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Abstract. We demonstrate that dendritic structures formed in glass by electrolysis of silver
ions-enriched glass allow detection of low concentration of pesticide thiram using surface- en-
hanced Raman scattering spectroscopy. Thiram detection is an important issue due to its tox-
icity for humans. Silver ions were embedded in glass using Ag*«<Na" ion exchange procedure.
Electrolysis was performed at 250 °C under 600 V and resulted in formation of silver dendrites
under the glass surface. To remove the surface glass layer and ensure the access of pesticide
to the dendritic structures for Raman spectroscopy we etched the glass in low-concentrated
HF solution. Pesticide was adsorbed on the surface of the dendrites via drying a droplet of
its aqueous solution. The detection limit and Raman enhancement were estimated, being
4.6-10" g/mm? (about a monolayer) and ~ 4-10°, respectively. The influence of the morpholo-
gy of the dendritic structures on Raman signal distribution and enhancement were also studied.
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AHHOTanmusa. MBI TIPOJAEMOHCTPUPOBAIM, YTO METAJIMYECKHUE IEHIPUTHBIC CTPYKTYDHI,
c(OPMUPOBAHHBIE METONOM DJJIEKTPOJIM3a B OOOTallleHHOM WOHAaMM cepebpa CTekie,
TMO3BOJISIOT JETEKTUPOBATh MAJIbIE KOHUEHTPALMU MECTULIAIA TUypaMa METOJIOM TMTAaHTCKOTO
KOMOMHAIIMOHHOTO paccesiHusl. B paMkax paGoThl ObUIM YCTAaHOBJICHBI Mpeaes OOHAPYKEHMUS
MecTUIAA U KO3GhGULIMEHT YCUICHUS KOMOMHAIIMOHHOTO pacCessHUs NeHIAPUTaMU, a TakxKe
HU3y4eHO BIMsSHUE MOPGDOJOrMM ACHAPUTOB Ha MPOCTPAHCTBEHHOE pacIlpenesieHUe CHUIHaja
TMTAaHTCKOTO KOMOMHAIIMOHHOTO PACCEsIHUSI.
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Introduction

Raman scattering is an inelastic scattering of light by vibrational modes of a molecule [1]. The
frequency of scattered light depends on a vibration mode and, since sets of modes are unique for
each specific molecule, one can identify various species using their Raman spectra. Since one
of a million photons is involved in this type of inelastic scattering, Raman spectroscopy cannot
detect low concentration of molecules. Surface-enhanced Raman spectroscopy (SERS) allows
the essential increase in detection limit of the Raman scattering by using metal nanostructures.
Metal nanostructures enhance scattering efficiency [2], which allows ultra-sensitive detection and
identification of low concentration of molecules [3]. The applicability of metallic nanoparticles [4],
dendrites [5] and nano-island films [6] in SERS has been demonstrated. Using dendrites in SERS
is very promising due to numerous “hot spots” (areas of electric field maximum) at the edges and
tips of the trunk and branches of the dendrites [7].

One of the important SERS applications is monitoring pesticides in food [8], since pesticides
are widely used in modern agriculture [9]. In comparison with the classical methods of pesticide
detection, such as gas chromatography, mass spectrometry, and high-performance liquid
chromatography, SERS offers faster detection time, simpler sample preparation, portability and
reduced cost [10]. Substrates with dendritic structures on the surface can be applied in SERS
for the detection of low concentration of pesticide, down to 10" M [11]. For example, one
can use SERS for the detection of thiram (C,H,,N,S)), which is sulfur fungicide widely used in
agriculture [12, 13]. Thiram is toxic for humans when both consumed and in contact with the
skin, and effective techniques for its detection in food are highly needed [14]. In this paper, we
present the approach to the detection of low concentration of thiram by SERS using dendritic
structures on the glass surface.

Materials and Methods

Silver dendritic structures were formed by the electrolysis of a silver-enriched glass followed
by chemical etching [15]. We used Ag*<Na* ion exchange to introduce silver ions in soda-lime
glass slide “Menzel”: the slide was immersed in the melt of 5 wt.% AgNO, and 95 wt.% NaNO,
for 20 min at the temperature of 325 °C. Then we deposited aluminum electrodes (thickness of
200 nm) on the opposite sides of the glass slide and applied DC voltage (600V) to the glass at the
elevated temperature (250 °C). Dendritic structures were formed via the reduction of silver ions by
electrons and clustering of silver atoms near the cathode surface of the slide. The passed charge
during the electrolysis was 1.1 C. After the electrolysis, we immersed the slide in the etchant (5
g NH, F:40 ¢ H O:5 pl HF) for 10 min to remove the surface glass layer and ensure the access of
pesticide to the dendritic structures for SERS experiments. The passed charge and the duration
of the etching were chosen to provide maximum of Raman enhancement [15].

Dendritic structures were characterized using the atomic-force microscope (AFM, Veeco
Dimension 3100, Bruker). The images were analyzed using Gwyddion software [16].

Dendritic structures were tested as a SERS-active substrate for pesticide thiram detection.
SERS measurements were performed using the confocal Raman microscope (LabRAM HRS800,
Horiba, Japan) with 100x objective and 784.19 nm excitation laser. Laser wavelength was chosen
to avoid photoluminescence of thiram. We deposited 2 pl droplets of 1:10* M aqueous solution
of thiram on the surface of the pristine glass slide and the slide with formed dendritic structures,
and let droplets dry in air at room temperature. Note, the drying of the droplet on the surface
of the pristine glass resulted in the crystallization of thiram. To measure the size of the formed
crystals we used the optical profilometer (NewView 6000, Zygo, Middlefield, CT, USA). We also
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tested lower concentrations of thiram in SERS. The 1-10-* M solution of thiram was subsequently
diluted with water to reach 1:10-° and 1-10-* M concentrations, 2 pl droplets of these solutions
were deposited and dried on the surface of the dendrites. SERS (from thiram on dendrites) and
Raman (on glass) spectra were collected for 2 and 20 s, respectively, in the spectral range of
230—1560 cm™'. The laser power was the same for SERS and Raman measurements. The SERS
spectra were measured in 100 points over the area of 5x5 pm?.

Results and Discussion

In figure 1 we present optical and 3D AFM images of the formed dendrite structures. One
can see, the surface consists of microstructures with lateral size of several micrometers and
nanostructures with size of about 100—250 nm. The average height of the nanostructures is ~ 1 um,
while the microstructures’ height is ~ 10 um.

Raman spectra of thiram acquired from the virgin glass slide and the slide with dendritic
structures in frequency regions 500—900 cm™!' and 1000—1560 cm™!' are demonstrated in figures 2,
a and b, respectively. One can see, the band at 1386 cm™', which is assigned to CH, symmetric
bending, is the most intense one in the SERS spectra measured using the dendritic structures,
whereas for the spectra measured from the glass slide the band around 560 cm' is the most intense

one [17].

a) b)

2,3 pum

0,0 um

Fig. 1. Optical (a) and AFM (b) images of the dendritic structures on the glass surface

The decrease in S-S bond (560 cm') intensity is due to thiram interaction with the metallic
surface of dendrites following the bond cleavage of thiram [18]. Therefore, a relative standard
deviation (RSD) of the SERS signal and enhancement factor were evaluated using 1386 cm-!

band.
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Fig. 2. Raman and SERS spectra of thiram acquired from the virgin glass slide and from the slide with
dendrites in different spectral range (a, b)

To study the influence of the dendrites’ morphology on the enhancement of Raman signal we
measured the SERS spectra in the areas containing nanostructures and microstructures covered
with thiram (area of dried droplet of 1-10-* M aqueous solution). The results are presented in
figure 3. The signal collected in the area of the microstructure (point 1) has low intensity, while
the nanostructures (point 2) demonstrate a high-intense SERS signal. The signals differ tenfold.
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We attribute the observed difference in the signals to the non-uniform distribution of thiram
molecules. Supposedly, the most of the thiram molecules are located between the microstructures
(on the nanostructures).

To calculate the surface concentration of thiram molecules on the nanostructures we evaluated
the area between microstructures using the optical image of the 1-10* M droplet dried on the
dendrites’ surface. The area of the droplet was 1.4 cm?, the ratio of the areas occupied by
microstructures and nanostructures was 0.74, the mass of thiram contained in the droplet
was 4.8:10-% g.

Thus, the surface concentration of thiram on the nanostructures was about
Nypps ~ 4.6:10"° g/mm?, which corresponds to the monolayer of thiram. Note that drying of
the same droplet on the surface of the pristine glass resulted in the crystallization of thiram.
We measured the height of the crystals using optical profilometer (2 ~ 1.1 pm) and estimated
the concentration of thiram in the crystal according to N, =p-h = 1.6:10° g/mm?, where p is
thiram density (~ 1.3 g/cm?).
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Fig. 3. Optical image of the dendritic structures and SERS spectra of thiram collected
from the area of a microstructure (1 point) and nanostructures (point 2)

We calculated Raman enhancement factor (EF) provided by the nanostructures using the
calculated concentrations:

EF=ISERS. Ns . Irs

’ 1
Tios Ngps sers )

where [ o, Nypor fpps ar€ the integral intensity of 1386 cm™' peak (1380—1400 cm™') averaged
over ~ 100 SERS spectra, thiram surface concentration and the acquisition time in SERS
measurements, respectively. I, Ny, f, are the integral intensity of the same peak averaged over
~ 10 Raman spectra, the concentration of thiram in crystals and acquisition time, respectively,
for Raman measurements. The ratio of integral intensities was I ../l ~ 13, the ratio of the
acquisition times was 7,./f... = 10 and the ratio of concentrations was N,/ N, = 3-10° in our
measurements. Thus, the enhancement factor of the dendritic nanostructures is ~ 4-10°.

Note, we could not detect any signal in the case of the SERS measurements using droplets
of 10 and 10 M aqueous solutions of thiram. These droplets were strongly spreading out
across the sample during the drying, which resulted in extra low, less than a monolayer, surface
concentration of thiram.

Finally, we obtained the spatial distribution of SERS signal across the sample with the
dendrites. Figure 4 presents the distribution of integral intensity of the 1386 cm™' peak and the
corresponding optical image. The SERS map demonstrates non-uniform SERS signal distribution
which is supposedly due to the non-uniform distribution of thiram. As we discussed above, most
of the thiram molecules are located between the microstructures. Therefore, RSD of the SERS

signal is 99.5%.
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Fig. 4. Spatial distribution of integral intensity of 1386 cm! peak across the surface with dendrites (a)
and corresponding optical image (b)

Conclusion

We demonstrated that SERS can be applied for the detection of low concentration of pesticide
thiram using dendrite structures. Dendrites were fabricated by the electrolysis of the glass slide
enriched with silver ions, and “opened” with subsequent chemical etching. The detection of
thiram in surface concentration of 4.6-10-'° g/mm? (a monolayer) is demonstrated. The Raman
enhancement provided by the dendrites is 4-10°.
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