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Abstract. This work presents a simple and environmentally friendly method of synthesis of
chitosan and Ag nanocomposites. The structure of the obtained organic matrix was
determined by Fourier-transform infrared spectroscopy (FTIR). Formation of chitosan-
chitin copolymer was discovered. Nanocomposite films with silver content of 9-71 wt.%
were prepared. The microstructure and elemental composition of the obtained films were
investigated by scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS). The prepared films are characterized by uniform distribution of silver
nanoparticles in the organic matrix. Optical properties were studied by diffuse reflectance
spectroscopy. The diffuse reflectance spectra of the films have maxima. The increase of the
Ag° concentration in the nanocomposite films was found to lead to the maximum shift of
the diffuse reflectance spectra to longer wavelengths. The optical transitions energies were
estimated using the Kubelka—Munk function in combination with the Tauc method.
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1.

Due to the rapid progress in miniaturization, autonomy

technologies [8, 9]. AgNPs can be prepared by several
methods using inorganic silver salts, such as chemical

Introduction

and stability of electronic devices, considerable attention
is paid to the research on application of nanoparticles [1].
Nanoparticles are a link between the bulk materials and
the molecular or atomic structures [1, 2]. Moreover,
properties of nanoparticles may significantly differ from
those of bulk materials. Numerous studies of nanopar-
ticles deal with great variability of their properties
defined by both their sizes and morphology [3, 4].
Nanomaterials have large-scale application from
consumer goods to energy-saving technologies, which
determines the relevance of their further research.

Special attention is paid to the study of noble metal
nanoparticles, which exhibit well-known localized
surface plasmon resonance (LSPR) [2, 5-7]. Among
them, Ag nanoparticles (AgNPs) have unique
optoelectronic properties, are non-toxic and chemically
stable, which makes them promising for application in
various fields including diagnostics and energy-saving

reduction, photochemical and electrochemical methods,
and microwave processing [10-14].

In recent years, the attention was focused on the
green synthesis methods of AgNPs [15-18]. These
methods are alternative to the use of expensive and
dangerous reagents. Combined with the biocompatibility
of used materials, they contribute to the expansion of the
application of such NPs. An environmentally friendly
method of synthesis of bionanocomposites based on
chitosan deserves an especial attention [19].

Chitosan (Ch) is attractive due to its abundance in
nature, biocompatibility, biodegradability and non-
toxicity [20]. Its useful property is the possibility of
obtaining chitosan and composites based on it in various
forms such as films, fibers, gels, resins, membranes and
sponges [21]. Physico-chemical properties of chitosan
are decisive for its practical application and directly
depend on the solvents used [22, 23].
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A number of studies demonstrated the effectiveness
of combining AgNPs with collagen, cellulose and
chitosan [24]. Combination of nanoparticles with
polymers increases stability and dispersibility and can
also stabilize the structure of metal NPs preventing their
spontaneous aggregation [25]. In order to obtain new
materials with specific properties, polymers should be
modified to stabilize the structure of macromolecules and
improve the required properties such as solubility and
temperature stability [26]. A great number of works [27,
28] are devoted to clarifying the mechanisms of action
and effectiveness of AgNPs and chitosan nanocomposites
against the most common antibiotic-resistant clinical
isolates.

Considering the significant interest to obtaining new
materials, this study is focused on the modified and
stable chitosan-based nanocomposites with a significant
portion of silver nanoparticles prepared by the simple and
environmentally friendly method.

2. Experimental
2.1. Sample preparation

Chitosan-AgNPs nanocomposites were synthesized by
chemical reduction using the “green chemistry” approach
(Fig. 1). The starting materials for the synthesis were
silver nitrate (AgNOs, 99%) and ecologically friendly
reducing agents, namely chitosan (deacetylation degree
of 91.6%) and ascorbic acid (CgHgOg, 0.87 wt.%).
Chitosan was used as a stabilizer, silver nitrate as a
source of silver, ascorbic acid as a reducing agent and
acetic acid (CH3;COOH, 10wt%) as a solvent,
respectively. Thin films of chitosan-chitin (Ch-Chn)
copolymer composites with different concentrations of
Ag nanoparticles were prepared: Ch-Chn-9%AgNPs,
Ch-Chn-15%AgNPs,  Ch-Chn-22%AgNPs, Ch-Chn-
34%AgNPs, Ch-Chn-50%AgNPs, Ch-Chn-71%AgNPs,
and Ch-Chn-80%AgNPs.

2.2. Methods

The structure of the organic matrix in the prepared
composite was investigated by Fourier-transform infrared
spectroscopy (FTIR, Shimadzu IR Tracer-100 and
Shimadzu FTIR-21 Prestige equipped with ATR-FTIR
(ZnSe)). The AgNPs microstructure and distribution in
the obtained composites were studied by scanning
electron microscopy (SEM Vega Tescan 3 comprising
secondary electron (SE) and backscattered-electron
(BSE) detectors, applied accelerating voltage of 30 kV,
working distance around 10 mm). The elemental
composition of the samples was determined by using the
scanning electron microscope (Tescan VEGA3) equipped
with an energy dispersive X-ray detector (EDS) (Oxford
Instruments). The UV-VIS spectral characteristics were
studied by diffuse reflectance spectroscopy (Shimadzu
UV-2600 UV-VIS spectrophotometer equipped with a
photomultiplier and semiconductor InGaAs detectors,
spectral range: 190...1400 nm, 1 nm scan step, UV Probe
software operating an ISR-2600PIus integrating sphere).

3. Results and discussion
3.1. The organic matrix structure

The structure of the organic matrix of the prepared
nanocomposites was determined analyzing the FTIR
spectra of the Ag-free chitosan-based polymer film. FTIR
spectra were recorded in the transmission (Shimadzu IR
Tracer-100) and reflection (Shimadzu FTIR-21 Prestige)
mode (see inset in Fig. 2).

The FTIR spectra of the obtained composites (see
inset in Fig. 2) reveal characteristic vibrations of the
groups corresponding to the polysaccharide structure of
the original chitosan (marked red) and carboxyl groups
(marked blue) of the acetic acid used to prepare the films.
The FTIR spectra of the pure polymer film contain
characteristic bands of polysaccharides corresponding to
the deformation vibrations of C-H groups present
in the structure of polysaccharides (943...897 cm™),
asymmetric valence vibrations C-O-C of pyranose ring
or —C-OH glycosidic hydroxyl (1150...1020 cm™), and
valence vibrations of CH, groups (2926...2876 cm%).
The bands corresponding to the valence vibrations of
hydroxyl and the deformation vibrations of amino groups
overlap in the spectral range of 3700...2950 cm™* which
leads to smoothening of the spectrum obtained in the
transmission mode. Characteristic reflexes of carboxylic
acids are observed in the spectral ranges of 1550...1412
and 1289...1258 cm™. A strong broad signal from the
carboxyl group (1880...1800 cm ™) is present in the spec-
trum obtained in the transmission mode. The presence of
the two systems of reflexes may be related to the
preparation of the chitosan-chitin copolymer film [26].

The FTIR spectra of the obtained chitosan and
AgNPs composite films recorded in the transmission
mode (Fig. 2) are characterized by absence of additional
vibrations indicating no formation of new bonds. The
intensities of the characteristic reflexes of the organic
matrix significantly decrease with the gradual increase in
the silver content. As a result, vibrational bands of the
atomic groups appear only in the composites with theAg®
content of 9, 22, and 34 wt.% (Fig. 2). The decrease in
the intensity of the reflexes is associated with the
decrease in the amount of organic polymer in the
nanocomposites from 91 to 21 wt.%.
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Fig. 1. Preparation scheme of nanocomposite thin films based
on chitosan and AgNPs.
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Fig. 2. FTIR spectra of the nanocomposite films based on
chitosan and AgNPs (1 — Ch-Chn-9%AgNPs, 2 — Ch-Chn-
15%AgNPs, 3 — Ch-Chn-22%AgNPs). The inset shows FTIR
spectra of a pure chitosan polymer film obtained in different
modes (1 — transmission and 2 — reflection).

3.2. Microstructure of composite films

Analysis of the SEM images (see inset in Fig. 3a) and
EDS results (Fig. 3a) reveals uniform distribution of the
silver nanoparticles in the chitin-chitosan composite and
compliance with the content of Ag® in the composite
provided in Fig. 3b. It was found out that spherical
AgNPs are uniformly distributed in the nanocomposite
films and separated from each other (see inset in Fig. 3a).
Analysis of the SEM images for the exemplary cases of
low (9% wt.% Ag) and high (71 wt.% Ag) silver content
reveals noticeable aggregation of the AgNPs in the latter
case. Elemental composition analysis (in atomic and
weight %) shows presence of the carbon and oxygen
peaks related to the organic matrix as well as the
corresponding silver peaks.

The dependence of the theoretically calculated Ag
concentration on the experimental one obtained by EDS
analysis (Fig. 3b) is monotonous and almost linear. EDS
analysis of the spectra of the nanocomposites in the Ag°
concentration range from 9 to 50 wt.% shows a positive
deviation from linearity (Fig.3b), which may be
attributed to sufficiently large distances between the
silver nanoparticles in the composite. The content of Ag®
in the samples with theoretically calculated values of
71...80 wt.% is smaller within the error of the method of
+1-2% (Fig. 3b). Such distribution of silver concentration
in the composite is an indication of the aggregation
phenomena. The proximity of the experimental and
theoretical Ag° concentrations confirms complete
reduction of Ag*—Ag? in the direct process of composite
preparation.

3.3. Optical properties

Diffuse reflectance spectroscopy is a simple and reliable
method to study optical properties of powdery, crys-
talline, and nanostructured materials in various spectral
ranges [29, 30]. When a material containing a significant
number of particles (crystallites, nanoparticles) is
irradiated, the incident radiation is focused on the sample
and can be reflected in two ways, namely diffuse and
specular. Two components of the incident beam energy
are considered. One portion of the radiation penetrates
through the sample and the other one is reflected from its
surface in all directions. Diffuse reflection is the reflected
radiation portion that returns to the sample surface and
goes outside. Specular reflection is observed from a
rough or uneven surface of the material and slightly
contributes to the overall signal. Therefore, the reflection
capture devices are optimized to maximize collecting of
the diffuse reflection component and reduce the specular
component [31]. Diffuse reflectance (Ry) is defined as the
ratio of the intensity of the radiation reflected by the
sample Rsampie t0 the standard reflected intensity Rsandards
corresponding to BaSQ, in this case [29, 30].
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Fig. 3. EDS spectra and SEM images of the Ch-Chn-AgNPs composites (a), theoretically calculated versus experimentally obtained
by EDS analysis concentrations of Ag (b).
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Fig. 4. Diffuse reflectance spectra of the Ch-Chn-AgNPs
composites: 1 — Ch-Chn-9%AgNPs, 2 — Ch-Chn-22%AgNPs,
3 — Ch-Chn-34%AgNPs, 4 — Ch-Chn-50%AgNPs, 5 — Ch-Chn-
71%AgNPs.

Diffuse reflectance spectra for the nanocomposite
films with the AgNPs content in the range of 9...71 wt.%
were obtained. Nanocomposite films were fabricated by
dissolving the synthesized nanocomposites in a 10 wt.%
acetic acid solution to form gel-like solutions.
The resulting gels were deposited onto the substrates
and dried in air (25 °C). As an outcome, thin films of
chitosan-chitin copolymer with silver nanoparticles
(Ch-Chn-AgNPs) on glass substrates were prepared. The
diffuse reflectance spectra of these films relative to the
spectrum of a pure chitosan film in the 350...1400 nm
wavelength range were obtained. The recorded UV-VIS
reflectance spectra are presented in Fig. 4.

50 5
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Fig. 5. Spectral dependences of the Kubelka—Munk function
of the Ch-Chn-AgNPs composites: 1 — Ch-Chn-9%AgNPs,
2 — Ch-Chn-22%AgNPs, 3 — Ch-Chn-34%AgNPs, 4 — Ch-Chn-
50%AgNPs, 5 — Ch-Chn-71%AgNPs. The inset shows the Tauc
plot of the spectral dependence of the Kubelka—Munk function
and the method of determination of the local plasmon Eg; and
quadrupole Eg, resonance energies on the example of the
Ch-Chn-AgNPs composite with 34% Ag concentration.

3.0 3.5 4.0

It was found out (Fig.4) that the maximum
positions on the diffuse reflectance spectra shifted from
498 to 733 nm with the increase in the Ag® concentration
in the range from 9 to 71 wt.%. According to the Mie
theory, the reflection maximum is related to LSPR of the
AgNPs nanoparticles [32]. Moreover, an additional weak
peak at 370 nm was revealed on the reflectance spectra,
which corresponds to quadrupole plasmon resonance
(Fig. 4) [33]. All the spectra of the studied nanocom-
posite samples also showed an effect at 829 nm, which
was just a characteristic effect of switching the detectors
in the Shimadzu UV-2600 device.

To estimate the optical transition energy values
from the diffuse reflectance spectra, the Kubelka—Munk
function, being one of the fundamental functions used for
analyzing diffuse reflectance spectra of weakly absorbing
materials [34, 35], should be used. In this case, the
Kubelka—Munk function was used to convert the diffuse
reflectance spectra into the absorption ones:

[1— (Rd )h"]2 &

FIRy(hv)|= ,

[ a V)] 2R, (hv) S «a
where Ry is the diffuse reflectance, a is the absorption
coefficient, and s is the scattering coefficient,

respectively. The latter parameter is constant at the
sample thicknesses significantly exceeding the sizes of
individual crystallites, in this case nanoparticles [30, 31]
(Fig. 5).

As a result of the analysis of the spectral
dependences of the Kubelka—Munk function for the
nanocomposite films (Fig. 5), a monotonic shift of the
absorption edge towards higher energies with the
increase of the amount of Ag’ was found. Detailed
examination of the spectral dependences of the Kubelka—
Munk function F[Rq4(hv]) revealed two linear segments
becoming ever more distinct as the silver concentration
in the composites decreased. This effect is related to the
decrease of the nanoparticle size with lowering the silver
concentration (Fig. 3).

It is well known that optical transitions in
semiconductor materials may be direct and indirect. The
value of the optical transition energy E4 can be calculated
from the position of the main absorption peak
corresponding to the electron transitions from the valence
to the conduction band. For the detailed optical
characterization of the silver nanoparticles by diffuse
reflectance spectroscopy, the Kubelka—Munk function
was used in combination with the Tauc method, which
made possible to take into account the energy structure of
the studied materials [7, 30, 31]:

F[Ra ()] = Alhv -, ).

Here, Eq is the energy of the optical transition, A is the
proportionality constant, and the power of 2 corresponds
to the direct allowed optical transitions characteristic for
noble metal nanoparticles [7].
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Fig. 6. Compositional dependences of the optical transition
energies of local Ey; and quadrupole Eg, plasmon resonances on
the size of the AgNPs.

The inset in Fig.5 shows the Tauc plot of the
spectral dependence of the Kubelka—Munk function and
an example of determining the local plasmon (E) and
quadrupole (Eg) resonance energies for the Ch-Chn-
AgNPs composite with 34% Ag content. Combining the
Kubelka—Munk function (to convert the diffuse
reflectance spectrum into the absorption one) with the
Tauc method (to take into account the energy structure)
and using multilevel approximation by the least squares
method, the energies Eg, and Eg, for the nanocomposites
based on chitosan and AgNPs as functions of
composition were determined (Fig. 6). The compositional
dependences of Ey; and Eg, are nonlinear functions with
maximum values at the Ag® concentration of 50 wt.%
(Eq1=2.76 eV and Ey, = 3.08 eV). Further increase in the
Ag’ content in the composite leads to a gradual decrease
of the energies of optical transitions. These energies
become Eg= 2.71eV and Ep= 3.02 eV at the Ag’
content of 71 wt.%. Such decrease may be attributed to
the decrease in the distances between the Ag® particles in
the composite resulted from aggregation, which will
further lead to the transition from nano- to microsizes

(Fig. 3).
4. Conclusions

Physical and chemical characteristics of chitosan
polymer-based composites with silver nanoparticles were
studied. The study was mainly focused on the chitosan-
based system with silver nanoparticles (AgNPs). The
formation of a chitin-chitosan copolymer film was
detected using ATR-FTIR. The presence of the
characteristic functional groups of polysaccharides in the
nanocomposite films was confirmed by ATR-FTIR.
According to the Mie theory, the maximum of absorption
is related to LSPR of the AgNPs nanoparticles.

Diffuse reflectance spectra showed an additional
weak reflectance peak around 370 nm corresponding to
quadrupole plasmon resonance. The values of the
energies of optical transitions in the nanocomposite

samples were determined from the study of electron
absorption and transitions using the Kubelka—Munk
function and the Tauc plots. As a result, the energy
values of the optical transitions of local (Eg) and
quadrupole (Eg,) plasmon resonances were obtained.

Based on the above-mentioned results, the composi-
tional dependences of Ey and Eg, in the Ch-Chn-AgNPs
nanocomposites were constructed. These dependences
are nonlinear with the maxima at the Ag® concentration
of 50 wt.% (Eg; = 2.76 ¢V ta Eg, = 3.08 eV).
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OnTHyHi XapakTepUCTUKU HAHOKOMIIO3UTIB HA OCHOBI cpifJia, oepiKaHi eK0JIOrIYHO YHCTHM METOI0M

T.0. ManaxoBcbka, AL IToroain, M.H. ®ixen, M.M. ITon, SLI Crynensik, K.M. Hemew, P. Mapiiiuyk,
B.B. Bakyabuak, B. Komaniuki, C. Bopo0iioB

AnoTanis. Y 1iit poOoTi IpeCcTaBICHO MPOCTHI Ta EKOJIOTIYHO OE3MEYHUI METO]] CHHTEe3y HAHOKOMITO3UTIB Ha OCHOBI
xitozany Ta Ag. CTpykTypy OTPHUMaHOI OpraHiyHOi MAaTpHIll BCTAaHOBJICHO MeTomoM iHdpadepBonoi FTIR
CHEKTPOCKOMIii. YCTaHOBJIEHO yYTBOPEHHS COMOJIIMEPY XiTo3aH-XiTHH. OJliep)kaHO HAHOKOMIIO3UTHI IUIIBKU 3 BMICTOM
cpioma 9-71 mac.%. MerogaMu CKaHyrOuOi €JEKTPOHHOI MIKpPOCKOII Ta EHeproAMCIepCiiHOl PEeHTTeHiIBChKOT
CIEKTPOCKOITT JOCIIHKEHO MIKPOCTPYKTYPY Ta CJIEMEHTHHH aHami3 OTPUMaHuX IUTiBOK. OTpUMaHi IUTIBKH
XapaKTePU3YIOThCS PIBHOMIPHUM PO3IMOALIOM HAHOYACTHHOK Cpibyia B opraHiuHiii MaTpuili. ONTHYHI BIACTHBOCTI
JIOCHIZDKYBAIM METOJIOM cHeKTpockomii audysHoro BinOuTTsa. CrekTpu AWQY3HOrO BIIOWTTS IUIBOK Xapak-
TEPU3YIOTHCS HASBHICTIO MAKCHMyMy. BcTanoBieHo, mo 36inbmenns konmenTparii Ag’ y HAHOKOMITO3HTHHX IUTiBKAX
MIPUBOIMTH JI0 3MILIEHHSI MAaKCUMYyMY Ha CIIeKTpax AW(Y3HOTO BiIOUTTS y OLIbII JOBrOXBWILOBUH Jlialla30H XBHIIb. 32
nonomororo ¢yskuii Kyoenkn—MyHka y noegHanHi 3 MetoioM Tayka BU3Ha4€HO €HEeprii ONTHYHHUX MEPEXO/IiB.

KirouoBi caoBa: XxiTO3aH, HAaHOYAaCTWHKH, KOMIIO3HWTH, CKaHyIO9a €JIEKTPOHHA MIKPOCKOIIS, CIIEKTPOCKOIis
Qg y3HOTO BiZOUTTSI.
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