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Research on gold nanoparticles (Au NPs) remains a field of intense activity due to their broad range of
applications in diverse fields like catalysis, renewable energy, environmental science, and medicine.
Herein, the morphological and electronic structures investigation of Au NPs prepared at different

pH values is reported. The dependence of the localized surface plasmon resonance wavelength

and electronic structure with size was determined by combining transmission electron microscopy,
and various spectroscopic methods led by X-ray absorption spectroscopy. The X-ray absorption
experiments evidenced that the citrate-stabilized Au NPs bulk electronic structure remains intact
over a broad range of pHs, and changes were detected resulting from differences in NPs surface
terminations.
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Metal nanoparticles (NPs) represent a fascinating class of nanomaterials with a broad spectrum of applications in
heterogeneous catalysis, sensors, photonics, batteries, and medicine!. Material properties at the nanoscale level
are substantially different from the bulk counterparts due to their small size and high surface area. Moreover,
the chemical reactivity of metal NPs is intimately linked to their elementary composition, atomic arrangement,
shape, and size, which can be precisely controlled by synthesis conditions and appropriate functionalization.
Nowadays, there is a lot of interest in nanoparticles within the small size range, typically less than 10 nm, as it
becomes more feasible to precisely control their properties>’. Smaller nanoparticles (Sub 10 nm) exhibit large
surface areas with a significant number of surface atoms, which are chemically more active than the bulk ones.
However, these nanoparticles tend to agglomerate when unsupported (uncoated), making it challenging to
determine their structural and electronic properties?.

Sub 10 nm Au nanoparticles (Au NPs) are recognized as exceptional nanostructures due to good
physicochemical attributes, including surface reactivity, stability, and optical properties linked to localized surface
plasmon resonance (LSPR). Obtaining well-controlled small-sized Au nanoparticles requires slow nucleation,
where nuclei consist of a few Au atoms. These particles are commonly synthesized through homogeneous or
heterogeneous nucleation by the reduction of gold salts (e.g., chloroauric acid, HAuCl,) with a reducing agent
such as sodium borohydride, sodium citrate, and ascorbic acid*®. Controlling the small-size range of Au NPs
enhances their unique optical properties. According to Garcia et al., the surface plasmon effect for small-size
range NPs (<50 nm) can be classified as intrinsic and extrinsic®. Generally, the intrinsic effect is related to the
damping of electron oscillations, while the extrinsic effect corresponds to oscillating electrons scattering with
the NPs surface. It was found that an increase in nanoparticle size causes a decrease in the electron fraction near
the surface shell. Thus, damping is reduced®, and consequently, a lower hot carrier formation’.

Jeon et al., showed that the LSPR maximum exhibits a strong dependence on the shape of the Au NPs®. Others
reported that the surface environment of Au NPs also affects the LSPR position since the capping agent interacts
with the population of d-electrons on the surface®. More specifically, Au NPs capped with weak interacting
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agents can gain 5d electrons and lose electrons when capped with strongly interacting molecules (e.g., thiols)!.
It should be mentioned that when the Au NPs are brought into close proximity within an NP-size distance, the
coupling effect from neighboring Au NPs is also very prominent, inducing changes in the plasmonic properties.
Zhang et al., showed that reducing the size of nanoparticles affects the surface energy and the metal-absorbate or
metal-substrate interaction, which, in consequence, has a notable impact on the electronic structure, especially
of transition metals like gold!®!!. Besides, it was found that increasing the concentration of the capping agent
in Au nanorods leads to LSPR band redshift!2. Therefore, many studies have shown that the electronic structure
can be carefully controlled by the surface environment of metal NPs. The modulation of these characteristics is
predominantly noticeable in the sub-10 nm range of nanoparticles. In this regime, d-d interactions in Au NPs
may become more pronounced, leading to an increase in d-charge at Au sites compared to the bulk!’.

The choice of the capping agent is a key factor not only for stabilizing nanoparticles but also for tailoring their
properties to suit specific applications. The capping agent has a significant influence on the shape of nanoparticles,
while its length, size, and chemical nature contribute to the stability of Au NPs. It was reported that different
types of capping ligands, which particularly favor specific nanoparticle facets in NPs outgrowth, play a part in
the LSPR shifting. If the ligands are composed of small molecules, the LSPR peak is blue-shifted. Conversely,
when macromolecular ligands are too large to be confined, it results in LSPR red-shift'>. Considering structural
modifications and NPs stabilizers, there is still a knowledge gap on the influence of the chemical environments
of Au NPs on their electronic properties.

The aim of the following study was to determine the effect of pH on the structure and electronic properties
of seeded-growth and citrate-stabilized Au nanoparticles. Therefore, we combined transmission electron
microscopy (TEM) and UV-Vis spectroscopy for structural analysis, Fourier-transform infrared (FTIR)
spectroscopy, and X-ray photoelectron spectroscopy (XPS) to investigate chemical composition and surface
properties, with X-ray Absorption Near Edge Structure (XANES), which was used to probe changes in the
electronic structure of Au. The XANES spectroscopy is very sensitive to the local electronic structure of the
studied element, thus providing information on the local bonding, and oxidation state of the specimen. Research
reports showed the synergy between size, shape, and molecular ligands of thiol-capped Au NPs using an XAS
study'®!® and investigated it by tracking their electronic and structural dynamics caused by photoexcitation'®.
Others presented a quantitative analysis to determine the number of d-state vacancies based on the AuL, and L,
absorption edge'>!”. In this work, we have focused on exploring the surface electronic states of pH-dependent
sub 10 nm plasmonic nanoparticles and their influence on morphological and chemical structure. Changes
in intrinsic structural effects (e.g., morphology) of citrate-capped Au NPs are important in describing their
interaction with extrinsic ones (environmental effects). The presented research extends the knowledge about
citrate-capped Au NPs structural properties and demonstrates the usefulness of XANES in probing small
electronic differences of the nanoparticles induced by the pH reaction.

Experimental
Chemicals and materials
Tetrachloroauric(Ill) acid trihydrate (HAuCl,-3H,0), sodium citrate tribasic dehydrate (SC), tannic acid
(TA), potassium carbonate (K,CO,), citric acid monohydrate were purchased from Sigma-Aldrich (St. Louis,
Missouri, USA). All chemicals are of analytical grades and were used without further purification. Mili-Q water
was used for all procedures.

Commercial thiol-capped Au nanoparticles (Au NPs 4 nm) were purchased from PlasmaChem (GmbH,
Berlin, Germany) and used as a reference material.

Synthesis of Au nanoparticles

Au NPs were synthesized using the reversed Turkevich method*. The method involves the reduction of an
aqueous solution of HAuCl, using sodium citrate (SC) as a capping and reducing agent. A small amount of tannic
acid (TA) was added to increase the reduction kinetics and enhance the formation of Au NPs. Briefly, 6.6 mM
of SC and 2.5 mM of TA were dissolved in Mili-Q water. Subsequently, the solutions were mixed together and
heated to 70 °C. This was followed by the addition of 1 mL of 25 mM HAuCl,-3H,0 (Fig. 1). The solution’s color
turned black instantly. After 5 min, the reaction was completed based on the ruby-red solution color, indicating
that gold ions (Au’*) turned into neutral gold atoms (Au®). The final product is labeled as Au NPs SC+ TA.

Further, to change the chemical surroundings of Au NPs, this synthesis was modified by the addition of 1
mL 0.15 M K,CO, and 0.15 M citric acid to SC+ TA solution (before the precursor addition), labeled as Au NPs
K,CO, and Au NPs citric acid, respectively. Another approach was based on heterogenous nucleation (so-called
seeding) by two-step introduction (0.5 mL) of the precursor after 10 min (labeled as Au NPs 2 inj. seeding). All
synthesized Au NPs suspensions were characterized by different colors, from pink to violet (see, Fig. 1).

Finally, to minimize the number of aggregates and obtain an even distribution of nanoparticles, solutions
were poured into testing tubes and centrifuged (Pro Analytical C4000, Centurion Scientific Ltd) at 10,000 rpm
for 10 min. Next, supernatants were transferred to glass dishes and stored in the dark at 4 °C. Table 1 summarizes
the list of samples synthesized under different reaction parameters.

Characterization methods

The size and structure of Au NPs were assessed by Transmission Electron Microscope (TEM) in Bright Field
(BF) mode. Each Au NPs solution was drop-coated onto a 200 mesh copper grid. The imaging was performed on
a Tecnai G2 F20 instrument equipped with an FEG gun and operated at 200 kV accelerating voltage. The images
were analyzed to determine the size of both spherical and non-spherical nanoparticles by measuring their area
using Image]J software tools, from which the equivalent diameter was calculated. The data were then converted
and further analyzed in Origin 2019b by providing histogram data based on 120 NPs.
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Fig. 1. Schematic representation of Au NPs synthesis using the Turkevich method.

Sample name Reaction parameters
AuNPs SC+TA No changes during synthesis
AuNPs K,CO, Addition of 1 mL 0.15 M K,CO, to capping agent (SC+TA)

Au NPs citric acid Addition of 1 mL 0.15 M citric acid to capping agent (SC+TA)

Au NPs 2 inj. seeding | Addition of 500 pl of HAuCl, precursor to the capping agent, the process was repeated after 10 min

Table 1. List of samples subjected to different chemical environments.

The LSPR absorption was determined by UV-Vis spectroscopy. UV-Vis spectra were acquired with an
Avantes AvaSpec spectrophotometer in the range of 400 to 900 nm with 1 nm spectral resolution and then
evaluated in Origin 2019b.

The surface chemical composition of Au NPs was initially examined by infrared spectroscopy. Attenuated
Total Reflectance-Fourier Transform Infrared spectroscopy (ATR-FTIR, Nicolet iS 5, Thermo Fisher Scientific,
USA) was performed using the diamond crystal. The measurement was done in a spectrum between 4000 and
400 cm™! and was obtained by averaging 32 scans with a resolution of 4 cm™!. Aqueous solution of Au NPs was
dropped on the substrate and left to dry until the water evaporated by observing the attenuation of absorption
peak from water. Afterwards, spectra were processed in the Origin2019b software.

The synthesized Au NPs were analyzed using X-ray Photoelectron Spectroscopy (XPS) under ultra-high
vacuum conditions to determine their surface elemental composition and chemical states. To address the low
concentration of the Au in the NPs suspension, all samples were treated with a vacuum evaporator before the
measurements to control the evaporation of the solvent. The X-ray photoelectron spectra were measured on a
Prevac photoelectron spectrometer equipped with a hemispherical VG SCIENTA R3000 analyzer using a micro-
focused and monochromatic AlKa X-ray source (1486.6 eV, spot size: 200 um). The operating pressure in the
analysis chamber was sustained at ~ 1107 mbar. The pass energy was set to 100 eV, with a step size of 0.15 eV,
to record high-resolution spectra of the C 1s, O 1s, and Au 4f regions for each sample. The binding energy scale
for all the samples was referenced to the C 1s core level at 285.0 eV, attributed to hydrocarbon contaminations.

The high-resolution spectra were curve-fitted with a set of component peaks to separate the photoemission
signal originating from distinct elemental or chemical states. This curve-fitting was performed using a Simplex
optimization algorithm in CasaXPS software (version 2.3.26). Following the subtraction of the Shirley-type
background, the core-level spectra were decomposed into their components using a mixed Gaussian/Lorentzian
function peak shape. The same fitting parameters and constraints were consistently applied across all samples.
Specifically, the full width at half maximum (FWHM) values were constrained to a maximum of 2.2 and, for
individual peaks, were restricted to minimal variation to ensure consistency. The Au 4f region was fitted with a
doublet resulting from the spin-orbit coupling of the 4f, and 4f, , states, with an energy separation of 3.7 eV

712 5/2
and a fixed area ratio of 4:3. The FWHM height was maintained at 1.3+ 0.1 eV for both the Au 4f components.
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Therefore, the surface chemical composition of the samples was determined based on the curve-fitted peak
areas, relative sensitive factors and binding energies of Au 4f, O 1s, and C 1s photoelectron peaks.

X-ray absorption spectra (XAS) measurements were performed at the SuperXAS beamline of the Swiss Light
Source at Paul Scherrer Institute, Villigen, Switzerland. The X-ray beam delivered by the 2.9-T super bending
magnet source was collimated by a Si-coated mirror and subsequently monochromatized. The incidence beam
was monitored with the ionization chamber and the X-ray fluorescence from the sample was acquired, with
the SDD detector. In order to reduce the scattering radiation that enters the detector, the Ga filter was used.
Spectra were measured around the Au L,-edge (11.919 keV) in the region of 11.735-12.73 keV. In the region
of interest (around the edge), an energy step size of 0.5 eV was used, with a measurement time of 5 s per point.
10 pm Au foil spectra were collected simultaneously for internal energy calibration based on the first derivative.
Samples were measured in quartz capillary tubes, with a 10 um wall thickness and an outside diameter of 2 mm.
To enable quantitative comparison and analysis of spectra independently of the experimental conditions (e.g.,
sample concentration), the resulting raw data were pre-processed using Athena software!®. The normalization
procedure consisted of two main steps: (1) fitting the pre-edge baseline region, and (2) fitting the post-edge
region. In the pre-edge region, a linear polynomial was fitted and subtracted from the data, while in the post-
edge region, a quadratic polynomial was applied to achieve an edge jump of 1. The pre-edge and post-edge
ranges were consistently maintained across all samples at -180 to 60 eV and 135 to -820 eV to E, (11.919 keV),
respectively.

Theoretical calculations of X-ray absorption spectra and density of states (DOS) were conducted using the
FEFF9.6 code!”. FEFF9.6 is a self-consistent multiple-scattering code, which allows the simulation of the electronic
structure of materials based on the structural information as input files. All calculations were performed using
the Full Multiple Scattering (FMS) approach preceded by Self Consistency Field calculations (SFC) for muffin
tin atomic potentials and with the Hedin-Lundqvist as an exchange potential. FEFF calculations were performed
for scattering radii of 6 A, using atom distributions and arrangement derived from Au (face-centered cubic-fcc)
structure, which were taken from the WebATOMS database.

Results and discussion

Structural analysis

The reversed Turkevich method is sensitive to various synthesis parameters, such as reaction pH, temperature,
heating time, precursor, and capping agent concentrations. Herein, the focus was the reactions’ pH effect, which
was found to have an impact on the synthesis of citrate-stabilized Au NPs. Table 2 presents the physicochemical
properties, including the solution pH values before and after HAuCl, addition to the synthesis mixture. As
shown, the addition of K,CO, and citric acid changes the pH, improving the basicity and acidity of the reaction
mixture, respectively, which in turn affects the structural and optical properties of the final nanoparticles.

UV-Vis absorption spectra, presented in Fig. 2a, showed distinct peaks characteristic of the surface plasmon
resonance (LSPR) of nano-sized gold. The red shift of the LSPR peak was detected for each variant compared to
SC+TA synthesis. The highest shift was found for Au NPs K,CO, and the difference between this variant and
SC+TA was greater compared to the others. Additionally, Au NPs K,CO, displayed the largest nanoparticle
size, according to TEM analysis (as described later in the manuscript). Thus, the observed gradual increase in
diameters is accompanied by a shift of LSPR maximum towards a higher wavelength.

Besides the pronounced LSPR shift, other significant features observed in the UV-Vis spectra were analyzed.
LSPR peak obtained for Au NPs 2 inj. seeding was found to be intense and sharp in contrast to other examined
materials. On the other hand, the LSPR band for Au NPs K,CO, is damped in comparison to each nanoparticle’s
type. Peak broadening was not significant between the samples, according to the determined FWHM values
(summarized in Table 2). Gad et al., found that smaller particles show suppression in the LSPR peak due to the
reduced mean free path of the electrons, while the larger nanoparticles exhibit amplified scattering peaks, which
significantly broaden the LSPR peak, owing to a higher optical cross-section of NPs?%2!,

According to Mi€’s theory, the position of the absorption peak, its intensity, and FWHM are affected by the
nanoparticle’s size, the density of conduction electrons upon surface plasma particles, and the dielectric constant
of nanoparticles®®?2. Herein, both bigger and smaller nanoparticles showed relatively higher peak suppression
followed by peak shift. In the case of seeded Au NPs, the highest absorption peak was detected as a result of the
sequential addition of precursor to the capping agent.

Due to its high sensitivity to the vibration of chemical bonds in functional groups, FTIR spectroscopy is a
method of choice to study influence of pH on surface chemistry of Au NPs. Figure 2b presents FTIR spectra
collected for all synthesized samples, showing characteristic peaks for unmodified Au NPs at 3370, 1580, 1395,

Gold nanoparticle type
AuNPsSC+TA | AuNPs citric acid | AuNPs K,CO, | AuNPs 2 inj. seeding
Before HAuCl, | 7.7 5.6 9.9 7.7
PH After HAuCl, | 6.4 52 9.1 6.2
LSPR (nm) 519 529 537 522
FWHM (nm) 93.3 89.3 92.8 90.1

Table 2. Physicochemical properties of synthesized Au NPs, including pH values before and after the HAuCl,
addition as well as LSPR maximum and Full Width at Half Maximum (FWHM) obtained from UV-Vis
spectra.
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Fig. 2. Effect of synthesis conditions on properties of Au NPs based on: (a) UV-Vis spectra and (b) FITR
spectra collected for Au NPs synthesized at different chemical environments. The light grey area with dashed
lines and the corresponding bold description represent characteristic bands. Red arrows show the peak shift
direction. Abbreviations: v—stretching, v, —asymmetric stretching, 5—bending.

and 1257 cm™!, indicating v(O-H), v(C=C), §(0-H), and v_(C-O) bands, respectively*>**. The stretching and
bending vibrations of O-H bonds arise from the solvent (water) and citrate molecules. However, peak arisen
from 1395 cm™! can be attributed to the presence of tannic acid®. The C-C and C-O groups represent distinct
peaks for adsorbed citrate molecules for all Au NPs variants. Moreover, it was observed that altering the chemical
environment of the capping agent influenced both the intensity and position of characteristic bands with respect
to native Au NPs sample. In particular, the intensity of the peak attributed to C=C stretching is lower for Au
NPs K,CO, and citric acid samples compared to Au NPs SC+TA. Furthermore, these peaks are shifted to the
left (~8 cm™) and right (~5 cm™), respectively, compared to native NPs variant. Such variation confirms the
protonation and deprotonation of carboxylate groups®®?’. The spectrum for Au NPs 2 inj. seeding resembles
the spectrum recorded for SC+ TA. However, it also demonstrates slightly lower intensity in C=C stretching
and O-H bending. Additional stretching bands of C=0 were found at 1701 cm™ and 1675 cm™! for Au NPs
K,CO, and Au NPs citric acid, respectively, indicating the presence of carboxyl groups in phenolic structures?.
These peaks can also correspond to various hydrogen bond configurations and sodium interactions®®?”?°. Peak
attributed to TA showcased significantly lower intensity for Au NPs K,CO, and citric acid opposite to native Au
NPs, indicating that O-H groups derived from tannic acid oxidized to C=0%. The peak assigned to v_(C-0)
was found to be more pronounced for Au NPs K,CO, and attenuated for Au NPs citric acid in comparison to
native sample. The hydroxide absorption on Au NPs was not observed after the pH increase, which proves the
absence of Au-OH vibration at 520-580 cm~!2%27_ In alkaline conditions, citrate ions bind to Au NPs surface in
their deprotonated form (Cit*"). The primary interaction occurs through the central carboxylate group, while
one or both terminal carboxylate groups may also absorb to the surface, leading to mono or bidentate citrate
binding®. Thus, introducing ions derived from K,CO, and C;H,O, can affect the reorganization of the surface
coverage groups on Au surface.

Bright field (BF) TEM images, shown in Fig. 3, reveal the expected quasi-spherical shape of the synthesized
nanoparticles. The NPs obtained from SC+ TA synthesis were in the size of 6.1 + 1.1 nm and displayed uniform
distribution with some visible agglomeration sites. A larger size (7.8+0.9 nm) was achieved for Au NPs 2
inj. seeding (see Fig. 3b), but contrarily to Au NPs SC+ TA, presented a monodisperse distribution. After the
addition of K,CO, to the capping agent, NPs doubled in size (11.6 + 2.1 nm), showing similar morphology to Au
NPs SC+TA, and exhibiting some oblong NPs. The size distribution profile of Au NPs K,CO, was considerably
broader compared to other samples, suggesting a less efficient interaction between the gold precursor and the
capping agent. The addition of citric acid also resulted in an increase in particle size (9.9+ 1.5 nm) compared to
Au NPs SC+TA, but the nanoparticles formed tightly-bounded and spherical agglomerates. It was found that
nonspherical nanoparticles (spheroids) and aggregates often appear during the spherical nanoparticle synthesis
as a result of chemical reduction®. Corresponding to all Au NPs surface morphology, selected area electron
diffraction (SAED) patterns showed several diffraction rings, which confirmed the nanocrystalline origin of Au
NPs (Fig. 3). Those patterns represent the sum of different single-crystallized Au NPs, which exhibit different,
but randomly-oriented crystal planes. The patterns were indexed according to (111), (002), (022), and (222)
reflections of fcc gold.

Based on microscopic and spectroscopic observations, the NPs size and agglomeration could be associated
with the pH of each synthesis variant. The morphology of Au NPs SC+ TA, for which the reaction mixture has
slightly acidic values (pH~6.4), exhibits the highest uniform size distribution of the produced nanoparticle
among all tested variants, which agrees with the literature reports?>!. A decrease in pH towards acidity caused
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Fig. 3. Representative TEM micrographs together with size distribution profiles of Au NPs synthesized at
different synthesis parameters: (a) Au NPs SC+TA, (b) Au NPs 2 inj. seeding, (c) Au NPs K,CO,, and (d) Au
NPs citric acid. Particle size distribution was fitted with a normal distribution function.

strong agglomeration of nanoparticles, while the pH increase resulted in the formation of monodisperse
NPs. Figure 4 illustrates the effect of pH on the reactivity of the gold precursor and the reaction mechanism
(presumably the nucleation process), affecting the formation of Au NPs. In particular, the basic environment
results in Au NPs that are larger in size, which is also translated into larger shifts of the LSPR peak maximum
(i.e., from 519 to 537 nm). On the contrary, a slightly acidic environment (pH ~6) produces smaller size and
narrowly distributed Au NPs. Citrate ions (CsHsO,>") act as a reducing agent, converting Au®* species into Au’,
and also as a protective agent that stabilizes the formed nanoparticles via electrostatic repulsion?. Following
Le Chatelier’s principle, an increase in proton concentration within the solution leads to a decrease in citrate’s
tendency to oxidize. This, in turn, results in a simultaneous decrease in the availability of electrons for the
reduction of AuCl3 and, consequently, the formation of Au NPs?2, Moreover, the coordination bonding between
the gold surface and the absorbed citrate molecule involves carboxyl oxygen atoms, which provide the electron
pairs necessary for the formation of covalent bonds****. Here, as a reducer, we used a combination of both SC
and TA, in a 3:1 concentration ratio, where TA responds mainly to the redox reaction of gold together with SC.
Thus, the addition of K,CO, and citric acid to the SC and TA combination led to the increase of protonation and
deprotonation of Au NPs solution, respectively, increasing the size and changing the chemical conformation of
the absorbed molecules on the surface. In addition, citrate can coordinate with gold through different binding
geometries, i.e., bridging or chealating conformation, mainly influenced by carboxyl groups?®?°. Nonetheless,
this intermolecular interaction requires the diffusion of citrate to the gold surface in a fully deprotonated state
of carboxyl groups, since the protonation form is not favorable due to electrochemical impediments®>33. As
described above, the pH value affects the binding affinity between gold NPs and functional groups, which in
turn, significantly impacts the size and surface coverage of the studied nanoparticles. This leads to variations in
LSPR absorption spectra. Nevertheless, based on the obtained results, it is difficult to clearly establish a model
illustrating the correlation between pH value and the LSPR shift.

The presence and conformation of surface-absorbed groups around the nanoparticle may also contribute to
this shift, as well as its significant relation with the size of NPs. Toh et al., reported that Au nanorods conjugated to
11-mercaptoundecanoic acid (MUA) modulated the LSPR phenomenon at physiological conditions (pH ~ 7.49)
as a result of electrical charges formed on the surface after protonation/deprotonation of carboxylic groups*. In
our study, Au NPs synthesized in a strong base environment (pH ~9) exhibited the highest redshift of the LSPR
peak, demonstrating the impact of adsorbed molecules’s conformation on the gold surface.
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Fig. 4. Position of LSPR peaks as a function of Au NPs diameter (in yellow) and pH levels (in purple) after
precursor addition. LSPR vs Au NPs size was fitted with linear function (yellow).

Importantly, the protonation of citrate ions caused by pH also has an impact on the strong reduction potential
of Au’*, which in turn affects the surface morphology of Au NPs?. Generally, the inverse Turkevich synthesis
relies upon the formation of intermediate acetone-dicarboxylate (ADC), which improves the Au NPs dispersity
and is also responsible for fast nucleation. Furthermore, pH is strictly related to the electrostatic stabilization of
Au NPs and the reactivity of the precursor during nucleation?>*. In acidic conditions, citrate protonation leads to
decreased stability, whereas in alkaline environments, Au ions exhibit reduced reactivity owing to the formation
of hydroxide complexes*. Herein, Au NPs citric acid (as seen in Fig. 3d) were strongly aggregated, which can be
explained by poor electrostatic stabilization. While K,CO, addition could reduce the reactivity of the precursor
and stability during Au NPs nucleation. High uniformity and very low size dispersity of nanoparticles were
observed for Au NPs SC+ TA and 2 inj. seeding variant, obtained at a similar, slightly acidic environment, which
in this case may be involved with stable precursor reactivity and electrostatic interactions??. Thus, the higher
pH of the Au NPs solution may affect the formation of a higher number of citrate ions (C;H,0.*"), which is
undesirable in Au nucleation. Here, pH~6 can be treated as an optimal value to balance both reactivity and
promotion of fast nucleation’®. Similar to the Turkevich method, inverse Turkevich synthesis can be demanding
due to a difficult nucleation mechanism resulting in broad size and shape distribution®”-*. SC, when mixed
with aqueous HAuCl, at high temperature, is oxidized to sodium acetone dicarboxylate, while gold precursor
to AuClL Depending on the pH reaction, AuCl,~ is hydrolyzed to other forms of auric ions, for instance, at pH
6.2—AuCl,(OH)~ and for pH 8.1-AuCIl(OH),", and their reactivity decreases with the pH increase. Due to high
number of those ions, the inhomogenous nucleation may occur. In our study, we have not detected the Au-OH
vibrations in ATR-FTIR measurements, but the presence of AuCl (OH),™ ions and their surface conformation
could explain the broad size distribution in Au NPs K,CO,.

The XPS measurements provided insight into the surface chemical composition of Au NPs prepared in this
study. The collected high-resolution C 1s, O 1s, and Au 4f. spectra are comparatively shown in Suppl. Mat, Figure
S1-S3. The atomic contribution and core-level binding energies of surface species are summarized in Table 3.
The main Au 4f signals appear as doublet, with Au 4f, ) and Au 4f; , peaks well-separated at 83.9 and 87.6 eV,
respectively. These values are characteristic binding energies for metallic Au atoms™. In the case of the Au NPs
citric acid sample, a second doublet is identified at 85.0 eV and 88.6 eV, which can be attributed to the Au*. It
should be noted that due to the elemental composition of the outermost atomic layers and the vivid presence
of capping agent, the Au signal is attenuated in comparison to the literature data?®*!. Nonetheless, XPS analysis
confirms the reduction of the Au (III) to Au (0) and the formation of Au NPs surrounded by the organic shell in
each sample. The C 1s core level spectra were fitted with four distinct components: 285.0 eV, 286.2 eV, 287.7 eV,
and 288.6 eV. The first strong peak is assigned to aliphatic carbons C-C, C-H, and/or a-carbons (CH,)*"*2. The
second peak corresponds to carbon atoms present in C— O groups?®?’, whereas the third peak is attributed to
the gold-coordinated carboxylates (COO — Au) or C=0 and O-C-O moieties?*?’. The signal with the highest
binding energy is indicative of carboxylic functionalities: COOH or COO~262743 The first deconvoluted peak
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Sample

Surface composition (at.%)

Cls

Ols Au 4f

C-C,C-H
(285.0)

Cc=0,
0-C-0, COOH,
c-0 COO-Au C00- Cow | O=C 0-C H,0,, O, | A Aut | Au
(286.2+0.2) | (287.7+0.2) | (288.6+0.2) | (at. %) | (531.5+0.1) | (532.8+0.1) | (535.5+0.2) | (at. %) | (83.9+0.1) | (85.0) | (at

tote

. %

C/C,ppy (%)

0/0,,,, (%) Au/Au, (%)

Au NPs
SC+TA

51.3

17.0 3.9 27.9 50.78 | 56.3 29.6 14.1 49.13 | 100 - 0.09

Au NPs
K,CO,

50.8

21.1 3.6 24.5 52.86 | 62.2 24.8 13.1 47.04 |92.6 7.4 0.10

Au NPs
citric acid

48.9

18.6 4.2 28.3 51.54 | 40.3 48.6 11.0 48.44 | 100 - 0.02

Au NPs
2 inj. seeding

17.5 8.9 26.6 49.16 | 62.5 21.7 15.8 50.76 | 100 - 0.08

Table 3. Atomic contributions of surface species in the citrate-capped Au NPs determined by XPS (binding
energies in eV given in parentheses). Results are presented as the percentage values of a given element relative
to the total element sum.

contributes to the citrate molecules but could also be attributed to adventitious carbon contamination present
in the XPS system26’27. The O 1s spectrum exhibited three peaks at 531.5 eV, 532.8 eV, and 535.5 eV, ascribed as
0=C, O-C, (HZO)a e respectively, which bound in the citrate structure?®. The atomic content of carbon and
oxygen increases for Au NPs citric acid in relation to Au NPs SC + TA, enriching in CH,/C-OH and C-O groups.
For Au NPs K,CO,, the content of COOH and C-O decreased compared to native NPs. However, the amount
of CH,/C-OH and C=0 have arisen. A similar effect was observed in Au NPs 2 inj. seeding. This may suggest
the presence of acetoacetate, which is the majorly oxidized species of citrate and has the ability to be desorbed
from the NPs surface. It was found that increasing the pH ~9 decreases the number of acetoacetates, making
the citrate ions a primary organic compound on the Au NPs surface®®. Here, the Au NPs K,CO, with the pH~9
showed a growing number of C= O groups derived from COOH hydrogen bonds, compared to Au NPs SC+ TA
and their presence is also confirmed by IR frequency at 1701 cm™. Despite the findings published by Park et
al., these results indicate the presence of acetoacetate on samples in an alkaline environment. Interestingly, the
number of those groups, as revealed by XPS and FTIR, as well as their intensity, was attenuated for Au NPs
synthesized with citric acid (pH~5) compared to unmodified NPs (pH ~6). Grys et al., showed that citrate
anions under pH < 6.8 present bidentate bridging of central carboxylate, while for pH higher than 6.8, unbound
carboxylates are found. At lower pH, citrate coverage is reduced, and the ions can span the nanogap®.

3.2. X-ray Absorption Spectroscopy analysis.

X-ray Absorption Spectroscopy at the Au L;-edge was used to probe changes in the electronic structure and
local environment of gold sites in studied nanoparticles. The X-ray Absorption Near Edge Structure (XANES)
spectra of all Au NPs variants and, for comparison, reference samples: Au foil and commercial Au NPs (4 nm
in diameter), are plotted in Fig. 5a. Collected XANES spectra are typical for the fcc Au structure, showing
three characteristic features within~40 eV above the absorption edge (11,919 eV), marked with the vertical
dashed lines. The shape and resonance peak positions were similar to bulk material (Au foil), which indicates
minor changes in the local environment of the Au atom***°. To support the analysis of those changes, each Au
NPs spectrum was subtracted from bulk one to obtain the difference signal plot (Fig. 5b). The spectral feature
observed at~ 11,920 eV, the so-called white line, is associated with the transition of 2p,, electrons to the lowest
unoccupied electronic states (d-states)?®. Generally, 5d orbitals in metallic Au atoms are fully occupied. However,
the observed small white line in bulk material (Au foil) results from s-p-d hybridization?”. In this case, a more
intense white line reflects the increase in the d-hole population related to the hybridization. It has been shown
that the intensity of the resonance at the threshold can be used to study the d-charge redistributions in various
gold samples!®!%7 being the interplay between the nano-size and surface functionality (tuned by capping agent)
effects. The size of Au nanoparticles corresponds to a certain number of surface and bulk atoms. Namely, the
smaller the size, the greater the fraction of atoms located on the surface. For instance, the Au NPs SC+ TA have a
size corresponding to approximately 7000 atoms, which, according to calculations presented in*, equals ~ 12.5%
of surface atoms. Therefore, experimental XANES spectra are a combination of spectra originating from both
bulk and surface, containing averaged information about unoccupied states in Au d-bands.

It was found that Au NPs SC+TA showed a minor decrease in the first resonance peak and a negative
difference, indicating the 5d electron gain (or loss of 5d holes). Similarly, commercial Au nanoparticles (thiol-
capped) displayed a small decrease in the white line. However, this was accompanied by a small but noticeable
shift in the absorption edge towards higher energy compared to the bulk gold. These observations are consistent
with the previous reports on thiol-capped Au NPs*>*. The opposite effect was observed in XANES spectra
collected for Au NPs K,CO, and citric acid, namely an increase in the white line, suggesting 5d electron loss.
Neither an increase nor a decrease in the edge peak was observed for Au NPs 2 inj. seeding, which showed a
similar resonance pattern to the bulk material. Nevertheless, a small decrease was detected in the third feature
(~11,945 eV), meaning the gain of 5d electrons. It should be noted that the features above the white line
(labelled as II and III in Fig. 5a), correspond to the resonances characteristic of the extended local structure
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Fig. 5. Effect of synthesis conditions on properties of Au NPs based on XAS spectral analysis: (a) Normalized
Au L,-edge XANES spectra of all Au NPs variants, compared with bulk Au and commercial Au NPs, (b)
Difference signal obtained by subtracting XANES spectrum of each Au NPs variant from Au foil (vertical
spectra offset), (c) Comparison of the experimental spectrum with the FEFF simulated spectrum for bulk Au
with calculated projected density of electronic states (DOS) reflecting Au orbital composition.
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of the fcc Au metal. Their shift towards higher energies and broadening is associated with lower coordination
numbers, higher structural disorder, and smaller bond distances in nanoparticles*>*. Therefore, a small deep
between ~ 11,942 to 11,949 eV observed in difference spectra in Fig. 5b may be correlated with the increased
size of studied Au nanoparticles. It has been reported that non-capped Au NPs reduce their surface energy by
rehybridizing the surface and core Au atoms, thereby enhancing the d-d interaction within the core. In contrast,
nanoparticles capped with thiol ligands minimize surface energy by promoting strong Au-S bonding''. Thus,
in commercial thiol-capped nanoparticles, this interaction might be attributed to the high Au-S affinity. In the
case of SC+ TA and 2 inj. seeding variants, the 5d gain may be explained by a slightly acidic environment around
the Au NPs caused by the protonation of carboxyl groups. Contrarily, the number of unoccupied d orbitals for
Au NPs K,CO; and citric acid can be addressed to the deprotonation of those groups, which might have started
before the HAuCl, injection. The studied Au NPs have sizes ranging from 6 to 11 nm, as determined by TEM,
indicating that size-related effects should have a similar impact in the XANES region. According to Zhang et
al., nanosize effects are predominant in Au NPs smaller than 4 nm!!. Therefore, in the studied samples, the
observed changes in the electronic structure are likely due to interactions with the capping molecules. However,
size-related effects cannot be entirely ruled out. In nanoscale materials, the interplay between the size effects
(quantum confinement of electrons) and surface effects (increasing contribution of surface atoms) impacts both
the structure and electronic properties of nanoparticles.

Analysis of experimental spectral features was supported with DOS (density of states) theoretical
calculations based on ab initio FEFF 9.6 code. Calculations were performed for scattering radii of 6 A, using
atom distributions and arrangement derived from Au fcc structure. To align the theoretical calculations with the
experimental data, the simulated XAS profile had to be shifted in the energy value to fit the experimental data.
The adjustment is necessary in order to account for the absolute energy mismatch given by the calculations. The
comparison of theoretical and experimental spectra is shown in Fig. 5¢. It should be noted that in the near-edge
region, the simulated spectrum reproduces all significant features of the experimental spectrum. The observed
discrepancies in intensities of the spectral features between the experiment and the FEFF simulations are due to
the limitations of the muffin-tin (MT) potential approximation implemented within the FEFF code. Subsequently,
the experimental spectrum was scaled to the Fermi energy by subtracting a value determined from the position
of the XAS inflection point®*-*3. The calculated I-projected DOS functions, namely s, p, and d-states of gold, are
plotted in Fig. 5¢c. As shown, the occupied electronic states of metallic gold below the Fermi level consist mainly
of d orbitals, with small contributions of s and p-states. On the other hand, a small contribution of d orbitals is
observed above the Fermi level, which is consistent with the d'° electronic configuration of gold. Unoccupied
DOS plots indicate that the weak absorption in the white line region arises from a transition to a hybrid partially
unoccupied Au s-d band. It should be mentioned that although the Au p-DOS contribution to the XAS signal
is expected to be small due to the dipole selection rules, they may also be involved in hybridization with other
orbitals. Therefore, d-charge redistribution in Au NPs may be interpreted using the s-p-d hybridization model,
influenced by the overlap between d and s/p bands.

XANES investigation showed that different chemical environments have a significant impact on the size of
nanoparticles and the number of neighbors surrounding Au atoms in Au NPs>*. Hence, the unoccupied d-states
might been compensated with attached ligands, i.e., carboxyl or hydroxide groups. As explained by Zhang et al.,
the heightened intensity of the white line observed for Au NPs capped with alkene-thiolate was attributed to an
increase in size, compared to the bulk!!. Furthermore, their findings were supported by theoretical calculations,
which confirmed that the percentage of d-holes increased with the size of the nanoparticles'’. Our study also
demonstrates that the size of Au NPs increases with the number of d-hole states, aligning with Zhang’s research.
Here, the pH level during the synthesis of Au NPs played an additional role in this effect. It is plausible to assume
that variations in the conformation of absorbed molecules due to pH levels could also have contributed to the
presence of d-hole states. On the other hand, Behafarid et al., found that changes in the intensity of white line are
associated with the interaction between Au NPs and their surroundings (i.e., supports, ligands). However, based
on Au NPs functionalized with P2VP ligand, they noted that the decrease in white line peak with decreasing
NPs size is unrelated to charge transfer between ligand and NPs!*, attributing these changes mainly to the finite
particle size. In this study, we have only focused on changing the chemical environment of the capping agent
(organic shell), without introducing or exchanging specific ligands. Additionally, considering the unoccupied
d-states, it was observed that hydrogen chemisorption can generate changes in the XANES spectra, approx.
15 eV above the Au L, edge'®. In the case of Au NPs SC+TA and 2 inj. seeding, the increased peak intensity may
result from transitions in the antibonding orbital of metal-hydrogen bonds or multiple scattering of adsorbed
negative hydrogen atoms. Therefore, the intensity of the white line peak induced by pH in Au NPs K,CO, and
citric acid may be attributed to the hybridization of molecules absorbed on the surface.

Conclusions

The presented work showed advanced physicochemical investigation on citrate-capped Au NPs using
comprehensive analytical methods to determine the pH dependency of Au NPs. Surface and morphological
analysis headed by TEM, FTIR, XPS, and UV-Vis spectroscopy underscored the pH sensitivity of the capping
agent, which governs not only the LSPR effect but also impacts the size and surface functionalization of the
nanoparticles. Moreover, observed external features of Au NPs were linked to their intrinsic characteristics,
where we probed the XANES structure to identify changes in the surface electronic states of the nanoparticles.
We have shown that small shifts and broadening of peaks above the edge indicate an increase in size due to
structural disorder and smaller bond distances in Au NPs. The results were confirmed by the FEFF model. We
have also indicated that the presence of unoccupied d-states in Au NPs K,CO, and citric acid can be attributed
to the reorganization of adsorbed molecules on the nanoparticle surface, which was also supported by XPS and
FTIR data. Therefore, using XANES complemented by XPS and FTIR, we were able to study surface states of
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citrate-capped Au NPs in a different chemical environment. The next phase of this research should focus more
on developing a molecular dynamics model of the citrate-capped Au NPs to explore the surface chemistry of
Au NPs in extreme pH conditions along with their moieties and use EXAFS to refer to already obtained data.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author
upon reasonable request.
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