Downloaded viaUNIV DARMSTADT on June 7, 2022 at 06:47:20 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

A \

‘J
A4 Ce0e06

http://pubs.acs.org/journal/acsodf

N-Methyl-2-pyrrolidone as a Reaction Medium for Gold(lll)-lon
Reduction and Star-like Gold Nanostructure Formation

Maleknaz Mirdamadi Esfahani,* Eric Sidney Aaron Goerlitzer, Ulrike Kunz, Nicolas Vogel,
Joerg Engstler, and Annette Andrieu-Brunsen

Cite This: ACS Omega 2022, 7, 9484—9495 I: I Read Online

ACCESS | Ll  Metrics & More ’ Article Recommendations | @ Supporting Information

ABSTRACT: The efficiency of a wet chemical route to synthesize gold
nanostructures with tunable size and shape significantly depends on the applied
solvent and the interaction of solvent molecules with other species such as gold ions.
The ability of the organic solvent N-methyl-2-pyrrolidone (NMP) as a suitable
medium for application in star-like gold nanostructure (AuNS) synthesis with a
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tunable morphology at ambient conditions has been investigated. The time- g‘ e
dependent analysis of the UV—vis absorption spectra of Au™'Cl,” in a pure NMP g \ _——
solution illustrates the role of NMP as simultaneous complexing and reducing agents. Ny 3

Kinetic studies indicate that Au™Cl,” in NMP solution is reduced to Au'Cl,~, with e g l
no need to use another reducing agent, any external energy sources, or solvent — ucl;

pretreatment. This is because Au' species stay stable in this solution unless
poly(vinylpyrrolidone) (PVP) catalyzes their disproportionation. Morphological
studies by transmission electron microscopy (TEM) specify the high-yield synthesis
of AuNS with monocrystalline spikes in a concentrated NMP solution by PVP. This study illustrates that the presence of seeds, as
another agent to catalyze the disproportionation of Au' species, makes it possible to synthesize AuNS in varying concentrations of
PVP in this medium. The role of PVP concentration and the presence of seeds in the formation kinetics, morphology, and optical
properties is systematically discussed. The results achieved through this study develop a straightforward and safe procedure for AuNS
synthesis in high yield in a water-miscible organic polar solvent with tunable morphology and optical properties. Considering the
high capability of NMP to dissolve various types of polymers and hydrophobic ligands, synthesizing AuNS in this solvent opens a
window to a practical and easy way to fabricate gold-based nanomaterials with fascinating optical properties.

1. INTRODUTION colleagues.'” AuNP synthesis in organic solvents is one of
these practical chemical routes. In addition to the effective
control of the size and shape of the particles, the synthesis of
these particles in organic solvents creates a suitable condition
to dissolve polymers and hydrophobic ligands and facilitates
the fabrication of gold-based nanocomposite materials. Amide
solvents, such as formamide (FMA)" and N,N’-dimethylfor-
mamide (DMF),"*™"? belong to this group of organic solvents.
It has been demonstrated that the abovementioned amide
solvents provide suitable conditions not only to dissolve and
reduce gold ions but also to synthesize AuNPs with tailored
optical and electrical properties through controlling the size
and shape of particles. N-Methylpyrrolidone (NMP) is another
amide solvent used in a variety of industries and applications.
This aprotic organic solvent with a high boiling point and non-

The application of gold-based nanomaterials has increased in
various fields, such as organic solar cells," electronic
conductors,” chemical and biological sensory probes,’
catalysis," ® and medical diagnosis and treatment,””” during
the last few decades. These diverse applications originated
from the biocompatibility'® and exceptional optical and
electrical properties of gold nanostructures. Optimizing these
properties, governed by the particle shape, size, surface
chemistry, aggregation state, and the surrounding medium,"!
plays a significant role in improving their performance in the
aforementioned applications. The simplicity of production and
the possibility to scale up are other fundamental issues in this
regard. On this basis, designing and presenting new methods to
synthesize gold nanoparticles (AuNPs) with a tailored
morphology and properties, as well as creating a suitable

condition to fabricate the gold-based nanomaterials, remains a Received: December 3, 2021
challenge. Accepted: February 18, 2022

Published: March 11, 2022

Among the numerous reported methods to synthesize
AuNPs in a liquid phase, some protocols provide the
possibility to achieve a precisely tailored size and shape, as
recently summarized by a review from Liz-Marzan and
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Figure 1. (A) Evaluation of UV—vis spectra of HAuCl, added at 1.5 X 10™* M concentration to the NMP solution during 24 h (green curve) and
72 h (blue curve) (optical path: 1 cm, reference: NMP, time interval: S min). (B) Kinetic curves of the normalized absorbance with time registered
at 324 nm during 100 min after adding the gold(III) ion complex in NMP solution.

flammable properties, as a lactam, is structurally different from
other amide solvents like DMF.*° The use of NMP, as one of
the most widely used solvents in industry, considerably reduces
the risk of environmental contamination due to its
biodegradability.” NMP contains a polar heterocyclic amide
group and possesses a strong polarity (4 = 4.09 D),”* which
causes the dissolution of diverse materials like polar and ionic
species. At the same time, having nonpolar carbons and a large
planar nonpolar region can lead to hydrophobic interactions
between NMP and nonpolar molecules to form a complex.”’
This specific structure of NMP is the basis for its unique
physicochemical properties,”* and the use of NMP as a solvent,
co-solvent, and complexing agent™ in different applications
such as the pharmaceutical and electronics industries.”>™>*
Several studies showed that NMP could be used as potentially
powerful scavengers of oxidizing agents.”” > Despite the
various advantages of NMP, its application to create a suitable
medium to synthesize metal nanoparticles has not been
systematically considered. Jeon and co-workers used oxidized
NMP as a solvent and a reducing agent to synthesize silver
nanoparticles.”> To produce oxidized NMP (5-hydroxy-N-
methyl-2-pyrrolidone), they pretreated NMP through refluxing
the mixture of water and NMP for 2 h at 160 °C while purging
with oxygen gas. In another study, Amgoth and co-workers
synthesized spherical AuNPs in a NMP solution using a strong
reducing agent (sodium citrate) while the solution was being
heated.” This study suggested that using NMP as a solvent
can increase the polarity of the medium and lead to the
synthesis of smaller AuNPs.”* Yang and co-workers reported
that NMP could be used as the solvent and reducing agent to
synthesize palladium nanoparticles (PANPs) dispersed on
reduced graphene oxide (RGO) sheets.”®> However, they
stressed that the synthesis of PANPs would be performed by
heating the NMP solution containing the Pd precursors up to
200 °C for 2 h. The mentioned studies are the first approaches
of using NMP as a reducing agent to reduce metal ions.
However, the effectiveness of NMP to reduce metal ions in the
absence of the other reducing agents or external energy has not
yet been presented yet.

This study presents NMP as a suitable medium to synthesize
AuNPs with a tailored morphology and optical properties.
Through kinetic studies, the capability of NMP for the
reduction of gold ions has been investigated at room
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temperature, in an ambient atmosphere, and without the
need to use external energy. The results show that by using
poly(vinylpyrrolidone) (PVP) as complexing and stabilizing
agents, star-like gold nanostructures (AuNSs) in a NMP
solution, with a well-defined optical response, are synthesized
in a straightforward process. Furthermore, the effects of the
PVP concentration and the presence of preformed AuNPs on
the kinetic reduction of gold ions and, consequently, on the
morphology and optical response of AuNS synthesized in this
organic medium are discussed based on experimental and
theoretical studies. The importance of controlling the proper-
ties of AuNS is better understood by considering the various
applications of this structure in different fields,’® such as life
science, sensing, thermal therapy, or drug delivery. These
diverse applications are based on the optical properties and the
higher enhancement factors of this structure than other
morphologies for Raman spectroscopy.’’

2. RESULTS AND DISCUSSION

To investigate the interaction between solvent molecules and
other soluble components, kinetic studies of gold ion reduction
were performed. Evaluation of UV—vis absorption spectra of
NMP solutions containing different concentrations of hydro-
gen tetrachloroaurate(I11) (HAuCl,) (from 1 to 2 X 107* M)
was carried out at ambient conditions. As shown in Figure 1A,
AuCl,” displays a maximum absorption at 324 nm,
corresponding to a molar absorption coefficient of &5,,(Au™)
= 5242 + 80 M™! cm™". This absorption band at 324 nm is
attributed to the ligand-to-metal charge transfer (LMCT).*®
The maximum absorption intensity of the LMCT band of the
AuCl,” ion at 324 nm in NMP solution recorded for the
sample at [HAuCl,] = 1.5 X 107" M shows decreasing
maximum absorption intensity with increasing reaction time
until complete disappearance after 72 h. Simultaneously, no
other increased absorption band in the visible region and no
sediments at the bottom of the container or stains on the glass
vial are observed. These observations indicate that gold in the
atomic state has not been formed upon this reaction time of
72 h. The kinetic analysis during the initial 100 min shows an
exponential decay of the Au™Cl,” concentration with time
(Figure 1B), indicating that the gold-ion reduction rate
decreases with increasing the initial concentration of Au"'Cl,".
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Figure 2. (A) UV—vis absorption spectra at different time intervals after adding 1.25 X 10~* M HAuCl, to an NMP solution containing 13 wt % of
PVP (optical path: 1 cm, reference: NMP, time interval: 2 min). (B) Absorbance variation at 779 nm versus the reaction time of four NMP
solutions containing 1.25 X 10™* M HAuCl, and four different concentrations (from 1.8 to 13 wt %) of PVP. (C) Photo taken 7 days after adding
1.25 X 107" M HAuCl, to the four glass vials containing NMP solution and 1.8, 3.6, 7, and 13 wt % of PVP (respectively, from left to right). TEM
images of spiked AuNPs obtained from 10 mL of NMP solutions containing HAuCl, (1.25 X 10™* M) and (D) 13 and (E) 7 wt % of PVP. (F)
Corresponding SAED pattern for AuNS (E) showing the (111), (200), (220), and (311) reflections of gold.

It is known that NMP can be oxidized to form 5-hydroxy-N-
methyl-2-pyrrolidone at certain conditions, such as an elevated
temperature, high pressure, and in the presence of oxygen as
well as metal complex catalysts like Co(BPI),, and further
oxidation leads to form N-methyl succinimide and 2-hydroxy-
N-methylsuccinimide in the solution.””*" It has also been
shown that 5-hydroxy-N-methyl-2-pyrrolidone, produced from
NMP boiling with H,O and O, at 160 °C, can act as a
reducing agent to reduce silver ions to silver nanoparticles.”
The use of 2-pyrrolidinone as a promising reducing agent for
the simple preparation of gold nanowires has been reported by
Li and co-workers.*” They demonstrated that peroxide species
were formed during the oxidation of 2-pyrrolidinone in the
presence of water and oxygen at an elevated temperature.
These peroxide species, which are not stable, transform into a
stronger reducing agent, 5-hydroxy-2-pyrrolidone, and this
secondary alcohol can act as a reducing agent. A common
point in the mentioned studies is the oxidation of the lactam
groups in the presence of oxygen and in the elevated
temperature to form a peroxide species in the first step and
the formation of the secondary alcohol under further oxidation,
which can act as the reducing agent in the presence of metal
ions (Scheme S1).

Investigating the role of NMP as a reducing agent in the
current study has been performed at ambient conditions with
no need to use any external energy. It should be noted that all
experiments have been carried out using freshly received
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anhydrous 99.5% NMP to make sure that the probability of the
presence of NMP-oxidized species in the samples has been
very low.

It is generally accepted that the Au'Cl,” photodissociation
occurs due to the light absorption by the LMCT band of the
Au"Cl,” ions and Au"Cl;~, and chlorine radical can be formed
when the electron is completely detached from chlorine.*' ~*

Adcr; M8 pagery )

()

Au"Cly” is very unstable, and the intramolecular dispro-
portionation reaction leads to Au'Cl,~ and Au™Cl,~.**

[Au'CL,T" — Au''CL; + CI°

2AuHC1; - AuHICL: + AuICl; 3)

The occurrence of reactions 1—3 in the experiments is
shown in Figure S1 by adding 1.5 X 10™* M of HAuCl, in an
aqueous solution and evaluating the absorption spectra of this
solution during 24 h. As presented in the inset image in Figure
S1, decreasing the absorption band at 288 nm and the
simultaneous blue shift is attributed to the Au™Cl,~ reduction.
Simultaneously, the increase of the intensity of the specific
shoulder below 250 nm, attributed to Au"Cl;~ species, results
in an isosbestic point formation at 274 nm. The disproportio-
nation of Au”Cl,™ (reaction 3) causes the balance between
these complex ions to be created, and a slight decrease at
288 nm is to be observed during 24 h. In NMP solution, the

https://doi.org/10.1021/acsomega.1c06835
ACS Omega 2022, 7, 9484—9495


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c06835/suppl_file/ao1c06835_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c06835/suppl_file/ao1c06835_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c06835/suppl_file/ao1c06835_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c06835/suppl_file/ao1c06835_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06835?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06835?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06835?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06835?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06835?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

decay of Au™Cl,” ions is not of the first-order (Figure 1B),
and no isosbestic point is observed in Figure 1A. This
observation indicates that an additional reaction occurs after
ligand substitution, which most probably is related to the
reduction of the Au™Cl,” ions via the oxidation of the
coordinated NMP molecule by the metal center. This
phenomenon is similar to the reduction of Au™Cl,” ions in
methanol.** Based on the decrease of the Au'Cl,~ absorption
band in this solution over time, and its disappearance after a
certain time determined by the initial concentration of gold
(Figure 1A), we conclude that NMP in these experiments
serves as a reducing agent, which reduces Au"'Cl,” to Au"'Cly~
at this stage. Subsequently, Au"Cl;~ disproportionates to
Au'Cl,” and Au™Cl,”. Reproducing Au™Cl,” ions in the
reaction medium causes the gold-ion reduction rate to
decrease with increasing the initial concentration of gold in
NMP solutions (Figure 1B). Because no other absorption band
in the UV—vis region was observed and no sediment formed at
the bottom of the container, it is considered that gold clusters
have not been created.*' This indicates that Au'Cl,” is the only
stable species in NMP solution after 72 h, as its absorbance
between 260 and 700 nm is negligible according to the
literature.*® It is reported that Au' species are frequently
unstable and disproportionate to gold atoms and Au'
oxidation states.”” However, depending on the nature of the
ligand and the nature of the solvent, Au' species can present
relative stability against the disproportionation reaction.”"***’
This stability is a function of the reduction potential of Au'
species, in such a way that the polarographic reduction of Au'
species changes from ca. —1 V (SCE) to ca. —1.5 V (SCE)
based on the type of the complexing agents.”® Considering the
previous studies regarding the effect of the ligand exchange
processes on the reduction potential of gold ions,” the ligand
exchange processes of Au'Cl,™ in the presence of NMP can be
considered as a reasonable factor that changes the reduction
potential of Au' species and creates a thermodynamical barrier
to reducing Au'Cl,” into gold clusters by NMP or through a
spontaneous disproportionation. This point can be mentioned
in the parenthesis that creating a sustainable Au'Cl,” in NMP
solution, as a widely used organic medium, is one of the
remarkable points of this study due to the importance of Au'
chloride species as reactants and intermediates in various
chemical sciences and engineering processes.’”

To complete the Au"'Cl,” reducing process and perform the
last reduction step (Au' — Au®), as well as the nucleation and
growth of gold clusters, poly(vinylpyrrolidone) (PVP), was
added to the NMP solution. By adding Au"'Cl,” ions to an
NMP solution containing 13 wt % of PVP, a shoulder/band in
the visible region (around S50 nm) was recorded after 2 min
(Figure 2A), and the colorless solution turned blue in less than
S min (Figure 2C). The appearance of the localized surface
plasmon resonance (LSPR) of AuNPs, as well as the color
change of the solution, indicate that the reduction process of
Au"Cl,” has been completed and that nucleation occurred.
This LSPR band evolves over time, and a very intense band
appears in the vis-NIR region after aging for 32 min (Figure
2A). The rate of this process decreased with decreasing PVP
concentration (Figure 2B) so that no color change has been
observed during the following hours for solutions containing a
lower PVP concentration (1.8 and 3.6 wt %). However,
micron-sized particles were visible at the bottom of these
containers after about 1 week (Figure 2C). As shown in Figure
2A, the LSPR band of AuNPs formed in the NMP solutions
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containing high concentrations of PVP results from the
hybridization of plasmons associated with two prominent
structures. An intense absorbance band was recorded at
wavelengths above 700 nm and a less intense band/shoulder
between 500 and 650 nm. The same plasmon band was
previously reported for branched gold nanostructures.”® >
These studies mentioned that the weak absorption in the
visible region is attributed to the plasmon resonance of the
core and the dominant plasmon band above 700 nm is related
to the resonance supported by the branches. Increasing the
PVP concentration from 7 to 13 wt % in the growth solution
caused the band at 808 nm to slightly blue shift and the band/
shoulder at the visible region to become more intense (Figure
S2). It has been established that variations in the morphology
of particles can explain such optical changes.’® Transmission
electron microscopy (TEM) characterization revealed spiked
particles, and no other shapes were observed in the sample for
the nanostructures (Figure 2D,E). Comparing Figures 2D and
3F with Figures 2E and 3E clearly shows that increasing the
PVP concentration in the solutions leads to the formation of
smaller particles with fewer and shorter spikes. The
corresponding selected area electron diffraction (SAED)
pattern of AuNS shows the concentric diffraction rings with
bright spots (Figure 2F), demonstrating the polycrystalline
nature of these nanostructures.

To better understand how the number of spikes affects the
optical properties of AuNS synthesized in NMP, the LSPR
bands of spherical (Figure 3A) and spiked (Figure 3B,C) gold
nanostructures were compared. This comparison shows that
the absorption spectra of gold nanostructures with growing
spikes on their core centers (Figure 3B,C) display LSPR bands
in the NIR in addition to the green regions of the visible
spectrum, as observed in spherical particles (Figure 3A).
Furthermore, increasing the number of spikes causes a red shift
of the maximum absorption in the NIR region. It can be
concluded that the anisotropic distribution of the electro-
magnetic field at the tips in nonspherical Au nanostructures
can facilitate the localization of electromagnetic fields in these
structures. This result is consistent with the results presented
for anisotropic metal nanoparticles.”” Finite element model
(FEM) simulations were performed using three different
simplified models (inset images in Figure 3G) to support the
experimental results. The simulated extinction cross-section
spectra, obtained from the combination of absorbance and
scattering spectra for all the models, show the intrinsic
properties of AuNS exhibiting both longitudinal and transverse
plasmon resonance corresponding to the spikes at the NIR
region and the center core at the visible region, respectively
(Figures S4 and 3G). Additionally, the near-field enhancement
distribution maps calculated for the mentioned models at the
wavelengths of the different band maxima show that the
plasmon resonance confined within the spikes dominates the
overall optical response over interspike interactions and dipolar
oscillations confined within the central body (Figure 3H). The
results obtained through these simulations (Figure 3G) are
consistent with the experimental data (Figure S2) and
demonstrate that increasing the number of spikes leads to
increasing the intensity and the red shift of the longitudinal
resonance wavelength. At the same time, the transverse
resonance wavelength appears at the same position with a
slightly decreased intensity. This finding is in line with previous
experimental and theoretical studies regarding the AuNS
optical properties.””>%>’
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Scheme 1. Schematic Illustration of the Disproportionation Reaction in the Presence of PVP: Complexation of Au' Chloride
Species and the Creation of Aurophilic Interaction in the Presence of PVP in the First Step, Electron Transfer (I), and Gold

Atom Formation in the Second Step (II)

To explain the role of PVP in completing the gold-ion
reduction process and the formation of gold atoms, the
structure of this polymer has to be considered. A lone pair of
electrons on N and O atoms of the lactam unit and its ability to
generate active binding sites upon mesomerism® allows PVP
to form charge-transfer (CT) complexes with metal ions.”" ~**
On this basis, the three possible coordinations through the
electrostatic interaction of amide groups of pyrrolidone rings
and Au(I) chloride species are pictured in Scheme S2. The
formation of gold particles in the presence of PVP indicates
that these interactions can allow one to overcome the
thermodynamic barrier and facilitate the Au' species reduction
into gold atoms. This effect can be explained in two ways: (I)
the change of the reduction potential of Au' species through
creating new Au' complexes,”’ (I) the increase of the
possibility of exchanging electrons between neighboring Au'
species and facilitation of the disproportion reaction. The latter
can be attributed to creating the right conditions to direct and
improve the aurophilic interaction.* This hypothesis is
illustrated in Scheme 1.

Thus, the last step of the gold-ion reduction and the first
step of the particle construction might be performed in this
condition via the reducing agents (NMP and PVP) or through
the disproportionation of Au'Cl,”, based on the following
reaction”’

3AuIClL_x - AuIHle,_y +2Au0° + (3x — y)CI” (4)

Based on pulse radiolysis studies on noble metal ion
reduction, nucleation, and nanoparticle growth,‘w’&_67 it is
known that atoms, as soon as they are formed, not only
dimerize but also may associate readily with excess metal ions.
Thus, the charged dimers and, in the following, oligomers will
be formed on atoms as nucleation centers instead of creating
new free atoms through the association/in situ reduction
process.”” Actually, these nucleation centers are reported to
behave as small electrodes, and the native cluster surfaces can
catalyze the gold complex-ion reduction.”"*” The competition
between the reduction of free ions and the in situ reduction of
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ions located on atoms and oligomers depends on the
remaining concentration of free ions as well as the PVP
concentration.’®

The influence of the PVP concentration on the growth of
gold structures can be justified by considering the different
roles of PVP as a complexing agent, shape-directing agent, and
stabilizing algent.68 In low concentrations of PVP (1.8 and 3.6
wt %) as a complexing agent in the NMP solution, suitable
conditions to create the aurophilic interaction between Au'
species are more limited. On this basis, the reduction of
monovalent gold ions is more partial and consequently,
nucleation centers created in these solutions will be scarce.
This small amount of nucleation centers causes a decrease in
the AuNP formation rate, as shown in Figure 2B. In the
presence of a low amount of nucleation centers, oligomers are
developed, and a dramatic growth through the adsorption and
a slow reduction of Au(I) complex ions on their surfaces
happens.*' The micrometer particles precipitated at the glass
vial bottom of the samples containing a low concentration of
PVP (1.8 and 3.6 wt %) after one week support this claim
(Figure 2C). Increasing the PVP concentration (7 and 13 wt
%) not only influences the reduction kinetics and increases the
AuNP formation rate (Figure 2B) but also leads to preferential
growth along certain crystalline faces of the initial nuclei and
consequently to the formation of spiked nanoparticles (Figure
2D,E) based on the role of PVP as a shape-directing agent.
Tsuji et al.%’ proposed that PVP is responsible for shape
control through adsorbing and desorbing from the different
crystal facets in a preferential sequence, regardless of the
molecular weight of PVP that does not have any severe effect
on the size/shape of the resultant Au nanostructures.
Considering the PVP action as the stabilizer agent, more and
taller spikes created on native clusters are justifiable in the
presence of a relatively low concentration of PVP (7 wt %).
Comparing Figures 2D and 3E, which belong to Au
nanostructures synthesized in the solution containing 7 wt
%, with Figures 2E and 3F, which are attributed to AuNS
synthesized in the solution containing a higher concentration
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Figure 3. Absorption spectra of the colloidal solution containing (A) spherical AuNPs synthesized in an aqueous solution using a strong reducing
agent (NaBH,) and stabilized by PVP (3.6 wt %), (B) AuNS synthesized in an NMP solution containing a high concentration of PVP (13 wt %),
and (C) AuNS synthesized in an NMP solution containing a low concentration of PVP (7 wt %). The same concentration of HAuCl, (1.25 X 107
M) was used in all samples. (D,E,F) TEM images of gold nanostructures synthesized in solutions (A—C), respectively. (G) Simulated extinction
cross-section spectra as a function of wavelength for the AuNP targets shown in the inset images and considering the electric field polarization
along longitudinal axis (LA). (H) Calculated near-field enhancement maps for the AuNP targets at wavelengths of band maxima (see labels) for
polarized light along the LA and considering the dimensions presented in Figure S3.

of PVP (13 wt %), shows the effect of the stabilizer agent To investigate the effect of the presence of the seeds on the
concentration on the size and form of AuNS. reduction kinetics of gold complex ion and gold nanostructure
9489 https://doi.org/10.1021/acsomega.1c06835
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Figure 4. (A) Vis-NIR spectra of AuNPs synthesized under the same experimental conditions by adding 1.25 X 10™* M of HAuCl, to the NMP
solution containing 1.8, 3.6, and 7 wt % of PVP after aging for 24 h (optical path: 1 cm, reference: NMP, the dashed line at 540 nm is attributed to
dipolar resonances localized at the central core of the particles). (B) Absorbance variation at 779 nm versus the reaction time for the three NMP
solutions containing 10 L of seed solution and different PVP concentrations (1.8, 3.6, and 7 wt %) and 1.25 X 10~* M HAuCl,. TEM images of
AuNS synthesized in 10 mL of NMP solutions containing preformed seeds, HAuCl, (1.25 X 10™* M), and (C) 7 wt % and (D) 1.8 wt % of PVP.

formation, PVP-capped AuNPs of 5—6 nm were added as
nanoparticle seeds to the growth solution containing the same
concentrations of gold ions and the different amounts of PVP.
TEM images of the preformed seeds are shown in Figures 3D
and S8, and the particle size distribution is presented in the
inset image of Figure S8.

In the presence of seed particles in the growth NMP
solution, containing 7 wt % of PVP, the absorbance at 779 nm,
attributed to the formation of AuNS, significantly increases in
the early minutes after adding gold complex ions into the
solution (Figure SS). In comparison, no absorbance increase is
observed during the first 12 min for the solution containing the
same concentration of PVP in the absence of seeds. However,
no significant difference in the formation kinetics of AuNS is
observed between these two solutions after 12 min. This effect
could be related to the formation of native clusters in the
growth solution lacking seeds. Comparing TEM images of
AuNPs synthesized in the presence (Figure 4C) and the
absence (Figures 2E and 3F) of seeds in the growth solutions
demonstrates that the diameter of nanostructures increases to
some extent without significantly affecting the morphology of
particles in the presence of seeds. This effect can be attributed
to the adsorption and reduction of the gold complex ions on
the seeds’ surfaces acting as small electrodes, as previously
mentioned. The effect of the presence of the seeds in the NMP
growth solution containing a lower concentration of PVP (1.8

9490

wt %) is more pronounced. In this case, gold nanostructures
(Figure 4D) are synthesized instead of micrometer particles
precipitated in the absence of seeds (Figure 2C). Evaluating
the absorption spectra of this solution shows that the band/
shoulder in the UV region (around 328 nm) completely
disappeared during the initial 14 min, corresponding to the
reduction of Au™Cl,~ to Au'Cl, (Figure S6). After a reaction
time of 14 min, the plasmon absorption band appears and
grows in the vis-NIR region while showing a red shift (inset
image in Figure S6). This red spectral shifting is accompanied
by a further increase in the absorption intensity of the
hybridized LSPR band in the NIR region compared to the
visible region. Thus, a very intense absorbance band centered
around 928 nm along with a less intense band/shoulder
around 540 nm was observed for this sample after 24 h (Figure
4A, blue curve). A similar form of hybridized LSPR bands with
the same absorbance intensity in the visible region (around
540 nm) has been recorded for the solutions containing the
higher concentration of PVP (3.6 and 7 wt %) (Figure 4A, red
and green curves, respectively). However, this difference in the
PVP concentration causes a significant difference in the
absorbance as well as a red shift of the major band in the
NIR region. TEM images of Au nanostructures synthesized in
the solutions containing the most (7 wt %) and the least (1.8
wt %) amount of PVP show that the nanostructures prepared
in both solutions resemble a star-like assembly with all rays
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grown radially outward from a common center (Figures 4C,D
respectively). TEM images also demonstrate the high yield
AuNS synthesis in an NMP medium so that no other shapes
were found through this analysis (Figure SC). The optical

Figure 5. HRTEM images of two individual spikes in the structure of
AuNS synthesized in10 mL of NMP solutions containing HAuCl,
(1.25 X 107* M) 1.8 wt % of PVP and 10 uL of seed solution (A,B).
TEM image with the lower magnification of AuNS synthesized in the
same solution (C).

response of these structures (Figure 4A) is in accordance with
the simulated spectra presented in Figure 3G. Comparing the
formation kinetics of AuNPs in the presence of the preformed
AuNP seeds (Figure 4B) and the absence of these particles
(Figure 2B) in growth solutions indicates that seeds have a
more significant effect in intensifying the reduction of gold
complex ions in the solutions containing a low concentration
of PVP that face the restriction of native clusters and
nucleation centers. In other words, by adding Au preformed
seeds in these solutions, gold complex ions can find more
substrates to act as catalysts to adsorb and reduce on their
surfaces.”” This factor, along with the role of PVP as a reducing
agent,”® control the kinetics of the reduction of gold complex
ions and the formation of AuNS. This difference in the
reduction kinetics of gold complex ions along with the critical
role of PVP in the preferential growth of particles along various
crystal faces through adsorption/desorption sequential pro-
cesses’” cause the synthesis of AuNS with different sizes and
form spikes in these solutions (Figure 4C,D). However, in
addition to these two effective factors, two other factors also
play an important role in controlling the shape and
consequently the absorption band. The role of PVP as a
stabilizing agent that controls the growth of particles,” and
also its role as a complexing agent that affects the intra- and
interchain aurophilic interactions.”* Together, these factors
cause the spikes to grow more in lower PVP concentrations,
and the taller and sharper spikes form in the solution
containing 1.8 wt % of PVP. Figure 4D in two different
magnifications shows the formation of the taller and sharper
spikes on the central core in the solution containing a lower
concentration of PVP in comparison to petal-like spikes
formed in the solution containing a higher concentration of
PVP (Figure 4C). Because no significant difference between
the number of spikes in these two samples is observed,
changing the absorption intensity and red shifting the main
longitudinal resonance, as presented in Figure 4A, might be
attributed to the difference in the form of spikes.
High-resolution transmission electron microscopy
(HRTEM) images demonstrate that gold atoms are arranged
in parallel planes and form individual spikes with single-
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crystalline nature surrounded by amorphous PVP layers
(Figure SA,B). The lattice fringe spacing shown in the image
is 0.240 nm, which corresponds to the (111) facet of the
crystal plane of the gold cubic phase.”” These HRTEM images
provide reasonable evidence to justify the hypothesis of the
reduction of Au' species following the creation of the
aurophilic interaction in the presence of PVP, as previously
mentioned and shown in Scheme 1.

An overview of the different sizes and forms of AuNS
synthesized with high yield in NMP solutions through this
study is illustrated in Figure S7. These TEM images well show
the ability of the presented method to synthesize AuNS with
the desired morphology.

3. CONCLUSIONS

NMP, with no need for any pretreatment processes or any
external energy sources, can reduce Au'Cl,” to Au'CL,” in an
ambient temperature and pressure. Given that Au'Cl,” are
important reactants and intermediates in various processes
across the chemical sciences and engineering, this study
provides a way to form stable Au'chloride species in the
organic medium NMP. In the presence of PVP, a suitable
condition is created for Au' species reduction and Au atom
formation. These clusters yielded by the coalescence of these
atoms behave as small electrodes and act as growth nuclei.
Thus, the rate of AuNP formation is a function of the
prevalence of these nucleation centers, whether in the form of
native clusters or the preformed AuNP seeds. At the same
time, the morphology of AuNSs, which are synthesized in the
NMP/PVP mixture solution with high yield, also depends on
the reduction kinetics of gold ions, which can be controlled by
the number of nucleation centers as well as the concentration
of PVP. Based on the dependence of AuNS optical properties
to their size and shape, this research presents a simple, safe,
and targeted method to synthesize these structures with the
desired optical properties by controlling the reduction kinetics
of gold complex ions. Considering a variety of AuNS
applications in different fields due to their exceptional optical
properties, the presented method can be applied in various
fields. Based on the strong sensitivity of the plasmon resonance
to the local dielectric environment, the synthesis of AuNSs in
NMP as a widely used organic solvent is another significant
point of this research. On the other hand, the synthesis of
AuNS with an amphiphilic nature in an organic polar solvent
creates a suitable condition for labeling their surfaces with
different functional groups such as organic molecules or
different hydrophobic ligands. Thus, synthesized AuNSs in this
medium are envisioned to widen the applied potential of these
nanostructures at various conditions. This research is in
progress to create new nucleation agents and better specify the
role of the aurophilic interaction in the single-crystalline nature
of gold nanostructures in this medium.

4. EXPERIMENTAL SECTION

4.1. Chemicals. Tetrachloroaurate trihydrate (HAuCl,:
3H,0, 99.99%) was used as the precursor of AuNPs). N-
Methyl-2-pyrrolidone (NMP, anhydrous, 99.5%) was used as
both a solvent and reducing agent. Polyvinylpyrrolidone
(PVP10, 10,000 g/mol) was both a complexing and stabilizing
agent. All these chemicals were purchased from Sigma-Aldrich
and used without further purification. Ultrapure water (MilliQ,
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182 MQ cm) was used as a solvent to prepare the
tetrachloroaurate stocked solution (0.2 M).

4.2. Nanoparticle Preparation and Sample Handling.
Studying the gold ion reduction and AuNP formation which
took place by the simple addition of an appropriate amount of
tetrachloroaurate-stocked aqueous solution (0.2 M) to a 30
mL glass vial containing 10 mL of the corresponding solutions
(the chemical composition of each solution is listed in its
place). This addition was performed, taking all necessary
precautions to avoid the degradation of the micropipette
plastic tips by NMP. The glass vials were closed with plastic
stoppers. Due to the low vapor pressure of NMP (0.342 mm
Hg at 25 °C),”" there was no concern about the impact of
NMP vapor on plastic stoppers. All the chemical reagents were
mixed gently, and no vigorous stirring was required. In these
experiments, PVP was entirely resolved at room temperature in
pure NMP and subsequently, the gold ion solution was added.

Gold seeds of 5—6 nm (inset image in Figure S8) were
prepared as previously reported.”” Briefly, 6 uL of aqueous
solution of 0.2 M HAuCl, was added to 10 mL of a PVP10
solution in H,O containing 3.6 wt % of PVP. Next, 1 mL of a
freshly prepared 0.5 M NaBH, solution was quickly injected
under vigorous stirring. The colloidal solution was stirred for 1
h at room temperature. The seed was not used until 24 h after
preparation to allow the complete NaBH, decomposition and
avoid further nucleation. Figure S8 shows the TEM image and
the particle size distribution of PVP-capped AuNPs used as
seeds.

4.3. Characterization Techniques. A Cary 60 UV—vis
spectrometer (Agilent Technologies, CA, USA), run by Cary
WinUV program software version 5.0.0.999, was used to
record the UV—vis—NIR spectra in 1 cm quartz cuvettes at a
scan rate of 600 nm min~" over the range 250—1100 nm. For
this aim, first, a background correction was performed using a
reference solution and measuring the amount of light that
strikes the detector in the range of defined wavelengths (the
type of reference solutions have been indicated in its place
based on the type of sample). Then, these values were stored
as the background scan in memory to calculate accurate
absorbance values for each sample. All assays were performed
at room temperature and in an ambient atmosphere.

AuNPs have been characterized by TEM. TEM studies have
been performed with a Philips CM20 instrument, operated at
200 kV. First, the colloidal dispersion was centrifuged at 6000
rpm for 30 min to remove the organic solvent. Next, the
colorless supernatant was replaced by pure water, and then
AuNPs were dispersed by sonication for 10 min. Finally, a drop
of the dispersed AuNPs in aqueous solution was deposited on
a standard carbon-coated TEM copper grid. Bright-field images
provided by TEM, along with the corresponding SAED
pattern, have presented details regarding morphologic and
crystallographic information of synthesized AuNPs. In
addition, HRTEM images were taken at 200 kV using a
TECNAI G2 F20 from FEL

4.4. Optical Modeling. FEM simulations using the
commercial software COMSOL Multiphysics have been
carried out to quantify the absorption, scattering, and
extinction cross-section spectra of individual AuNPs. The
single objects were surrounded by perfectly matched layers
(PMLs) in all directions. The geometrical models, as
represented in Figure S3 and the inset images in Figure 3G,
have been graphically depicted considering the AuNP
morphology as presented in Figure 3E. Simplified models
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have been considered for the calculations consisting of a
central sphere with either none, one, or two pseudoconical
caps located symmetrically opposite to the central core. The
refractive index of the surrounding medium was chosen as 1.5
without dispersion. The permittivity of the gold was taken
from literature.”” The illumination was a monochromatic plane
wave, which was linearly polarized either along the X-axis
(Transverse Axis, TA) or the Y-axis (Longitudinal Axis, LA).
Light propagation was perpendicular to the structures along
the Z-axis. Maxwell’s equations were solved in the wavelength
ranges of 350 and 1200 nm in 10 nm steps.
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