarboxylation of the hydroxyl group in case of
CA and oxidation of the amino functionality for chitosan, we performed a
thermodynamic analysis, in which formed and cleaved bonds of the initial and
the final state were analyzed taking average bonding energies from
thermodynamic data tables [38]. Entropy contributions are included in order to
estimate the free energy of the corresponding oxidation reaction according to
the Gibbs-Helmholtz equation:

AG = AH T~ -AS o)

As average reaction temperature (cf. Section 2.2), T = 70 °C was chosen.
Table 1 provides an overview of the competing oxidation processes.

Table 1 reveals that the free energy AG.x for oxidative decarboxylation of CA
is substantially smaller than for oxidation of the amino groups in chitosan. In
case of CA the free energy of the reduction reaction, namely GNP formation,
needs to fall below AG;eq < - 426 kJ mol-*in order to obtain an exergonic overall
reaction, while oxidation of chitosan requires AGrg < - 1874 kJ mol™.
Consequently, from a thermodynamic point of view CA is identified
unambiguously as reductant for GNP formation. The thermodynamic analysis
is also supported by kinetics: Since two electrons are transferred for the
oxidative decarboxylation of CA, whereas six electrons are required for the
sluggish amino group oxidation in chitosan, the kinetics of CA oxidation is
assumed to proceed much faster than oxidation of chitosan according to a lower
transition state free energy [41]. The detection of CA as reductant is
additionally sustained by the fact that many of the amino (ammonium) groups
in chitosan are forming an extended network with the carboxylate termini of
CA or after oxidation of CA with R-ketoglutaric acid (cf. reaction Egs. (1) or
(2) in Fig. 1), which prevents the amino groups to be available as reductant.
Consequently, the influence of chitosan as possible reductive agent is negligible
small and can be completely ruled out. Therefore, oxidative decarboxylation of
CA under the formation of 3-ketoglutaric acid is identified as second step of the
reaction mechanism (cf. reaction Eq. (2) in Fig. 1), which is followed by the
reduction of Au(lIl) from tetrachloroauric acid (cf. reaction Eq. (3) in Fig. 1).
The reduction of Au(lll) under GNP formation according to reaction Eq. (3)
consists of several elementary reaction steps [42—-46]. In order to elucidate
intermediate steps, in principle experimental techniques such as IR
spectroscopy are required in order to identify possible reaction intermediates.
In the further course we demonstrate (cf. Section 3.5) that our data can be
ascribed to the model of Finke-Watzky [30] consisting of a homogeneous
nucleation step that is followed by an autocatalytic surface growth. It is most
likely that the formed GNPs reveal a protection shield consisting of chitosan
linked with R-ketoglutaric acid units, which may explain the high stability of
the GNPs. The complete reaction mechanism is depicted in Fig. 1.

Table 1

Thermodynamic analysis of the competing oxidation processes for CA or chitosan oxidation. The
change in energy (AHox) is determined by evaluating bonding energies from thermodynamic data
tables [38], while the change in entropy (AScx) is obtained by taking only the standard entropies
of COzand HO into account assuming that the entropy change between the organic molecules is
negligible small [39,40]. The free energy (AGox) of the corresponding oxidation process is
calculated according to Eq. (1) for an average reaction temperature of T =70 °C.

CA Chitosan

R,R’-CHOH-CO:H - R,R’- R-NHz+2 H.0 - R-

Oxidation reaction

CO + COz2+ 2H" + 2¢” NO; + 6H" + 6e~
AHox/k] Mol ASox/J  +500 +1826
mol-1 K-1 AGo/kJ +214 -140
mol™ +426 +1874

The presented reaction mechanism reveals the differences in size and shape
of the obtained GNPs compared to Turkevich [11], whose GNPs suffer from a
variety of different shapes (flat triangles, hexagons and bipyramidal forms) and
sizes. All formed GNPs in presence of CA and chitosan show a spherical shape
and a typical size distribution (cf. Section 3.4), which points out that the
addition of chitosan into the solution may protect the surface of the GNPs,
giving rise to the abovediscussed reaction mechanism, in which chitosan units
in conjunction with B-ketoglutaric acid are serving as stabilizing agent. The
color of the solution that switches from colorless to violet, pink and red (cf. Fig.
2A) indicates the formation of stabilized colloidal GNPs, which further
supports the chitosan linked to R-ketoglutaric acid network on the GNP surface.

3.3. Absorption spectra of the GNPs according to UV-vis measurements

(UV-vis) absorption spectra of the GNPs’ dispersions were measured in the
course of GNP formation taking the samples from the reaction mixture at
certain times during the synthesis (cf. Section 2.3.1). The corresponding UV—
vis spectrum as function of the reaction time for T = 70 °C is shown in Fig. 2.

The UV-vis spectrum in Fig. 2B exhibits the characteristic surface plasmon
band of GNPs at a wavelength of about A = 500-530 nm that can be firstly
recognized after 5 min (Line 3) and which becomes more pronounced in the
course of the synthesis. As the position and intensity of the absorption band is
sensitive to size and shape of the GNPs, the increasing intensity of the
absorption maximum in the course of the reaction corresponds to nanoparticle
growth [47,48]. This finding may allow dividing the GNP formation into two
separate parts, namely nucleation and growth, which is discussed in the further
course of the manuscript (cf. Section 3.5).

The absorption maximum at A = 530 nm in Fig. 2B corresponds to a red
shift compared to Turkevich’s GNPs formed by the according citrate route [11].
This red shift may be explained by the corresponding shell of chitosan and -
ketoglutaric acid units (cf. Section 3.2) surrounding the GNP surface, which is
not present in Turkevich’s investigations according to the absence of chitosan.

3.4. Morphology of the GNPs according to AFM, TEM and FCS
measurements

The morphology and the size of the synthesized GNPs were determined by
means of AFM, TEM and FCS. AFM and TEM images of the formed GNPs
are depicted in Fig. 3.

In Fig. 3C and D TEM images of the GNPs at the end of the synthesis are
shown, which indicate that the synthesized GNPs are quite monodisperse. The
particles reveal a spherical form with an average diameter of (11 + 2) nm. The
size of the GNPs at the end of the synthesis was confirmed also by AFM
measurements, which are presented in Fig. 3A. The size of the GNP is
confirmed by cross section analysis (cf. Fig. 3B) that indicates an average
diameter of about 10 nm at the end of the synthesis.

The size of the obtained GNPs in an aqueous solution was estimated by
fluorescence correlation spectroscopy [49-52]. The hydrodynamic diameter of



the GNPs determined by applying the corresponding model function of Ref.
[43] amounts to (14 + 5) nm. The relatively large error bars of the
hydrodynamic diameter may be explained by a noisy autocorrelation curve as
result of a weak luminescence signal. The difference in hydrodynamic diameter
compared to the diameter of the dry samples in AFM and TEM studies may be
ascribed to the stabilizing chitosan R-ketoglutaric acid network on top of the
GNP surface in conjunction with the aqueous surrounding, thus providing a
larger diameter compared to AFM and TEM.

3.5. Kinetic analysis of the UV-vis and AFM data

From the UV-vis absorption spectrum in Fig. 2B the absorption maxima at
A =530 nm as function of time t are taken and normalized with respect to the
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absorption of the maxima at the end of the synthesis (t = 50 min). This
procedure is done for all five reaction temperatures, namely 50 °C, 60 °C, 70
°C, 80 °C and 90 °C (cf. Section 2.2). In Fig. 4 the normalized absorption
maxima as function of the reaction time are plotted. The kinetic curves reveal
a sigmoidal shape, which implies that the process of GNPs formation has an
autocatalytic character and can be described by the Finke-Watzky model
conveniently [30,53].

The Finke-Watzky model consists of two subsequent steps: First a slow,
continuous and homogeneous nucleation process resulting in the formation of
gold nuclei (rate constant k;) that is followed by an autocatalytic surface growth
of the GNPs (rate constant k). For a large excess of the reducing agent, i.e. CA,
the corresponding system of differential equations can be solved according to

Eq. (2) [53]:
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Fig. 2. (A)Photographic images of the samples at different times (between 2 min and 25 min, cf. right column) during the synthesis. (B) UV-vis absorption spectra for GNP formation in presence of
chitosan and CA as function of the reaction time for T = 70 °C. The absorption maximum at 530 nm increases significantly during the synthesis.
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Fig. 3. (A) 2D AFM images and (B) cross section of the individual particle. (C) and (D) TEM images with magnification 10 nm.
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Fig. 4. Normalized absorption maxima at A = 530 nm as function of time t for different reaction
temperatures (50 °C, 60 °C, 70 °C, 80 °C and 90 °C). The sigmoidal shape of the curves indicates
that the model of Finke and Watzky [29] can be applied, which facilitates to divide the GNP
formation into two parts, namely nucleation and growth.
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In Eq. (2) kyand k, denote the rate constants for the processes of nucleation
and growth, respectively, while [A]; and [A], indicate the concentration of
tetrachloroauric acid as function of reaction time and the concentration of
tetrachloroauric acid at the beginning of the synthesis, respectively.

For analyzing the GNPs growth the extinction cross section Cexis calculatd,
which depends on the nanopatrticle diameter d, the wavelength A, the dielectric
constant of the medium (water) e, = 1.775 as well as of the dielectric function
of the GNPs that consists of a real part . and a imaginary part &m:
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Comparing the extinction cross section Ceq with the experimentally
measured absorbance A reveals that both quantities are proportional by a factor
of 3.05 x 10%. This value differs only by about 10% compared to the idealized
case of a monodisperse solution of GNPs with a spherical shape for which 2.70
x 10% was obtained as proportional constant [53]. For A = 520 nm, the real part
of the dielectric function &g, matches —2 €y, 50 that Eq. (3) can be simplified to:
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Fig. 5. AFM 2D and 3D images obtained during the synthesis after 3 min (A) and after 12 min (B) for T = 70 °C. Histogram of GNP size distribution after 3 min and 12 min according to the corresponding
AFM images (C).



0.8 -
0.6 -
el §
g
= 044 |
0.2 -
0 , : , ;
0 10 20 30 40

Time, min

Fig. 6. Normalized GNP diameter (based on the maximum of the size distribution) as function of
the reaction time according to the model of Finke and Watzky (cf. Eq. (6)). The optimized fit
function (solid red line) facilitates to calculate the rate constants for nucleation (ki) and growth

(k2).

Table 2

Rate constants for nucleation (k1) and growth (kz) according to the Finke-Watzky model obtained
from UV-vis and AFM measurements as function of the reaction temperature. AFM
measurements were performed only for T =70 °C.

Synthesis Temperature ~ UV-vis Measurements AFM Measurements

ki/s™! kM T ks koM 'sT!

50 °C 1.7x10° 0.14 - -

60 °C 45x10° 0.15 - -

70 °C 1.3x 107 0.25 1.1.107 0.22

80 °C 3.0 x 107 0.27 - -

90 °C 7.0 x 107 0.39 - -

E
Cog =~ 3 4

i Eim

O

Since for GNPs up to a size of 20 nm the function gy is constant
[27], the extinction cross section Cexdepends on the nanoparticle diameter only,
since the term can be summarized as constant K:

Cou = Ked* ~ A= Cl} ~ AY* ~ d
®)

Eqg. (5) enables to connect the experimentally measured kinetic data from
the UV-vis measurements with other experimental methods such as AFM in
order to gain insights into the GNP size in the course of the
synthesis. Combining Egs. (2) and (5) by considering the law of Lambert-Beer
results in [53]:

1
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In Eq. (6) diand dmax denote the diameter of the GNP at any time during the
synthesis and at the end of the synthesis, respectively. In Fig. 5A and B, AFM
images corresponding to spin-coated samples of the reaction solution at t = 3
min and t = 12 min are shown for T = 70 °C. After 3 min, the average diameter
of the GNPs amount to (4.2 + 0.5) nm according to cross section analysis, while
after 12 min the GNP diameter has grown to (6.5 + 1.5) nm. The corresponding
size distribution for both reaction times from an analysis of about 300
nanoparticles is presented in Fig. 5C, which indicates that the maximum of the
distribution shifts from 4 nm to a diameter of 8 nm for t =3 min and t = 12 min,
respectively.

The same analysis as presented in Fig. 5 was done for all measured reaction
times in order to determine the maximum of the size distribution (d;) as function
of time that is normalized by taking the size distribution maximum as the end
of the synthesis (dmax). The normalized size distribution maximum as function
of time is plotted according to Eq. (6) in Fig. 6. It turns out that the calculated
fit function according to the Finke-Watzky model [30,53] describes the
processes of nucleation and growth reasonably well.

Based on the obtained fit function (solid red line in Fig. 6) kinetic
parameters, namely the rate constants for nucleation (k;) and growth (k,) can
be estimated corresponding to to Eq. (6). The same procedure was established
with the corresponding UV-vis data (cf. Fig. 4). Table 2 summarizes the
calculated rate constants.

Comparing the rate constants obtained from UV-vis and AFM
investigations for a reaction temperature of T = 70 °C it turns out that the values
differ by about 10%, which constitutes a reasonably good agreement.

The knowledge of the rate constants as function of the reaction temperature
allows gaining insights into Kinetic activation parameters for nucleation and
growth based on an Arrhenius plot or an Arrhenius-like plot [54]. Using the
relation

Ink = InA——%
)

enables to determine the activation energies (En) from the slope of the
corresponding In k vs. 1/T Arrhenius plot, while the pre-exponential factor A
is accessible from the intercept of the In k axis. In Eq. (7),

R =8.314 J/(mol-K) denotes the universal gas constant.

Applying harmonic transition state theory according to the concept of
Eyring, in which the pre-exponential factor is assumed to scale with
temperature, enables to determine the apparent activation energy (AH*) as well
as the apparent activation entropy (AS*) by the corresponding In k/T vs. 1/T plot
[54]:

#
In£=lnk—3+ ast_
T h R

AH® 1
R T

®)

In Eq. (8) ks = 1.38-102 J/K and h = 6.626-10*J-s denote Boltzmann’s and
Planck’s constant, respectively. In Fig. 7A and B the corresponding plots
according to Eq. (7) and Eq. (8), respectively are presented. The calculated
kinetic activation parameters for nucleation and growth are summarized in
Table 3.
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Fig. 7. (A) Arrhenius plot according to Eq. (7) in order to obtain the pre-exponential factor A and the activation energy Eafor both processes, namely nucleation and growth. (B) Arrhenius-like plot
according to Eq. (8) that enables determining the apparent activation energy and the apparent activation entropy.

Table 3

Kinetic activation parameters, namely pre-exponential factor A, activation energy Ea, apparent activation energy AH*and apparent activation entropy AS* for nucleation and growth corresponding to the
plots in Fig. 7A and B. The apparent free activation energy AG* is calculated for an average reaction temperature of T = 70 °C according to Eq. (1).

Process

AS*3Imol K

AL mol-15-1 Ea/k] mol ™t AH*/kI mol ™ AG*/k] mol !
. 1.61 x 10* -19.2
Nucleation 92.7 89.8 9 96.4
Growth 1.24 x 10° 24.6 21.7 -194 88.3

Table 3 indicates that the activation energy Ex and the apparent activation
energy AH*for the processes of nucleation and growth almost match each other.
Comparing the subsequent processes of nucleation and growth it turns out that
the pre-exponential factor for nucleation is nine orders of magnitude larger than
that for growth, whereas the activation energy and the apparent activation
energy for growth are significantly smaller by almost 70 kJ/mol. Quite in
contrast, growth suffers from a considerable decrease in the apparent activation
entropy, whereas the entropy change for nucleation is almost negligible small.
Applying the Gibbs-Helmholtz relation of Eq. (1) enables to calculate the
apparent free activation energy AG*for nucleation as well as for growth. It turns
out that AG* for growth is by about 8 kJ/mol smaller compared to nucleation
for an average reaction temperature of T =70 °C.

Interestingly, the processes of nucleation and growth reveal completely
different characteristic concerning its activation parameters: While for
nucleation the apparent free activation energy AG*is governed by the apparent
activation energy AH*, since the —T-AS* term contributes less than 7% to AG,
the entropy contribution (=T-AS*) exceeds the apparent activation energy AH*
by a factor of 3 for growth. The significant decrease in entropy for growth can
be interpreted in terms of the Arrhenius Eq. (7) that according to the complexity
of the reactant molecule the steric factor of the growing Au cluster is extremely
small resulting in the dwarfish pre-exponential factor for growth. Calculating
the ratio of the rate constants for growth and nucleation by taking the apparent
free activation energy AG* for T = 70 °C (cf. Table 3), it turns out that the
process of GNP growth is by a factor of 17 faster than nucleation. This finding
may be a starting point of further investigations in the future to understand why
the apparent free activation energy AG* is ruled by the apparent activation
entropy for a fast process (growth), while for a slow process (nucleation) the
apparent activation energy is substantially prevailing over the apparent
activation entropy. For this purpose ab initio methods such as density functional
theory (DFT) calculations are called for, e.g. the determination of the free
energy landscape along the reaction coordinate in conjunction with
microkinetic modeling [55] may allow deeper conclusions concerning the
apparent activation energy and the apparent free activation energy, while
molecular dynamics (MD) simulations may be helpful for a deeper
understanding of entropy contributions.

4., Conclusions

In this article we propose a new synthesis of GNPs in presence of CA and
chitosan with tetrachloroauric acid as precursor based on a citrate reduction

route. The discussion of the reaction mechanism (cf. Section 3.2) reveals that
CA is identified as reductant, while a network of chitosan and -ketoglutaric
acid units on the GNP surface is reconciled as stabilizing agent, hence
explaining the high stability of the nanoparticles formed. The synthesized
GNPs are characterized by various methods such as UV-vis (cf. Section 3.3),
AFM, TEM and FCS (cf. Section 3.4). The kinetics of GNP formation is studied
by UV-vis and AFM data applying the Finke-Watzky model [30,53] and
harmonic transition state theory in order to calculate activation parameters such
as the apparent activation energy, entropy and free energy for nucleation and
growth (cf. Section 3.5). Further ab initio based studies are called for in order
to gain in-depths insights into the elementary reaction steps during GNP
formation, which allow a profound interpretation of the experimentally based
kinetic data by combining experiment and theory [56,57].
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