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An Au-Ag-Cu trimetallic nanodendrite was constructed by simple electrochemical methods and was
evaluated as a surface enhanced Raman scattering (SERS) substrate. The motivation was to harmonize the
individual merits of each SERS-active metal, the higher SERS efficiency of Ag, good surface stability of Au,
and structural stability of Cu, in a single structure. For the fabrication, a Cu flower-like nanostructure was
initially constructed by reduction of Cu*" (electrodeposition). Next, a galvanic replacement reaction (GRR)
was performed on the Cu framework in a solution of Ag” to build Ag nanodendrites with coincidental release of
Cu atoms into the solution as Cu*'. As the Ag nanodendrite grew, released Cu®' redeposited, so a Ag-Cu
bimetallic nanodendrite started to form. Next, a second GRR was performed with the newly prepared Ag-Cu
nanodendrite in Au®" solution to partially replace Ag and Cu by Au to construct the Au-Ag-Cu trimetallic
nanodendrite. Based on examination of Raman peaks of rhodamine 6G (R6G, a reporter molecule), the Ag-Cu
nanodendrite resulted in approximately 2.6 fold higher peak intensity compared to a Ag nanodendrite.
Subsequent Au incorporation into the Ag-Cu nanodendrite greatly improved the stability of SERS measurements
as well as increased the peak intensity further by 7.6 fold, thereby enabling the observation of Raman peaks of a

10 M R6G sample.

1 Introduction

Recently, SERS has been widely utilized for the analysis of diverse samples to take advantage of its

ultra-sensitivity originating from resonance of molecules with a generated local plasmon on the surface of SERS

1-11

substrates. Since the substrate is a crucial element governing the sensitivity and reproducibility of SERS

12-17 18-25 26-30 31-41

measurements, various nanostructured substrates such as particles, rods, stars, and dendrites

composed of Ag, Au, or Cu have been extensively developed to fulfill the necessary requirements.
Nanostructures of bi-metallic composition have also been studied in parallel due to their unique and useful
properties unobtainable from mono-metallic structures including Au-Ag, Cu-Ag, and Au-Cu bimetallic

57-63

coreshells,”**® dendrites,*® and other structures, as well as their improved SERS efficiencies in comparison

with mono-metallic structures.

Along with the development of bimetallic nanostructures, exploration of trimetallic structures has also
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grown with the hope of further performance improvement by incorporation of an additional element, such as

6667 ysed for

porous Ag/Au/Pt nanocages,”* Au/Pd/Pt colloidal nanocomposites,”> and Au/Pt/Ag nanocomposites
SERS measurements of rhodamine 3B, l-cysteine, and 7-azaindole, respectively.  Alternatively, trimetallic
structures incorporating all three SERS-active elements of Ag, Au, and Cu in a single unit to integrate the
individual merits of each metal, the higher SERS activity of Ag,'> '*"'% 2272 petter surface stability of Au,'*""
20-26.29.30 and structural stability of Cu,'® "% have been demonstrated. Examples of such structures include
Au-Ag-Cu nanocrystals fabricated by a three-step chemical reduction®® and Au-Ag-Cu particles synthesized

through a polyol method.® The structures and optical properties of these trimetallic were well characterized.

A substrate possessing a larger number of hotspots with a high surface-to-volume ratio is greatly beneficial for
SERS measurements. In this context, a nanodendrite structure is promising since it has a hierarchical structure
with a large population of edges as well as acute angles in terraces. Therefore, in this work, we attempted to
fabricate an Au-Ag-Cu trimetallic nanodendrite by simple electrochemical methods rather than complex
chemical methods, requiring several synthetic steps involving a long period of reaction time as well as extensive
use of chemicals, and to evaluate it as a SERS substrate. Initially, a Cu flower-like nanostructure possessing a
large surface area was constructed by reduction of Cu®* (electrodeposition) and used as a framework to easily
host Ag and Au, since the reduction potential of Cu is lower than those of Ag and Au. Also, Cu-based
nanostructure was stable, so homogeneous incorporation of a subsequent metal such as Ag into it was realized as
reported.'® '-?* This was one of main causes for employing Cu frame to build a trimetallic structure. A galvanic
replacement reaction (GRR) was then performed on the Cu flower-like framework in a solution of Ag” to build a
Ag nanodendrite structure with concurrent release of Cu atoms into the solution as Cu®’. As the Ag
nanodendrite grew, released Cu®" was also redeposited to form a Ag-Cu bimetallic nanodendrite structure.*”*®
Next, a second GRR was performed with the Ag-Cu nanodendrite in a solution of Au®" to partially replace Ag
and Cu in the structure with Au to construct the Au-Ag-Cu trimetallic nanodendrite. This was to compensate the
surface instability of Ag for more reproducible SERS measurements. In each step, the structures of the
nanodendrites were characterized by examining the corresponding SEM and TEM images with elemental
mappings. The SERS efficiencies of the nanodendrites were examined using R6G as a Raman reporter

molecule, and an optimal atomic composition of the Au-Ag-Cu nanodendrite providing the maximum intensity

was searched, and the intensity was compared with those obtained with the mono- and bi-metallic nanodendrites.

Finally, the Au-Ag-Cu nanodendrite was used to measure R6G samples in the concentration range from 10™° to
10 M to assess the sensitivity, and the peak intensities of the 10* M R6G sample measured over 25 days were

analyzed to examine the long-term stability.

2 Experimental

2.1. Chemicals and materials

AgNO; (99.9 wt%, Alfa Aesar) and HAuCl, (99.9 wt%, Sigma—Aldrich) were used to prepare 10 mM

Ag and 5 mM Au galvanic displacement plating solutions, respectively. Other chemicals used in this study,
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CuSO, (Yakuri Pure Chemicals), H,SO, (J.T. Baker), HNO; (Daejung Chemicals, Korea), and HCl (Daejung
Chemicals), were of analytical grade. High-purity copper foil (99.9 wt%) was purchased from the Nilaco
Corporation (Tokyo, Japan). R6G purchased from Sigma—Aldrich was used to prepare a 1 mM R6G stock
solution in ethanol (99.5%, Daejung Chemicals). R6G samples with different concentrations (10° to 10 M)

were prepared by dilution of the stock solution just before SERS measurements.

2.2. Fabrication of the Cu flower-like framework, Ag-Cu and Au-Ag-Cu nanodendrites

A Cu flower-like framework was initially fabricated according to a literature procedure.*®*° High-
purity Cu foil (0.7 cm x 2.0 cm) was consecutively cleaned with ethanol, dilute nitric acid (1.2 mM), and doubly
distilled water (DDW) before use as a cathode for Cu deposition. A Pt electrode was used as the counter
electrode (anode). The distance between the two electrodes was kept at 0.5 cm, and a constant potential of -
800 mV was applied to the electrodes using a galvanostat (Epsilon, Bioanalytical Chemistry Systems, Inc., USA)
over 3 to 12 minutes in an electrolyte solution containing 0.5 M H,SO, and 10 mM CuSO,. The constructed

structures were rinsed several times with DDW and ethanol.

The freshly prepared Cu flower-like framework was immediately immersed in a 10 mM AgNO;
solution to initiate GRR with continuous stirring. The reaction was kept in the dark to avoid potential Ag
photo-reduction during the entire procedure. The duration of GRR was varied from 2 to 15 minutes to prepare
Cu-Ag nanodendrites of varying atomic compositions.  The constructed nanodendrites were rinsed with water
and dried in air. To make Au-Ag-Cu nanodendrites, the Ag-Cu nanodendrite was dipped in a 2 mL solution of
5 mM AuCly, and GRR to incorporate Au by releasing Ag and Cu was executed with continuous stirring. The
duration of GRR was varied from 5 to 25 s to yield trimetallic nanodendrites with different atomic compositions.
An overall schematic of experimental setup and nanodendrite formation is shown in Figure S1 in Electronic

Supplementary Information (ESI).

2.3. Structural characterization of nanodendrites

Scanning electron microscope (SEM) images of the fabricated nanodendrites were acquired using a
Hitachi S-4800 SEM instrument. Transmission electron microscope (TEM), high-resolution TEM (HRTEM)
images, and energy dispersive X-ray (EDX) spectra were obtained on a JEM-2100F transmission electron
microscope (JEOL, Japan) with an accelerating voltage of 200 kV. Acquisition time and bin size for EDX
mapping was 1520 s and 4.88 nm, respectively. X-ray photoelectron spectroscopy (XPS) was also used to
characterize the nanodendrites using an Al'‘K-o X-ray source (Theta Probe Base System, Thermo Fisher
Scientific Co.). SERS spectra were collected using a dispersive Raman microscope equipped with a diode laser

(A =785 nm, power: 40 mW) and a CCD detector (Kaiser Optical Inc., USA). The size of laser illumination was
approximately 10 pm in diameter and power density was 2.04 x 10 mW/mm®.. R6G-adsorbed nanodendrites

were positioned on a microscope stage, and the laser beam was focused using an objective lens (10x/0.25NA) to
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collect SERS spectra with a resolution of 4 cm™. In each case, 5 substrates were separately prepared for
evaluation and Raman spectra were acquired by randomly illuminating laser at 5 different spots on each

substrate with an exposure time of 20 s.

3 Results and discussion

3.1. Fabrication of Ag-Cu nanodendrites and examination of SERS performance

A Cu framework with a flower-like structure was initially constructed through the electrodeposition of

Cu on Cu foil by applying a potential of -800 mV as described earlier.*®*’

Figure 1 shows SEM images of the
Cu flower-like structures constructed with increasing duration of electrodeposition (3 (a), 5 (b), 7 (c), 10 (d), and
12 minutes (e)). Structure growth was clearly observable as the electrodeposition proceeded, and an
electrodeposition of 10 minutes produced the most distinct flower-like framework possessing the largest surface
area, potentially making subsequent electrochemical reactions more efficient for construction of subsequent
nanostructures. Electrodeposition longer than 10 minutes made the edges blunt and the overall structure less
characteristic. Therefore, the Cu flower-like structure prepared with a 10 minute electrodeposition was used as
the framework for further incorporation of Ag and Au. Figure 1 (f) shows a SEM image of the Cu flower-like
structure constructed with a 10 minute electrodeposition in a larger field of view. Flower-like structures were
widely formed over the surface without local agglomeration or aggregation. Visible extinction spectrum of the

corresponding flower-like structure is shown in Figure S2 (refer to Electronic Supplementary Information (ESI)),

in which the broad plasmonic band centered at 590 nm is observable.

To generate Ag-Cu nanodendrites, a galvanic replacement reaction (GRR) able to incorporate Ag into
the Cu flower-like framework with simultaneous release of Cu was performed in a 10 mM Ag" solution. Figure
2 shows SEM images of Ag-Cu structures obtained by increasing the duration of GRR up to 15 minutes (2 (a), 5
(b), 7 (¢), 10 (d), 12 (e), and 15 minutes (f)).  During the initial 2-5 minutes of the GRR, Ag-based structures
started to form on the framework, while the overall shape of the Cu flower-like structure remained. A 7 minute
GRR induced the generation of small nanodendrite structures, which became larger and most characteristic in
shape with a 10 minute GRR. When the replacement reaction was preformed longer than 10 minutes, the edges
became blunt (12 minutes), and some agglomerated structures such as round dish-like particles started to appear
with the 15 minute GRR. When the reaction proceeded longer than 10 minutes, the concentration of Cu®*
substantially elevated. The increased Cu*" concentration made replating of Cu faster and so induced the
growth of nanodendrite less characteristic such as blunt edge or agglomerated, thereby degrading SERS

. . : 30, 51,70, 71
efficiency of substrates, as also observed in other reports. *>~" "™

In addition, visible extinction spectrum of
the Ag-Cu nanodendrite built with 10 minute of GRR is shown in Figure S2. As shown, overall spectral
feature is extensively broad over the 620-900 nm range without appearance of distinct peaks. The large variation

in the sizes of nanodendrites as shown in the SEM image was responsible for the broad extinction band.

Using the Ag-Cu nanodendrites shown in Fig. 2, SERS spectra of R6G (100 uM) were collected as
shown in Figure 3 (a). A SERS spectrum of the same R6G sample acquired using the Cu flower-like frame is
also displayed (the black spectrum, designated as “O min” in the legend). The baselines of spectra were

corrected at 1700, 1395, 1245, 1100, 980, 690, 530, and 471 cm™.  For comparison, normal Raman spectrum
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collected from a 50 mM R6G sample is shown in Figure S3 in ESI.  Major bands centered at 1649, 1510, 1363,
773, and 610 cm™ are apparent as has previously been reported.’”> The bands at 1649, 1510 and 1363 cm™ are
arisen from the aromatic stretching vibrations. The 773 and 610 cm’ bands are assignable to an out-of-plane
bending and an in-plan bending motion of C-C-C ring, respectively. Fig. 3 (b) and (c) highlight the strongest
1510 cm™ peaks and variation of the corresponding peak intensities according to duration of the GRR. Five
substrates were separately prepared for each case, and 5 spectra were collected from each substrate by randomly
illuminating laser on 5 different spots; therefore, the calculated error bars in Fig. 3 (c) were based on a total of
25 observations. Initiation of the GRR led to increased peak intensity by incorporation of Ag, and the 10
minute GRR provided the strongest intensity due to formation of the most perfect nanodendrite structure, as
shown in Fig. 2 (d). As expected, nanodendrites prepared with GRRs longer than 10 minutes led to decreased

intensity due to formation of less SERS-efficient structures.

Using the optimal substrate, Raman spectra were consecutively collected at the same location (15
times) and the resulting intensities were examined to find potential occurrence of photo-bleaching of R6G.
There was no significant variation in the intensities, thereby confirming no photo-bleaching of R6G during the
measurements. Further, Raman spectra of a 100 uM R6G dispersed on flat Cu as well as Ag films were

measured for comparison as shown in Figure S4 in ESI.  As shown, the intensities were much smaller

(approximately 1.1 x 10’ times) compared to that acquired using the optimal Ag-Cu nanodendrite.

The atomic composition of the optimal Ag-Cu nanodendrite, determined using EDX analysis by
calculating the ratios of corresponding peaks, was 72.4 wt% Ag and 27.6 wt% Cu. Interestingly, a
considerable amount of Cu was present in the structure. The Cu’’ released into solution from the Cu
framework at the earlier stage of GRR was reduced again to regenerate Cu nanoparticles (CuNPs) along with Ag
nanodendrite formation based on the primary battery mechanism.* In this manner, new Ag-Cu structures were
formed in which CuNPs were deposited on the surface of Ag nanodendrites. Thus, the Cu framework also
functioned as a Cu source for construction of the Ag-Cu nanodendrite. Figure 4 (a) shows a TEM image of the
Ag-Cu nanodendrite (constructed with a 10 minute GRR) and the corresponding elemental mappings of Ag (b),
and Cu (c). Nanodendrites carefully detached by a cutter blade were dispersed in acetone, and the resulting
solution was dropped and dried on a grid for TEM measurement. In the Ag and Cu mappings, the
corresponding colors were uniformly distributed over the structure, thereby confirming homogeneous Ag-Cu
alloy formation over the nanodendrite. In addition, an Ag nanodendrite structure prepared by also

31:52 was used to measure the same R6G sample. The obtained peak

electrodeposition in our previous reports
intensity (also shown in Fig. 3 (c)) was 2.6 fold lower than that acquired using the Ag-Cu nanodendrite. This
result indicates that formation of the bi-metallic Ag and Cu structure is helpful in enhancing SERS efficiency.
As reported by several research groups, this enhancement can most probably be attributed to the further
roughened surface as well as the occurrence of pinholes induced during formation of the Ag-Cu alloy, which
function as SERS hotspots.*>**%3-3%5% The roughen surface can be observed in TEM image acquired from an

another Ag-Cu nanodendrite as shown in Figure S5 in ESL.
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3.2. Fabrication of Au-Ag-Cu nanodendrites and examination of SERS performance

Since the Ag-Cu nanodendrite contained a large amount of Ag, its surface stability would be
unsatisfactory for reproducible SERS measurements due to facile formation of an oxide layer on the Ag surface.
Therefore, to obtain better surface stability and simultaneously enhance SERS efficiency, incorporation of Au
into the Ag-Cu nanodendrite was attempted using a GRR.  Since the reduction potentials of Au, Ag, and Cu are
1.52, 0.80, and 0.52 V, respectively, replacement of Cu by Au is relatively more favorable than by Ag. Figure 5
(a) shows the intensities of the 1510 cm™ band acquired using Au-Ag-Cu nanodendrites constructed with five
different durations of GRR (5, 10, 15, 20, 25 s). The intensities acquired using the Ag and Ag-Cu
nanodendrites (Black square, designated as “0 sec” in the legend) are also shown. The calculated error bars

were also based on a total of 25 observations in each case, as described in Fig. 3 (c).

The initiation of Au incorporation into the Ag-Cu nanodendrite led to increased peak intensity at the
early stages of GRR. A GRR of 15 s resulted in the strongest intensity, which steeply decreased with longer
GRR. This result showed that the addition of an optimal amount of Au into the Ag-Cu structure was effective
in further enhancing SERS efficiency, although Au is known to be a less SERS-efficient metal. The atomic
composition of Au, Ag, and Cu in the optimal Au-Ag-Cu nanodendrite determined by EDX analysis was 1.58,
76.85, and 21.57 wt%, respectively. As expected, the concentration of Cu in the Au-Ag-Cu nanodendrite was
lower compared with the Ag-Cu structure due to the greater release of Cu, which has the lowest reduction
potential among the three elements. The co-presence of these three metals in the nanodendrite was also

confirmed by observing XPS spectra (refer to Figure S6 in ESI).

Figure 5 (b) shows a SEM image of the optimal Au-Ag-Cu nanodendrite. Many small dots
corresponding to Au nanoparticles (AuNPs) on the Ag-Cu nanodendrite are observable. The formation of AuNPs
on the surface could accompany the generation of pinholes, since Ag atoms generally segregate on the surface
and Au atoms lie in the subsurface of the structure due to their different surface energies (Ag: 78 meVA 2, Au:
97 meVA?).”* 7 Therefore, the observed enhancement largely originates from hotspots induced by pinholes as
well as the further roughened surface by formation of the tri-metallic alloy.*® %> The roughen surface can be
observed in TEM image acquired from an another Au-Ag-Cu nanodendrite as shown in Figure S7 in ESI.
Visible extinction spectrum of the optimal Au-Ag-Cu nanodendrite is shown in Figure S2. The overall spectral
feature was similar to that of the optimal Ag-Cu nanodendrite. Figure 6 shows a TEM image of the Au-Ag-Cu
nanodendrite (a) and the corresponding elemental mappings of Au (b), Ag (c), and Cu (d). Again, each metal
was widely present over the structure without noticeable localization as shown by the individual color

distributions.

To evaluate the stability of substrates for SERS measurement, a 10 pL R6G sample (10 M) was
applied to the optimal Ag-Cu and Au-Ag-Cu nanodendrites, and Raman spectra of these R6G-adsorbed
nanodendrites collected over a period of 25 days were compared, as shown in Figure 7 (a). The error bars were
calculated based on a total of 25 observations using 5 separate substrates in each case. The intensities acquired
from both nanodendrites decreased over time; however, the decrease was more substantial for the Ag-Cu

nanodendrite yielding a 61.1% intensity decline over 25 days compared to the original intensity, while the
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decline was 35.2% in the case of the Au-Ag-Cu nanodendrite. Another notable observation was that the
magnitudes of the error bars were much greater for the Ag-Cu nanodendrite based measurements, clearly
indicating inferior surface stability. The average of relative standard deviations (RSDs) of each measurement
using the Ag-Cu and Au-Ag-Cu nanodendrites was 26.3% and 2.6%, respectively. The incorporation of Au

clearly improved the reproducibility of SERS measurements.

Finally, using the Au-Ag-Cu nanodendrite, Raman spectra of seven R6G samples with concentrations
ranging from 10" to 10* M were acquired, as shown in Figure 7 (b). The inset presents the intensities
acquired from samples of the two lowest concentrations (10°, and 10"° M).  As shown, the intensity increased
with the elevation of R6B concentration, and the major R6G peaks were sufficiently observed even with the 10

19 M sample.
4 Conclusions

The first reported Au-Ag-Cu trimetallic nanodendrite was successfully fabricated via electrodeposition
and GRRs, much simpler procedures than chemical synthetic methods. The incorporation of Au into the Ag-
Cu nanodendrite was successful in ensuring the reproducibility of subsequent SERS measurements as well as
increasing the SERS intensity. In comparison with the intensity obtained using the Ag nanodendrite, the Au-
Ag-Cu nanodendrite provided 14.2 fold greater intensity, thereby enabling the observation of Raman peaks for a
10" M R6G sample. We believe that multi-metal incorporated nanostructures are versatile substrates for SERS
and electrochemical measurements, as well as for catalysts. Other than the nanodendrite structure, for multi-
purpose applicability, more structurally effective materials composed of multi-metallic alloys are under

development.
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Figure Captions

Figure 1. SEM images of Cu flower-like structures formed by increasing the duration of electrodeposition: (3 (a), 5 (b), 7 (),
10 (d), and 12 minutes (e). SEM image of the structure prepared with a 10 minute electrodeposition is shown in a larger field
of view (f).

Figure 2. SEM images of Ag-Cu nanodendrite structures obtained by increasing the duration of GRR up to 15 minutes: 2 (a),
5 (b), 7 (¢), 10 (d), 12 (e), and 15 minutes (g).

Figure 3. Raman spectra of R6G (100 uM) acquired using six Ag-Cu nanodendrites (Fig. 2) prepared with increased
duration of GRR up to 15 minutes. The strongest 1510 cm-1 peaks are highlighted (b) and the corresponding peak intensities

are shown (c). The intensity of the same sample obtained using the Ag nanodendrite is added for comparison (c).

Figure 4. TEM image of the Ag-Cu nanodendrite (prepared with a 10 minute GRR), and the corresponding elemental
mapping of Ag (b), and Cu (c).

Figure 5. Intensities of the 1510 cm-1 band acquired using Au-Ag-Cu nanodendrites constructed with different durations (5,
10, 15, 20, 25 s) of GRR (a). The intensity obtained using the Ag nanodendrite is added for comparison. = SEM image of
the Au-Ag-Cu nanodendrite constructed with a GRR over 15 s is shown (b).

Figure 6. TEM image of the Au-Ag-Cu nanodendrite (a) and the corresponding elemental mapping of Au (b), Ag (c), and
Cu (d).

Figure 7. Peak intensities of a R6G sample (100 pM) at 1510 cm-1 acquired using the optimal Ag-Cu and Au-Ag-Cu
nanodendrites over a period of 25 days (a) and Raman spectra of seven R6G samples (concentrations: 10-10 to 10-4 M)
acquired using the optimal Au-Ag-Cu nanodendrite. The inset presents spectra corresponding to the two lowest

concentration samples (10-9 and 10-10 M).
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Figure 1. SEM images of Cu flower-like structures formed by increasing the duration of electrodeposition: (3
(a), 5 (b), 7 (c), 10 (d), and 12 minutes (e). SEM image of the structure prepared with a 10 minute
electrodeposition is shown in a larger field of view (f).
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Figure 2. SEM images of Ag-Cu nanodendrite structures obtained by increasing the duration of GRR up to 15
minutes: 2 (a), 5 (b), 7 (c), 10 (d), 12 (e), and 15 minutes (g).
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Figure 3. Raman spectra of R6G (100 uM) acquired using six Ag-Cu nanodendrites (Fig. 2) prepared with
increased duration of GRR up to 15 minutes. The strongest 1510 cm-1 peaks are highlighted (b) and the
corresponding peak intensities are shown (c). The intensity of the same sample obtained using the Ag
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Figure 4. TEM image of the Ag-Cu nanodendrite (prepared with a 10 minute GRR), and the corresponding
elemental mapping of Ag (b), and Cu (c).

318x105mm (150 x 150 DPI)



RSC Advances Page 16 of 19

12000
10000 1 P
8000 - H
6000 1 i

4000 -’

14000 (a) &\

Intensity

2000 a

Ag 0 5 10 15
GRR Time (sec)

Figure 5. Intensities of the 1510 cm-1 band acquired using Au-Ag-Cu nanodendrites constructed with
different durations (5, 10, 15, 20, 25 s) of GRR (a). The intensity obtained using the Ag nanodendrite is
added for comparison. SEM image of the Au-Ag-Cu nanodendrite constructed with a GRR over 15 s is

shown (b).
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500 nm

Figure 6. TEM image of the Au-Ag-Cu nanodendrite (a) and the corresponding elemental mapping of Au (b),
Ag (c), and Cu (d).
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Figure 7. Peak intensities of a R6G sample (100 uM) at 1510 cm-1 acquired using the optimal Ag-Cu and Au-
Ag-Cu nanodendrites over a period of 25 days (a) and Raman spectra of seven R6G samples
(concentrations: 10-10 to 10-4 M) acquired using the optimal Au-Ag-Cu nanodendrite. The inset presents
spectra corresponding to the two lowest concentration samples (10-9 and 10-10 M).
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