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Abstract

Triangular gold microprisms and spherical silica nanoparticles with attached gold nano-islands were
examined as an active nanostructures for the surface enhanced Raman and infrared spectroscopy.
These particles were probed for the detection of pyridostigmine bromide as a safe analog of military
compound sarin. Raman and infrared spectral bands of the pyridostigmine bromide were measured.
Detailed correlation of obtained spectral bands with specific vibrations in pyridostigmine bromide was
done. Silica nanoparticles with attached gold nano-islands showed more essential enhancement of the
Raman signal than gold microcrystals. The reasons of such behaviour are discussed.

Keywords: SERS, SEIRA, gilded nanoparticles, pyridostigmine bromide.
1. Introduction

Nanosized particles of noble metals can work as an optical antennas enhancing spectral signal from
the analyte molecules adsorbed on them [1-5]. This effect is actively used in Surface Enhanced Raman
Scattering (SERS) [6-10] and Surface Enhanced InfraRed Absorption (SEIRA) spectroscopies [5, 11-
14]. Electromagnetic and chemical mechanisms of Raman enhancement are usually mentioned [15-
17]. Electromagnetic mechanism is connected with resonant coupling of exciting or scattered light
with oscillations of surface electron plasma localized in the noble metal nanoparticles [17]. As a
necessary condition for this effect the frequency of the exciting light should be in resonance with
plasmon oscillations in the noble metal nanoparticles. Experimentally it is fulfilled when the
wavelength of the exciting light is spectrally overlapped with the band of light extinction inherent to
the nanoparticles. It results in the essential growth of local electric field near the particle and increase
in cross section of Raman scattering or infrared light absorption.

Chemical mechanism of Raman enhancement is connected with the electron transfer from the
substrate to the absorbed molecule. It becomes possible, when the exciting light resonantly transfers
electron from the Fermi level of the substrate to the lowest unoccupied molecular orbital of the
adsorbed analyte [18-23].

Non-invasive SERS and SEIRA spectroscopical methods for detection of minute amounts of
material become more and more usable not only for the laboratory analyses, but also for the applied
needs. Development of nanostructured surfaces and progress in preparation of nanoparticles turned
more intent attention to the surface enhanced Raman and infrared spectroscopies. Particularly it was
demonstrated that these methods are prospective for the detection of hazardous admixtures. Thus gold
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nanoparticles were used for the SERS detection of melamine in the raw milk [24]. Traces of explosive
materials both deposited from dilute solutions [25] and adsorbed on the nanostructured substrates from
air [26, 27] were sensed. Hakonen and colleagues [28] demonstrated maybe the only ultra-sensitive
SERS study on actual chemical warfare agents present up to date. Femtomol detection of VX and
Tabun were shown. Lauridsen and colleagues reported about possibility of sensing traces of cyanide in
air by means of specially prepared gilded silicon nanopillars [29].

The work with hazardous compounds is complicated and requires an additional accident control
measures. Therefore pyridostygmine bromide was used as model compound instead of hazardous
sarin (Fig. 1). An analogy between these chemicals consists in their common ability of conjugation
with cholinesterase in the human synapses. Though pyridostigmine bromide is able to substitute the
dangerous sarin near the cholinesterase and by such a way it works as an antidote to sarin [30-33]. As
far as we know there is lack of knowledge about the vibrational spectra of pyridostygmine bromide.
We found only one reference [34] with Raman spectrum of relative neostigmine compound, which is
given without assignment of bands with certain types of molecular vibrations.

Here Raman and infrared spectra of pyridostygmine bromide are measured. Spectral bands are
assigned with molecular vibrations. Possibilities for surface enhanced Raman scattering are tested on
two types of nanoparticles: spherical silica nanoparticles with attached gold nano-islands (SiO,-Au)
and triangular prismatic microcrystals. It was revealed that SiO,-Au nanoparticles are more Raman
active than prismatic microcrystals of gold.
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Fig. 1. Chemical formulas of pyridostigmine bromide (a) and sarin (b).
2. Materials and methods

Pyridostigmine bromide powder from the company Sigma Aldrich was diluted in water in
concentration 40 mg per litre.

SiO; nanoparticles were prepared by Stéber method [35] and functionalized by amino groups
providing good covering of the silica core by the gold seeds [36]. SiO,-Au nanoparticles dispersed in
water were obtained. Plasmonic light extinction by dispersion of SiO,-Au nanoparticles was confirmed
by using Jasco V-570 spectrophotometer (Easton, MD, USA) [37].

Another kind of particles, gold microcrystals, were grown in water solution of chloroauric acid with
polysaccharides as reducing and stabilizing agent [38, 39]. The particles have mostly the shape of a
triangular prism ranging from nanometers to 5-10 micrometers in size. As such they look prospective
for the enhancement of optical signals from organic and inorganic probes. The particles were washed
carefully to minimize the influence of polysaccharides.

Each from two types of prepared dispersions was dropped and dried on the glass surface. Then
pyridostigmine solution was dropped on the top of particles. The referent pyridostigmine droplets were
deposited also on the neat glass for the comparison.

Raman signal was measured on the Revishaw inVia microRaman setup with 633 nm excitation from
the He-Ne laser. Spectra of infrared light absorption were recorded by means of FT-IR spectrometer
VERTEX 70 with microscope Hyperion 1000 from Bruker Optic GMBH.



3. Results and discussion

Droplet of pyridostigmine solution deposited on the glass substrate gives more or less homogeneous
film after drying at room conditions (Fig. 2).
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Fig. 2. Optical microscopic image of pyridostigmine bromide droplet dried on the glass surface.

Initially it was not possible to obtain a sharp focused image from the area of the immediately dried
droplet. It turns us to the suggestion that material is still keeping some amount of water after initial
drying. It means that fresh film is situating in a gel-like state. Probably because of this there was a
strong fluorescence hindering of the useful Raman signal from the freshly prepared film.

3.1. Raman spectra of pyridostigmine bromide

Pyridostigmine bromide droplets deposited on the thin gold films based on the glass showed better
results. More intensive laser light in combination with good thermal conductivity of gold resulted in
better drying of measured film area. So at higher laser intensity Raman spectrum of material became
apparent on the fluorescent background (Fig. 3, spectra 2 and 3).
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Fig. 3. Spectra from the pyridostigmine bromide film deposited on the thin gold films based on the
glass and measured at different powers of incident laser light: 1) 1 %, 2) 50 %, 3) 100 %. Full laser
power is 50mW, dexc=633 nm.

Such assignment of the most pronounced Raman bands with molecular vibrations of pyridostigmine
bromide molecule can be done: the band at 2945 cm™ is related to C—H stretching vibrations of the
methyl group and the pyridine ring; set of bands in the range 12001500 cm™ are caused by skeleton
vibrations of the pyridine ring; C—N stretching vibrations of the tertiary amine can be associated with
the group of bands at 1000-1200 cm™. Small peaks at 272 cm™ and 302 cm™ can be assigned with
pyridine and bromine constituents of a pyridostigmine bromide molecule as it is pointed in the
Ref [40]. Detailed correlation of pyridostigmine bromide bands with vibrations of its molecular groups
is represented in Table 1.

Table 1. Correlation of pyridostigmine bromide Raman bands with vibrations of its molecular groups.

Raman shift, cm™ Description

272 cm™ Pyridine constituent in pyridostigmine bromide molecule
302 cm™ Bromine constituent in a pyridostigmine bromide molecule
1000 — 1200 cm™ C-N stretching vibrations of the tertiary amine

1200-1500 cm™ Skeleton vibrations of pyridine

1734 cm™ C=0 stretching vibrations of the ester carbonyl

2945; 3055 cm™ C-H stretching vibrations of the methyl group and the




pyridine ring

3.2. Spectra of infrared light absorption by pyridostigmine bromide

Droplets of pyridostigmine bromide solution were deposited either on the continuous gold film or
on the traces from preliminary dropped SiO,-Au dispersions. It allowed us to estimate possible
influence of substrate on the intensity of spectral signal. Features of this effect are described here and
in the next section 3.3.

Droplets of pyridostigmine bromide deposited on the SiO,-Au nanoparticles demonstrate stronger
infrared absorption than referent droplet on the continuous gold film (Fig. 4, spectra 1, 2). This SEIRA
effect is less pronounced than SERS. The traces of dried dispersions consist of soft aggregates of SiO,-
Au particles. So it looks so that light scattering by these aggregates is stronger than light absorption.

In addition it was revealed that the traces of dried SiO,-Au dispersions have own spectral signatures
(Fig. 4, spectrum 3). It can be a side effect of synthesis, in which ammonia, sodium hydroxide and
potassium carbonate were used. Sequential measurements of infrared absorption from: (1) SiO,-Au
dispersion, (2) neat pyridostigmine bromide and (3) pyridostigmine bromide deposited on the SiO,-Au
nanoparticles allowed us to separate pyridostigmine bromide bands (Fig. 4). They can be correlated
with such vibrational modes: bands at 2945 and 3055 cm™ can be caused by C—H stretching vibrations
of the methyl group and the pyridine ring; bands at 1000-1200 cm™ are due to C—N stretching
vibrations of the tertiary amine; and bands at 1200-1500 cm™ are connected with skeleton vibrations
of the pyridine ring; C=0 stretching vibrations of the ester carbonyl can be associated with band at
1734 cm™ [40, 41].
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Fig. 4. Spectra of the infrared light absorption for the samples: (1) pyridostigmine bromide deposited
on continuous gold film; (2) pyridostigmine bromide deposited on the SiO,-Au nanoparticles; (3) dried
dispersion of SiO,-Au nanoparticles.



3.3. Effects of Surface Enhanced Raman Scattering revealed for pyridostigmine bromide samples

Triangular gold microprisms and SiO,-Au nanoparticles were considered as metal nanostructures for
plasmonic enhancement of Raman signal from the pyridostigmine bromide. Each type of particles is
described consistently.

Microscope appearance of microprisms depends on their orientation with respect to the incident
light. Microprism behaves as a mirror at normal light incidence. Therefore it looks shining under direct
illumination. Side illumination leads to more intensive light scattering from the microprims’ facets
(Fig. 5a). It correlates with localization of light induced electric field near the prism facets calculated
by means of COMSOL software package.
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Fig. 5. Experimental optical microscope image of dark field light scattering from the facets of the
gold microcrystals (a). Calculated distribution of light induced electric field for the gold prism with
the 1.5 um edge under normally incident light (Aexc= 633 nm) (b).

Alteration of high and low electric field intensity occurs along the microprism’s facets (Fig. 5b). It is
typical for the standing wave pattern of surface plasmon polaritons. They could cause changes in
Raman signal of the nearby pyridostigmine bromide. We suggested that effect could be even stronger
in the spaces between the several gathered microprisms, which can form so-called hot spots for the
plasmon electric field [42].

As it was mentioned above, droplets of pyridostigmine bromide solution gave no Raman signal in
the absence of gold. So there is a question about the referent Raman spectrum with which SERS data
can be compared. We used approach described by Hakonen and co-authors in Ref [27]. Referent
Raman signal was measured from the small solid grain of pyridostigmine bromide. The amount of
molecules contributing to the usual Raman signal Ngaman Was estimated as 10'°. The number of
molecules Nsgrs contributing to the SERS signal was estimated as 3.7-10%. Enhancement factor EF was
calculated as ratio of Raman intensities correlated to the number of contributed molecules:
EF:(ISERS/NSERS)/(I Raman/NRaman)-

Experimental Raman bands from pyridostigmine bromide contacted with gold microprisms were
mocllerately enhanced (Fig. 6). Enhancement factor calculated for the strongest Raman peak at 1034
cm™ is 4854.
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Fig. 6. Raman spectra from the pyridostigmine droplet dried on the gold microprisms (1) in
comparison with referent spectrum from the grain of pyridostigmine bromide (2). Depicted intensity
of spectrum (2) is 50 times higher than real one for the more convenient comparison of (1) and (2).
Fluorescent background is subtracted.

Pronounced Raman enhancement of pyridostigmine bromide spectrum was obtained in case of its
deposition on the top of SiO,-Au nanoparticles. Enhancement factor calculated by the same way for
the 1034 cm™ peak gives enhancement factor EF=5-10°. Such enhancement allows detection of
nanograms of pyridostigmine bromide.



6x10° -

5x10°

3,

3,

w

® £

= [

o o
1

|

2x10°

1x10°
l 2
O ™ ‘,‘M‘ o ““‘—ﬂ*“l‘“k“ ﬂ-——i

180 1600 1400 1200 1000
Raman shift, cm™

Raman intensity, a.u.

Fig. 7. Raman spectra from the pyridostigmine droplet dried on the SiO,-Au nanoparticles (1) in
comparison with referent spectrum from the grain of pyridostigmine bromide (2). Depicted intensity
of spectrum (2) is 10° times higher than real one for the more convenient comparison of (1) and (2).
Fluorescent background is subtracted.

Such strong Raman enhancement can be connected with specific rough surface created by the gold
nanoseeds merged on the surface of silica spheres (Fig. 8) and their quite broad plasmonic resonance
[37, 43]. We suppose that rough surface of these particles can be the source of plasmonic hot spots
enhancing the signal from the pyridostigmine.
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Fig. 8. Scanning electron microscopy of SiO,-Au nanoparticles.

4. Conclusions

Silica nanoparticles with attached gold nano-islands are used for the detection of pyridostigmine
bromide, which acts as an antidote to sarin chemical agent. It is shown that these SiO,-Au
nanoparticles more effectively enhance Raman and infrared signals than gold microcrystals.
Particularly Raman signal from pyridostigmine bromide deposited on the SiO,-Au nanoparticles can
be enhanced up to the eight orders. This enhancement can be associated with more effective excitation
of plasmons localized in SiO,-Au nanoparticles. The strongest Raman and infrared spectral bands are
detected in the spectral range 1000-1200 cm™ and connected with C-N stretching vibrations of the
tertiary amine in the pyridostigmine molecule.
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Table caption

Table 1. Correlation of pyridostigmine bromide Raman bands with vibrations of its molecular groups.

Figure captions

Fig. 1. Chemical formulas of pyridostigmine bromide (a) and sarin (b).
Fig. 2. Optical microscopic image of pyridostigmine bromide droplet dried on the glass surface.

Fig. 3. Spectra from the pyridostigmine bromide film deposited on the thin gold films based on the
glass and measured at different powers of incident laser light: 1) 1 %, 2) 50 %, 3) 100 %. Full laser
power is 50mW, Aexc=633 nm.

Fig. 4. Spectra of the infrared light absorption for the samples: (1) pyridostigmine bromide deposited
on continuous gold film; (2) pyridostigmine bromide deposited on the SiO,-Au nanoparticles; (3) dried
dispersion of SiO,-Au nanoparticles.

Fig. 5. Experimental optical microscope image of dark field light scattering from the facets of the gold
microcrystals (a). Calculated distribution of light induced electric field for the gold prism with the 1.5
um edge under normally incident light (Aexc= 633 nm) (b).

Fig. 6. Raman spectra from the pyridostigmine droplet dried on the gold microprisms (1) in
comparison with referent spectrum from the grain of pyridostigmine bromide (2). Depicted intensity of
spectrum (2) is 50 times higher than real one for the more convenient comparison of (1) and (2).
Fluorescent background is subtracted.

Fig. 7. Raman spectra from the pyridostigmine droplet dried on the SiO,-Au nanoparticles (1) in
comparison with referent spectrum from the grain of pyridostigmine bromide (2). Depicted intensity of
spectrum (2) is 10° times higher than real one for the more convenient comparison of (1) and (2).
Fluorescent background is subtracted.

Fig. 8. Scanning electron microscopy of SiO,-Au nanoparticles.



