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Abstract. Chitin and its derivatives are common natural polymers that are widely used in
various technological fields. In recent years, considerable attention has been paid to
the preparation of polymer nanocomposites based on metal nanoparticles (NPs).
Chitin/chitosan-based composites due to high antibacterial activity are suitable for
application in related food storage, textile industries. This paper presents an effective and
simple method of obtaining chitosan-chitin copolymer/Ag nanocomposites with an
extremely high content of metal nanoparticles. The structure and morphology of the
synthesized nanocomposites were investigated using X-ray diffractometry, Fourier-
transform infrared spectroscopy, electron microscopy, and their optical properties were
studied using UV-VIS spectroscopy as well as spectral ellipsometry. It was ascertained that
the resulting nanocomposite films are characterized by a uniform distribution of spherical
silver nanoparticles, the sizes of which increase (from 55 up to 143 nm) with increasing the
Ag*-ions concentration in the reaction mixtures. The optical absorption spectra of
nanocomposites are characterized by the presence of an absorption maximum within the
range 458...525 nm, which confirms the formation of Ag NPs. A monotonous increase in
the values of the energies of optical transitions was observed in the process of increasing
the average size of NPs.
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1. Introduction energy-saving and energy conversion technologies [3-6],
encourages further research in the field of nanomaterials.
Among inorganic nanoparticles, a consistently high

scientific and practical interest in various types of metal

Nanoparticles (NPs) are a wide class of materials that
attract considerable attention due to the great variability

of compositions, the significant dependence of properties
on the structure of the particle, its morphology, and
synthesis methods. This leads to a wide area for pro-
mising use of nanoparticles, which is not limited only to
technologies based on their physical properties — mag-
netic, optical, electrical, etc., but also opens up prospects
for the use of NPs as catalysts, biosensors, in medicine
(antibacterial and antifungal agents, diagnosis of disea-
ses, drug delivery), agriculture, food technology, etc. [1-
4]. Wide commercial use of nanomaterials — from pro-
ducts of daily use (creams, polymer fillers, coatings) to

NPs [7], primarily in NPs based on Ag [8], Pt [9], Au
[10], Cu [11] remains stable, which is related to the high
bioactivity of these elements. The advantages of these
metals are low toxicity, stability in aqueous/non-aqueous
solutions, ability to functionalize NPs depending on
needs. Commercially, Ag NPs are the most common,
which is related to both the availability of this metal and
the unique properties of Ag NPs. Thanks to the well-
known characteristics of localized surface plasmon
resonance (LSPR), Ag NPs have clear absorption bands,
the location of which is regulated by the size and
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morphology of the particles, which is often used in the
manufacture of optical sensors [12]. Clearly expressed
antibacterial properties of Ag NPs lead to their use in
water purification, food storage, textile industry [13-15].
The high conductivity of Ag NPs is the basis for
production of conductive inks and flexible electronics,
anodes in Li-ion batteries [16, 17].

As it was mentioned, the size and morphology of
NPs are sensitive to the conditions of synthesis —
temperature, used reducing agent and stabilizer, which is
related to a significant number of studies. Most often,
chemical reduction or various techniques of photo-
chemical and electrochemical effects are used to prepare
Ag NPs [1-3]. However, the constant increase in the
need to produce NPs, along with their high price and the
use of dangerous reagents, leads to the development of
such technologies as green synthesis and biochemical
techniques [18-20]. The green synthesis, due to its
greater availability, provides an alternative to the use of
expensive reagents, which contributes to expansion of the
application limits for obtaining the nanomaterials.

Nanomaterials owe to the manifestation of new and
better properties, as compared to bulk phases, due to their
extremely small size (<100 nm), a large number of
boundary atoms and high surface energy. But this is also
their biggest problem, since NPs are thermodynamically
unstable and prone to spontaneous aggregation [21]. To
increase the stability of NPs, various substances are used
stabilizers, which include both low-molecular
compounds and polymers [22, 23]. The use of polymers
to produce nanomaterials not only provides high stability
due to significant coverage of the NPs surface (steric
factor), but also enables the use of the polymer as a
matrix for obtaining a new class of nanomaterials —
polymer nanocomposites [24]. Nanocomposites are
heterophase  multicomponent materials in  which
inorganic NPs are distributed in an organic matrix. Such
a structure makes it possible to obtain new materials that
combine the properties of all constituent parts, and it is
also possible to strengthen the properties of both
components (synergism) [24]. The possibility of
modifying the structure of polymers, due to introduction
of new functional groups, allows to change the necessary
properties in a controlled manner (lyophobic/lyophilic
surface properties, optical, electrophysical and mechani-
cal parameters) to obtain new materials with specialized
properties. A feature of polymer nanocomposites is their
flexibility, which opens up new opportunities in the field
of wearable electronic devices [24].

Stabilization with the help of biopolymers and
formation of polymer nanocomposites with their
participation fully falls under the concept of green
chemistry, since there are a large number of
macromolecules in nature. They are distinguished by
their availability, cheapness, biodegradability and non-
toxicity [25]. Among biopolymers — polysaccharides,
polypeptides and polynucleotides — the first are the most
common in nature [26]. It is worth noting that the most
common polysaccharide of plant origin is cellulose. Next
is a cellulose-like polymer of animal origin — chitin

(CgH1305N), (N-acetylglucosamine), which is part of the
outer shell of all arthropods and the cell walls of fungi
[27]. Chitin has a rigid polymer frame and is not soluble
in water, but only in strong acids, but the dissolution
process is accompanied by its decomposition. By
deacetylation of chitin, a new aminopolysaccharide —
chitosan (2-amino-2-deoxy-beta-D-glucan) is obtained,
which, unlike chitin, is soluble in dilute acids (HCOOH,
CH3COOH) [28]. Chitosan has biological activity, in
particular, antibacterial properties, which are used in the
food, medical, cosmetic industry and in water
purification. A useful property of chitosan is the
possibility to obtain it in the form of nanoparticles, films,
fibers, gels, membranes, sponges [28, 29].

Active researching the nanocomposites based on
chitosan and Ag NPs is reported. Considering the high
bioactivity and possible synergism of the properties of
chitosan and Ag NPs, a number of publications refers to
the research of antibacterial and antifungal drugs [30], for
use in water purification [31] and in the textile industry
[32]. Also, the chitosan/Ag NP composites demonstrate a
high antioxidant activity [33]. The combination of
chitosan’s flexibility with electrical conductivity of silver
in nanocomposites is used in wearable -electronic
technology, conductive inks, and sensors [34, 35].
However, it should be noted that the research data refer
to a limited concentration range (up to 20% Ag NPs).
The chitin and Ag NPs based composites [36], similar to
the chitosan-based ones, also show an antibacterial
property. Besides, an anti-cancer activity of both
chitosan/Ag NPs and chitin/Ag NPs composites have
been reported [33]. Additionally, the synthesis of these
nanocomposites was carried out by mixing already
obtained Ag NPs with organic matrix.

Therefore, taking into account the significant
interest in researching new nanocomposite materials
based on chitosan and Ag NPs, we decided to study and
develop a simple technology for preparation of a
chitosan-chitin copolymer/Ag nanocomposite in a wide
concentration range and to ascertain the effect of the
concentration and size of Ag NPs on the structural and
optical properties of the obtained nanocomposites.

2. Experimental
2.1. Sample preparation

High purity substances were used for the research:
chitosan (degree of deacetylation 91.6%), silver nitrate
(AgNO3; 99%), ammonium solution (NH,OH 25 wt.%),
glacial acetic acid (CH;COOH 99.8%), ascorbic acid
(CsHgOg 99.5%). The source solutions (1.67 wt.% silver
nitrate, 0.87 wt.% ascorbic acid, 10 wt.% acetic acid,
10 wt.% ammonium solution) were prepared using the
distilled water.

Powdered chitosan (m ~ 0.25...1 g) was dissolved
in 10 wt.% acetic acid (continuous stirring at the
temperature T = 25 °C) resulting a gel-like homogeneous
solution. It is obvious that the dissolution of chitosan is
not a physico-chemical process, i.e., formation of
chitosan acetate (Ch-Ac) (Eq. (1)) occurs [37].
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The required amount of AgNOj; solution was added
to the obtained gel-like Ch-Ac solution. Ag” was reduced
with a 0.87 wt.% ascorbic acid solution (Eq. (2)) at the
rate of 0.02 cm® min * by using continuous stirring with a
magnetic stirrer at the temperature 25 °C.
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was performed in air at 25 °C. As a result, thin films of
chitosan-chitin copolymer with silver nanoparticles (Ch-
Chn-Ag NPs) were obtained, both on substrates (glass
and silica) and in a separate form, with a mass concen-
tration of Ag® (calculated) in the range of 9 to 80 wt.%.
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o)
+ 2Ag + 2HNO;

2.2. Methods

form of NPs, with a small degree of aggregation [37].

In the process of reducing Ag* to Ag’, in the incident
light, a gradual change in the color of the reaction mixtures
was observed: yellow (9 wt.% Ag®) — red (15...22 wt.%
Ag’®) — light green (> 22 wt.% AgP). The completeness
of the chemical reaction is proven by the absence of Ag”
ions in the solution (absence of a white precipitate of
AgCl when KCl is added). To obtain the composite based
on chitosan and Ag NPs (Ch-Ag NPs) in a dry form, the
necessary amount of 10 wt.% ammonia solution was
added to the reaction mixture, which is necessary for
neutralization of acetic acid and destruction of the Ch-Ac
salt (Eq. (3)). Subsequently, the precipitated Ch-Ag NPs
composites were washed with double distilled water to a
neutral reaction, and dried in air at the temperature 25 °C.
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HO O
>
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OQ(O_

CHj

To obtain thin films of Ch-Ag NPs composites, the
latter were dissolved in a 10 wt.% acetic acid solution to
prepare gel-like solutions. All composite films were
prepared using the same technique that consisted of

To confirm the composition of the organic matrix in the
film of the obtained Ch-Chn-Ag NPs composites, the
Fourier transform infrared method with attenuated total
reflection (ATR-FTIR) was used. Spectra of films of Ch-
Chn-Ag NPs composites were obtained using Shimadzu
Prestige 21 spectrometer with ATR ZnSe. The FTIR
spectra were collected in the 600...4000 cm™ range in
transmittance mode. The measurements were performed
in air atmosphere with applied correction of the CO, and
H,0O peaks.

The analysis of the phase composition of the
obtained Ch-Chn-Ag NPs composites was carried
out using an AXRD diffractometer equipped with
linear Si-strip detector (DECTRIS MYTHEN2 R 1D)

oH | oH 1 oH
NH,OH
E— . (0] (@] (@]
HO i) o OH
CH3COOHNH,
H,0 OHNHy  onNHz | oH NH,

®)

and CuK, radiation (Ni — filter) in the Bragg—Brentano
geometry (6/20 angles scanning mode). The scanned
range was 10° <20 <90° with exposition 1S per step.
The phase analysis and calculating of peaks broadening

spontaneous spreading 0.1 cm® of gel onto the substrate were performed using the PDAnalysis (Proto

and then slowly drying the resulting film. The drying

Manufacturing) software.
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The study of the microstructure of Ch-Chn-Ag NPs
composites, in order to determine the size of nano-
particles and their distribution in polymer matrices, was
carried out using the method of electron microscopy
(SEM Vega Tescan 3 (secondary electron, backscattered-
electron (SE, BSE) detectors, applied accelerating
voltage was 30 kV, working distance around 10 mm,
the view field 7.25 um?). Composition and elemental
analysis of the samples was made using the scanning
electron microscope (SEM) equipment (Tescan VEGA3)
with an energy dispersive X-Ray (EDX) detector (Oxford
Instruments) to determine elemental composition.
The analysis of SEM images was carried out in
AmScope 4.8.

The experimental data of absorption (transmission)
spectra of Ch-Chn-Ag NPs films on a silica substrate
(relatively to silica substrate — pure polymer film) were
obtained wusing a Shimadzu UV-2600 UV-VIS
spectrophotometer  (detectors:  photomultiplier — and
semiconductor InGaAs, spectral range: 190...1100 nm,
1 nm scan step, UVProbe software equipped with an
ISR-2600PIlus integrating sphere.

The dispersion of refractive index n and the
extinction coefficient k of Ch-Chn-Ag NPs composite
films was studied with a HORIBA Smart SE spectral
ellipsometer within the spectral range 440...1000 nm, at
the angle 70°.

3. Results and discussion
3.1. Structure

On the FTIR spectra of the pure Ch-Chn composite film
(without AgNPs) in the range 600...4000 cm
characteristic bands with the following values are
observed (Fig. 1a): the band at 897 and 945 cm™
corresponds to the deformation vibrations of the C—H
groups, which are present in the structure of
polysaccharides, in the region of their fingerprints, the
bands at 1153, 1069 and 1026 cm™ correspond to
valence vibrations of the C-O group (asymmetric
valence vibrations of C-O—C of the pyranose ring or
—C-OH glycosidic hydroxyl), 1660 cm™* — vibrations of
the —C=0 group. The available reflection bands from
2926 to 2876 cm* correspond to valence vibrations of
—CH, and have a relatively low intensity. In the high-
frequency part of the spectrum (2950...3700 cm ), the
interpretation is complicated because of the super-
imposition of bands of valence vibrations of the hydroxyl
group and deformation vibrations of the amino group.
Namely, broad reflection bands of free, associated and
hydrogen-bonded —OH groups and bands corresponding
to asymmetric and symmetric valence vibrations of the
amino group appear. The characteristic broad band at
2926...2876 cm* corresponds to the C—H valence
vibrations of the methylene group.

However, although the FTIR spectra of the film
show vibrations of groups typical for chitosan [38], the
diffractogram of the film (Fig. 1b) shows the presence of
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Fig. 1. FTIR spectrum of the pure chitosan-chitin copolymer
film of Ch-Chn polymer (a), comparison of diffractograms of
powdered chitosan Ch (red line) and thin film of Ch-Chn (black
line) based on it. (Color online)

high-intensity peaks that are not characteristic of the
chitosan structure [38]. This may be related to obtaining
a polymer film not of pure chitosan, but of a chitosan-
chitin copolymer [39].

Chitin and chitosan are related biopolymers with a
glucosamine framework. The structural difference
between them is the presence of an acetyl group at the
nitrogen atom. The process of acetylation, i.e., the
conversion of chitosan to chitin, is relatively easy in the
presence of acids. Opposed to deacetylation process,
which usually requires harsh reaction conditions. That is,
drying the chitosan solution applied to the substrate in
acetic acid may contribute to the partial acylation of
amino groups. Formation of chitosan-chitin copolymer is
shown in Eq. (4).
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In the IR spectra of Ch-Chn-Ag NPs composites,
no additional vibrations are observed, which indicates
the absence of new chemical bonds. That is, poly-
merization in the presence of Ag NPs does not lead to a
change in the structure of the polymer matrix. Only a
significant decrease in the intensity of the bands
corresponding to the characteristic vibrations of groups
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corresponding to the structure of polysaccharides (Fig. 2a
blue color) and carboxylic acid groups (Fig. 2a yellow
color) is observed in the process of increasing the
concentration of Ag NPs in the obtained composite.
Moreover, at high concentrations of silver (71 wt.%,
80 wt.%), vibrations and groups of the polymer are not
practically observed.
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Fig. 2. Comparison of FTIR spectra (a) and diffraction patterns (b) of Ch-Chn-Ag NPs composites ((hkl) for silver and chitin planes

are marked by green and blue, respectively). (Color online)
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Fig. 3. SEM images (a, b, ¢) and EDS maps (d, €, f) of silver on the example of some composites.

By comparing the diffractograms of Ch-Chn-Ag
NPs composites with different concentrations (Fig. 2b),
a gradual increase in Ag-peak intensities (planes (111),
(200), (220), (311) and (222)) was revealed in the
process of increasing its concentration in the composite
with a simultaneous decrease in their broadening. The
broadening of peak was estimated by calculating the full
width at half maximum (FWHM). The corresponding
peaks were fitted by the Gauss function. The values of
FWHM were observed for the silver most intensive peak,
which correspond to the plane (111). A fairly sharp
decrease in the FWHM values is observed within the
concentration range of 9 to 22 wt.% Ag’, while a further
increase in the silver content leads to a gradual slight
decrease (with a slight increase in FWHM for the
composite with the concentration of Ag® 80 wt. %). At
the same time, a decrease in the intensity of the polymer
matrix reflexes is observed, which are almost absent in
the diffractograms with Ag NPs concentration > 15 wt.%.
However, for the Ch-Chn-Ag NPs composite with the
Ag’ concentration close to 80 wt.%, the reflexes of the
chitin-chitosan copolymer appear again, which is possibly
related to the peculiarity of the film morphology.

3.2. Microstructure

The study of the silver nanoparticles microstructure and
their distribution in the obtained Ch-Chn-Ag NPs compo-
sites was carried out using the electron microscopy (SEM)
technique. Formation of spherical silver nanoparticles was
ascertained due to analysis of SEM images (Figs 3a—3c).

No any formation of other shapes inherent to NPs was re-
corded. Only the Ag NPs aggregation effect is observed
in the process of increasing their concentration in the
composite, which is indicated by the increase in the size
of the spheres. It should be noted the high uniformity of
Ch-Chn-Ag NPs films, which is indicated by the uniform
distribution of Ag on the EDS maps (Figs 3d-3f).

At the same time, the Map sum EDS spectrum of
Ch-Chn-AgNPs composites (Fig. 4) obtained from a film
area of 7.25 um’? shows, along with the reflexes
corresponding to silver nanoparticles, the reflexes of
carbon and oxygen, which correspond to the organic
matrix. The absence of nitrogen reflexes is noteworthy,
which is caused by its low concentration in the polymer
matrix (one nitrogen atom per monomer unit).

Let us consider in more detail the effect of silver
concentration on the Ag NPs aggregation process in
composites. To make it, we would first consider the
histograms of Ag NPs size distribution (Fig. 5). It was
found that at relatively small concentrations of silver
(9...22 wt.%), a significantly narrower range of particle
size distribution (~20...165 nm) is observed. The further
increase in the concentration of Ag® (from 34 wt.%) leads
to a sharp expansion of the distribution range. At the
same time, there is a decrease in the number or even
absence of nanoparticles with a size of <50 nm and,
instead, the appearance of particles with the diameter of
up to 300 nm (Fig. 5). It is obvious that this is a conse-
quence of aggregation phenomena, which are |nten5|f|ed
due to the decrease in the distance between Ag® particles
in the composite due to the increase in their concentration.
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Fig. 4. Map sum EDS spectrum of Ch-Chn-Ag NPs on the example of some composites.

Also, an increase in the concentration of Ag® leads
to an increase in the average size of nanoparticles (Figs 5
and 6) from 55 to 143nm. It was ascertained
that the compositional dependence of the average size
of crystallites (Fig.6) has a monotonous nonlinear
character.

At relatively low concentrations of silver
(9...22 wt.%), a slight change in the average size of the
particles is observed due to sufficiently large distances in
the composite between them. A decrease in the distance
between particles causes a sharper increase in their
average size (22...50 wt.%). Further slowing of the
particle size increase rate in composites with the
concentration 71...80 wt.% is associated with formation
of significant aggregates with lower free surface energy
than the weakly aggregated ones.

3.3. Optical properties

The obtained experimental spectra of the refractive index
n (Fig. 7a) and the extinction coefficient k (Fig. 7b) were
analyzed using the DeltaPsi2 software by using the
Drude and Tauc—Lorentz models for the layer of silver
nanoparticles and the classical model for the polymer.
It enabled to describe the spectral dependence parameters

A and W for thin metal films and determine other optical
parameters with high accuracy [42]. The model consisted
of layers of substrate-polymer-silver nanoparticles-
polymer (roughness).

It was ascertained that the dispersion of the
refractive index and the extinction coefficient of the
polymer films with different silver content is
characterized by the presence of a slight maximum in the
spectral region of 500 to 700 nm, while for the pure
polymer, both n and k change almost linearly in the entire
studied spectral range. It is also possible to observe an
increase in the values of the refractive index and the
extinction coefficient with an increase in the content of
silver in the polymer.

As a result of the analysis aimed at the dispersion of
the refractive index and the extinction coefficient, the
thickness of the films of Ch-Chn-Ag NPs composites
were determined using the aforementioned models
(Ch-Chn 8 um, Ch-Chn-Ag NPs 9% 34 pm,
Ch-Chn-Ag NPs 15% = 44 um, Ch-Chn-Ag NPs 22% =
24 pm, Ch-Chn-Ag NPs 34% = 35 um, Ch-Chn-Ag NPs
50% = 30 um, Ch-Chn-Ag NPs 71% = 10 pm, Ch-Chn-
Ag NPs 80% = 10 pm). The content of Ag” in the com-
posites was also estimated: Ch-Chn-Ag NPs 9% = 9.5%,
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also estimated: Ch-Chn-Ag NPs 9% = 9.5%, Ch-Chn-
Ag NPs 15% = 14%, Ch-Chn-Ag NPs 22% = 19%, Ch-
Chn-Ag NPs 34% = 36%, Ch-Chn-Ag NPs 50% = 51%,
Ch-Chn-Ag NPs 71% = 69% and Ch-Chn-Ag NPs 80% =
78%. This confirms the completeness of Ag'—Ag’
reduction in the process of preparing the composites.
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Fig. 7. Spectral dependences of the refractive index (a) and the
extinction coefficient (b) dispersion: 1 — Ch-Chn, 2 — Ch-Chn-
9% AgNPs, 3 — Ch-Chn-15% AgNPs, 4 - Ch-Chn-
22% Ag NPs, 5 — Ch-Chn-34% AgNPs, 6 — Ch-Chn-50%
Ag NPs, 7 — Ch-Chn-71% Ag NPs, 8 — Ch-Chn-80% Ag NPs.

UV-VIS spectroscopy is one of the most convenient,
reliable and widespread methods of characterizing nano-
particles, due to the relationship between the optical pro-
perties of nanoparticles and their size, shape, and aggre-
gation rate [43]. UV-VIS spectra are more commonly
used to characterize Au and Ag NPs, since a feature of the
optical properties of metal and metal-semiconductor nano-
structures is localized surface plasmon resonance (LSPR)
[44]. LSPR manifests itself in a sharp increase in the
absorption and scattering of electromagnetic radiation by
nano-objects at a certain wavelength of the incident light,
which falls into resonance with the natural frequency of
electron gas oscillations on the surface of the nanostruc-
ture. It is known that the intensity, half-width of the peak
and the position on the spectral scale of the plasmon
resonance of nanostructures mainly depend on the mate-
rial and geometric parameters (shape, size, structure).
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Fig. 8. Absorption spectra of Ch-Chn-Ag NPs composites:
1 — Ch-Chn-9% Ag NPs, 2 — Ch-Chn-15% Ag NPs, 3 — Ch-
Chn-22% Ag NPs, 4 — Ch-Chn-34% Ag NPs, 5 — Ch-Chn-50%
Ag NPs, 6 — Ch-Chn-71% Ag NPs, 7 — Ch-Chn-80% Ag NPs.

The optical absorption spectra (Fig. 8) of Ch-Chn-
Ag NPs composites are characterized by the presence of
an absorption maximum within the region of 458 to
525 nm. The absorption region is caused by the Mie
plasmon resonance characteristic of noble metals. It was
established that with an increase in the diameter of the
silver nanospheres from 55 to 143 nm, the absorption
peak expands significantly. It is noteworthy that in the
concentration range of 9 to 22 wt.% Ag° (Fig. 8, curve
1-3), the displacement of the absorption maximum
occurs to the low-energy (long-wave) side, while the
further increase in the silver content leads to a change in
the position of this maximum in the high-energy (short-
wave) area (Fig. 8, curves 3-7). It is known that this
behavior, that is a proportional shift of the absorption
maximum depending on the increase in the size of the
nanospheres to the low-energy (long-wave) region
9...22 wt.% Ag) is characteristic of the spectra of
nanocomposites in which the size of the nanoparticles
lies within ~ 100 nm. This is in good agreement with the
relatively narrow range of distribution of particles
(Fig. 5), their average size (Figs 5 and 6) and literature
data on the absorption spectra of small concentrations of
silver nanoparticles [44]. The shift of the absorption
peaks to the high-energy (short-wave) region observed in
the absorption spectra of nanocomposites with a higher
concentration of silver nanoparticles (> 22 wt.%) is
possibly related to further formation of nanostructures on
the existing nuclei with a partial change in morphology,
which explains the gradual broadening of the absorption
peak. That is, formation of more complex (aggregated)
nanostructures is possible.

In addition, in the absorption spectra, we observed
formation of an additional weak absorption region around
350 nm. It should be noted that the authors of [45]

explain the formation of an additional absorption
maximum due to the appearance of quadrupole plasmon
resonance with an increase in the size of silver
nanospheres.

For a more detailed analysis of the optical spectra of
the obtained nanocomposites, it is advisable to use the
absorption coefficient (o), which was determined by the
relation (5):

(®)

where d is the thickness of the film sample in cm, T is
transmittance [46]. The thickness of Ch-Chn-Ag NPs
composite film samples determined by the method of
optical ellipsometry was used for the calculations.

The spectral dependences of the absorption
coefficient a are nonlinear for all the studied composites,
which is manifested by the presence of a maximum and a
minimum in the energy regions around 2.5 and 3.7 eV,
respectively. Since the absorption coefficient o takes into
account the thickness of the sample, it allows to estimate
the transmittance of samples with different thicknesses.
As it can be seen from Fig. 9a, the transmittance of Ch-
Chn-Ag NPs composites decreases with increasing the
Ag° content. Further, the obtained absorption coefficient
was used to calculate the energy of optical transitions by
using the Tauc method.

We used the Tauc method, Eg. (6), for detailed
optical characterization of silver nanoparticles:
(()th)2 = A(hv -E, ), (6)
where a is the absorption coefficient at each wavelength,
h is Planck’s constant, v is the photon frequency, E, is
the energy of the optical transition, A is the
proportionality constant, degree 2 indicates the nature of
the optical electronic transition — direct allowed, which is
characteristic of noble metal nanoparticles [45].

The values of energies of optical transitions can
be obtained from the graphical dependence by Tauc
(ahv)? — f (hv), which was constructed for nanocomposite
films with different concentration of silver nanoparticles
(Fig. 9b).

Let us consider the spectral dependences of the
absorption coefficient (ahv)?> — f(hv). For Ch-Chn-
Ag NPs with the Ag concentration 9 wt.%, one linear
section is observed on the Tauc plot (Fig. 9, curve 2). An
increase in the concentration of Ag nanoparticles in the
composites, starting with the composition of 15 wt.% Ag
(Fig. 9, curve 2), leads to the appearance of two linear
sections of the spectrum, the clarity of which increases
with an increase in the concentration of silver in the
composites (Fig. 9, curves 2-7). The gradual appearance
of two linear sections may be caused by dynamics of
formation of Ag’ aggregates, the change in the
morphology of the composite/nanostructure, and is
obviously related to the increase in the average size of
nanoparticles (Fig. 6) with the simultaneous expansion of
their distribution range (Fig. 5).
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Fig. 9. Spectral dependence of the absorption coefficient a (a)
and Tauc plots (b) of Ch-Chn-Ag NPs composites, the inset (b)
shows determination of local plasmon and quadrupole resonance
energies on the example of the Ch-Chn-Ag NPs composite (34%
Ag): 1 — Ch-Chn-9% Ag NPs, 2 — Ch-Chn-15% Ag NPs, 3 — Ch-
Chn-22% Ag NPs, 4 — Ch-Chn-34% Ag NPs, 5 — Ch-Chn-50%
Ag NPs, 6 — Ch-Chn-71% Ag NPs, 7 — Ch-Chn-80% Ag NPs.

As a result of the analysis with the application of
Tauc’s method and processing of the linear parts of the
spectra by using the least squares function, the values of
the local (Eg) and quadrupole (Egz) plasmon resonance
energies of the optical transitions were found (Fig. 10).

As it is known, silver NPs reveal strong plasmonic
features [19]. It appears due to interaction of light
photons with the surface, rather with outer free electrons
of NPs. As a result of light and outer electrons
interaction, the so-called surface plasmon resonance is
observed. Since this phenomenon is surface-related, the
surface plasmon resonance strongly depends on particle
dimensional characteristics. So, the size of the particle
determines the absorption peak position. In addition,
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Fig. 10. Dependence of the energies of optical transitions of
local (Eg;) and quadrupole (Eg,) plasmon resonances on the size
of silver nanoparticles.

an important factor affecting plasmon resonance is the
matrix that surrounds Ag NPs. It is related with electron
density donation between Ag NPs and organic matrix.

It was established that, as the size of the nano-
particles increases (from 55 to 143 nm), both of plasmon
resonance energies (Eqp and Eg) shift to blue side. It
should be mentioned, that the dependence of the optical
transition energies on the particle size is typical for silver
nanoparticles [47]. Since the polymer matrix is the same
for all the films, the change in plasmon resonance
energies is directly related to the particle size. This is
caused by the fact that with increasing the Ag NPs size
the scattering ability of electrons decreases. As a result, a
blue shift of the surface plasmon resonance is observed.

4. Conclusions

As a result of this study, the high-quality chitosan-chitin
copolymer/Ag nanocomposite films were prepared in a
wide concentration range of 9 to 80 wt.% Ag NPs. The
silver nanoparticles were obtained by the direct chemical
reduction of Ag” ions with ascorbic acid in a previously
prepared chitosan solution. Formation of a chitin-
chitosan copolymer, which acts as a polymer matrix for
Ag NPs, was determined using the results of X-ray
diffraction and FTIR studies. The complete recovery of
silver and formation of Ag NPs with different sizes were
confirmed by the X-ray diffraction and spectral
ellipsometry methods. The morphology and distribution
of Ag NPs in the polymer matrix were studied using the
SEM analysis. It was ascertained that the formed metal
NPs are spherical in shape, the size of which increases
with an increased concentration of Ag® ions in the
reaction mixtures. The change in the size of Ag NPs is
also confirmed by the change in the width of the
diffraction peaks corresponding to silver particles. All the
films are characterized by a uniform distribution of
Ag NPs in the polymer matrix. It was determined that
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the average size of Ag NPs increases from 55 nm
(9wt.%) up to 143 nm (80 wt.%), and a monotonous
non-linear increase in particle size is observed on the
concentration dependence of the average crystallite size.
This is related to the different tendency to aggregation
with increasing silver concentration and is caused by the
decrease in the distance between silver particles in the
polymer matrix.

Using UV-VIS spectroscopy and spectral ellipso-
metry methods the optical properties of the Ch-Chn-Ag
NPs films were studied. An increase in the values of the
refractive index and the extinction coefficient with an in-
crease in the content of silver in the polymer is observed.
The dispersion of refractive index and the extinction
coefficient of the films are characterized by the presence
of a slight maximum in the spectral range 500...700 nm.
The obtained optical absorption spectra of chitosan-chitin
copolymer/Ag composites are characterized by a typical
absorption maximum in the 458...525 nm region. An
increase in the peak area with an increase in the diameter
of the silver nanospheres from 55 to 143 nm was observed.
It was ascertained that in the low Ag concentration
region (9...22 wt.%) the absorption maximum shifts to
the low-energy region, while in more concentrated one
(34...80 wt.%) the absorption maximum shifts to the
high-energy region. This behavior of nanocomposites is
associated with a change in the size of Ag NPs and
formation of more complex nanostructured aggregates in
highly concentrated samples. Using Tauc’s method, the
energies of optical transitions of Ag NPs in the obtained
films were calculated. It was found that the values of
energies inherent to optical transitions, which correspond
to local and quadrupole surface plasmon resonances, in
the process of increasing the average nanoparticle size
from 55 to 143 nm are characterized by a tendency to
monotonous growth.
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CTpYKTYpPHi Ta ONTUYHI XapaKTEPUCTUKH TOHKHUX ILUTIBOK HAHOKOMIO3UTIB XiTO3aH-XiTHH/AZ

T.0. MaaaxoBcbka, A.L Moroxin, M.M. ®ixen, P. Mapiituyk, M.M. Ilomn, SI.I. Ctyaensik, B.B. Bakyabuak,
B. Komaniuki, C. Bopo6iio, M.1O. CadoB

AHoTanis. XiTHH Ta HOTO TMOXINHI € MOMMPEHUMH MPUPOJHUMH TOTIMEpaMH, SKi ITUPOKO BUKOPUCTOBYIOTHCS B
PI3HMX TEXHOJIOTIYHHMX Tay3siX. B ocTaHHI pOKM 3HauHa yBara NPUALIIETHCS OTPUMAHHIO MOJIIMEPHUX HaHOKOMIIO-
3WTIB HAa OCHOBI HAHOYACTHHOK MeTaniB. KOMIIO3UTH Ha OCHOBI XITHHY/XiTO3aHY 3aBISIKH BUCOKIill aHTHOAKTepiabHii
aKTMBHOCTI NMPUAATHI JJIsI 3aCTOCYBAaHHS B CYMDKHMX Taly3siX Xap4oBOi Ta TEKCTHJIBHOI HPOMHCIOBOCTL. Y HaHiit
po0OoTi mpencraBneHo epEeKTUBHUM 1 MPOCTHII METOA OTPUMAaHHS HAHOKOMIIO3UTIB Ha OCHOBI COTOJIIMEpPY XiTO3aH-
XiTHH/Ag 3 BUCOKMM BMICTOM HaHOYACTHHOK MeTaliB. CTPYKTypy Ta MOp(QOIIOTII0 CHHTE30BaHUX HaHOKOMIIO3UTIB
JIOCHIDKEHO METOJJAMHU PEHTIeHIBChKOT IU(pakToMeTpii, iHhpadyepBOHOT CIIEKTPOCKOMIT Ta eeKTPOHHOT MIKPOCKOTIii,
a ONTHYHI BIACTUBOCTI — METOJAMH OITHYHOI CIIEKTPOCKOMII Ta elincoMeTpii. Y CTaHOBJIEHO, III0 OTPHMAaHi HAHO-
KOMITO3UTHI IUTIBKM XapaKTepH3yIOThCS PIBHOMIPHUM PO3IMOJIIOM CEPUYHUX HAHOYACTHHOK Cpidiia, pO3MIpH SIKMX
3pocTaroTh (Biz 55 10 143 HM) 3i 36iMbIICHHAM KOHIEHTpawii ioHiB Ag® y peakmiiiHiii cymimi. OnTuusi ciekTpu
TIOTJIMHAHHS HAHOKOMIIO3UTIB XapaKTepU3yIOThCS HASBHICTIO MAaKCUMyMY IOTJIMHaHHS B oOnacti 458...525 uM, mio
MIATBEP/HKYE YTBOPEHHS HAHOYACTHHOK cpibia. BCTaHOBIEHO MOHOTOHHE 3POCTaHHS 3HAYEHb €HEPri ONMTHYHUX
IepexoiB y nporeci 30UIbIIEHHS CEPEeAHBOTO PO3MIpY HAHOYACTHHOK.

Kiw4oBi cloBa: HaHOKOMITO3HWT, XITO3aH, XITHH, ONTHYHI BJIACTHBOCTI, CJICKTPOHHA  MIKPOCKOIIIs,
PEHTICHOCTPYKTYPHHIA aHATI3.
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