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Abstract

The production of AuAg alloys, AuAg core-shell nanoparticles, and short Au
nanorods using ketyl radicals was investigated. The photochemical pair
acetone/isopropanol was used as a source of reducing ketyl radicals. The process was
optimized in relation to the targeted nanoparticle morphology. For every case, a simple
methodology (a 1-step process) was designed aiming at the production of a particular
morphology. By the simple adjustment of reagent concentrations and light intensity, the
method affords nanoparticles of various compositions with a specific morphology in
quantitative yield (either AuAg core-shells, or AuAg alloy nanoparticles, or Au
nanorods). In addition, the plasmon properties of the colloidal systems were studied
using UV spectroscopy. The mechanism of formation of each nanoparticulate system is
discussed giving special attention to the factors responsible for shape and size. The role
of acetone in the photochemical preparation of nanorods is further clarified.
Transmission electron imaging and X-ray photoelectron spectroscopy analysis were
used to characterize the colloidal nanoparticles.

Keywords: nanomaterial synthesis, photochemistry, bimetallic and anisotropic
nanoparticles, plasmon spectroscopy



Journal of Materials Chemistry A Page 2 of 31

1. Introduction

Bimetalic and anisotropically shaped nanoparticles (NPs) offer a redefined set of
advantages for catalytic, optical and electronic applications.’? Such materials carry a
combination of properties originating in each individual nanoparticulate element as well
as a particular set of properties resulting from the more complex nanoscopic
morphology and composition.®> The most significant and attractive technological feature
that such systems offers is the possibility to tune the corresponding optical and surface
properties for a target application by the control of size, shape and composition. For
more than a decade, the preparation and study of bimetallic and anisotropic
nanoparticles have been of great interest to both the research community and industry.
At present, there exist commercially available analytical platforms containing
nanoparticulate metals for the detection and quantification of biological molecules. The
demand for this technology is expected to grow in the near future.* Therefore, there is a
pressing interest in the facile, low cost, and environmentally friendly synthesis of

bimetallic and anisotropic nanoparticles.

AuAg alloy nanoparticles display optical properties that strongly depend on the
Au-to-Ag ratio.” %7 In particular, the corresponding plasmon band shifts from near 520
nm (Au NPs) to 400 nm (Ag NP) with an extinction coefficient that increases with Ag
content. AuAg core-shell NPs display two plasmon resonances arising from the
polarization of outer electrons located in two different electronic domains.®’ These
resonances are also affected by the thickness of the deposited shell material. For
example, in the case of Au(core)-Ag (shell) increasing amount of shell material shifts the
plasmon-band corresponding to Au to higher frequencies and enhances the extinction
coefficient. Such properties have provided the basis for the design of analytical
platforms for the detection and identification of species in ultralow concentrations, e.g.
plasmonic enhancement of single-molecule fluorescence, surface enhanced Raman
scattering.s'11 Increased catalytic performance has also been achieved through the use
of bimetallic systems.'>?° In particular, the plasmonic relaxation upon absorption of
electromagnetic energy (localized surface plasmon polarization) has provided a new

activation means for chemical reactions since it acts as a vehicle for the conversion of
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light into chemical energy.?'? It is worth noting that the conversion of freely available
electromagnetic radiation (sunlight) into chemical energy poses important environmental
implications. In addition, the decreased content of Au in both AuAg alloy nanoparticles
and core-shell structures reduces the cost of the material, which is an attractive feature
for industrial investors.

In the case of anisotropically shaped metal nanoparticles, the corresponding
plasmonic properties are not only dependent on intrinsic electronic features and
dimension but are also dependent on the nanoparticle morphology.?* For example, in
the case of Au nanorods, the surface plasmon polarization upon interaction with UV
radiation results in two distinct resonance bands. These resonances arise from the
plasmon polarization of surface electrons in two directions. The oscillation of surface
electrons perpendicular to the longer axes containing the nanorod results in the

25-26 and the oscillation

transverse surface resonance located in the 520-550 nm range,
of surface electrons along the longer axis results in the longitudinal plasmon band at
variable wavelengths above 550 nm. The exact location of the longitudinal plasmon
band depends on the nanorod length. In general, as the length of the main axis
increases, the longitudinal resonance shifts to longer wavelengths. Similar to spherical
nanoparticles, both plasmon surface polarizations are affected by changes in the
dielectric constant of the surrounding media and aggregation effects.?” Au nanorods are
particularly useful for sensing platforms that are based on surface enhaced Raman
spectroscopy due to slower plasmon damping dynamics and the possibility of working in
the so-called optical window in biological tissue.>?® In this regard, the understanding of
the electronic properties of this material has allowed the design of chemical and
biological sensing elements, imaging reagents with enhanced performance, and
photothermal therapy agents.?*>® In the particular case of faceted rod-shaped Au
nanoparticles, the presence of surface crystallographic features absent in spherical Au
nanoparticles has been conveniently used in catalysis to increase reactivity and
selectivity.>*>® In addition, Au nanorods have also been employed in plasmonic
catalysis.

We report a one-step photochemical process for the production of AuAg alloys,

AuAg core-shell NPs, and short Au nanorods, which employs the photochemical
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acetone/isopropanol system as a source of reducing 2-hydroxy-isopropyl radicals
(CH3),C-OH (termed ketyl radicals).>’**° Such species result from the photochemically
initiated hydrogen transfer reaction between acetone and isopropanol (as hydrogen

donor) upon electronic excitation of the former (Equations 1 and 2).4%#?
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The mechanism of photoreduction of ketones have been thoroughly investigated and
this family of photoreactions is among the best understood of all photoreactions.®® It is
worth stressing that carbon-centered isopropanol radicals (CH3),C-OH have been used
before for the generation of noble metal nanoparticles.”** By a simple change of
reagent concentration and light intensity, the method affords nanoparticles of various
composition and morphology, in quantitative yield (either core-shell or alloy
nanoparticles, or Au nanorods, Scheme 1). In Scheme 1, the numbers in brackets
indicate a different set of reagent concentrations, light intensity, or a combination of
both. It is worth mentioning that the UV frequencies required for this work (in the UVC
range) are within the range of inexpensive, mass produced UVC lamps currently used in
household technologies such as furnaces with air treatment capability, surface and air
sanitizing devices, and water treatment systems. Such applications are based on the
germicidal character of the UVC region. This has resulted in the mass production of
UVC lamps and the reduction of prices, which is a factor to consider in a scalable
synthetic protocol. To the extent of our knowledge, this is the first report on the
comprehensive optimization of nanoparticle morphology and composition using a
single-step photochemical route. It is also the first time that the photochemical system

acetone/isopropanol has been used to prepare such systems.
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Scheme 1. Pictorial representation of the strategy employed for the production of
bimetallic and anisotropic nanoparticles.

L . AuAg core-shell NP

acetone /

NaAuCl, + AgNO, —tSopropanol + hv 121
CTAB / H,0

AuAg alloy NP
*Au ° Ag

[3]

2. Experimental Part
2.1. Reagents and instruments

Sodium tetrachoroaurate, NaAuClsx3H,0O (Sigma-Aldrich) was used as received
(Sigma-Aldrich). Silver nitrate (Sigma-Aldrich) was recrystallized from ultrapure water
before use. Spectroscopic grade acetone (CH3COCHS3), spectroscopic grade
isopropanol (iso-PrOH), both from Sigma-Aldrich, and hexadecyltrimethylammonium

bromide (CTAB) from Fluka were used as received.

For all the experiments, a 500W Arc Lamp, model 66901 (Newport Corporation)
operated at 200 W and equipped with a NewPort colored-glass (UV-filter) with band-
pass in the 260-400 nm range and maximum at 280 nm was used for photolysis.
Plasmon spectroscopy was recorded at 1 nm resolution, using a Synergy H4 with
Hybrid Technology (BioTek), at room temperature. For kinetics monitoring, a high-
resolution spectrometer HR 2000+ (Ocean Optics, range 200-600 nm) was used,
coupled to a DH-2000 UV-VIS-NIR light source (Ocean Optics). The nanoparticles were
also characterized by transmission electron microscopy (TEM), using a JEOL-JEM 1200
EX Il at 120 kV. Scanning electron microscopy (SEM) was carried out using a FEI
Helios NanoLab 400 Dual-Beam system equipped with focused ion beam technology in
the 0.35 — 30 kV beam voltage range. Energy dispersive X-ray spectroscopy (EDX) was

carried out to determine the elemental composition of the nanoparticles, using a 30 mm?
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silicon drift detector (SDD) with 133 eV resolution (TEAM EDX with Apollo XL SDD).
The EDX system was coupled to the scanning electron microscope (FEI Helios
NanoLab-400 DualBeam system equipped). For EDX analysis, the aqueous samples
were placed in squared silicon wafers of approximately 1 cm?and allowed to dry before

measurements.

2.2. Synthesis of nanoparticulate material

Bimetalic and anisotropic nanoparticles were prepared by UV irradiation (260-
400 nm range, with the irradiation maximum at 280 nm) of the corresponding oxygen-
purged aqueous solution containing NaAuCls, AgNOs, isopropanol/acetone, and CTAB.
The experiments were carried out in the 30 °C temperature range. For all the
experiments, ultrapure water (18.2 MQ cm) was used. The colloid preparations were
carried outin 1 cm x 1 cm x 4 cm fused silica cuvettes. Particles with varying
morphology and composition were synthesized by changing the concentration of the
reagents (metal nanoparticle precursors, acetone/isopropanol and CTAB) and the light

intensity, using in all cases a 1-step protocol.

For the preparation of AuAg bimetallic NPs, 3 mL aqueous solutions of total metal
concentration 0.2 mM, with varying molar ratio Au-to-Ag ([NaAuBr4] : [AgNO3] =1, 0.8,
0.65, 0.5, 0.25,0), containing 25 pL of isopropanol (0.1 M), 25 uL of acetone (0.1 M) and
5 mM CTAB were irradiated with UV light (260-400 nm range). The solutions were kept
at 30 °C prior to irradiation to prevent precipitation of CTAB. For the production of alloys,
the light intensity used was 300 fc, and for core-shells, 75 fc. The formation of the target

material was followed by the time evolution of the corresponding plasmon band.

A sample of AuAg core-shell NPs with Au-to-Ag ratio equal to 1 was prepared
using Au NPs seeds. The seeds were prepared upon UV irradiation (75 fc) using a 3 mL
sample containing 0.2 mM of NaAuCls, 5 mM CTAB, and 25 pL of both isopropanol (0.1
M) and acetone (0.1 M). As expected UV irradiation resulted in the formation of the
characteristic red colloid. Next, a 1.5 mL sample of the Au NPs colloid was added to 1.5
mL of aqueous AgNO3; (0.2 mM) in 5 mM CTAB, resulting in a system with [AgNO3] =
0.1 mM and [Au NPs]= 0.1 mM (as total Au atom concentration). Finally, 12 pL of
acetone and of isopropanol were added (resulting in a final concentration 50 mM for
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each). The resulting system was irradiated with UV light (260-400 nm range, 75 fc), and

the process was monitored by plasmon spectroscopy.

Short Au nanorods with varying aspect ratios were prepared by UV irradiation (75
fc) of aqueous solutions (3 mL) containing 0.5 mM NaAuCl, , 0.1 M CTAB, 20 mM of
both acetone and isopropanol, and varying concentration of AgNO3 ([AgNO3] = 30, 60
and 100 pM). The intensity of the light used was in 250 fc range (260-400 nm range).
The process was monitored by plasmon spectroscopy, using the growth of the
transversal band to observe the progress of the process. The temperature was kept in
the 30 °C range to prevent the precipitation of CTAB. The irradiation time was 30

minutes for every preparation.

Table 1 lists the concentration of reagent and light intensity employed for every
target.

Table 1. Reagent concentration and light intensity used for the production of the target

materials.
[Reagent] [acetone] Irradiation
[metal] [isopropanol] Intensity [CTAB]
target (mM) (mM) (fc) (mM)
material
alloy 0.2 100 300 5
core-shell
structure 0.2 100 75 5
rod 0.5 20 250 100

3. Results and discussion
3.1. Photochemical preparation of AuAg alloy nanoparticles
AuAg alloy nanoparticles were produced by irradiating micellar solutions ([CTAB]

= 5 mM) containing varying molar ratios of Au and Ag species (total concentration
[NaAuCl4] + [Ag*] = 0.2 mM) with UV light (intensity 300 fc). The concentration of
acetone/isopropanol was optimized to guarantee the quantitative formation of alloy
nanoparticles using the available UV radiation source. The aqueous solutions were kept
in the 30 °C range to prevent the precipitation of CTAB and increase the solubility of
AgBr. The concentration of CTAB was optimized to minimize the formation of insoluble

AgBr while promoting nanoparticle stability.
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Figure 1 shows the electronic spectra for representative AuAg alloy colloids with
varying composition (molar fraction for Au, y =1, 0.8, 0.65, 0.50, 0.25, 0). The plot
shows a set of plasmon bands with a single absorption maximum. The absorption
maxima consistently shift to higher energy with Ag content. The presence of a single
resonance band is indicative of the formation of alloy nanoparticles.™®” In this regard,
it has been established that Au and Ag forms stable alloys in every Au-to-Ag ratio.® The
formation of metal solid solutions for all Au and Ag ratios has been linked to their similar
crystal structures (both form pure solids with fcc unit cells and both have similar lattice
constants, for Au — a = 4.078 A, for Ag— a = 4.086 A).45 The sample preparation was
replicated for y(Au) = 0.8, 0.5, and 0.25. Satisfactory reproducibility was achieved. As
expected, both the position and extinction coefficient of the plasmon bands depend on
the corresponding Au-to-Ag molar ratio.™*’ The plasmon maximum frequency of each
alloy system, Figure 1, matches reasonably well the range of frequencies reported in
the literature.”* This strongly supports the successful formation of alloy nanoparticles
by this synthetic strategy. The estimation of extinction coefficient for each alloy
formulation, Figure 2, and further comparison with those previously reported in the
literature (both experimental and calculations) suggests that the process under
discussion yields alloy nanoparticles in stoichiometric amounts.>* For comparative
purposes, the spectra in Figure 1 were compared with the corresponding spectra of a
mixture of Au NPs and Ag NPs with matching composition, Figure 2. The Au and Ag
nanoparticles in the mixtures were independently prepared using the procedure
employed for the preparation of alloys (Section 2.2). The first noticeable difference was
that the spectrum of each mixture of pure nanoparticles shows two distinguishable
absorption maxima (with maxima at 400 and 520 nm), whose relative intensities depend
on the ratio of the component single metal nanoparticles. Such absorption maxima
remain centered at the position of the corresponding maximum of each monometallic
colloid. These observations contrast with the presence of a single absorption band for

the AuAg alloy systems, Figure 1.
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Figure 1. Electronic spectra of a set of representiative AuAg alloy nanoparticles (y(Au)
=1, 0.8, 0.65, 0.50, 0.25, 0). The samples were prepared with a total metal ionic form
0.2 mM, acetone/isopropanol both 0.1 M, and [CTAB] 5 mM.
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Figure 2. Electronic spectra of colloidal systems composed by mixtures of Au NPs and
Ag NPs independently prepared. The samples were prepared with similar Au-to-Ag ratio

as that of the bimetallic sytstem under discussion.
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Figure 3 shows the TEM image for a representative AuAg alloy material. For this
preparation, the ratio of ionic precursors AuCls -to- Ag* was 1. TEM imaging shows a
majority of faceted nanoparticles with a mean population 9 + 3 nm, and a size
distribution in the 4-17 nm range (Histogram, Figure S1, Supporting Information). The
relatively small size of the resulting nanoparticles is indicative of a high rate of seed
formation triggered by the high concentration of reducing species arising from the
excess of acetone/isopropanol in combination with the light intensity utilized. This
situation requires the further distribution of the available material among a higher
number of nucleation centers, which logically results in smaller nanoparticles. The
corresponding EDX analysis of this colloid resulted in a composition with 56 % Ag and

44 % Au (over 6 determinations) in close agreement with the ratio used (1-to-1).

Figure 3. TEM image for a representative AuAg alloy nanomaterial prepared with an

equimolecular Au-to-Ag molar ratio.
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Scheme 2 shows the proposed model of the reaction dynamics responsible for
the formation of bimetallic nanoparticles, including AuAg alloys. The sequence of
reactions has been simplified. It is worth mentioning that the reduction of AuCl, occurs
through the successive reduction of gold chloride species, and involves the
disproportionation of Au (I1).**” The parallel reduction of both AuCl,  and Ag*
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(Equations 3 and 4) was expected to occur due to the formation of an excess of ketyl
radicals promoted by both irradiation with light in the 300 fc range, and the use of an
optimal concentration of both isopropanol and acetone (both 0.1 M). As previously
mentioned, the reducing ketyl radicals arise from the photochemically initiated hydrogen
transfer process upon electronic excitation of acetone in the presence of isopropanol
(Equation 1-2). ***° The use of either lower light intensity or lower concentration of
acetone/isopropanol resulted in the splitting of the electronic spectra into two distinct
absorption bands, an observation not consistent with the formation of alloy
nanomaterials.”?%7 Given the electron scavenger character of both Au and Ag
nanoparticles, the interaction of ketyl radicals with Au,Agm species (Au,Agm represents
both bimetallic clusters and nanoparticles) should be considered (Equation 5),
especially in a situation where unstable reducing species are in excess, which implies
that negative charges are readily available.®*®*° The interaction results in the formation
of negatively charged (Au,Agm) species (Equation 5) and the quenching of highly
energetic ketyl radicals. In this situation, the kinetics of alloy formation could be further
enhanced by an autocatalytic process, in which (Au,Agm) species cooperatively
transfer electrons to ionic species. The formation of some insoluble AgBr does not seem
to affect the formation of the target material at the optimized irradiation level. In fact, the
slight cloudiness rapidly disappears within 30 seconds of irradiation. The exchange
between chloride anions from AuCl,; and bromide anions arising from the dissociation
of CTAB does not seem to occur to a detectable extent in the period elapsed before
photolysis. However, the exchange will progressively occur in time if the system is
allowed to stand longer than 8 hours (which is evidenced by the growth of an absorption

band around 380 nm, characteristic of AuBr, ).
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Scheme 2. Sequence of reactions showing the basic dynamics for the formation of

bimetallic nanoparticles.
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Figure 4 shows the evolution of the resonance band with cumulative irradiation
periods for an alloy system prepared with an equimolecular mixture of both AuCl,; and
Ag’. The photolysis was briefly stopped to record the evolution of electronic spectra with
time. This could have promoted some electrochemical displacement reaction between
alloyed Ag® and Au chloride species, both having been absorbed in the material surface
and in solution. Figure 4 reveals that since the earliest stages of the nanoparticle
formation, the alloying process was the primary outcome, which is evidenced by the
presence of a single absorption band initially centered at 488 nm (2 minute irradiation).
This initial wavelength maximum (which is red-shifted with respect to the final value
A=468 nm) suggests the existence of some competition between Au(lll) and Ag (1) for
the available reducing species during the early photolysis period, before an optimal
concentration of ketyl radical is reached. However, other factors, such as a variation in
the dielectric parameters of the medium as the photolysis progresses, will have an
influence on the position of the resonance band.® Once the concentration of ketyl
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radicals has surpassed the equivalent concentration of nanoparticle ionic precursors,
the parallel reduction of both AuCl, and Ag" takes place because, in this situation, the
system is controlled by kinetics parameters, rather than by the order of electrochemical
potential of the species involved.

Figure 4. Change in the electronic spectra with cumulative irradiation periods for an
alloy system prepared with an equimolecular mixture of both AuCl, and Ag” with total

concentration of 0.2 mM.
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3.2. Photochemical preparation of Au(core)Ag(shell) nanoparticles

For the preparation of core-shell nanoparticles, a similar experimental setting
was used as that for the AuAg alloys. The same concentration of ionic precursors,
surfactants, isopropanol and acetone were employed. The light intensity was the sole
experimental parameter varied to trigger the formation of core-shells.

Figure 5 shows the plasmon bands of a set of representative Au(core)Ag(shell)
colloids (x(Au)=1, 0.8, 0.65, 0.50, 0.25, 0) prepared in a single reaction step. The
preparations were successfully replicated for colloids of intermediate compositions
(x(Au)= 0.8, 0.65, 0.50) and reproduced 3 times for a AuAg core-shell colloid with

equimolecular metal composition. The success of this method lays in the use of UV
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radiation with a lower intensity (75 fc) than the one used for the production of alloy
nanoparticles (300 fc). The formation of core-shell structures was evidenced by the
presence of two absorption maxima located in the proximity of the absorption range of
pure Au (~ 500 nm range) and pure Ag NPs (~ 400 nm range)."®7°** This is more
obvious for Au(core)Ag(shell) colloids with intermediate composition, e.g. plasmon
bands in Figure 5 for colloidal samples with 50 and 65% of Au. For nanoparticles with a
larger amount of a particular metal, the spectrum shows a single absorption maximum,
shifted with respect to the monometallic colloid absorption profile (Figure 1). Note in
Figure 5 that the plasmon bands spanning from 520 to 480 nm (reasonably assigned to
Au core) have progressively shifted to the blue with increasing Ag content. This
observation agrees with the literature, and is primarily related to the increased thickness
of the Ag layer as more material is deposited onto the nanoparticle surface. In this
situation, the Ag shell exerts a greater attraction over the outermost electron of the Au
core than the stabilizing ligands bounded to the surface of pure colloidal Au
nanoparticles. Consequently, interlayer electronic coupling leads to an increase in the
energy required for the plasmonic oscillation of the Au valence electrons under the
electromagnetic influence of the surrounding silver material.” The absorption profiles for
the as-prepared core-shells are comparable to those previously reported in the
literature.»®" "°°* The spectra in Figure 5 were also compared to those of a set of
mixed Au and Ag NPs independently prepared (Figure 2). As previously mentioned
(Section 3.1), the corresponding absorption maxima for each mixed system do not shift
from the resonance maxima of each pure colloid, and the relative intensity is
proportional to the ratio of material used. In contrast, for the case of core-shell systems,
the absorbance corresponding to the Au core resulted progressively enhanced with Ag
content (when Au content decreased) and progressively shifted to the blue. In the case
of the resonance arising from the Ag shell, the corresponding band showed a
progressive red-shift with increasing Au concentration. These observations indicate that
the presence of two resonances in the spectra is not the result of mixed systems
composed of Au and Ag NPs. For comparative purposes, Figure 5b shows the UV
spectra for AuAg bimetallic systems with equimolecular composition (AuAg alloy NPs,

AuAg core-shell NPs, and the corresponding mixture of single metal colloids).
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Figure 5. a) Electronic spectra of a set of representiative 0.2 mM Au(core)Ag(shell)
nanoparticles with varying composition prepared using photochemically generated ketyl
radicals in water (5 mM CTAB). b) UV spectra for bimetallic systems (mixture of pure
colloids, alloys and core-shell NPs) with total metal concentration 0.2 mM.
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Figure 6a-c shows TEM images of Au(core)Ag(shell) NPs prepared with varying
Au-to-Ag ratios. This method affords NPs with sizes in the 10-20 nm range. A histogram
for the case AuAg core-shell of equimolecular composition may be found in Figure S3,
Supplementary Information. The TEM images display the expected contrast for core-
shell nanoparticles, where the darker center (higher electron density) corresponds to
Au. Notice the increasing area of lighter shell with Ag content (arising from ionic Ag®). In
some cases, the core-shell structure is not concentric but rather shows an egg-shaped
structure. For an equimolecular AuAg core-shell colloid, the EDX measurements were
taken. An average atomic composition with Au ratio 49 % was obtained. As expected,
this is in good agreement with the ratio of ionic precursors used for the preparation of

bimetallic colloids.
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Figure 6. TEM images for a sample of Au(core)Ag(shell) with varying composition, a.
(Au) =0.80, b. ¥ (Au) = 0.5, c. y (Au) = 0.25.
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The strategy used for the formation of core-shell structures targets the slow and
progressive formation of reducing ketyl radicals (CH3),C—-OH with irradiation so that the
thermodynamic forces, defined by the electrochemical potentials, fully control the
outcome of the process. In this situation, gold chloride species will reduce first, given
the more positive value of the corresponding reduction potential. In cases were Ag” is
the majority species, any successful reductive interaction between Ag” species and ketyl
radicals will be reversed by the electrochemical displacement reaction between Ag® and
Au chloride species. In order to further validate this strategy, the formation of
Au(core)Ag(shell) NPs was monitored using plasmon spectroscopy. Figure 7 shows the
evolution of the absorption profile with cumulative irradiation time for a sample
containing an equimolecular mixture of Au and Ag ionic precursors. In a first stage, the
plot shows the progressive growth of a band centered at 520 nm, which is indicative of
the formation of Au nanoparticles (core). In support of this statement, the extinction
coefficient for this absorption band was calculated considering the full transformation of
the available Au ionic precursor into nanoparticulate Au, €= 3.964 10>*M"cm™. This
value was compared with the calculated € for the plasmon band of Au colloid in Figure
5a. For this resonance, the calculated € = 4.010 10°M"'cm™. Furthermore, both of the
estimated values for € are in agreement with values reported in the literature for
aqueous Au colloids of comparable size (diameter < 20 nm).>’ This agreement indicates
that the ionic Au available for the production of Au(core)Ag(shell) was quantitatively
transformed to nanoparticulate Au in the initial photolysis stage and that, under this set
of conditions, an alloying process did not compete with the formation of core-shell
structures. After 12 minutes of photolysis, the absorption band increased the bandwidth
and progressively shifted to higher energy values, an effect which, as previously
mentioned, is the result of the increasing thickness of the Ag shell. The formation of the
Ag shell is evidenced by the progressive growth of band in the 415-430 nm range.
Based on the plasmon spectroscopy observations (Figure 7), the strategy designed to
trigger the formation of core-shell structures was successful. A similar progress in the
spectral features was observed for all of the as-prepared Au(core)Ag(shell) colloid
systems (Figure 5a), independently of the used ionic ratio of metal species (that is, the

formation of Au ‘seeds’ at the first stage of the process). It is worth mentioning that the
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formation of insoluble AgBr could be a contributing factor in achieving core-shell
morphology, since it will result in the separation of Au and Ag species in two phases.
However, it was observed that it is only at low ketyl radical concentration (resulting from
the use of a low UV radiation intensity) that the low solubility of AgBr becomes a
reinforcing factor. For all of the as-prepared systems, the time required to complete

photolysis was ~ 40-50 minutes.

Figure 7. Change in the UV spectra with cumulative irradiation periods (at 75 fc) for a
Au(core)Ag(shell) colloidal system prepared with an equimolecular mixture of both
AuCls and Ag” (total metal concentration of 0.2 mM).
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In order to further establish the effect of an increasingly denser shell of Ag on the
absorption profile of these nanostructures and, in particular, on the plasmonic properties
of the Au domain, the formation of AuAg core-shell NPs was monitored using Au NPs
as seeds (0.1 mM), with further photoreduction of AQNO3 (0.1 mM). Figure 8 shows the
growth of a second absorption maximum (indicated with vertical arrows) upon UV
irradiation of a sample containing Au NP seeds and AgNOs3; species. Note that as
photolysis progressed, the plasmon band at the lower energy range (corresponding,
initially to the Au seeds) consistently shifted to higher energy values (from 520 to 482

nm), and, progressively increased intensity. A component of this enhancement should
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be caused by the overlapping effect of the Ag shell. The latter observation agrees with
the effect of increasingly thicker Ag shells on the resonance of the Au core material for
the in-situ preparation of core-shell nanoparticles described previously (Figure 7). This
simple experiment also supports the formation of core-shell structures using the
protocol outlined above (the 1-step method for the preparation of AuAg core-shell NPs
using ionic species, AuCl, and Ag’). The spectral changes with cumulative irradiation
time are not identical in both cases but are comparable. This could be linked to the
different chemical environment in the two experiments. For example, in the in-situ
preparation (1-step method), Figure 7, a parallel galvanic replacement step (e.qg. Ag0 +
AuCls — AuCly + AgCl + CI™) should be important since both Ag* and AuCl; are in
equal abundance. In this situation, the probability of interaction of both ionic species
with reducing ketyl radical is in theory equal. Therefore, Ag® should form in presence of
Au ionic species (which, in addition, requires further reductive steps to produce Au®).
This process is not present when the core-shell structures are produced using Au
‘seeds’ (Figure 8). Other factors such as a difference of Au core average size afforded
by each method and difference in the dielectric medium could also play a role in these

differences.
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Figure 8. Plasmon spectroscopy monitoring the formation of Au(core)Ag(shell) NPs
(molar ratio 1-to-1) using Au NPs as seeds (0.1 mM) with further photoreduction of
AgNO3 (0.1 mM).
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3.3. Photochemical preparation of short Au nanorods with varying aspect ratio

Au nanorods with aspect ratios 1.9, 3.0, and 3.9 were produced by irradiating
(UV light, 260 - 400 nm range, intensity 250 fc) micellar solutions ([CTAB] = 0.1 M)
containing 0.5 mM NaAuCl,, acetone/isopropanol (20 mM each) and varying amounts of
AgNOs3 (33, 55 and 100 uM). The aqueous solutions were kept in the 30 °C range to
prevent the precipitation of CTAB. For the case under discussion, the reduction of Au
species seems to proceed through gold bromide species (e.g. AuBr, , AuBr) rather than
through AuCl, . This observation is based on the darkening of a 0.5 mM NaAuCl,
solution upon mixing with CTAB (0.1 M), and on the parallel growth of an absorption
band with maximum at ~ 390 nm, characteristic of gold bromide coordination
compounds (e.g. AuBr; )*" The formation of Au nanorods was monitored using the
growth of the transversal resonance with time. The irradiation time was in all cases 30
minutes. Figure 9 shows the plasmon spectra of the as-prepared Au nanorods. The
plots display the expected red-shift of the transversal resonance with increasing amount
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of Ag* (which is related to the lengthening of the transversal axes).*®*° The optimization
of reagent concentrations and light intensity resulted in highly satisfactory

reproducibility.

Figure 9. Electronic spectra of a set of Au nanorods (0.5 mM) in CTAB (0.1 M)
prepared in presence of varying [Ag’] ([Ag’] = 33, 55 and 100 uM), using the
photochemical acetone/isopropanol system.
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Figure 10 shows a collage with micrographs of the as-prepared Au nanorods
with varying aspect ratio (AR), with the corresponding histograms. TEM imaging
corroborated the effect of an increasing amount of AQNO3 on the aspect ratio. The
estimated aspect ratios were 1.9 £ 0.7, 3.0 £ 0.8 and 3.9 £ 0.6. Interestingly, similar size
polydispersity has been found in the corresponding aspect ratio of short Au nanorods
prepared by different methods.*®®"% Table 2 lists the geometric parameters (mean
values) and the corresponding errors. Notice that for all of the preparations, the nanorod
width was ~10 nm (dispersion for the length and width values of a set of representative
nanorods may be found in Figure S3, Supplementary Information). The mean value for

nanorod length varied from 19, 27 to 39 nm with increasing [Ag].
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Figure 10. TEM images corresponding to Au nanorods with varying aspect ratio AR,
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Table 2. Geometric parameters for the representative samples of Au nanorods
prepared using the photochemical acetone/isopropanol system. The table lists aspect
ratio (AR), nanorod length () and width (w) with [Ag"].

[Ag*]/ pM AR I/ nm w/ nm
30 19207 19+%5 102
60 3.0+0.8 27+ 9 9+3
100 3.9+£0.6 397 102

The roles of CTAB and Ag" in the production of Au nanorods have been
profusely studied for both the photochemical and thermal routes. CTAB, acting as a soft
template, is fundamental to inducing the rod shape, while Ag” (likely in the form of Ag
bromide species, including AgBr and AgBr» , or Ago) reinforces the anisotropic growth
by binding specific crystallographic phases on the developing Au nanorod, and helps
increase the corresponding yield.*®®° In our experimental conditions, the production of
nanorods required the use of a limiting concentration of Ag®. In agreement with the
literature, the use of increasing amounts of Ag” allowed the production of a range of
short nanorods.>” %% |n absence of Ag*, or below a threshold value (~ 30 uM for our
experiments), the process yielded semi-spherical nanoparticles quantitatively. However,
the highest aspect ratio accessible by this method was approximately 4 for [Ag*] = 100
UM. The use of [Ag’] > 100 uM resulted in a decrease in the yield of rod-shaped
nanoparticles and an increase in the yield of spherical-like nanoparticles. This was
evidenced by the relative rise of the resonance band at 520 nm. The outlined
observations regarding the effect of [Ag*] on both the aspect ratio and the yield of Au
nanorods agree with published experimental reports.>®%2

In the case of the photochemical routes to Au nanorods, acetone has been found
to be fundamental to accelerate the formation of Au nanorods.*®*%"3 |t is important to
note that despite this observation, such studies still reported long photolysis times
(longer than 5 hours), and more intense UV irradiation levels than in our study. The role
of acetone in the photochemical preparation of nanorods has not received an
explanation with experimental support.®®°°®" |n fact, this was one of the reasons that
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prompted us to evaluate the acetone/isopropanol system in the production of Au
nanorods. It has been previously considered that the cause of the accelerating effect of
acetone in the photochemical production of Au nanorods lies in the formation of
reducing ketyl radicals upon electronic excitation of acetone followed by a hydrogen
transfer reaction.*®*®* In such reports, CTAB has been proposed as the acting hydrogen
donor (with the hydrocarbon tail supplying hydrogen atoms). This is a reasonable
assumption given the well-documented reactivity of electronically excited acetone
towards hydrogen donors, the well-known reducing behavior of ketyl radicals and the
successful use of ketyl radicals in the photochemical preparation of group-11 metal
nanoparticles (Sections 3.2-3.3).7'37‘58 Hence, comparing previous results with our own,
the slow kinetics reported in the photochemical routes previously mentioned is likely
related to the lack of a suitable hydrogen donor in the reaction media. In our
experimental conditions, the faster rate of formation of Au nanorods is directly related to
the presence of isopropanol, which is an excellent hydrogen donor.® This allowed the
prompt formation of reducing ketyl radicals (Equation 2). To validate this statement, the
photolysis (90 minutes) of an aqueous solution of 0.5 mM NaAuCl, in absence of
isopropanol was carried out ((CTAB] = 0.1 M, [acetone] = 20 mM and [Ag’] = 60 uM). As
expected, the process did not result in the formation of nanoparticulate Au during the
allowed irradiation time, whereas in the presence of isopropanol, the photolysis rapidly
produced nanoparticulate material after the lapse of 10 minutes, and was completed in
approximately 30 minutes.

In this regard, the optimization of the concentration of acetone was critical to the
formation of rod-shaped nanoparticles in a quantitative yield. In our experimental
conditions, the use of acetone above a limiting concentration (20 mM) resulted in a
reduction of nanorod yield and an increase in the yield of spherical-like nanoparticles.
The latter was evidenced by an increase in the relative intensity of the absorption band
at 520 nm. Based on the fact that the concentration of acetone used in published
reports spans from 0 to 0.5 M, the limiting concentration of acetone required to produce
rod-shaped nanoparticles in our experimental conditions (with a fixed UV intensity in the
250 fc range) could be related to the nucleation range afforded at the early photolysis

times in this particular reaction setting.®’ In the case of the formation of colloids by
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chemical routes, the nucleation phase is defined at the earliest stages of the process
(supersaturation — nucleation — growth).®® The increasing formation of spherical
nanoparticles above a limiting concentration of acetone could be linked to the higher
supersaturation level (seeding stage) promoted by an excess of ketyl radicals. This
prospect requires the fast formation of nanoparticles to reduce the energy of the system
(accelerating the growth stage), and the further distribution of the available material
among a higher number of nuclei, which impends the anisotropic supply of building
blocks required for nanorod growth. The latter is supported by the observed increasing
yield of sphere-like nanoparticles promoted by a surplus of acetone/isopropanol. In
addition, the optimal concentration of acetone/isopropanol possibly allowed the slow
progression of nanoparticle shape from sphere-like seeds to rod structures because, in
this situation, the operation of more complex assembly and transport mechanisms is
given the opportunity to proceed in a sequence responsible for the anisotropic growth,
e.g. ligand exchanges, surface chemistry, transport through micellar assemblies,
columbic interactions.%6¢-¢”

Our findings indicate that the photochemical production of Au nanorods using the
acetone/isopropanol system proceeds by means of a series of steps similar to those
operating in well-established thermal routes. The method offers advantages to nanorod
preparation, e.g. fast kinetics, easy set-up, simplicity, lower cost, and can be logically
extended to the preparation of nanorods with higher aspect ratio by the simple use of a
cosurfactant.®®
4. Conclusions

Our results support the advantageous use of the acetone/isopropanol system in
the photochemical preparation of complex nanoparticulate systems. This study shows
an example of the fine-tuning of nanoparticle morphology and the corresponding optical
properties by simply adjusting reagent concentrations and light intensity. In particular,
this work outlines the preparation of both AuAg alloys and core-shell nanoparticles of
various compositions by the control of the irradiation source. It was found that higher UV
radiation intensity promoted the formation of AuAg alloys, whereas the use of a lower
UV intensity allowed the production of a core-shell structure. The prompt photochemical

preparation of Au nanorods with varying aspect ratio was made possible by the
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adjustment of reagent concentration, specifically the concentration of
acetone/isopropanol and Ag".

The merits of this methodology lie in the versatility (e.g. production of bimetallic
structures, including core-shell and alloys, and anisotropic nanoparticles), simplicity
(including the 1-step process, reproducibility, the absence of organic byproducts, and
well-established chemistry), and the low cost of the process (in terms of reducing
agents). The process has the additional advantages of the reforming of acetone and the
low toxicity profile of both acetone and isopropanol. It is also important to mention that
the irradiation level employed in the outlined experiment was not particularly intense, as
it is comparable to the radiance originating in a regular 100-110 V fluorescent lamp (300
fc).
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