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ABSTRACT

This work investigates the effect of incorporating graphene oxide (GO) and iron oxide (Fe,O3) nanoparticles into
poly (methyl methacrylate) (PMMA) on the structural, optical, electronic, and antibacterial properties of PMMA.
Experimentally, PMMA/GO/Fe,O3 nanocomposite films with different nanofiller concentrations were prepared using the
casting method and characterized by Fourier-transform infrared spectroscopy (FTIR), UV—visible spectroscopy, and
antibacterial cell-count analysis. Theoretically, density functional theory (DFT) and time-dependent DFT (TD-DFT)
calculations were employed to evaluate geometrical structure, HOMO, and LUMO energy levels, density of states (DOS),
molecular electrostatic potential (MEP), and optical absorbtions.

The results revealed strong interfacial interactions between PMMA, GO, and Fe,O3, confirmed by FTIR peak shifts
and Fe—O vibration bands. Optical measurements showed enhanced absorbance, reduced optical band gap, and increased
refractive index, dielectric constant, and optical conductivity with increasing nanofiller concentration. DFT and TD-DFT
calculations supported the experimental observations by demonstrating reduced HOMO-LUMO gaps, charge
redistribution, and enhanced charge-transfer interactions after incorporation of GO and Fe,Os. Antibacterial analysis
showed significant suppression of bacterial growth, reaching more than 99% inhibition at higher nanofiller loading.

The aim of this work to establish a correlation between the experimentally observed optical and antibacterial
behavior and the electronic-structure modifications predicted by density functional theory (DFT) and time-dependent
DFT (TD-DFT) calculations, in order to evaluate the potential of PMMA/GO/ Fe,O3 nanocomposites for advanced
optoelectronic and biomedical applications.

Keywords: GO; PMMA; Nanostructures; DFT; DOS; MEP; Antibacterial

Activity.
ARTICLE INFO

Received: 10 April 2026
Accepted: 9 May 2026
Available online: 17 June 2026

1. Introduction

Polymer nanocomposites have recently attracted considerable

COPYRIGHT attention due to their optical and dielectric tenability, potential
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antibacterial functionality, particularly in biomedical and healthcare-
related applications . Bacterial adhesion and subsequent biofilm
formation on polymeric surfaces remain major challenges in medical
devices, wound dressings, dental materials, and implantable systems,
often leading to persistent infections and device failure 3.
Consequently, imparting intrinsic antibacterial activity to widely used

polymers such as (PMMA) has become an important research objective.

PPMMA is one of the most extensively utilized synthetic
polymers owing to its semi amorphous structure, exceptional optical
transparency, low density, ease of processing, and high chemical and



thermal stability ). These advantages have enabled its widespread application in optical, medical, electrical,
and optoelectronic fields ¢, Furthermore, PMMA exhibits low dielectric permittivity and loss, high surface
hardness, good weather resistance, excellent environmental inertness, and outstanding biocompatibility,

[10,11

making it suitable for diverse industrial and biomedical uses 1. Despite these favorable properties, PMMA

inherently lacks antibacterial activity, which promotes microbial colonization on its surface, particularly in
moist biological environments [''"1*], To overcome this limitation, the incorporation of functional nanofillers
with antimicrobial activity has emerged as an effective and sustainable strategy ['4. Among various candidates,
(GO) and (Fe:03) nanoparticles have demonstrated strong antibacterial potential duo to their unique
physicochemical characteristics. GO is particularly attractive for polymer modification because of its large
specific area, high electrical conductivity, and surface rich in oxygen-containing functional groups !>, These
features allow GO to significantly enhance the mechanical, thermal, electrical, and optical properties of

polymer matrices, in addition to contributing to antibacterial performance ['71%,

Similarly, Fe,O3 nanoparticles are considered promising nanomaterials owing to their distinct optical and
magnetic properties, biocompatibility, and suitability for applications in biomedicine, water purification,
magnetic storage, and sensing technologies 22, The incorporation of Fe,Os into polymer matrices has also
been reported to influence light absorption behavior and energy band gap characteristics, depending on the
nanoparticle concentration and dispersion [2¥l, By integrating both GO and Fe,O; into a PMMA matrix, hybrid
nanocomposites with synergistically enhanced optical, electrical, and antibacterial properties can be achieved,

outperforming the individual components 1242/,

In medical and dental applications, where surface-associated bacterial colonization can cause illness and
implant failure, the development of polymer-based biomaterials with inherent antibacterial qualities has drawn
more attention ?7)] because to its simplicity of manufacture, mechanical stability, and biocompatibility,
(PMMA) continues to be one of the most popular polymers in these disciplines . However, because of its
intrinsic lack of antibacterial action, functional nanomaterials that can stop microbial growth must be added,
because of their distinct physicochemical characteristics and proven antibacterial capabilities, nanoparticles

like Fe203 and GO have become intriguing additions 125 2%,

Quantitative evaluation of antibacterial behavior is commonly achieved using colony-forming unit (CFU)
cell-count analysis, which provides a direct and reliable measurement of viable bacterial cells after exposure

1 39321 This method enables precise assessment of nanoparticle concentration—dependent

to the tested materia
antibacterial efficiency and allows correlation between material composition and biological response %,
Consequently, investigating the antibacterial performance of PMMA reinforced with Fe,Os and GO using
CFU-based analysis is essential for establishing its suitability for biomedical applications requiring infection-
resistant surfaces, by measuring decreases in bacterial viability in contrast to a control, this technique allows
precise comparisons of antibacterial efficiency across various nanofiller doses ** 331, A number of methods of
microbial suppression, such as the production of reactive oxygen species (ROS) from Fe,Os nanoparticles,
membrane disruption from GO sheets, or synergistic effects from their combined dispersion within the PMMA

matrix, might be reflected in variations in CFU counts.

Molecular electrostatic potential (MEP) is a key descriptor of chemical reactivity, charge transfer behavior,
and intermolecular interactions. It also offers a direct picture of the distribution of charges over a molecular
surface %37, MEP is especially useful for evaluating surface polarity and electrostatic activity in complex
nanostructures because in contrast to total charge analysis, it represents the combined effects of nuclear charges
and electron density 81,

With an emphasis on the process of the ensuing changes and their relationship to the material's
nanostructure, using DFT and TD-DFT, the study's theoretical portion clarifies the electronic, optical, and
electrostatic processes of nanocomposites. It examines PMMA, GO, and GO-FeO-PMMA’s geometrical
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structure, HOMO and LUMO orbitals, energy band gaps, DOS, UV-Vis. spectra, and MPE. The results show
that adding Fe,O; and GO improves optical absorption, dielectric response, and antibacterial activity via
changing electronic structure, enhancing charge transfer, and narrowing band gaps. Furthermore, the
theoretical findings provide insight into the multi-functionality fueled by electronic structures in these
nanocomposites by correlating with experimental optical measurements and antibacterial activity.

This work theoretically and experimentally examines the impact of adding Fe,O3 and GO to the PMMA
matrix on the structural, electronic, and optical characteristics. Comprehending these impacts is essential to
creating customized high-performance nanomaterials tailored for future applications.

Although several previous studies have separately examined PMMA/GO or PMMA/metal oxide systems,
limited attention has been given to the simultaneous integration of GO and Fe,O3 within a PMMA matrix
together with a direct correlation between experimental observations and DFT/TD-DFT electronic-structure
analysis. Therefore, the novelty of the present work lies in the combined investigation of optical and
antibacterial performance supported by theoretical calculations including HOMO and LUMO levels, DOS,
MEP, and optical absorbtion. This integrated approach provides deeper understanding of how interfacial
electronic interactions and charge-transfer mechanisms govern the multifunctional behavior of PMMA/GO/
Fe,Os nanocomposites, highlighting their potential for advanced optoelectronic and biomedical applications.

2. Materials and methods

2.1. Materials

PMMA was used in granular form and was procured with high purity (99.99%) from (800000 M.W.), GO
was predicated by group that described in details in the previous publications ,where the size of GO was
between 94.49 nm to ~2pm of the surface area and 0.700 nm of the thickness, Fe,O3 nanoparticles used as
powder from US Research Nanomaterials, and chloroform were used as the primary materials for the
preparation of nanocomposites. All chemicals were of analytical grade and used without further purification.

2.2. Preparation of PMMA-GO-Fe203 Nanocomposites

PMMA solution was prepared by dissolving 1 g of PMMA in 30 mL of chloroform under continuous
stirring for 15 minutes at room temperature until a homogeneous solution was obtained. For nanocomposite
preparation, GO and Fe;O; nanoparticles were incorporated into the PMMA solution at different weight
percentages (1wt%, 2wt%, 3wt%, and 4wt%). The resulting mixtures were continuously stirred for 15 minutes
to ensure uniform dispersion of nanoparticles. The prepared solutions were cast into glass Petri dishes (10 cm
diameter) and left to dry under ambient conditions to form uniform nanocomposite thin films.

2.3. Methodology

Theoretically, three nanostructures PMMA, GO, and GO-FeO-PMMA are generated using a nanotube
modular program and visualized with Gaussian View 5.0 as shown in Figurel, where illustrates the optimized
geometrical structures of the investigated nanostructures obtained from density functional theory (DFT)
calculations, including GO, GO-FeO, and GO-FeO-PMMA systems. The figure demonstrates the structural
evolution after incorporation of iron oxide and PMMA into the GO framework and highlights the interfacial
interactions among the constituent components. The optimized GO structure exhibits oxygen-containing
functional groups such as hydroxyl, epoxy, and carboxyl groups distributed over the graphene surface, which
provide active sites for interaction with FeO clusters and PMMA chains. After incorporation of FeO, noticeable
structural rearrangement and charge redistribution occur around the Fe—O bonding region, indicating strong
interaction between iron oxide and oxygenated GO functional groups. DFT and TD-DFT are used to model
their structural, optical, and electronic characteristics using the Gaussian 09 software ). GaussSum 2.2
software is used to extract the DOS, and OriginLab 2024b. is used for generating graphs of the electronic
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characteristics. Calculations were performed under optimized conditions, applying the 6-31G-B3LYP
functional to determine key electronic properties such as HOMO and LUMO levels, LUMO-HOMO gap (Eg),
bond lengths, and bond angles 7.,

2.4. Antibacterial Activity

The material's antibacterial effectiveness against staphylococcus aureus biofilm formation on burn and
wound specimens was assessed after 24 hours. Five sets of 10 sterile specimens were used for this purpose. In
order to activate the bacterial pellet, it was submerged in two milliliters of nutritional broth and incubated in
an aerobic, sterile tube at 37°C for two hours. After that, 100 pL of the bacterial suspension was added to 10
mL of nutritional broth, and the mixture was cultured for 24 hours. After that, the sample and 9 mL of
nutritional broth were combined with 1 mL of bacterial solution, and the mixture was incubated for 24 hours.
Using a spectrophotometer (Lambda 25, UV/VIS Spectrophotometer, PerkinElmer, Shelton CT, USA) to
measure the absorbance (abs.) value at a wavelength of 600 nm, the extracted bacteria's turbidity was
determined to be 0.5 McFarland (1.5 x 108 colony-forming units per milliliter (CFU/mL)). To get rid of non-
adherent cells, each sterilized disc specimen was then removed from the bacterial mixture and washed twice
with PBS (pH=7.2). The material was then put in a tube with 10 mL of sterile saline solution, and the adherent
bacterial cells were dispersed for 10 minutes using a vortex. The dilution solution was then pipetted out (0.1
mL) over the nutrient agar plate's surface following a serial dilution up to (10-). The dilution solution (0.1 mL)
was then pipetted over the nutrient agar plate's surface. The plates were then incubated in anaerobic conditions
for 24 hours at body temperature (37°C). To verify the consistency of the experimental groups' anti-biofilm
effect, the test was conducted three times. The number of CFU/mL of growing bacteria was ascertained using
a direct cell culture method as in previous studies 4! 4%,

2.5. Theoretical part

This research includes essential equations used to analyze the optical properties of polymers, particularly
focusing on energy gap, absorbance, reflectance, transmittance, absorption coefficient, and refractive index,
real and imaginary dielectric constant. These parameters are critical for understanding the optical behavior of
polymeric materials.

The absorption coefficient (o) is calculated by using the relation 3:

2303 A

a@= 22 (1)

Where t is the thickness of the sample, and A the absorbance. The energy gap for a non-direct transition
44]

is determined by using Tauc's equation !
ahv = B(hv — Eg)™ ()

Where B is a constant, hv is the photon energy, Eg is the energy gap, and (m = 2, 3) for allowed and
forbidden indirect transition, respectively (which is appropriate with polymer nanocomposites prepared by the
casting method).

The extinction coefficient (K) is determined by the relation [*3:

al

K= 3)

4T

Where A is the wavelength

The refractive index (n) is calculated by the formula [6:

4R
(R-1)?

—Kk'2 -2 4)

n=( R-1

Where R is the reflectance.



The real (€:) and imaginary (£,) parts of the dielectric constant are calculated by the relations 47):

81 = ZnK

€2=n2_K2

)

(6)
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Figure 1. The geometrical structures for the nanostructures.



3. Results and Discussions

3.1. Theoretical part
3.1.1. Geometrical structures

The geometrical characteristics of the PMMA, GO, and GO-FeO-PMMA nanostructures will be examined
in this section. Table 1 displays the geometrical properties of the atoms' bond lengths and bond angles. The
atoms in PMMA nanostructures from C-H, C-C, C-O, and C=0, also, GO form C-C, C=C, C...C, C-O, C=0,
H-O, and C-H bonds, according to the DFT calculations. Additionally, the GO-FeO-PMMA had unevenly

shaped surfaces. The atoms inside the nanostructures showed a variety of unique interatomic angles, according
to angle measurements.

The results indicate that incorporation of FeO and PMMA into the GO framework produces noticeable
variations in bond lengths and bond angles compared with pristine GO.

Table 1. listed the bond lengths and angles between atoms for the nanostructures.

Nanostructures Bond type Bond lengths (A) Angle type angles (°)
C-C-H 114.2-117
C-H 1.08
C-C-C 113.8-119.7
Cc-C 1.42-1.5
PMMA 0=C-C 119.1-120.8
C-0 1.43
0=C-0 121.8-122.1
C=0 1.22
H-C-H 106.7-108.8
C-C-C 114.3-119.4
Cc-C...C 115.5-122.2
c...C..C 118.1-121.5
1.42-1.51
C-C 3 C-C-0 61-118.9
Cc=C ’ C=C-C 119.5-123.7
1.38-1.40
c..C C-C...C 120.5-123.6
GO 1.43
C=0 L2 0=C-0 117.0-121.5
C-H 1'08 0-C-C 121.5-126.1
H-O ' C-O-H 106.2-113.6
'1.0-0.97
C...C-H 116.7-121.1
C=C-H 117.9-122.0
C-C-H 114.2-117.0
C-C-C 107.6-120.2
C=C=C 118.2-122.3
C-C=C 117.4-125.4
Cc-C 1.42-1.5
C-C...C 112.9-124.5
C=C 1.38-1.4
c..C...C 113.4-124.1
C---C 1.40
C=C-H 119
C-0 1.43
C...C-H 117.6-118.5
GO-FeO C=0 1.24
C-O-H 108.7-110.2
C-H 1.07
C-C=0 118.6-120.7
Fe-O 1.82
C=C=0 120.5
H-O 0.96
C...C=0 120.2
Fe-C 1.92
C...C-O 108.1-120.0
C=C-O 118.9-120.5
C-C-0 102.9-111.4




C-Fe-O 179.9

C-C-Fe 109.5
C-C-C 108-120.4
C=C=C 118.7-121.9
C-C=C 117.1-125.8
C-C...C 113.1-124.2
C-C 1.45-1.58 C..C.C 113.9-123.7
C=C 1.33-1.37 C=C-H 118.5-119.9
C...C 1.38-1.44 C...C-H 118
C-O0 1.41-1.44 C-O-H 108.7-109.8
GO-FeO-PMMA C=0 1.26 C-C=0 118.7-121
C-H 1.05 C=C=0 120.7
H-O 1.92 C...C=0 120.24
Fe-O 1.8 C...C-O 102-120.5
Fe-C 0.95 C=C-O0 119.2-120.5
C-C-O0 102.9-111.4
C-Fe-O 180.2
C-C-Fe 109.7
C...C-Fe 107.3

3.1.2. HOMO and LUMO levels, and energy gap

In this section, the HOMO and LUMO energy levels, along with the energy gap, are analyzed as key
parameters for understanding electron transport between energy bands. The energy gap also provides insight
into the electronic nature of the nanostructures or molecules. The HOMO and LUMO levels, as well as the
energy gap of the studied nanostructures were calculated using DFT underground-state conditions. The
obtained values are summarized in Table 2.

Table 2. Indexed the HOMO and LUMO energy levels, and energy gap of the nanostructures.

Nanostructures HOMO (eV) LUMO (eV) Energy Gap (eV)
PMMA -7.08 -0.16 6.92
GO -5.58 -4.11 1.47
GO-FeO -5.613 -4.456 1.157
GO-FeO-PMMA -5.7 -4.44 1.26

The electronic distribution was analyzed through the frontier molecular orbitals (HOMO) and (LUMO)
for PMMA, GO, GO-FeO, and GO-FeO-PMMA to determine the effect of nanoparticle and polymer
modification on the electronic properties of GO. As shown in Figure 2, GO is observed that the distribution of
HOMO and LUMO is concentrated around the functional oxygen groups, indicating electronic activity in those
areas, which enhances the properties of GO as a semiconductor material. In GO-FeO-PMMA, modification
with PMMA changes the distribution of electronic density, as HOMO and LUMO are centered in different
areas, indicating spatial separation between energy levels, which may improve the efficiency of charge
separation between positive and negative charges and benefit applications in solar cell and photonic materials
(40411 1t is noted that the addition of FeO to GO resulted in a significant decrease in the energy gap (from 1.47
to 1.15 V), indicating an improvement in electronic conductivity, this result agreement with reference [*21.
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When PMMA is added to GO-FeO, the gap increases slightly to 1.26 eV, indicating a relativity higher
electronic stability. The energy band gap values obtained from the experimental optical measurements and
theoretical DFT calculation show the same overall trend, despite differences in their absolute magnitudes.
Experimentally, the optical band gap (Eg) determined from Tauc plots decreases systematically from ~4.08
fore pure PMMA to ~3.78 eV for 4 wt% Fe,03-GO-PMMA, indicating progressive band gap narrowing with
increasing nanofiller content. This reduction is attributed to the formation of localized defect states, interfacial
charge-transfer complexes, and enhanced electronic delocalization induced by Fe>O; and GO within the
PMMA matrix. In contrast, the theoretical band gaps, calculated from HOMO-LUMO energy differences
using DFT, are significantly lower, with values of 1.47 eV for GO, and 1.26 eV for GO-FeO-PMMA. These
lower values arise because DFT evaluates the intrinsic electronic structure at the molecular level, focusing on
frontier orbitals under idealized conditions and neglecting excitonic effects, disorder, and phonon interactions
that are inherently present in experimental thin films.

Despite this quantitative discrepancy, a strong qualitative agreement exists between experiment and
theory. Both approaches confirm that the incorporation of FeO into GO leads to a pronounced reduction in the
energy gap due to Fe-O-C hybridization. The slight increase in the theoretical band gap upon PMMA
incorporation (from 1.15 to 1.26 eV) reflects enhanced structural stability and partial localization of electronic
state, which is consistent with the experimental observation that PMMA moderates- but does not eliminate-
the band-gap narrowing effect induced by Fe,O3/GO. While the theoretical HOMO-LUMO gap reflects a basic
molecular electronic gap, the experimental optical band gap is, all things considered, an effective bulk optical
gap. The agreement in trend validates the experimental results and confirms that the observed band-gap
narrowing is fundamentally driven by electronic structure modification, interfacial charge transfer, and defect-
state formation introduced by Fe,O3 and GO. This consistency strongly supports the electronic-structure-driven
interpretation of the enhanced optical, electronic, and antibacterial performance of the PMMA/ Fe,03/GO
nanocomposites.

From the Figure 2, the majority of the charge density is widely distributed, particularly within GO
nanostructure. The calculations demonstrate that electron charge localization primarily occurs around the iron
atom. Where incorporating the polymer does not significantly alter the nanostructure, as the charge distribution
remains concentrated on the iron atom, DFT results show that the highest localized charge density at the defect
site appears in PMMA-GO-FeO nanostructure.

Nano-
HOMO LUMO
structures

PMMA




Figure 2. Visualize the charge density distributions for nanostructures.

Figure 3 illustrates the DOS spectra for the GO, and GO-FeO—PMMA nanostructures, obtained using
GaussSum 2.2 software. The DOS spectra enable the examination of shifts in molecular orbital energy levels.
As shown in Table 2, the HOMO level shifts to higher energy upon the incorporation iron oxide and PMMA.
The pristine GO nanostructure, acting as a semiconductor, exhibits a wide energy gap of 1.47 eV in this state.
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3.1.3 UV—Visible spectra

In this work, the evaluation of UV-Vis. spectra plays a vital role in assessing the light-harvesting
efficiency of the nanostructures and their ability to absorb solar radiation. The UV-visible spectra and oscillator
strengths of the excited nanostructures were calculated using the TD-DFT method. To clarify the influence of
FeO and PMMA, the UV-Vis. spectra of the investigated nanostructures are presented in Figure 4. The
incorporation of FeO and PMMA into GO resulted in a noticeable redshift of the main absorption peak. This
behavior arises charge transfer interactions between the GO sheets and FeO domains.
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Figure 4. UV-Visible spectra and oscillator strength for nanostructures computed by the TD-DFT method.

The experimental UV—visible spectra and theoretical TD-DFT calculations exhibit strong conceptual
agreement, confirming that the optical response of the PMMA/Fe,03/GO nanocomposites is governed by
electronic structure modification rather than simple filler absorption. Experimentally, pure PMMA shows week
UV absorption and high transparency due to its wide band gap. The interaction of Fe,O3 and GO leads to a
pronounced increase in absorbance and systematic redshift of the absorption edge, indicating the formation of
new electronic states and enhanced charge-transfer interactions within the polymer matrix.

TD-DFT calculations reveal that this behavior originates from n—n* transitions in GO and Fe-O-C charge
transfer excitations introduced by FeO incorporation. The slight modulation observed upon PMMA inclusion
arises its insulating nature, which stabilizes the electronic structure without suppressing interfacial charge
transfer.

While theoretical spectra consist of discrete excitation peaks and experimental spectra display broadened
absorption bands, this difference is attributed to film-level effects such as disorder, phonon coupling, excitonic
interactions, and nanoparticle dispersion that are not captured in molecular-scale simulations. Nevertheless,
both approaches consistently demonstrate that Fe,O3/GO incorporation extends light absorption into the visible
region by reducing excitation energy and increasing electronic delocalization. This close agreement validates
the electronic-structure-driven origin of the enhanced UV-visible response and supports the tunability of the
nanocomposites for optoelectronic and bioactive applications.
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3.1.4. Molecular Electrostatic Potential (MEP)

The MEP is an effective descriptor for assessing surface polarity, interfacial charge transfer, and
interaction processes in hybrid nanocomposites since it is controlled by the combined effect of nuclear charge
and electron density distribution as seen in Figure 5, where PMMA’s MEP shows a very small potential charge,
suggesting a weakly polarized electrostatic surface. The carbonyl oxygen atoms (C=0) of the ester groups,
where electron density is concentrated because of strong electronegativity, are the primary location for negative
potential areas. On the other hand, the methyl groups and polymer backbone exhibit positive potential,
indicating areas lacking electrons. The electrostatic potential of PMMA is spatially smooth and continuous,
indicating its dielectric nature. This restricted charge separation shows that PMMA alone has minimal inherent
electrostatic reactivity, operating largely as an electrostatic stabilizer rather than an active charge giver or
acceptor.

GO offers a considerably distinct MEP profile characterized by high electrostatic heterogeneity. Epoxy,
hydroxyl, and carboxyl functional groups that include oxygen provide noticeable negative potential areas
throughout the GO surface. The carbon lattice and the hydrogen atoms next to oxygen functions are both
covered in positive potential areas. This heterogeneous charge distribution represents partial breakdown of the
n-conjugated system, resulting to localized electron accumulation and depletion zones. As a result, GO has a
larger electrostatic interaction capacity and a higher surface polarity than PMMA, which allows for improved
adsorption and interfacial interactions.

The GO-FeO-PMMA system exhibits the greatest stability and electrostatic complexity. PMMA adds a
dielectric medium that modifies and redistributes the electrostatic field while the strong positive and negative
potential areas created by GO—FeO continue to be predominant. A more homogeneous but increased MEP
distribution results from the ester groups of PMMA interacting with charged GO-FeO sites via dipole—charge
coupling. Sustained electrostatic activity is encouraged and excessive charge localization is prevented by this
equilibrium between charge enhancement and stability. The composite therefore displays better surface
polarity, interfacial compatibility, and electrostatic endurance compared to individual elements. The MEP
contrast is greatly increased when FeO is added to GO. Whereas prominent positive potential areas are
concentrated close to Fe centers, strong negative potential regions are seen surrounding oxygen atoms linked
to iron. This results from the metal-oxygen charge transfer process, in which iron atoms, depending on the
coordination environment, behave as electron donors or acceptors. Localized electric fields are produced at the
GO-FeO contact by interfacial electrostatic dipoles, as seen by the ensuing MEP map. These dipoles
demonstrate that FeO functions as an electrostatic activation center inside the composite structure by
improving surface reactivity and charge separation.

Nanostructures Relaxation structures

PMMA
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Figure 5. Visualize the Molecular Electrostatic Potential distributions for nanostructures.

The pattern may be seen in the methodical development of electrostatic behavior in the materials under
study: (GO<GO-FeO-PMMA<PMMA). The intensity of the electrostatic contact, surface polarity, and charge
separation all increase with this process. Through cooperative interactions between GO, FeO, and PMMA, the
hybridization technique successfully converts a weakly polar polymer into a highly electrostatically active
nanocomposite as in the table 3.

Table 3. Indexed the Molecular Electrostatic Potential of the nanostructures.

Nanostructures From * ¢ To * ¢?
PMMA -7.107 7.107
GO -9.176 9.176
GO-FeO -9.600 9.600
GO-FeO-PMMA -9.657 9.657

The results regarding HOMO-LUMO, Eg, DOS, UV-Vis, and MEP indicate strong electronic
interactions and charge transfer in PMMA/GO/FeO nanostructures. The inclusion of FeO and PMMA in GO
leads to orbital delocalization and a reduced HOMO-LUMO gap, which enhances electronic polarizability and
charge mobility. The DOS spectra highlight additional states near the Fermi level due to hybridization of GO
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n-orbitals, Fe d-orbitals, and PMMA states, facilitating electronic transitions. The UV-Vis spectra show
increased absorption and redshift due to lowered excitation energy and enhanced charge transfer. MEP maps
reveal significant charge redistribution around oxygen and Fe sites, confirming active electronic regions in the
hybrid structure.

3.2. Experimental part

3.2.1. Structural properties

The FTIR spectra elucidate the structural changes in PMMA after the addition of Fe,O3; and GO. As shown
in Figure 6, the pristine PMMA, the strong peaks at 2950-2850 cm™ correspond to the symmetric and
asymmetric C—H stretching of CH> and CHs groups, while the intense absorption at around 1730 cm™ is
attributed to the C=0 stretching vibration of the ester group, hence affirming the integrity of the PMMA
backbone. The peaks at around 1450 cm™ and 1140-1240 cm™ correspond to C—H bending and C-O-C
stretching, respectively, both indicative of PMMA's amorphous structure. A number of significant
modifications occur upon the introduction of Fe,O3/GO nanoparticles: The existence of O—H stretching, which
is caused by the hydroxyl and carboxyl groups of GO and surface-bound water on Fe,O3, is confirmed by a
wide absorption at about 3400 cm™'. PMMA and the oxygenated surface groups of GO and Fe,O; exhibit
hydrogen bonding and interfacial dipole—dipole interactions, as evidenced by a discernible shift of the C=0O
peak from 1730 to around 1720 cm™. Fe—O stretching vibrations produce a new low-frequency region at
around 560-580 cm™, confirming that Fe,O3; nanoparticles were successfully incorporated. Stronger chemical
interaction between PMMA and nanofillers is seen by the Fe—O peak intensity strengthening and the C=0O
band weakening when the Fe,O3/GO ratio rises. For enhanced optical and dielectric qualities, this structural
hybridization strengthens interfacial bonding and electron delocalization.
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3.2.2 Optical properties

Figure 6. FTIR spectra for nanocomposites.
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The displays absorbance spectra for nanocomposites, Figure 7 show a definite relationship on the quantity
of Fe;03/GO and absorbance. In keeping with its optical transparency and broad band gap, pure PMMA shows
minimal absorption. However, the absorbance significantly rises with the addition of Fe.O3/GO, especially in
the visible region, as a result of many synergistic effects: Through charge-transfer transitions (0> — Fe?**),
Fe,Os nanoparticles enhance absorbance in the visible range. Graphene oxide extends light absorption towards
longer wavelengths by introducing n—n* transitions from its sp? hybridized carbon domains. The creation of




localized electronic states is facilitated by the interfacial charge transfer between PMMA, GO, and Fe;Os. The
composite materials' enhanced optical coupling and photo-response capabilities are demonstrated by this
cumulative behavior. Increased electronic delocalization is reflected in the observed redshift (moving of the
absorption edge to longer wavelengths) with increasing doping suggesting partial semiconducting nature in
the modified PMMA matrix. PMMA is essentially changed from a passive optical medium into an active
photo-absorbing hybrid appropriate for optoelectronic and photonic applications by Fe.O; and GO
nanoparticles. As the concentration of nanofiller increases, transmittance falls inversely with absorbance. High
transparency is maintained by pure PMMA; however, at 4 weight percent Fe,O3/GO, transparency drops
because Fe,Os and GO phases increase optical absorption, increased scattering centers and surface roughness.
Internal reflections from domains with a high refractive index. The films maintain their optical activity and
semi-transparency in spite of this decrease, adding utility while maintaining PMMA''s flexibility and visual
clarity. Solar-control films, optical filters, and smart window coatings all depend on this regulated modulation
of transmittance.

The experimental UV—visible spectra show enhanced absorbance and a redshift of the absorption edge
with Fe,O3/GO incorporation, which is consistent with TD-DFT predictions of n—n* and Fe—O-C charge-
transfer transitions. Although experimental spectra are broadened compared to theoretical discrete peaks, both
approaches confirm electronic-structure-driven optical enhancement.
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Figure 7. Shows the absorbance for nanocomposites.

Coefficient of extinction (k) in Figure 8 especially in the UV area, the extinction coefficient rises as the
Fe,03/GO ratio grows. Higher light attenuation from both absorption and scattering is the cause of this increase,
as GO produces localized conductive domains and Fe;Os offers electronic transitions. A useful feature for
creating absorbing or shielding materials is adjustable optical losses, which are shown by the significant
dependency of k on composition.

In Figure 9, the refractive index (n) as the amount of additives increases, the nanocomposites' refractive
index steadily rises, Fe—O and C-O dipoles were added, increasing polarizability. Interfacial polarization and
electronic density are increased. Localized surface plasmon-like reactions are formed at the Fe,O3/GO contacts.
More optical density and light confinement capabilities are reflected in the rise in n, which is important for
thin-film optics, waveguides, and sensors. It also indicates that the composite's electrical coupling and
microstructural organization have improved.

Dielectric constants (&1, €2) in Figure 10, energy loss is represented by the imaginary component (g2), but
energy storage is represented by the real part (e1). Higher Fe,O3/GO loading results in a rise in both
components, indicating improved conductivity and polarization. Stronger dipole alignment with an applied
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electromagnetic field is indicated by an increase in €1, whilst free carrier absorption and interfacial relaxation
processes are responsible for the increase in €2. These findings support the shift from a dielectric polymer to a
hybrid that is semiconducting or weakly conducting, a change that is directly related to the enhanced charge
delocalization and smaller optical band gap.
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Figure 8. Shows the Extenction Coefficient for nanocomposites.
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Figure 9. Shows the Refractive Index for nanocomposites.
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Figure 10. Shows the &m for nanocomposites.

Figure 11 shows the optical conductivity(cop) steadily rises as the Fe.O3/GO level increasing. This is a
clear indication of increased charge carrier mobility and density because of a smaller band gap that makes
electrical transitions simpler, enhanced channels for percolation through GO sheets and improved charge
transport across the interface between nanofillers and polymer chains. The composite's photo-induced
electronic activity is highlighted by the increase in oo, Which qualifies it for use in optoelectronic films,
photodetectors, and photocatalysts.

Figure 12 shows the energy band gap (Eg). Eg steadily decreases from around 4.08 eV (pure PMMA) to
about 3.78 eV (4 wt% Fe,03/GO). The formation of defect states close to the Fermi level is reflected in this
drop. Coordination bonding in Fe»O3; and n—m interaction in GO result in charge delocalization. A synergistic
electronic interaction inside the composite is indicated by this systematic band-gap narrowing, which turns
PMMA from an insulating matrix into a semiconducting hybrid with adjustable optical and electrical
characteristics. While DFT calculations show a reduced HOMO-LUMO gap (1.47-1.26) eV. Although the
absolute values differ, both results consistently confirm band-gap narrowing driven by electronic-structure
modification and interfacial charge transfer.
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Figure 11. Shows the o optical for nanocomposites.
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Figure 12. Energy gap values for allowed indirect transitions of nanocomposites.

3.3. Antibacterial properties

The antibacterial evaluation of the PMMA nanocomposites showed that the addition of Fe,O3; and GO
nanoparticles significantly reduced the development of bacterial colonies as in Figure 13. Colony-forming
units (CFUs) varied from 524 in the control PMMA pure to 112, 25, 19, and 3 in the modified samples, which
corresponded to survival rates of 21.37%, 4.77%, 3.62%, and 0.57%, respectively. This significant decrease,
which exceeded 99% inhibition in the composite with the greatest nanoparticle load, suggests a potent
antibacterial activity that gets stronger as the quantity of nanoparticles increases. In line with studies from
other nanocomposite systems, these results show that adding Fe203 and GO to PMMA gives the polymer
does-dependent antibacterial activity >8], Where the sharp decline in CFU values—from524 colonies in pure
PMMA to only 3 colonies with 4wt% nanofiller loading— indicates a change from a surface that is biologically
passive to one that is strongly antibacterial. The success of the hybrid nanocomposite design is confirmed by
this decrease, which exceeds 99% bacterial suppression at higher filler concentrations. The PMMA/Fe,05/GO
nanocomposites' antibacterial activity results from a variety of physicochemical processes as opposed to a
single, dominating route. By producing reactive oxygen species that cause lipid peroxidation, protein
denaturation, and DNA damage in bacterial cells, iron oxide nanoparticles mainly contribute through oxidative
stress pathways. Bacterial inactivation results from these ROS-mediated actions, which interfere with vital
cellular processes. Because increasing loadings result in a higher density of ROS-generating sites, this process
becomes more effective as the concentration of nanoparticles increases.

At the same time, direct physical and interfacial antibacterial interactions depend heavily on graphene
oxide. Bacterial cell membranes can be penetrated and ruptured by the sharp edges and high aspect ratio of
GO nanosheets, resulting in intracellular content leakage and membrane potential loss. Furthermore, GO's
oxygen-containing functional groups enable powerful hydrogen-bonding and electrostatic interactions with
bacterial surfaces, further undermining the integrity of the membrane. These contact-based mechanisms work
especially well against bacteria that form biofilms because they prevent initial adhesion and colony formation.
The hybrid PMMA/Fe,03/GO system's improved antibacterial efficacy is ascribed to the synergistic interaction
between GO and Fe;0;. By acting as a structural scaffold, GO prevents aggregation and maximizes the
effective surface area of Fe,Os; nanoparticles by improving their dispersion and accessibility. This better
dispersion encourages consistent antibacterial action throughout the composite surface and raises the
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likelihood of nanoparticle-bacteria contact. Furthermore, interfacial charge transfer between GO and Fe,Os
may increase the efficiency of ROS formation, accelerating bacterial inactivation. A cumulative improvement
of antibacterial mechanisms, such as greater surface roughness, a larger density of active sites, and better
interfacial contacts with bacterial cells, is reflected in the gradual drop in CFU counts with increasing nanofiller
concentration. Crucially, the retained transparency and stable hybrid network seen in optical and FTIR
investigations show that this antibacterial increase takes place without sacrificing the optical and structural
integrity of the PMMA matrix.

Overall, our results demonstrate a distinct link between structure, property, and bioactivity in PMMA/
Fe;03/GO nanocomposites, where controlled nanofiller inclusion allows for simultaneous regulation of
antibacterial activity and optical characteristics. These nanocomposites' remarkable antibacterial efficacy,
material stability, and biocompatibility make them attractive options for wound-contact materials, implant
coatings, and infection-resistant biomedical equipment.

Table 4. Number of cell count.

Iwt% 2wt% 3wt% 4wt%
212*10! 100*10! 21*107! 11*10°!
192*1072 98*10°2 19%*1072 3*102
183*1073 81*103
176*10* 73*%104
171*10 59*10°
150*10¢ 25%*10°6
124*107
112*108




3wt%

4wt%
Figure 13. Direct culture count of tested specimens according to Fe2O3 and GO concentrations.

4. Conclusion

The incorporation of Fe;O3; and GO fundamentally redefines PMMA from an inert dielectric polymer into
a multifunctional, electronically active nanocomposite. Absorption-edge redshift, systematic band-gap
narrowing, and simultaneous augmentation of refractive index, dielectric constant, and optical conductivity
are experimental manifestations of the strong electronic-structure rearrangement caused by strong interfacial
bonding and hybrid network development. Increased electronic delocalization, interfacial polarization, and
effective charge-transfer channels inside the composite are all reflected in these changes.

DFT and TD-DFT analyses provide direct mechanistic validation, revealing reduced HOMO-LUMO
gaps, redistributed frontier orbitals, and charge-transfer excitations associated with Fe-O-C and m—m*
interactions. Surface reactivity and optical response are controlled by electrostatically active interfaces, which
are further confirmed by the stabilized and increased molecule electrostatic potential. Film-level collective
effects are the source of small differences between theoretical and experimental spectra, which do not change
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the underlying electronic trends. Beyond optoelectronic tunability, the hybrid nanocomposites demonstrate
exceptional antibacterial activity, surpassing 99% inhibition via a synergistic mechanism that combines
graphene oxide-mediated membrane rupture and iron oxide-induced oxidative stress.

PMMA/FeOs/GO is positioned as a strong platform for cutting-edge optoelectronic and infection-resistant
biomedical applications after our results, which establish electronic-structure engineering as a cohesive
approach for concurrently manipulating optical, electroactive, and antibacterial functions.
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