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Abstract

Surface Enhanced Raman Scattering (SERS) using colloidal metal (Ag, Au)
nanoparticles has been regarded as a powerful method for detecting organic pollutants
at vestigial levels. Although less investigated, the controlled synthesis of binary
nanostructures comprising two metals provides an alternative route to SERS platforms
with tuned surface plasmon resonances. Here, we demonstrate that the use of
dendrimers allows the formation of distinct combinations of Ag:Au nanostructures that
are composed of smaller metal nanocrystals. Our research highlights the role of the
dendrimer macromolecules as a multipurpose ligand in the generation of such hybrid
nanostructure, including as a reducing agent, an effective long-term colloidal stabilizer
and as a molecular glue for interconnecting the primary metal nanocrystals.
Noteworthy, the dendrimer-based Ag:Au hybrid nanostructures are more SERS sensitive

as compared to the corresponding colloidal blends or to the single-phase metals, as



revealed by using molecular pesticides as analytes in spiked water samples. We suggest
that the high SERS sensitivity of the hybrid nanostructures is due to interparticle
plasmonic coupling occurring between the primary metal nanoparticle aggregates,

whose arrangement is templated by the presence of the dendrimer macromolecules.

Keywords: Metal Colloids; Dendrimers; Raman spectroscopy; SERS; Pesticides.

1. Introduction

Colloidal metal nanoparticles display unique optical properties that allows the
manipulation of light-matter interactions for multiple applications across several
fields[1-6]. In recent years, innovative strategies have been proposed where such
plasmonic nanoparticles were used as building blocks of nanoassemblies that exhibit
optical properties due to their collective behaviour[7-9]. This type of nanoassemblies
exhibit a near-field coupling behaviour due to the packing of individual metal particles,
resulting in an intensification of the electromagnetic field in nanoparticle junctions, also
called hot spots. Because Raman scattering is a relatively weak inelastic phenomenon,
such type of optical behaviour is of particular interest in SERS either for spectroscopic
characterization or to probe target molecules that became adsorbed (or nearly located)
in such metal nanojunctions[10-12]. Indeed, the Raman band enhancement observed
for nanoparticle assemblies used as substrates might be of such magnitude that allows
single-molecule detection[13-15]. This led to intensive research in developing
plasmonic nanoassemblies capable of sensing a variety of molecules including dyes[16—
19], pesticides[20-22] or biological molecules, such as nucleic acids or proteins[23-26].
The vast majority of these assemblies are formed using metal nanoparticles of a single
metal (typically Au or Ag) but considerably less work has been devoted to colloidal
nanoalloy assemblies as SERS probes[27-33].

Several works have explored the SERS performance of alloyed materials when
compared with their monometallic counterparts[34—-36]. For example, Gao et al.
explored the SERS performance of Au-Ag alloy nanospheres for the detection of
benzidine in artificial wastewater and compared it with core-shell and monometallic

counterparts[34]. The authors have found that the Raman signals’ intensity decreased



with time for the Ag and the core-shell nanoparticles due to oxidative etching, while the
Au nanoparticles displayed limited SERS performance due to small extinction cross
sections. On the other hand, the alloyed nanoparticles displayed superior SERS activity
with high stability along time despite the oxidative conditions present[34]. Hence, the
formation of Au:Ag nanoalloys seems an effective strategy to explore SERS as an
analytical tool, which may be complementary to the use of single-metal phase probes.
However, the controlled assembly of the individual nanoparticles into colloidal stable
entities might be challenging to achieve using conventional methods, resulting in poor
reproducibility of the SERS studies [37]. In order to obtain assemblies of long-term
colloidal stability while retaining their plasmonic properties, polymers of various classes
have been employed as stabilizing agents[38—40]. The poly(amidoamine) (PAMAM)
dendrimers belong to a highly branched synthetic macromolecules class, which are
monodispersed in terms of molecular weight and whose size, inner cavity and surface
chemistry can be adjusted during the synthesis. Consequently, PAMAM dendrimers
have been regarded as useful molecular templates and stabilizers to prepare colloidal
metal nanoparticles[41]. In addition, the tuneable surface chemistry of dendrimers can
be explored to promote chemical functionalization or to entrap molecules of interest.
Over the last few years, metal colloids have been explored in the SERS detection
of water pollutants, such as molecular pesticides dissolved in aqueous systems[42—-45].
For example, pesticide formulations based on dithiocarbamate compounds belong to a
subclass of carbamate pesticides that are extensively used as fungicides or insecticides
in agriculture. Namely, the pesticides thiram and ziram belong to this class of pesticides
where thiram is a thiuram disulphide and ziram is a zinc(ll) complex of
dimethyldithiorcarbamic acid. The screening of this class of pesticides in water samples
is usually accomplished by time-consuming large-scale analytical equipment such as
high-performance liquid chromatography (HPLC) and mass spectrometry (MS)[46].
These methods are either expensive or require skilled personnel, restricting their fast
implementation or in situ analysis. SERS has proved to be an alternative analytical
technique for the trace detection of analytes in aqueous samples, given its easy
implementation and high sensitivity. In previous work, we have demonstrated the
potential of dendrimer-based gold systems for the SERS detection of chemical pesticides

under variable operational conditions[47]. Herein, binary Ag:Au dendrimer-based



assemblies have been investigated for the SERS detection of ziram and thiram in water
samples. Not only the design of such binary nanostructures makes this system
morphologically distinct from the monometallic counterparts, but they also show a

better SERS sensitivity.

2. Experimental section
Materials

The following chemicals were used without further treatment: G5-NH, PAMAM
dendrimers (Dendritech, Midland, MI, USA); Tetrachloroauric(lll) acid trihydrate
(HAuCl4-3H,0, 99.9%, Sigma-Aldrich); Silver nitrate (AgNOs;, Sigma-Aldrich, >99.0%)
Ziram (CgH1,N,S4Zn, Sigma-Aldrich, 299.5%); Thiram (CgH1,N,S,, Sigma-Aldrich, 298.0%).
Colloids of gold, silver and their alloys were prepared using ultrapure water (18.2
MQ-cm, 25 °C, MilliQ, Millipore). Safety: pesticides are biocides that should be handled
in small amounts and under adequate safety conditions due to their toxicity. Wastes of

these compounds should be placed in containers for further treatment and disposable.

Synthesis of dendrimer-stabilized alloy nanoassemblies

The Au, Ag and alloy dendrimer-stabilized nanoassemblies were prepared
according to previously reported procedures with several adaptations[47—-49]. In this
work, the particles were obtained using the 5t generation PAMAM dendrimer with
primary amine terminal groups as a reducing and stabilizing agent. Typically, 60 mg of
PAMAM dendrimer was added to 10 mL of ultrapure water and left to disperse under
vigorous stirring (750 rpm) for 15 minutes. Then, various proportions of the Ag(l) and
Au(lll) salts were added to obtain either the monometallic or alloy nanoparticles by
keeping as 20:1 the concentration ratio of metal to dendrimer (see Table 1). For
example, for the particles with the 10:10:1 molar ratio (Ag:Au:PAMAM), 100 pL of
aqueous AgNOs (227.3 mM) and 900 pL of aqueous HAuCl,-:3H,0 (25.4 mM) have been
mixed. The reaction was then left to proceed for 24 hours at 25 °C. Throughout the
reaction, it was observed a gradual change in colour for all the systems. When required,
the reacting mixtures were extensively dialyzed for several days against deionized water

up to a volume of 4 dm3.



As control experiments, several blends of the monometallic nanoparticles were
prepared by mixing Au and Ag dendrimer-stabilized nanoparticles with similar Au+Ag

ratios to the alloy nanoassemblies.

Table 1 — The molar proportions used for the synthesis of the dendrimer-based
assemblies. The blends of monometallic particles were prepared by mixing the Au/Ag

nanoparticles based on similar proportions.

Sample ID [Au] precursor [Ag] precursor [G5-NH, PAMAM]
(Au:Ag:PAMAM) (mM) (mM) (mM)
0:20 0 4.77
5:15 1.14 3.41
10:10 2.28 2.27 0.21
15:5 3.55 1.14
20:0 4.57 0

Raman spectroscopy and microscopy studies

All the prepared dendrimer-based metal colloids were investigated as SERS
substrates to detect thiram and ziram, which were used as model contaminants. The
SERS experiments were carried out using the aqueous colloids as substrates. For thiram
and ziram, stock methanol and acetone solutions were prepared respectively (1 mM),
and then the following successive dilutions were done in ultra-pure water (thiram) or
acetone (ziram) before adding to the colloids. No significant change in colloidal stability
of the particles was observed after adding the pesticide samples. All SERS measurements
were accomplished in a series of triplicates using freshly prepared dendrimer-based
colloids and analyte solutions. The Raman spectra were acquired using 0.5 s and 1000
acquisitions, with the excitation wavelength set either at 532 nm or 633 nm and the
laser power tuned to 35 mW and 25 mW, respectively. The SERS signal reproducibility
and homogeneity of colloids deposited on a glass slide have been assessed by Raman

imaging and using a thiram solution (1x10* M). After solvent evaporation, the samples



were analysed under optimal conditions, whereas the particles with the molar ratios of
5:15 and 10:10 were probed using the 532 nm laser and the sample 15:5 by using the
633 nm laser. The Raman images were obtained by scanning the laser beam over an
area of at least 15x15 um using a laser power of 0.1 mW (at 532 nm) and of 0.3 mW (at
633 nm).

Instrumentation

The UV/VIS spectra were recorded using a GBC Cintra 303 UV/Visible
spectrophotometer. The 'H NMR spectra were acquired using a Bruker AVANCE 11I™ HD
- 500 MHz equipment by redispersing 15 mg of particles/dendrimer in D,0. Transmission
electron microscopy (TEM) and scanning electron microscopy (SEM) micrographs were
obtained using the STEM HD2700 electron microscope operating at 200 kV. The High-
resolution TEM micrographs and the selected area electron diffraction patterns (SAED),
were acquired using the JEOL 2200FS HR-TEM. Energy dispersive X-ray spectroscopy
(EDS) studies were performed using Bruker Esprit. Samples for electron microscopy and
EDS were prepared by diluting the original colloids and depositing them on a
carbon-coated Cu grid. Dynamic light scattering (DLS) and zeta potential measurements
were accomplished using a Malvern Zetasizer Nano ZS equipped with a standard 633 nm
laser. The X-ray powder diffraction (XRD) data were obtained using the PANalytical
Empyrean X-ray diffractometer equipped with a Cu-Ka monochromatic radiation source
at 45 kV/40 mA. Raman studies were accomplished using a combined Raman-AFM-
SNOM confocal microscope WiTec alpha300 RAS+ with a Nd:YAG laser operating at 532 nm
(35 mW) and a He:Ne laser operating at 633 nm (25 mW) as excitation sources. The
inductively coupled plasma - optical emission spectroscopy (ICP-OES) analysis was

carried out using the Jobin Yvon Activa M equipment.

3. Results and discussion

3.1 Colloidal synthesis and materials characterization



The preparation of binary Au:Ag nanostructures with distinct molar ratios was
investigated to achieve metal colloids with variable optical responses. The use of the
PAMAM dendrimer was explored to mediate different particle arrangements and
thereby regulate near-field coupling effects. Here, two preparative routes have been
employed in order to investigate Au:Ag dendrimer-stabilized hybrid colloids. First, the
binary system was prepared by the co-reduction of both Ag(l) and Au(lll) salts, using
variable molar ratios in the same reacting mixture (termed as Au:Ag samples), in the
presence of PAMAM without adding any additional reducing agent. Second, for
comparative purposes, blends of Au and Ag colloids were prepared (termed as Au+Ag
samples) and by using equivalent nominal amounts to those used in the co-reduction
method. The PAMAM dendrimer was also used as a reducing and stabilizing agent in
preparing the single metal colloids. PAMAM provides several amino terminal groups
that form stable complexes with AuCl,. This process limits the generation of free CI-
through the formation of a strong ion pair between the Cl-anion and the primary amines
of PAMAM. Based on this process, it is possible to avoid the early precipitation of AgCl,
even at conditions where the concentration of Cl- is above the solubility product
constant[48]. Moreover, the PAMAM dendrimer confers to the aqueous colloids a
remarkable long-term colloidal stability.

It is instructive to compare the optical spectra of colloids prepared by both
methodologies because we can draw some information concerning the type of metal
nanostructures present in both cases. Figure 1 shows the UV/VIS spectra for the
dendrimer-stabilized colloids as prepared by both strategies. The optical spectra of the
blended colloids (Au+Ag samples) show LSPR bands peaked at 415 nm and 525 nm,
respectively, for Ag and Au nanoparticles, whose relative intensity depends on the
concentration of the respective monometallic colloids. Nevertheless, the UV/VIS spectra
of the colloidal blends (Figure 1, right panel) mirror the summation of the spectra of the
individual monometallic colloids. In particular, for the sample Au+Ag (5+15), the two
LSPR bands of the nanometals are clearly distinguished and appear at about the same
absorption maximum wavelength as the respective monometallic colloidal samples. This
result is expected by considering that this sample resulted from the direct mixture of
the Au and Ag colloids having PAMAM as an effective stabilizer, which avoids particle

aggregation into intimate mixtures of the metal phases. On the other hand, the Au:Ag



samples, i.e. those obtained by co-reduction of the metal salts, show UV/VIS spectra
(Figure 1, left panel) clearly distinct from those of the colloidal blends, which indicates
that the hybrid samples are not segregated Au and Ag colloidal nanoparticles. The
UV/VIS spectra of these nanostructures are characterized by band broadening across
the 400-520 nm wavelength range. We interpret this result as a consequence of
interparticle plasmon coupling in the metal colloids, which is negligible for the blended
colloids due to the effective particle capping of the dendrimer in keeping distant the two
types of metal nanoparticles. Although surface capping protection also occurs for the
Au:Ag samples, in this case, the particles have been generated in situ in the presence of
the dendrimer. Thus, the metal nanoparticles end up more intimately mixed at the
nanoscale resulting in alloyed structures. Hence, the blended Au and Ag colloids result
in metal nanoparticles well dispersed due to the presence of the dendrimer but, in the
bimetallic Au:Ag systems, the particles are closer to each other because they have been
prepared by co-reduction of the precursors. Therefore, the dendrimer can be regarded
as a molecular “glue” for alloyed Au and Ag Nanoparticles that are close enough for
plasmonic coupling, which also explains the absence of a well-defined absorption band
ascribed to a specific alloy composition. The type of optical response reported for
dendrimer-based Au/Ag nanostructures strongly depends on the experimental
conditions used in their synthesis, which ultimately determine the type of metal
nanostructure present in the colloid [50-53]. The distinction between the different
types of binary metal nanostructures is not trivial and cannot be made solely based on

optical measurements.[51,52]
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Figure 1 — UV-VIS spectra of metal colloids prepared in the presence of PAMAM
dendrimer at the indicated relative nominal amounts of Au and Ag. The panel on the left
corresponds to the binary Au:Ag nanostructures and the panel on the right corresponds
to the colloidal blends.



The above discussion shows that the binary Au:Ag colloids are composed of
nanostructures morphologically distinct from the monometallic colloids and their
blends. As such, those nanostructures were investigated in more detail for their
morphological characteristics, as shown in Figure 2 for a typical Au:Ag assembly using
the 15:5:1 molar ratio of Au:Ag:PAMAM. The corresponding data for the binary Au:Ag
systems with other molar ratios are shown in the Supporting Information (Figure S1-54).
Taking together the TEM and EDS data (Figure 2), the binary Au:Ag samples show as
predominant morphologies, primary metal particles clustered into larger structures.
Note the marked differences between the EDS maps of the Au:Ag nanostructures and
those of the colloidal blends, as shown in Figure 2. While in the binary Au:Ag structures
(Figure 2-B), the Au and Ag nanophases are randomly distributed over the assembly, the
Au+Ag blends appear as segregated metal nanoparticles, showing smaller Au
nanoparticles displaced from the bigger Ag particles. Hence, the above data indicate
that this colloidal synthesis requires the co-reduction of the metal salts to promote the
formation of hybrid Au:Ag nanostructures, with the dendrimer acting as molecular glue,
as suggested by the previous discussion of the optical spectra. Hence, it is reasonable to
assume that the clustering of the primary particles had occurred in solution, and it is not
a consequence of sample preparation for microscopy. Indeed, the hydrodynamic
diameter distribution, which is shown in Figure 2-E, confirms that such hybrid
nanostructures are already present in the original colloid. In this case, the average
hydrodynamic diameter of such nanostructures is about 131 nm, which is consistent
with the electron microscopy results (Figure 2-A) that show hybrid aggregates (about
106 nm) composed of smaller primary metal particles (about 20 nm). The
dendrimer-stabilized alloy nanoassemblies displayed good colloidal stability for
extended periods of times while maintaining their optical properties (Supporting
information, Figure S5). The presence of the dendrimer at the surfaces of the resulting
assemblies was also confirmed by zeta potential analysis and SEM performed on the
hybrid nanostructures (Supporting information, Figures S6 and S7), that clearly show
clustered metal nanoparticles due to the presence of the dendrimer at their surfaces.
Furthermore, the 'H NMR of all samples exhibited the characteristic signals of the
PAMAM dendrimer after purification through dialysis of the colloids (Figure 3).

Interestingly, the 'H NMR spectra of the hybrid nanoassemblies reveal slight differences

10



compared with the spectra of the monometallic counterparts. Firstly, the small shift of
the C/c protons indicates the proximity to the dendrimer terminal groups to Au/Ag
metal surfaces[54]. Also, the splitting of several signals may be attributed to a change in
the coordination environment and close packing of several dendrimer assemblies
observed during the formation of the hybrid structures[55].

Another interesting aspect suggested by the EDS maps concerns the distinct size
range observed for the Au and Ag nanophases, either in the Au:Ag hybrid samples and
colloidal blends. All the samples have shown more extensive regions corresponding to
Ag nanophases than those corresponding to the Au nanophases, which are numerous
but more dispersed. Moreover, an increase in the nominal Ag content also increases the
Z-average (see S| material) of the final structures. On the other hand, the metal content
in the bimetallic nanostructures as determined by ICP-OES (Table 1) revealed a Au:Ag
molar ratio close to the nominal feeding ratios, but with the Au content consistently
higher than the Ag content. This might be explained by taking into consideration the
lower reduction potential (Ag = Ag) as compared to the potential (AuCl, = Au), which
also allows the occurrence of charge-transfer processes during the colloidal synthesis
from the less noble metal (e.g. Ag) to the most noble one (e.g. Au).[56,57] Consequently,
there is the extensive formation of Au, but a certain amount of unreacted Ag(l) remain
in the reacting mixture, which is subsequently removed during the purification step. In
the end, the binary Au:Ag nanostructures are characterized by a chemical composition
dependent on the metal salts ratio employed in the synthesis. It should be recalled that
metal alloying of Au and Ag is favoured due to the same face centred cubic lattices and
similar lattice constants (Au: 4.08 A; Ag: 4.09 A). Consequently, in Figure 4, the XRD
peaks observed at 38.1°, 44.2° and 64.5° corresponding to the (111), (200) and (220)
planes are consistent with the presence of alloyed Au:Ag nanophases rather than a
mixture of the pure metals; the corresponding data for the monometallic phases is also
shown for comparison. In addition, the selected area electron diffraction (SAED) results
presented in Figure 2-D shows a single face centred cubic pattern composed of dotted
(larger particles), and diffuse (smaller particles) rings that matches well with the
corresponding XRD diffraction pattern of the sample in consideration. All the
characterization data presented above suggests that the bimetallic nanostructures

prepared in this work are consistent with the presence of Au:Ag alloys.
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Table 2 — Nominal and experimental Au:Ag molar ratios (ICP-OES) in the binary samples.

Au:Ag:PAMAM initial Au:Ag experimental molar ratio
. Au:Ag nominal molar
concentration .
proportion ratio Before dialysis After dialysis
20:0:1 - - -
15:5:1 3.18 2.65+0.05 5.32+1.10
10:10:1 1.00 1.08 £0.18 2.07 £0.94
5:15:1 0.34 0.34+0.01 1.26+0.11
0:20:1 - - -

3.2 SERS studies using Au:Ag colloids as substrates

The Au:Ag hybrid nanoassemblies described above were investigated for the
SERS detection of selected pesticides dissolved in water under irradiation in two distinct
wavelengths (532 and 633 nm). For comparative purposes, the colloidal samples
prepared by blending the Au and Ag colloids were also tested in similar conditions. All
the SERS experiments were carried out using aqueous colloids containing a certain
amount of the pesticide. First, the Raman spectra of the PAMAM stabilized metal
colloids were recorded using both laser lines, showing that these colloids do not exhibit
pronounced Raman signals in the spectral region of interest (Figure S8). Then, the SERS
activity of the hybrid Au:Ag substrates was first tested to detect ziram, as detailed in
Figure 5. The Raman bands in the SERS spectra of the dimethyldithiocarbamate anion
from ziram were assigned according to the literature[58-61]: 343 cm™® v(Ag-S); 441 cm~
1 §(CSS); 565 cm™? vgm(CSS); 935 cm™ v(CS); 1152 cm™ v(N-CH;) + p(CH3); 1386 cm™?
V(CN) + 85ym(CH3); 1437 cm™ 8,4ym(CH3) and 1515 cm™ v(CN). In Figure 5, we have used

ziram powder as the reference, instead of an aqueous solution of this compound, due
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to its low solubility in water at high concentration and to avoid Raman signal
interference when using an adequate organic solvent. In comparison with the Raman
spectrum of the powder, the SERS spectra show changes in the relative intensities of the
bands, namely the Raman bands at 1386 cm™ and 1515 cm™® which are both enhanced
in relation to the bands at 441 cm™ and 568 cm™. The band at 1515 cm™ is assigned to
the v(CN) mode arising from the thioureide form, which in solution is in tautomeric
equilibrium with the dithiocarbamate anion [58,62]. It has been reported that the
thioureide form is favoured upon complexation due to metal interaction trough the
nitrogen electron lone pair [55]. The band’s intensification at 1515 cm™ suggests that
the bidentate anion is the predominant adsorbate within the concentration range
tested, using the Au:Ag colloids as substrates (Figure 5). This is in line with the shift for
lower wavenumbers (=20 cm?) of the band at 935 cm™ in the SERS spectra of ziram,
which is also indicative of the existence of bidentate complexes[55]. However, the
monodentate form is also present as indicated by the less intense band at 1437 cm™%,
particularly noticeable under 532 nm excitation conditions and when using the
Au:Ag:PAMAM colloids with molar ratio 5:15:1 (Figure 5-A). Note that Raman band
enhancement was only observed for the Ag containing colloids and, in particular, in the
bimetallic nanostructures. This is in line with the observation of the band 345 cm™

assigned to the vibrational stretching of Ag-S.
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substrates under 532 nm (A) and 633 nm (B) laser excitation. Conventional Raman
spectrum of ziram powder is also shown at the bottom, in each pannel. The band marked

with an asteric arises from residual solvent (acetone).

Figure 6 shows the Raman spectra of thiram using the Au:Ag colloids as the
substrates and also for a thiram solution. The most prominent vibrational bands in the
SERS spectra were assigned accordingly to literature data[58,59,63]: 343 cm™ v(Ag-S);
443 cm™, §(CSS) and §(CNC); 565 cm™, vgm(CSS) coupled to v(S-S); 870 cm™ methyl
groups vi- brations; 932 cm™ v(C-S); 1149 cm™?, p(CHs)+Vv(N—CHs); 1386 cm™ &,m(CHs);
1454 8,5,m(CHs3); 1512 cm™ v(CN). In the SERS spectra, there is an apparent decrease in
the band’s intensity located at 565 cm™, which is the strongest band in the Raman
spectrum of the thiram solution. This band is associated with disulfide linkages; thus,

there is a cleavage of the S-S bond, in some extension, in the presence of the metal
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colloids. Another evidence for disulfide cleavage is the absence of the band at 390 cm,
which is assigned to the S-S stretching vibration in the SERS spectra. This is in line with
the absence of a similar band in the Raman spectrum of solid ziram (Figure 5), which has
no disulphide bridges [55]. The SERS spectra of thiram also show a stronger band at 1512
cml, in relation to the conventional Raman spectrum, which is indicative of the
thioureide tautomer as the main metal adsorbate in the Au:Ag colloids. The SERS spectra
of thiram also show the enhancement of the band at 1386 cm™ arising from the short

distance of the CH; and CN groups to the metal surface[63].
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Figure 6 — Raman spectra of thiram and the corresponding SERS spectra of each colloid
for the detection of thiram at 1x10* M using the 532 nm (A) and 633 nm (B) incident
lasers. Conventional Raman spectrum of thiram powder is also shown. The band marked

with an asteric arises from the residual solvent (methanol).
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The lower limit of SERS detection of the dithiocarbamate pesticides was assessed
using the Au:Ag colloids as substrates, as detailed in Figures 7, S9 and S10. For all the
conditions tested, the SERS performance was always superior when using the excitation
line at 532 nm compared to the 633 nm laser. Not only in the former case, the excitation
line is more energetic, but it also better matches the spectral window of the LSPR band
of the metal nanoassemblies (520-550 nm in Figure 1). It should be noted, in particular,
that in these conditions, a detection limit as low as 1x107 M was achieved for ziram
when using the nanoassemblies with 15:5:1 and 10:10:1 Au:Ag:PAMAM molar ratio. In
fact, these results demonstrate a clear advantage in using the hybrid Au:Ag
nanostructures as compared to the colloidal blends, for which the limit of SERS detection
values were not so low (10° M for both ziram and thiram), as shown in Figures 8.
According to these results, it is suggested that the PAMAM macromolecules template
the formation of Au:Ag nanoassemblies, whose superior SERS activity concerning the
monometallic colloids and their blends, result from the conjugation of several factors.
These include a high number of open nanojunctions due to the presence of clustered
metal nanoparticles, coupling of localized surface plasmons of Au:Ag nanostructures
resulting in the enhancement of the localized electromagnetic field and, as previously
reported by our group, the dendrimer also favours the entrapment of target molecules
close to the metal surfaces promoting better SERS signal sensitivity and homogeneity
(Supporting information, Figure S11) [2,44,62—-65]. Also, the PAMAM dendrimer has a
key role in the in-situ formation of these structures by providing long-term colloidal
stability, which is a crucial parameter for practical applications of metal colloids in SERS
detection of water pollutants. This is quite relevant by considering their integration in
water remediation technologies using dendritic structures[66], which are acquiring an

increasing relevance.
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Conclusion

Colloids of binary Au:Ag nanostructures have been prepared in-situ in the
presence of PAMAM dendrimer, which acts both as a colloidal stabilizer and reducing
agent. The resulting dendrimer coated metal colloids appear as clustered nanoparticles
leading to the coupling of localized surface plasmons. This causes enhancement of the
local electromagnetic field in metal nanojunctions formed, which is known to result in
the enhancement of the Raman bands of molecular adsorbates at the metal surfaces.
As demonstrated in this research, the in-situ formed Au:Ag:PAMAM nanoassemblies
deliver superior performance than the corresponding monometallic systems in the SERS
detection of pesticides of the dithiocarbamate family, which make these colloidal

systems of interest for water quality monitoring procedures.
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Highlights

e Dendrimers mediate interparticle plasmonic coupling in gold:silver nanoparticles.

e Binary metal particles show better SERS performance than monometallic counterparts.

e Dendrimer metal colloidal nanoparticles for vestigial detection of pollutants.
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