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Abstract 

Nanocomposite solutions of polyvinyl pyrrolidone (PVP) embedded with different concentrations of copper oxide 

(CuO) nanoparticles were prepared to study the CuO effect on a polymer matrix. The obtained solutions were then properly 

analyzed by Fourier transform infrared spectroscopy (FTIR) and ultraviolet-visible spectroscopy (UV-Vis). In the FTIR spectra, 

the primary distinguishing bands of PVP and CuO were evident. The fact that some bands' strengths dropped indicates that 

effective reactions were going on between the functional groups inside the PVP and CuO. An optical study revealed that when 

the Cu+2 ions grew, the film's transmittance and energy band gap shrank. These results imply that the PVP matrix loaded with 

CuO nanoparticles has suitable structural and optical properties, boosting its potential industrial uses, notably in optical 

components and devices. Moreover, due to the strong reduction of transmittance to 1%, a PVP/CuO nanocomposite sample 

with 1.0 wt.% CuO can be used as a blocking material for the UV, visible, and near-IR regions of the electromagnetic spectrum. 

Theoretical results also indicated that the HOMO/LUMO band gap decreased with CuO filler while total dipole moment (TDM) 

increased.  These findings show how experimental and theoretical work can be combined to gain a better understanding of how 

molecular structures interact, revealing unexpected properties of nanostructures.  
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1. Introduction 

As demonstrated briefly in numerous research 

papers, biodegradable polymers and their matrix-

based nanocomposites are now technologically 

established as green chemistry materials and widely 

used to fabricate different electronic devices [1-3]. The 

preparation of a variety of polymer nanocomposite 

(PNC) materials, which can serve as promising 

dielectric and optical materials in the advancement of 

microelectronic and optoelectronic devices, is largely 

preferred using biodegradable and transparent 

polymers such as PVP [4-6]. PVP is nearly non-toxic, 

highly water soluble, and produces optically 

transparent films when formed using the simple 

solution casting method [7, 8]. The mechanical and 

thermal properties of the pure PVP films are modest, 

but the amorphous PVP film breaks easily when bent 

[9, 10]. 

Due to the regular abundance of its starting 

material, the ease of its preparation, the fact that it is 

non-toxic, and its remarkably superior electrical and 

optical properties, copper oxide (CuO) has been 

concentrated as a p-type semiconductor material with 

a constrained band hole [11–13]. Due to their potential 

uses in a variety of fields, such as electronic and 

optoelectronic devices such as field impact transistors, 
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gas sensors, electrochemical cells, solar-powered 

cells, and nanodevices for catalysis, CuO 

nanoparticles are of extraordinary interest [14-16]. 

In the food industry, nanoparticles are frequently 

used to make antibacterial foods [17]. The 

development of antimicrobial packaging materials 

made with different nanoparticles, such as CuO, is 

currently being researched [18]. By wrapping, 

brushing, dipping, or spraying nano-packaging onto a 

food product, a selective barrier against moisture, 

gases, and dissolved materials can be created. The 

main advancements focus on producing nanoparticles 

through subsequent surface processing of pre-made 

packaging materials [19, 20].  

Semiconductor nanoparticles can shield textiles, 

clothing, and humans from the damaging effects of 

UV rays [21, 22]. This is because nanoscale materials 

can absorb UV-based sunlight and then transform it 

into scattered radiation, which effectively blocks the 

negative effects of UV rays. The scattering of incident 

light over any nanosurface can be reduced by using 

nanoparticles because they have a larger surface area 

per unit volume [23]. Thus, an increase in the density 

of free electrons on the surface of nanoparticles 

reduces the intensity of scattered light and offers the 

possibility of reducing UV rays [24, 25]. To increase 

the commercial and technological applications of 

PVP, we set out to control its optical properties. To 

achieve this goal, we combined PVP with CuO 

nanoparticles that had been created using the 

precipitation method. Additionally, a theoretical study 

based on density functional theory was conducted to 

confirm the increased reactivity of PVP with the 

addition of CuO [26-28]. 

 

2. Materials and methods 

2.1. Chemicals  

PVP (M.W. ≈ 8×105 g/mol) was acquired from 

Alfa Aesar Company, USA. Sigma-Aldrich was used 

to buy copper chloride. El Nasr Pharmaceutical 

Chemicals Co. in Cairo, Egypt, supplied the ethanol 

and sodium hydroxide. 

2.2. CuO nanoparticles preparation 

CuO nanoparticles were prepared following the 

same procedures as those used in our previous work 

[29]. In order to obtain a homogeneous solution, 3.4 g 

of copper chloride was mixed with 100 ml of distilled 

water (DW) at 50 °C using a magnetic stirrer. Drop by 

drop, aqueous sodium hydroxide solution (0.4 M 

NaOH in 100 ml DW) was added to the copper 

chloride solution while stirring continuously, and the 

mixture was then heated to 80 °C for four hours. To 

produce copper oxide nanoparticles, the black 

precipitate was washed repeatedly with DW and 

ethanol, dried in an oven for two hours at 80 °C, and 

then calcinated for another two hours at 500 °C. 

 

2.3. PVP/CuO nanocomposite solution preparation 

 Samples of pure PVP and its nanocomposite were 

prepared using the easy technique known as solution. 

To prepare PVP, dissolve 2 g of PVP in 50 ml of 

distilled water for 15 minutes. Then, various weight 

percentages of CuO (0.0, 0.2, 0.5, and 1.0 wt%) were 

loaded onto the PVP previously prepared. These 

different PVP/CuO weight ratios were created using 

the formula XPVP + YCuO gm, where XPVP and YCuO 

represent the weights in gm of PVP and CuO that were 

used, respectively. The samples were subjected to 

characterization without drying. The kilos of virgin 

polymers used to create these blends are listed in Table 

1. These solutions were further agitated for one hour 

at room temperature to achieve homogeneity. 

 

 

Table 1  The utilized weight percentages of PVP and CuO to prepare PVP/ CuO nanocomposite solutions with different 

concentrations 

PVP PVP- 0.2% CuO PVP- 0.5% CuO PVP- 1.0% CuO Band Assignment 

3316 3309 3336 3319 OH stretching 

2132 2127 2158 2159 C-H stretching 

1639 1636 1637 1638 C=O 
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2.4. Characterization techniques 

The prepared sample's functional groups were 

examined at room temperature using Fourier 

transform-infrared spectroscopy (FT-IR Bruker vertex 

70, Germany) in the spectral region of (4000-400 cm-

1). Ultraviolet/visible spectrophotometer (UV/Vis., V-

570 UV/VIS/NIR, JASCO, Japan) was carried out to 

determine some optical parameters in the region 

between 190 and 1000 nm in wavelength at room 

temperature. 

2.5. Calculation details 

Density functional theory (DFT) at the B3LYP/6-

31g(d, P) level was used to calculate model structures 

of PVP and PVP that interacted with CuO [30-32]. The 

Gaussian 09 software (Gaussian, Inc., Wallingford, 

CT, USA) at the Molecular Spectroscopy and 

Modeling Unit, National Research Centre, Cairo, 

Egypt [33], was used to study the electronic properties 

of PVP and PVP decorated with CuO. TDM, 

HOMO/LUMO bandgap energy, and molecular 

electrostatic potential (MESP) are examples of the 

studied electronic parameters.  

3. Results and Discussion 

3.1. Fourier Transform Infrared (FTIR) analysis 

Figure 1 displays the FTIR spectra of pure PVP and 

PVP integrated with various amounts of CuO- NPs in 

the wavelength range of 400–4000 cm-1. The principal 

bands and functional groups associated with PVP are 

seen in the IR spectra of all samples. The PVP and 

PVP/CuO sample assignments are discussed as 

presented in Table 2. The following are the assigned 

characteristic bands for PVP: 

The FTIR spectra of PVP and PVP/CuO samples 

contain a hydroxyl group located at 3316 cm-1, a 

hydrocarbon group (C-H stretching) at 2132 cm-1, a 

carbonyl group (C=O stretching) at 1639 cm-1. The 

asymmetric wagging mode of PVP, together with the 

C-N stretching mode is seen at 1294 cm-1. The 

stretching modes of the C-C and CH2 are attributed to 

the two bands that are seen at 945 cm-1 and 884 cm-1, 

respectively [34, 35]. The C-N (pyridine ring) within 

the PVP structure is responsible for the tiny band that 

can be seen at 575 cm-1. The Cu-O mode may be 

identified by the absorption band of about 456 and 436 

cm-1 confirming that the CuO reacts with the PVP 

chain [36]. 

 

Table 2 FTIR band assignment of PVP and PVP/ CuO 

samples  

PVP PVP- 

0.2% 

CuO 

PVP- 

0.5% 

CuO 

PVP- 

1.0% 

CuO 

Band 

Assignment 

3316 3309 3336 3319 OH stretching 

2132 2127 2158 2159 C-H stretching 

1639 1636 1637 1638 C=O 

1294 1294 1294 1294 C-N stretching, 

CH2 wagging 

945 956 960 964 C-C bond 

884 869 896 838 CH2 

575 584 560 559 N-C=O 

- 456 434 461 Cu-O vibration 

 

3.2. Ultraviolet/visible (UV-Vis) analysis 

By investigating the fundamental absorption edge 

in the UV range, one can gain an understanding of the 

optical transitions and electrical band structures of 

crystalline and non-crystalline materials. In a variety 

of applications, PVP is employed as an insulator.  

In this study, we looked at how adding CuO-NPs 

up to 1.0 wt.% affected the absorption spectra and 

optical band gap of PVP. Figure 2 shows the increased 

absorption of PVP due to the incorporation of CuO 

nanoparticles. All the sample's spectra had one 

absorption peak nearly at 234 nm that was shifted to 

the higher wavelength region due to CuO-NPs 

addition. The electronic transitions constituting the 

absorption band at 234 nm, were referred to as the 

n→π* [37]. Based on the CuO-NPs concentration, a 

broad absorption peak was observed at nearly 722 nm, 

which confirms the existence of surface plasmon 

resonance (SPR).  

 This wavelength matched the other reported 

values well. According to another researcher, the 

production of SPR at 415 nm can be used to monitor 

the synthesis of CuO-NPs [38]. According to 

1294 1294 1294 1294 C-N stretching, CH2 wagging 

945 956 960 964 C-C bond 

884 869 896 838 CH2 

575 584 560 559 N-C=O 

- 456 434 461 Cu-O vibration 
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numerous observations, the SPR band of copper 

nanoparticles was visible between 620 and 710 nm 

[39]. The spherical shape of copper oxide 

nanoparticles may be responsible for these fluctuations 

in the SPR, and the size distribution has an impact on 

both the blue shift and the surface plasmon resonance 

[40]. Mie's theory predicts that the absorption spectra 

of spherical metal nanoparticles will only contain one 

SPR band [41]. For the sake of the current 

investigation, the synthesized CuO-NPs were assumed 

to be spherical, and only one SPR peak was seen.  

The UV-Vis transmittance spectra of the prepared 

samples are displayed in Figure 3 for various 

materials. The transmittance of PVP and PVP/CuO 

nanocomposite samples increases with increasing 

wavelength and reaches saturation at nearly 350 nm, 

extending to the near IR region. 
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Fig. 1. The FTIR absorption spectra of PVP and PVP doped 

with a different weight percentage of CuO (0.2, 0.5, and 1.0 

wt%). 
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The transmittance of pure PVP is very high; nearly 

93% at a wavelength of 406 nm, and it steadily 

increases toward higher wavelengths until it reaches 

its maximum value of 98% at 800 nm. Transmittance 

drops off quickly at lower wavelengths and gets close 

to zero at about 250 nm. The basic absorption of light, 

which is brought on by the excitation of electrons from 

the valence band to the conduction band, is what 

causes the dramatic reduction toward the UV area 

(below 350 nm). Increasing the CuO concentration 

results in decreasing the transmittance of PVP until it 

reaches 1% for the sample containing 1.0wt.% of CuO. 

This confirms that it can be used as a protective layer 

from sunlight, as the transmittance decreased to 1% in 

the three spectral regions under study (UV-Vis-near 

IR). 

The analysis of the absorption coefficient has 

proven to be crucial in predicting any changes to the 

electrical band structure of polymer materials. The 

optical absorption spectra can be used to identify direct 

and indirect transitions that have developed in the band 

gap of materials [42]. It is also well known that 

investigating the fundamental absorption edge reveals 

important details about the optical band gap. When an 

electron is excited by a photon from a lower to a higher 

energy state, the absorption edge is identified. 

Figure 4 depicts the relationship between the 

absorption coefficient α and energy. 

    α=2.303*(Abs./d)                                (1) 

Where Abs. is the measured absorption and d, is the 

sample thickness. It was discovered that the composite 

has a low absorption coefficient at lower photon 

energy and thereafter increases at different rates 

reliance on the composite structure. The low 

absorbance coefficient of the pure sample may have 

been caused by its low crystallinity. The variations in 

the absorption edge observed for the nanocomposite 

samples indicate that the CuO-NPs and PVP chains 

interacted.  
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Fig.  2. UV-Vis absorption spectrum of PVP and PVP 

doped with different weight percentage of CuO (0.2, 

0.5 and 1.0 wt%). 

Fig.  3. Transmittance spectrum of PVP and PVP doped 

with different weight percentage of CuO (0.2, 0.5 and 1.0 

wt%). 
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Commonly, the movement of electrons between 

the valence band and conduction band, which is 

governed by specific selection principles, is referred to 

as the fundamental absorption routine. It shows up as 

a sharp rise in the absorption region. Based on the band 

structure of a material, the transitions can be classified 

into several kinds [43]. Electronic momentum cannot 

be conserved throughout the transition in amorphous 

semiconductors with indirect band structures [44]. On 

the other hand, in materials with a straight band 

structure, momentum is preserved when the valence-

to-conduction band transition occurs. The direct band 

gap materials' absorption coefficient is given by 

 

(αhν)=B(hν-Eg)r                                                 (2) 

Where B is a constant, Eg is the optical energy gap, 

and hν is the photon energy. The values of r for 

allowed and disallowed transitions in the direct 

transition are 1/2 and 3/2, respectively. For an indirect 

transition, r = 2 and 3, respectively, for permitted and 

forbidden transitions. You may calculate the band gap 

values by imagining the linear portions of Figures 5 

and 6 along the photon energy axis. It is completely 

obvious that recent advancements in material quality 

have had a significant impact on the development of 

modern optoelectronic devices. Therefore, it is crucial 

to place the maximum emphasis on understanding a 

semiconductor's electrical properties, which will lead 

to its enormous practical importance [44]. It is 

wellrecognized that band structures are the source of 

variances in a material's electrical characteristics. As a 

result, understanding band gaps is crucial. The band 

gap values of the direct and indirect allowed 

transitions are shown in Table 3 for all samples. This 

table shows that as the CuO concentration is 

continuously raised, the Eg values decrease. The 

chemical bonds and interactions between PVP chains 

and CuO, which oversee producing localized states, 

can be linked to such a reduction in the optical energy 

gap. This indicates that the expansion of the localized 

energy levels is caused by the presence of charge 

transfer complexes (CTCs), which are described in 

terms of the rise in the degree of disorder in the 

samples. 

The plots of ln(α) versus hv for the prepared 

samples are shown in Figure 7, and the Eu values, 
which are given in Table 3, were obtained by 

calculating the reciprocal of the slopes of the linear 

portion in the higher energy area of these curves. It is 

evident that as filling processes are continuously 

increased, Eu values rise. This causes an increase in 

the number of traps and a decrease in the feasibility of 

energy transitions, which lowers the values of Eg. 

According to Davis and Mott [45], the filling process 

caused more defect states to exist within the polymeric 

matrix, which is why Eu changed. 
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Table 3 

Direct and indirect optical bandgap values for PVP and PVP/ 

CuO nanocomposite samples. 

 

PVP /x CuO-NPs  𝐄𝐠
𝐝 (eV) 𝐄𝐠

𝐢𝐧 (eV) Eu (eV) 

0 4.89 4.12 0.36 

0.2 4.75 4.00 0.41 

0.5 4.61 3.68 0.60 

1.0 4.24 2.78 1.22 

 

Fig.  4. Absorption coefficient of PVP and PVP doped 

with different weight percentage of CuO (0.2, 0.5 and 

1.0 wt%) as a function of energy. 

Fig. 5. Variation of (αhν)2 with photon energy for PVP 

and PVP doped with different weight percentage of CuO 

(0.2, 0.5 and 1.0 wt%). 
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3.3.  

 

3.4. Theoretical study of PVP and PVP/CuO 

DFT calculations were conducted to study the 

impact of nanomaterial implementation on the 

chemical and physical characteristics of polymers. 

Three PVP units were proposed to represent the 

polymer chain to mimic the interaction between PVP 

with CuO. According to the chemical structure of PVP 

as (C6H9NO)n [46], three units of PVP were simulated 

in Figure (8-a). The most active group has an activity 

to interact with others, which represents the active side 

of interaction for PVP is the =O atom. The interaction 

with PVP through the =O atom is supposed to occur 

once through the center unit as shown in Figures (8-b 

and 8-c) and once through the terminal unit as shown 

in Figures (8-d and 8-e). Also, the CuO is proposed to 

interact with the PVP active side twice: once via the O 

atom (shown in Figures 8-b and 8-d) and once through 

the Cu atom (shown in Figures 8-c and 8-e).  

Accordingly, to study the electronic properties as well 

as chemical and physical property changes, TDM, 

bandgap energy, and MESP were investigated for 

PVP/CuO models. 

Figure 9 illustrates the calculated HOMO-LUMO 

molecular orbital distribution for PVP as well as how 

PVP interacted with CuO in various positions. The 

HOMO-LUMO molecular orbitals for PVP were 

uniformly distributed around the three units as 

illustrated in Figure (9-a). According to the interaction 

of PVP with CuO, the orbitals are redistributed and 

localized around the area of interaction, which reflects 

the charge transfers. Table 4 also reflects the estimated 

TDM variation and bandgap energy (∆E) for analyzing 

changes in electronic characteristics for interaction 

models. The TDM of PVP was recorded to be 6.515 

Debye, which changed with increasing in the case of 

PVP/CuO Cent. and PVP/OCu Cent. to be 11.103 and 

9.248 Debye, respectively. As well as, PVP TDM was 

changed with a decrease in the case of PVP/CuO 

Term. and PVP/OCu Term. to be 3.900 and 3.558 

Debye, respectively. The increased TDM reflects the 

enhancement in electronic properties and increased 

structure stability. The calculated bandgap energy 

(∆E) for PVP was recorded as equal to 1.768 eV. The 

bandgap energy (∆E) was decreased for the different 

positions of interaction between PVP and CuO to be 

1.413, 1.514, 1.134, and 1.077 eV for PVP/CuO Cent., 

PVP/OCu Cent., PVP/CuO Term., and PVP/OCu 

Term., respectively. The most probable model of 

interaction was PVP/CuO Cent., which records an 

increase in the TDM with a decrease in bandgap 

energy (∆E) [47]. Furthermore, this structure is the 

most electrically enhanced and chemically stable. 

The MESP is one of the many descriptors that 

reflect the change in the structure reactivity according 

to the chemical interactions. The importance of MESP 

came from the extracted information from the MESP 

color map that explains the changes in reactivity 

according to the charge [48]. Figure 10-a demonstrates 

the MESP color map of PVP, which shows the more 

active region around the =O atom represented by the 

red color (the greatest charge area), and the other 

Fig.  6. Variation of (αhν)1/2 with photon energy for 

PVP and PVP doped with different weight percentage 

of CuO (0.2, 0.5 and 1.0 wt%). 
 

Fig. 7. Relation between lna and hʋ for PVP and PVP 

doped with different weight percentage of CuO (0.2, 0.5 

and 1.0 wt%). 
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structure is neutral, represented by the yellow color. 

When PVP interacted with CuO in different positions, 

the red color intensity of the regions on the polymer 

chain was increased around the =O atom and CuO as 

shown in Figure 10. The most increased red color was 

for the structures PVP/CuO Cent. and PVP/OCu Term. 

Accordingly, the most active and electrically 

improved structure was PVP/CuO Cent., which 

matched and confirmed the TDM and band gap results.

 

 

 
(a) 

  
(b)                                                                       (c)     

 

 

(d)                                                                       (e) 
 

 

 

 

Table 4 

 

Calculated TDM (Debye) and HOMO-LUMO bandgap 

energy ΔE (eV) using DFT: B3LYP/6-31g(d,p) for PVP and 

PVP/CuO model molecules.  
 

Structures TDM (Debye) ∆E (eV) 

PVP 6.515 1.768 

PVP/CuO Cent 11.103 1.413 

PVP/OCu Cent 9.248 1.514 

PVP/CuO Term 3.900 1.134 

PVP/OCu Term 3.558 1.077 

 

 

 
(a) 

 
 

(b)                                                                       (c)     

  
(d)                                                                       (e) 

 

 

 

 

 

 

 
 

(a) 

Fig. 8. Optimized structures of: a) PVP, b) PVP/CuO 

Cent, c) PVP/OCu Cent, d) PVP/CuO Term, and  

e)PVP/OCu. 

Fig. 9. B3LYP/6-31g(d,p)  calculated HOMO/LUMO 

molecular orbitals of: a) PVP, b) PVP/CuO Cent, c) 

PVP/OCu Cent, d)  PVP/CuO Term, and  e)PVP/OCu. 
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(b)                                                                       (c)     

 
 

(d)                                                                       (e) 
 

 

 

4. Conclusions 

This work examines the optical properties of 

polymer nanocomposite samples based on PVP and 

CuO nanoparticles that have a narrow optical band 

gap. Using the solution casting approach, CuO 

nanoparticles have been incorporated into a PVP host 

polymer solution with different weight percentages. 

CuO nanoparticles and PVP nanocomposites 

interacted, as shown by the measurements of the FTIR 

spectra, through the formation of hydrogen bonding. 

For nanocomposite materials, a wide absorption zone 

was seen that almost completely covered the UV-

visible to near-infrared regions. Thus, the absorption 

edge was shifted to the lower energy region. 

Moreover, it was discovered that Tauc's model was 

essential for identifying the different kinds of electron 

transfer. When PVP was doped with CuO, the optical 

band gap decreased from 4.89 eV to 4.24 eV and from 

4.12 eV to 2.78 eV for direct and indirect transitions, 

respectively. As the PVP/CuO nanocomposite 

samples exhibit a blocking percentage of more than 

98% for UV radiation, it’s concluded that it can be 

used as a safe UV-blocking material.  
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