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Abstract

The subject of this study are thin films of poly(N-vinylpyrrolidone) (PVP) and its composites with
niobium pentoxide nanoparticles (Nb20s/NPs), with varying nanoparticle concentrations. The
obtained results indicate that the addition of nanoparticles significantly affects the physical
properties of the investigated materials, limiting their optical UV transmittance in the range of 300-
500 nm and increasing the material’s resistance to moisture, which is present in the surrounding
environment. Based on our thermal measurements, performed using differential scanning
calorimetry (DSC) and variable temperature spectroscopic ellipsometry (VASE), as well as the results
obtained using scanning electron microscopy (SEM), we can indicate that an interfacial surface with
a changed polymer chain mobility is formed between the Nb20Os nanoparticles and the polymer
matrix, as evidenced by the appearance of an additional, intermediate glass transition temperature,
visible in the ellipsometric temperature cycles. This is closely related to the formation of surface
clusters resulting from the agglomeration of Nb20s nanoparticles. The results indicate that the
investigated composite coatings could be employed as surface coverings to protect against external,
environmental influences, like the moisture and UV radiation.

Keywords: PVP-Nb205 composites; thin films; physical properties; variable temperature
spectroscopic ellipsometry

1. Introduction

Nanocomposites in form of polymer matrices included incorporate organic or inorganic
nanoadditives with a uniform nanoscale distribution (10 - 100 nm), created through physical mixing
processes present unique chemical and physical characteristics, which improve the material
performance, and generate uninterrupted attention of researchers around the world for many years
[1]. The combination of a filler in the form of a nanostructured material and a “massive” matrix
material causes the newly developed material to have a possible anisotropic and non-homogeneous
characteristics, which gives it better properties than micro and monolithic composites. Modern
composites reinforced with nanostructures have significantly improved mechanical qualities,
chemical resistance, thermal stability, permeability reduction, flame resistance, electrical
conductivity, and optical performance [2]. The nanofillers used are, depending on the application,
particles, fibers, or even agglomerates embedded in a variety of natural or synthetic polymers. Hence,
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these materials have a lot of perspective for usage especially in aeronautics, automotive electronics,
medicine dye to its exceptional qualities [3].

From a production and application perspective, polymer nanocomposites (PNCs) take
advantage of the lightweight, flexible nature of polymers as well as the simplicity of their production
and shaping through economical processes. The challenge is to create uniform dispersion of the
nanofiller, during polymer matrix polymerization processes in situ and sol-gel processes of PNCs’
production. The resulting PNCs material can be modified depending on the nanoadditive particle
shape, size, specific surface area and chemical nature. Selection of nanofiller properties as well as its
homogeneous distribution in the PNC structure generates phase compatibility, which determines
applicability across technology [4,5] The analysis of scientific reports leads to the conclusion that,
depending on the conditions of their synthesis and surface chemistry, the nanoparticles presented a
strong tendency to form agglomerates. These agglomerates are divided into hard agglomerates
(created by smaller particles connected by sinter necks) and soft agglomerates (created by
accumulations of particles connected by attractive physical interactions like van-der-Waals or
hydrogen bridges). The formation of agglomerates is determined by the interactions between
nanofiller particles, i.e., their surface chemistry, particle shape, its ratio and dimensionality and the
interparticle distance and polydispersity [6]. The problem of nanoadditive agglomeration in the
structure of PNCs arises in virtually every case of developing new materials and is therefore
addressed in many research centers. Hence, a general procedure for breaking up agglomerates was
developed. The hard agglomerates can be crushed by high energy milling. Soft agglomerates are
dispersed by shear forces generating gradients of the mechanical stress.

A particularly interesting application of PNCs is the combination of the functional properties of
the matrix polymer and the specific properties of the nanofiller in the structure of a protective coating.
The simplicity and economy of producing PNC coatings makes it an ideal material for e.g.,, UV
blocking applications. Generally, UV light protection coating is created by UV blocking inhibitors or
light protection components [7]. Currently, UV blockers are used in the form of inorganic fillers such
as metal oxides - TiO2, ZnO, 5102, CeO2, Fe203, minerals - CaCO3, clays, semiconductors - CdSe,
CdS, CdTe, PbS, metals and their alloys - Ag, Cu, Au, Fe, Ge, which are dispersed in polymer matrices
[8]. Especially nanostructured fillers, achieving maximum absorption in the UV region (200—400 nm)
and are capable to efficiently absorb UV radiations [9]. The challenge, however, is to use the unique
optical properties and chemical stability, environmentally friendly nature and low cost of the
inorganic fillers [10] in combination with organic molecules of the matrix. This is the driving force of
activities focused on the search for innovative materials designed to take advantage of the high
properties of the nanofillers with their high content and dispersion in nanocomposites structure [11].
The matrix material is also crucial from the perspective of the coating’s application. Due to their
physical, mechanical, chemical, and thermal properties, polyvinyl alcohol (PVA) [12,13] and
polyvinyl pyrrolidone (PVP) are considered as the matrix for UV protective layers. Amorphous PVP
is a biocompatible material with high environmental stability [13,14]. However, PVP tends to oxidize
when exposed to UV radiation [15-17].

It should be also noted that thermal stability of PNCs in low-cost, large-area protective structures
are essential. In polymer film fabrication, scientists try to increase the crystallinity of films, by
controlling the evaporation rate or using external physical force [18-23]. The application of external
stress (shearing force, centrifugal force or capillary force) contributes to the formation of directional
structures in spin-coating, drop-casting, bar-coating or solution shear process.

Hence, the need to select an appropriate nanoadditive to protect the polymer matrix from
radiation. However, the nanofiller materials must ensure high physical and thermal properties of the
resulting composite. To date, there is no detailed study on the effect of one of the most promising
metal oxide semiconductors, Nb20s, on the photoelectric properties (high refractive index, wide
bandgap, good optical quality, and negligible scattering), chemical stability, and thermal stability of
PVP/NPs structures [16,17].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.2156.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 September 2025 d0i:10.20944/preprints202509.2156.v1

3 of 17

An extremely important application aspect for polymer and polymer-based composite layers,
especially in applications as protective layers, is the determination of their surface wettability, which
provides information about its surface energy and interactions with the liquids. Many well-
researched and traditionally used polymers, despite their excellent performance properties, such as
low weight, transparency, and processability, are limited in their use as protective layers due to their
hydrophilic nature [24]. In such cases, structural modifications of polymers or their combination with
hydrophobic polymers are used, e.g., when modifying membranes, which allows obtaining specific
surface properties, including hydrophobicity. In the work of Jebali et al., a two-step process was used,
including polymer transformation and coating structuring at the nanometric and micrometric scale,
to obtain hydrophobic behavior of PVP polymer layers [25]. In citied work, crosslinking with
benzophenone and UV irradiation was used, which led to obtaining water-insoluble PVP, and
additionally the surface of the layer was modified with the addition of silica nanoparticles (NPs). The
modification of PVC/PVP composites using BiVO4 nanoparticles was proposed in the work by
Yousef et al. In their research, they used the addition of BiVO4 to decrease in the water contact angle
[26].

Considering the above studies, the authors focus on manufacturing and investigation of PNCs
coatings with a polymer PVP matrix reinforced by Nb2Os nanoparticles. The aim of the proposed
solution has been to research the effect of the inorganic nanostructure material on the physical
properties and thermal resistance of the final PNCs layers.

A novelty in the article is the use of a unique combination of a polymer matrix and inorganic
semiconductor nanoparticles. This combination allows for the achievement of exceptional physical
properties of the layers as well as thermal resistance of the resulting composites, which in turn can
have a significant impact on their potential applications in fields such as electronics, automotive, and
aviation.

In addition, the work presents a method applicable for the rapid and economic production of
large-scale coatings with high dimensional and structural repeatability.

2. Experimental

2.1. Materials and Samples Preparation

The materials we have used are poly(N-vinylpyrrolidone) (PVP) [27,28] with a molecular weight
of 40000 g/mol, and niobium pentoxide Nb20s (purity 99.9%) [29,30]. PVP and Nb20s were supplied
by Sigma-Aldrich. The chemical structures of these materials are presented in Figure 1 a-b).

Figure 1. Chemical structure of PVP and Nb20:s.

Thin films of PVP and its composites were obtained from a chloroform solution at a constant
concentration of 20 mg/ml. Table 1 provides the percentage concentrations of each component. Prior
to applying the thin films using the spin-coating technique, the solutions were homogenized (in pulse
mode) at 15.1 kJ, for 10 min using a Bandelin Sonoplus homogenizer. The films were coated from
solutions with spinning time t=60 seconds, and the spin speed s=1200 rpm.
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Table 1. Concentration and weight of individual chloroform/polymer/NPs solutions.

Nb205 content (%) 0 10 15 25 35
PVP weight (mg) b0 18 17 15 13
Nb20s Weight (mg) 0 b 0 5 7
2.2. Methods

To perform the ellipsometric studies we have used the SENTECH SE850E spectroscopic
ellipsometer, operated by the Spectra Ray 3 software, working in the spectral range of 240 to 2500
nm. Three ellipsometric modes were applied — the transmission mode (using a specific sample
holder), variable angle mode (using a regular automated table), and variable temperature mode
(using a temperature-controlled cell, INSTEC mK1000, operating under decreased pressure).
Measurements of transmission modes were performed across the whole UV-Vis/NIR spectrum. For
incidence angles between 40° and 70°, ellipsometric angles W and A were recorded in 5° increments.
The protocol described in our earlier studies was followed in the variable temperature experiments
[31-34]. For five minutes, each sample was heated separately to 250 °C while being compressed at
10 Torr. The films were then quickly chilled to -100 °C in under three minutes. After, every
temperature cycle was provided with a heating rate 2 °C/min. The temperature table and a liquid
nitrogen pump were used to control the temperature.

The transmission mode of ellipsometer was used for the optical transmission measurements, the
variable angle spectroscopic ellipsometry (VASE) was used for film and roughness thickness
measurements and for determining the refractive indices, using the VISE we have determined the
thermal transitions temperatures.

The DSC analysis was performed on TA DSC 25 Discovery instruments with a heating and
cooling rate of 20 °C/min in a constant stream of nitrogen (20 ml/min) atmosphere to 250°C in the
aluminium pads.

SEM imaging was performed using a Phenom XL microscope (Thermo Fisher Scientific) with
backscattered electron detection (BSD). The analysis was conducted at accelerating voltages of 5 kV
and 10 kV, after sputter-coating the sample with a layer of gold to improve surface conductivity.

Contact angle measurements were performed at room temperature by applying a drop of
distilled water with a volume of V =2-4 uL on the tested surface using a glass syringe. Contact angle
measurement results are the arithmetic mean calculated from 30 images taken at 1 image/sec.
Measurements were performed using a CAM101 goniometer (KSV Instruments) equipped with a
camera (resolution 640x480 pixels) and an external temperature adapter (Intelligent Digital Controller
OMRONS5EGN). CAM2008 software was used for data analysis and calculations.

X-ray diffraction (XRD) scans were provided out on polymer and composite films deposited on
cover microscopic glass substrates using a D8 Advance diffractometer (Bruker, Karlsruhe, Germany)
with a Cu-Ka cathode (A = 1.54 A) in coupled Two-Theta/Theta mode. The scan rate was 1.2°/min
with a step size of 0.02° in the 20 range of 2° to 60° (dwell time 1 s). The analysis was performed with
DIFFRAC.EVA software V5.1.

3. Results and Discussion

3.1. XRD Analysis

X-ray diffraction (XRD) patterns of the PVP and its Nb20s composite films, with 5, 15, 25 and
35% NPs concentrations, deposited onto microscopic cover glass substrates are presented in Figure
1a).
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For reference, the XRD pattern of pure Nb20s nanoparticle powder has been added (Figure 1b).
Two peaks, located at 20 = 22.4 and 28.2 deg, which are characteristic for this material and are
included in DIFFRAC.EV A software materials data base are marked with red circles.

The diffraction spectrum of the pure polyvinylpyrrolidone (PVP) film exhibits a broad,
featureless hump, which is characteristic of its amorphous nature. In case of sample with 5% NPs
content we have noticed one, weak peak at 20 =22.4 deg, coming from Nb20s, what is connected with
low NPs content and with formation of sparse NPs clusters. In contrast, the rest of XRD patterns of
the composite films, prepared with Nb20s, concentrations of 15, 25 and 35% display two distinct
diffraction peaks. At the 15% concentration, more agglomerated clusters appear, likely smaller in
size. However, due to their higher number, a second peak appears compared to the 5% sample. This
result partially indicates a fairly even distribution of nanoparticles in the PVP matrix. At the
remaining concentrations - 25% and 35% we note that the peaks are slightly more pronounced. This
indicates that the Nb20s concentration in these samples is higher, and that a larger number of
agglomerates have likely formed, which may also have a larger diameter.

224 28.2

PVP:Nb,0,(35%)

—— PVP:Nb,0,(25%)

—— PVP:Nb,0,(15%)

Intensity [a.u]

——PVP:Nb,0,(5 %)

——PVP

Intensity (a.u.)

AN A

I J I 2 I ¥ I

20 30 40 50
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Figure 2. XRD pattern of PVP and its Nb20s composites (a), compared to NPs pattern (b).

3.2. Ellipsometric Analysis

The transmission spectra of pure PVP films and its composites with Nb20s nanoparticles,
deposited on microscopic cover-glass, are presented in Figure 3. These measurements were taken
using the ellipsometer transmission mode. The range of obtained spectra was limited to 2000 nm due
to the big spectra fluctuations in the range of 2000-2500 nm.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Transmittance of PVP and its Nb2Os composites.

All the curves were normalized to a wavelength of A=2000 nm, due to the difference in the
thickness of the prepared films (see Table 2). It can be seen the spectrum of pure polymer PVP film is
highly transparent, providing light transmission of at least 80% across the entire measured range. In
the case of composites spectra, a significant decrease of the light transmission in the UV range (320-
700 nm) can be observed, where its reduction is strongest in the wavelength range of A = 320 to 500
nm. These results may be significant from the point of view of potential applications of the
investigated materials.

Table 2. Physical parameters of PVP and its composites.

PVP:
A PVP PVP: PVP: PVP: o

Thin Film Nb20s5(5%) | Nb:Os(15%) | Nb20s(25%) | T p20%35%)
Refractive index n [a.u]
(for A=2500nm) 1.521 1.522 1.525 1.528 1.531
Fraction coefficient
fla.ul 0 0.004 0.010 0.017 0.024
Thickness of samples on
Si02
d [nm] 303 371 255 466 208
Roughness of samples on|
SiO:
r [nm] 146 134 128 162 160
Thickness of samples on|
micr. cover glass 257 302 270 285 340

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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d [nm]

Roughness of samples on|
micr. cover glass
r [nm] 101 120 97 115 134

Variable-angle ellipsometry (VASE) was used to determine the refractive index dispersion of the
prepared samples. Measurements in the 240-2500 nm wavelength range were performed on PVP
polymer films and their Nb20s composites, deposited onto silicon substrates coated with 300 nm of
SiOz. The ellipsometric model, which was used for fitting the theoretical curve to the obtained
experimental data (for the W and A ellipsometric angles and the degree of polarization), consisted of
five component layers: air, a roughness layer, a polymer/composite layer, and two substrate layers,
presented in Figure 4. A roughness layer (modelled using the effective medium approximation model
(EMA) of the composite layer and the air file layer, where air was treated as a non-dispersive
environment), a polymer/composite layer (where the pure polymer was modelled using a Cauchy
model [35-37] and the composite was modelled using an EMA-type model, fitted for PVP and a
Cauchy model of Nb20s material layer, taken from the database of ellipsometric models available in
SpectraRay 3 software), and finally an air layer with a refractive index of 1 were among these layers.
The so-called volume fraction coefficient was used to determine the Nb20Os nanoparticles content in
the PVP matrix. This coefficient corresponds to the volume fraction of nanoparticles relative to the
volume of polymer and is not identical to the weight percentage ratio of nanoparticles to polymer.
The formula for the volume fraction coefficient fis given in equation (1) and the obtained values are
presented in Table 2.

Title Thickness Layer Type

Air \/' NK layer

(=} Roughness - Air/Composite 160,26 nm  Effective medium and index gradient layer

NK layer
Composite Effective medium and index gradient layer
& Composite 207,74nm  Effective medium and index gradient layer
Nb205 - inclusions Cauchy layer
PVP - host material Cauchy layer
. 502 | 300,00nm Cauchy layer
File layer

Figure 4. The ellipsometric model, used for PVP and its NPs composites spectra fitting.

The Bruggeman formula yielded the volume fraction coefficient [38], used for polymer or
composite layer:

fet+(1-H2=o, (1)

gi+2eeff Em+2&eff
where f is the volume fraction coefficient of nanoparticles, &- nanoparticles dielectric coefficient
(inclusion material), em — polymer dielectric coefficient (host material) and e is an effective dielectric
coefficient of the investigated material (composite). Based on this formula, it was possible to derive
the dependence relation on the coefficient of volumetric fraction:
Eeff—Em &jt2¢

= @

The obtained volume values of the fraction coefficient, along with the values of thickness,
inequalities and the refractive index for the wavelength A= 2000 nm, are shown in Table 2. Also, the
dispersions of refractive indices, generated for PVP, Nb20s (Sentech ellipsometric data base) and for
composites with different Nb20s percentage content, deposited onto silicon substrates, are presented
in Figure 5. It is noticeable, the dispersions are presented in the range of 500 to 2500 nm. The reason
for this approach is the degree of polarization of light in the 240-500 nm region, the deviation of which

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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significantly exceeds 10%. Also, in the case of measurements, the number of spectra used in the
theoretical fit was limited to angles of 40-50°, because for angles of 60-70° the degree of polarization
significantly deviated from 1 over the entire measured wavelength range. The refractive index n of
pure PVP is around 1.521, while that n of Nb20s nanoparticles is around the 2.097. With respect to the
weight percentage of nanoparticles, the n value for Nb20Os should significantly affect the refractive
index of the composite. However, ellipsometric fits indicate otherwise. The n values for the individual
NPs percentages—5, 15, 25, and 35 percent—are 1.522, 1.525, 1.528, and 1.531, respectively, and thus
do not differ significantly from the refractive index of the polymer matrix. This is due to the low
values of the volume fraction coefficients which for the composites are f = 0.004, 0.010, 0.017, and
0.024, respectively. Note that fis the factor determined from the optical model with the best possible
fit (for the lowest mean square error (MSE) value obtained). Being dimensionless, the volume factor
differs from the weight factor. Because the f values are low, this means that only a small percentage
of nanoparticles contained in the polymer matrix have an active influence on the composite’s
refractive index. Another reason for such low f values may be the relatively high surface roughness,
which is reflected in the determined surface roughness coefficient values (see Table 2).

1,56 PVP
== PVP:Nb50g5(5%)
= PVP:Nb50g(15%)
1,55 === PVP:Nb505(25%)
PVP:Nb505(35%)

Refractive index [a.u]
&
N

T T T g T T T T T ' T d T J
750 1000 1250 1500 1750 2000 2250
Wavelength [nm]

Figure 5. Values of refractive indices of PVP and their composites with Nb20s. The refractive index of Nb20s has
been added as the inset for comparison.

Based on the obtained results, we can assume that the nanoparticles contained in the polymer
form aggregates, which causes light scattering in the 300-500 nm range. However, this has no
significant effect on light transmittance in the remaining spectral range, where the wavelength is
longer, and therefore the nanoparticle aggregates become “invisible to the beam.” The low refractive
index values measured at a wavelength of 2500 nm also confirms this fact. The formation of
agglomerates is confirmed by the results obtained using SEM microscopy (see Figure 8) and may also
affect the thermal properties of the resulting composite films.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8. SEM pictures of the morphology of PVP (a) and its Nb20s composites at concentrations 5% (b), 15% (c),
25%(d) and 35%(e).

3.3. Thermal Analysis

Thermal analysis of pure PVP and its composites was performed using two methods: DSC and
VTSE, and the obtained results were then compared. The DSC analysis included measurements on
the starting materials in powder form after solvent evaporation. The obtained DSC plots for PVP and
composites are presented in Figure 6 and the individual, detected temperatures of thermal transitions
are showed in Table. 3. The results indicate the presence of two glass transition temperatures -Tg. For
both pure PVP and its composites, the first temperature, Tg, is equal to 88 and 89 °C, and is therefore
practically constant. All results also indicate a second glass transition temperature Tg2, with values,
detected for pure PVP and its composites with Nb20s (5, 15, 25, and 35%) of 188, 181, 180, 183, and
204 °C, respectively. The typical Tg temperature of PVP is included in the temperatures range of 150-
180 °C [39—42]. In the case of plot, obtained for the pure material, we have recorded the temperatures
of 88 and 188 °C. Two explanations for the obtained results are possible. The first approach suggests
that Tg1 =88 °C is a temperature derived from secondary 3-segmental relaxation, which was very well
described by Vyazovkin and Dranc [43]. The pyrrolidone ring’s rocking motions as it revolves around
the C-N bond are the cause of this phenomenon, which is independent of molar mass. Compared to
the glass transition energy of the polymer backbone, this kind of motion has a lower energy barrier.

Table 3. Thermal properties: Glass transition temperature of polyvinylpyrrolidone and their composites with

Nb20s using DSC and VTSE.
DSC (powder) Temperature ellipsometry (films)
Te1 (° Tgv1 (°
Sample R I w1 (0) Tgv2 (°C) Tgvs (°C)
PVP 88 188 92 - 197
PVP: Nb20s (5%) 88 181 104 142 204
PVP: Nb20s (15%) 88 180 105 168 198

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. The DSC plots, obtained with a heating rate of 20 °C/min, for pure PVP, and its Nb20s composites (5,
15, 25, and 35%). The red line represents the T deviation for the highest nanoparticle concentration compared
to pure PVP.

The second possible explanation is the presence of a PVP fraction with a very low molar mass,
which could indicate that the investigated material is a mixture of these two phases (40000 and much
lower one). Using the Flory-Fox law (eq. 3) for the amorphous polymers [44], the molar mass of the
second fraction can be determined to be approximately 3000 g/mol. The Flory-Fox relation is
described with well know equation:

Tg = Tgoo - %/ 3)

Where: T, is the glass transition for polymer with high molecular mass (in our case it is
around180 °C), the M is the average molecular mass and C is the constant, characteristic for the
individual polymer. In the case of the second Tg2 temperature, the largest shift is observed for the
highest nanoparticle concentration. Since this Tg2 value is typical for PVP, the changes of its value can
be explained by the presence of nanoparticles. Nb20s nanoparticles, present in the polymer matrix
reduces the vibrations of the polymer backbone, stiffening it. This interaction is a reason of increasing
of the energy barrier, beyond which, the glass transitions could occur.

Referring to our previous studies of thermal transitions of composite films [45,46] using variable-
temperature ellipsometry, it should be noted that it is quite convenient and quick to use raw
ellipsometric data for a selected wavelength [47-49]. In this paper, we present thermal studies
conducted using differential scanning calorimetry and compare them with the results obtained using
the VTSE method. Here, we have selected the W with a wavelength of A = 900 nm. The restricted
spectral range in temperature monitoring and the high transmission in this range are the reasons for
selecting this wavelength. The ellipsometric temperature cycles, recorded for films of PVP and its
composites, deposited onto silicon substrates are presented in Figure 7 and the obtained temperatures
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are presented in Table 3 also. For pure PVP, we have detected two temperature values: 92 and 197
°C, which correspond with two T values, obtained using the DSC method. This is typically, the case
when the differences between the DSC and VTSE scans range from 10 to a dozen Celsius degrees,
due to the form of the material being tested (film, not the powder in case of VISE) [32]. Observations
of ellipsometric temperature scans has brought very interesting conclusions. For the composites,
which content of Nb20s nanoparticles is equal to 5 and 15%, we have noticed an increase of the first
Tevi value, from 92°C (recorded for pure PVP film) to 104 and 105 °C, respectively. For the
concentrations of 25 and 35%, the temperature values were shifted again to values closer to those for
pure PVP: 95 and 91 °C, respectively. For Tgvs, which corresponds to the T2 (second glass transition
temperature observed in DSC plot), we have observed shifts in the temperature range of 198-207 °C.
It can be easily noticed that, unlike the results obtained using DSC method for the powdered material,
each the ellipsometric graph shows an intermediate temperature, which is absent in the case of the
PVP matrix layer without the addition of nanoparticles. The value of this intermediate temperature
Tgv2 changes quite dynamically due to the NPs concentrations, being the highest for a concentration
of 15% Nb20s, and the lowest for its concentration of 35%. Changes in Tgvi and Tgvs can be easily
explained by the stiffening of the PVP polymer chains. The most important temperature appears to
be the Tgv2 (Figure 7a), which can be related to the nanoparticles agglomeration. Because the
spectroscopic ellipsometry is an extremely sensitive method for changes of the physical parameters
(e.g., the thickness), it must be related to the interaction of the Nb2Os naoparticles with the polymer.
In the work of Ali et al. [50] it was shown the C=0-+-HO-Nb hydrogen bonds are formed between
Nb20s nanoparticles and the PVP/PVA polymer matrix, where C=O comes from the PVP pyrrolidone
ring, the -OH group from PVA, and Nb-OH are hydroxyl groups on the niobium pentoxide surface,
which can act as donors or acceptors of hydrogen bonds. We believe that a similar problem exists in
our composite films. When nanoparticle concentrations are lower and better disstributed in the
polymer matrix, more such linkages can be formed, resulting in a bigger amount of this “third”
intermediate phase. The glass transition temperature Tgv2 appears as a result of the increased
interfacial surface formed by the Nb20s nanoparticles and the PVP polymer, resulting in the
production of a PVP phase with altered chain mobility (Figure 7b). At greater nanoparticle
concentrations (25% and 35%), a large quantity of nanoparticle aggregates are present, causing the
Tgv2 temperature is shifted to 151 °C and 135 °C, respectively. Fewer hydrogen bonds develop around
bigger aggregates, pushing the polymer chains apart (Figure 7c). Furthermore, the so-called dilution
effect applies here: when the weight concentration of the solutions from which the films were derived
remains constant, the sample includes less polymeric material and much more nanoparticles than
samples with lower concentrations. These two variables lead Tgv2 to be lower at highest Nb20s
concentrations.
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Figure 7. The ellipsometric angle A plot at 900 nm as a function of temperature for PVP and its Nb20s composites
(a) and nanoparticles distributed at lower (b) and higher concentration (c).

3.4. Microscopic and Contact Angle Analysis

The pieces of the same PVP film and its composites with Nb20s were tested using SEM
microscopy. Figure 8 a-e) presents morphology images at 400x (a-b) and 1000x (c-e) magnification.
Nb20s nanoparticles are visible on the surface of the images as bright spots. Picture 8a) shows the
surface of pure PVP matrix, without addition of nanoparticles, and picture 8b) presents the
morphology of the PVP film with 5% Nb20s content. Few agglomerates of nanoparticles are visible
in the field of view. Pictures 8 c-e), which correspond to concentrations of 15, 25, and 35% Nb20s
content, show larger and more numerous agglomerates of nanoparticles. Based on the obtained
results, we can conclude the PVP/Nb:Os films reveal significant changes in the composite’s
morphology compared to materials with a lower NPs concentration. The polymer matrix shows
pronounced heterogeneity, and the presence of numerous highly contrasting bright regions indicates
the presence of well-dispersed Nb20s nanoparticles. The high content of the inorganic phase
promotes the formation of particle clusters, suggesting ongoing agglomeration. The increased
number and size of the bright regions reflect the intensifying influence of niobium oxide on the
composite’s microstructure.

The obtained contact angle measurement results (Figure 9) are consistent with previously
obtained results. In Figure 9 (a-d), the hydrophobicity of the films increases with the nanoparticles
concentration. In case of pure PVP film, the surface is smooth and moderately hydrophilic. For a
concentration of 5% of Nb20s, the hydrophilicity decreases slightly with the appearance of individual
nanoparticle clusters compared to the pure material. Hydrophobicity increases up to a concentration
of 25% and then decreases rapidly when it reaches 35% (Figure 9e). This phenomenon can be
explained by the supersaturation of the polymer matrix with the added Nb20s NPs. Larger and more
numerous agglomerates are formed; thus the sample surface becomes more tensile, i.e., the exposure
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of hydrophilic Nb20s increases. Furthermore, the increased number of nanoparticle aggregates
increases the porosity of the film and its capillarity, thus increasing the sample’s hydrophilicity.

Figure 9. Measurements of contact angle of PVP and its its Nb20s composites at concentrations 5% (b), 15% (c),
25%(d) and 35%(e).

4. Conclusions

In this paper, we have investigated the PVP and its composites with Nb20s nanoparticles thin
films, where the nanoparticle content varied in the range of 5% to 35%. The study compared the
physical properties of the samples, depending on the nanoparticle content. PVP is an amorphous
polymer, as it was evidenced by XRD studies. Peaks, which were detected for the composite samples
XRD patterns at frequencies characteristic of Nb20s are confirming the presence of nanoparticles in
the polymer matrix. The composites’ transmission spectra revealed increased UV absorption in the
320-700 nm range, with higher nanoparticle content associated with a greater reduction in optical
transmittance in this region, while the material remained transparent in the rest of the spectrum.
According to VASE experiments, the active contribution to the change in refractive index varied very
little (1.521-1.531 at a wavelength of A = 2000 nm). The low volume fraction coefficient values obtained
clearly indicate that only a small proportion of Nb20s nanoparticles are responsible for the change in
its value, confirming the presence of particles and aggregates on the surface of the examined
composite samples. Furthermore, the decrease in optical transmittance is mostly due to light
scattering on the sample surface. Thermal experiments utilizing DSC and VTSE methodologies
clearly show the presence of two glass transitions, both in pure PVP and in composites. For the
powdered material, Tg1 is constant and originates from the pyrrolidone moiety. The second
temperature T2 is variable and results from the fact that the nanoparticles present in the polymer
matrix stiffen its polymer chain. More sensitive VTSE studies conducted for thin films revealed the
presence of the additional glass transition temperature Tgvz, which simply cannot be present in
powdered material. The presence of T gv2 in thermal ellipsometric studies indicates the formation of
an interfacial surface between the PVP matrix and nanoparticles, resulting from hydrogen bonds
formed at the interface between these phases. Because of the changing number of these bonds, we
related variations in Tg2 temperature to an increase in Nb20s allomers. Microscopic examination and
wetting angle measurements provided complete confirmation of the acquired results. SEM results
revealed a homogeneous distribution of nanoparticles throughout the matrix, as well as an increase
in the quantity and size of agglomerates. Measurements of the contact angle of the test samples
revealed additional useful information, suggesting that the most suitable concentrations appear to be
15% and 25%, at which the composite becomes relatively hydrophobic. The article’s results
demonstrate that the investigated composites can be employed as prospective coatings to protect
surfaces from UV radiation while maintaining the coating’s relative hydrophobicity.
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