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INTRODUCTION

In recent decades, the convergence of nanotechnology and
computational materials science has catalyzed a profound trans-
formation in our understanding of material behaviour at the
nanoscale. This convergence has opened up new frontiers in
the manipulation and utilization of materials whose properties
are dramatically altered when reduced to the nanoscale [1,2].
Due to the unique properties stem primarily from the significant
increase in surface area relative to volume, which enhances
the surface reactivity and from quantum confinement effects
that alter electronic, optical and magnetic properties. Catalysis,
optoelectronics, biomedicine and energy storage are just a few
of the many scientific and technical fields that have found these
remarkable materials to be indispensable due to their customiz-
able characteristics and high reactivity [3,4]. Simultaneously,
density functional theory (DFT), an ab initio quantum mechan-
ical approach, has emerged as a cornerstone of modern
computational materials science. DFT offers a robust and comp-
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This study focuses on the density functional theory (DFT) analysis of five primary polymer-grafted nanoparticle systems viz. Au-PEG, |
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detailed density of states (DOS) and band structure calculations. The findings reveal that the Au-PEG and Ag-PEG exhibit metallic
behaviour with significant states near the Fermi level, indicative of excellent electrical conductivity. In contrast, SiO,-PS, TiO,-PMMA and |
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for various technological applications. The study also highlights potential possibilities for future research, including the development of
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utationally feasible method for investigating the electronic
structure and properties of materials by solving the Schrodinger
equation for the electron density rather than the many body
wavefunction. This approach, pioneered by Hohenberg, Kohn
and Sham [5,6], have provided a crucial bridge between theory
and experiment, enabling accurate predictions of material prop-
erties that are often difficult or impossible to measure directly
active sites on catalyst surfaces and guiding the development
of more efficient catalysts for industrial applications [7].

In the realm of renewable energy, DFT’s strength relies
in being able to meticulously and computationally efficiently
characterize a broad spectrum of material properties, including
electronic, magnetic and optical behaviours. The integration of
nanoparticles with DFT has paved the way for the comprehen-
sive exploration of nanoscale phenomena. Researchers can now
predict, design and manipulate the characteristics of materials
with unprecedented precision. For example, DFT calculations
have been instrumental in unravelling complex reaction mech-
anisms at the nanoscale, identifying has provided critical insights
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into the electronic properties of nanoparticle-based materials
used in solar cells and battery electrodes, thereby informing the
selection and optimization of materials for these technologies
[8,9].

Nanoparticles exhibit a variety of unique properties that
diverge significantly from those of bulk materials. The high
surface-to-volume ratio leads to increased surface activity,
which is particularly beneficial in catalysis, where the surface
atoms play a critical role in chemical reactions [10]. Quantum
confinement effects, which occur when the dimensions of the
nanoparticles approach the de Broglie wavelength of electrons,
result in discrete energy levels, altering the electronic and optical
properties of the material. This quantum confinement is espe-
cially pronounced in semiconductor nanoparticles, where it
can lead to a blue shift in the absorption spectrum as the particle
size decreases. These phenomena make nanoparticles highly
attractive for applications in optoelectronic devices, where
control over electronic and optical properties is essential. The
ability to control the size, shape, composition and surface
structure of nanoparticles is crucial for tailoring their properties
for specific applications. This control is often achieved through
meticulous synthesis techniques, which aim to produce nano-
particles with uniform size and shape, thereby ensuring consis-
tency in their properties. Furthermore, surface modification
of nanoparticles, such as grafting with polymers, can enhance
their stability, dispersibility and functionality, making them
suitable for a broader range of applications.

In this study, we focus on the density functional theory
(DFT) analysis of five primary polymer-grafted nanoparticle
systems: Au-PEG, SiO,-PS, TiO,-PMMA, Ag-PEG and ZnO-
PVA. These systems were selected due to their relevance in
various technological applications, including catalysis, elect-
ronics and energy storage. The polymer grafting not only stabi-
lizes the nanoparticles but also introduces new electronic and
physical properties by modifying the surface characteristics.
By analyzing the density of states (DOS) and band structures
of these systems, we aim to elucidate the contributions of both
the metal or metal oxide cores and the polymer chains to the
overall electronic properties. The insights gained from this
analysis will enhance our understanding of the fundamental
electronic interactions in polymer-grafted nanoparticles
(PGNPs) and guide the design of new nanomaterials with opti-
mized properties for the specific applications.

EXPERIMENTAL

A comprehensive analysis of the theoretical principles
underlying density functional theory (DFT) and the specific
computational methodologies was employed in this study. The
discussion begins with an overview of fundamental DFT con-
cepts followed by a detailed explanation of the computational
setup used to investigate the properties of the polymer grafted
nanoparticle (PGNP) systems under consideration. In DFT
studies of polymer-grafted nanoparticles, the analysis of the
density of states (DOS) and band structure is essential for under-
standing the electronic properties of the systems. The DOS
represents the number of electronic states available at each
energy level, offering insights into the distribution of electrons

across different energy levels and identifying regions with a
high concentration of electronic states. This information is
crucial for understanding electronic transitions, charge transfer
and conductivity within the material [6,11]. The band structure,
in contrast, illustrates the relationship between energy levels
and electron momentum, detailing the electronic bands such
as valence band, conduction band and bandgap. These electronic
characteristics determine the material’s electrical conductivity,
optical properties and electron mobility, as well as the inter-
action between the polymer chains and the nanoparticle core,
which influences charge transfer and hybridization of electronic
states [12].

Computational setup

Model construction: The modeled nanoparticle systems
included polymer chains grafted onto a 2-5 nm core diameter.
The models were constructed to accurately represent the experi-
mental systems under investigation. For each PGNP systems,
the core material (metal or metal oxide) was selected based on
its relevance to the specific application and the polymer chains
were attached to the nanoparticle surface to simulate realistic
grafting conditions [13,14]. The atomic coordinates of the
models were optimized to minimize the total energy and ensure
structural stability.

DFT calculation setup: The DFT calculations were per-
formed using the Perdew-Burke-Ernzerhof (PBE) functional
for periodic systems and the B3LYP functional for molecular
systems, ensuring an appropriate balance between accuracy
and computational efficiency [15]. A plane-wave basis set with
an energy cutoff of 450 eV was employed for all calculations,
which provided a sufficient level of precision for describing
the electronic structure [16]. For periodic calculations, a
Monkhorst-Pack k-point grid of 3 x 3 x 3 was utilized to sample
the Brillouin zone, ensuring the accurate integration over the
reciprocal space [17].

Geometry optimization: Geometry optimization was per-
formed to find the lowest energy configuration of each PGNP
system. The optimization process involved iteratively adjusting
the atomic positions until the forces on each atom were reduced
to below 0.01 eV/A [13]. This procedure ensured that the
systems were in their most stable configurations, minimizing
the poten-tial energy and allowing for accurate subsequent
electronic structure calculations.

Software: All the DFT calculations were carried out using
the Vienna ab initio Simulation Package (VASP) for periodic
systems [ 13], quantum ESPRESSO for systems requiring plane
wave-based DFT calculations [ 14] and Gaussian for molecular
systems that required more localized basis sets [18]. These
software packages were chosen for their robustness and wide
acceptance in the computational materials science community,
ensuring reliable and reproducible results.

Table-1 summarizes the combination of polymers and
corresponding nanoparticles studied in this work. Each combi-
nation was selected based on its potential application and the
distinct electronic properties it imparts to the overall system.
The results of the DOS and band structure calculations were
analyzed to understand the contributions of both the nano-
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TABLE-1
COMBINATION OF POLYMER GRAFTED NANOPARTICLES

Polymer Nanoparticle
Polyethylene glycol (PEG) Gold (Au)
Polystyrene (PS) Silicon dioxide (SiO,)
Polymethyl methacrylate (PMMA) Titanium dioxide (TiO,)
Polyethylene glycol (PEG) Silver (Ag)
Polyvinyl alcohol (PVA) Zinc oxide (ZnO)

particle cores and the grafted polymer chains to the overall
electronic properties. The fine resolution of the DOS plots,
particularly around the Fermi level, allowed for an accurate
depiction of the electronic behaviour of each system, revealing
whether the systems exhibited metallic, semiconducting or
insulating characteristics.

RESULTS AND DISCUSSION

Au-PEG polymer-grafted nanoparticle: The analysis
of the density of states (DOS) for Au-PEG polymer-grafted
nanoparticle system provides valuable insights into the electr-
onic contributions from both the gold (Au) core and the poly-
ethylene glycol (PEG) chains. As shown in Fig. 1a, the significant
peaks near the Fermi level are predominantly attributed to the
electronic states of the Au atoms. This indicates that the Au
core plays a critical role in determining the overall electronic
properties of the nanoparticle, primarily contributing to the
states that are crucial for electrical conductivity.

The PEG chains, in contrast, contribute primarily to the
higher energy regions of DOS, which is characteristic of their
insulating properties. The contribution from PEG is minimal
near the Fermi level, reinforcing its role as an insulating layer
that does not significantly interfere with the conductive prop-
erties imparted by the Au core. This behaviour is consistent
with the nature of PEG, a polymer known for its dielectric
properties, which generally does not contribute to the condu-
ction process.

Further examination of the band structure, as presented
in Fig. 1b, reveals the presence of energy bands that cross the
Fermi level, confirming the metallic behaviour of the Au nano-
particle core. The crossing of these bands at the Fermi level
indicates the availability of electronic states for conduction,

2.00f i: X%t'al DOS )
- I
1.75} |—PEG
1t
1.50}
— OFf
1.25} -
1) = -1
O 1.00f 3
[a] o) ot
0.75} &
0.50 sl
0.25} i
ot 5[

which is a hallmark of metallic systems. This is expected for
gold with excellent conductivity, which retains its metallic nature
even when reduced to the nanoscale and grafted with polymer
chains.

Interestingly, while the inclusion of PEG chains does result
in slight modifications to the band structure, these modifica-
tions do not introduce a bandgap. The absence of a bandgap
confirms that the Au-PEG system remains metallic, despite
the insulating nature of PEG. This observation underscores the
dominance of the Au core in governing the electronic properties
of the nanoparticle, with the PEG chains playing a secondary
role that does not fundamentally alter the metallic behaviour.
These findings highlight the significant influence of Au core
on the electronic properties of the nanoparticle, while the PEG
chains contribute to the higher energy states, primarily influen-
cing the surface chemistry and functional properties without
altering the fundamental metallic nature of Au core. This dual
functionality of Au-PEG nanoparticles—combining conductivity
with surface modifiability—positions them as promising candi-
dates for advanced technological applications. The strong met-
allic character retained by the Au core, despite the presence of
insulating PEG chains, underscores the potential of Au-PEG
nanoparticles in applications where both conductivity and surface
functionality are essential. This could include areas such as
targeted drug delivery, where PEGylation improves biocomp-
atibility while the gold core could be used for imaging or photo-
thermal therapy. The slight modifications observed in the band
structure due to PEG grafting also suggest avenues for further
exploration, such as the potential tuning of electronic properties
through the choice of different polymers or by altering the
density and length of the grafted chains.

Si0,-PS polymer-grafted nanoparticle: The density of
states (DOS) analysis for the SiO,-PS polymer-grafted nano-
particle system reveals critical insights into the electronic contri-
butions from both the silicon dioxide (SiO) core and the poly-
styrene (PS) polymer chains. As depicted in Fig. 2a, the DOS
plot shows that the SiO, atoms significantly contribute to the
electronic states near the Fermi level. This observation is con-
sistent with the well-known properties of SiO,, which, in its
bulk form, acts as a wide-bandgap insulator, but at the nano-
scale can exhibit modified electronic behaviour due to quantum
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Fig. 1. Plots of density of states (a) and band structure (b) of Au-PEG nanoparticle
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Fig. 2. Plots of density of states (a) and band structure (b) of SiO,-PS nanoparticle

confinement effects. The PS chains, on the other hand, contri-
bute primarily to the higher energy regions of the DOS, which
is indicative of their inherent insulating properties. Polystyrene,
being a typical organic polymer, has a wide bandgap and does
not participate in electronic conduction near the Fermi level.
The minimal contribution of PS to the states near the Fermi
level reinforces its role as an insulating material, which mainly
serves to modify surface chemistry and enhance the mechanical
stability of the nanoparticle rather than altering its electronic
properties.

Further analysis through the band structure, as presented
in Fig. 2b, elucidates the electronic behaviour of the SiO, core,
confirming its insulating nature. The band structure reveals a
distinct bandgap, which is indicative of the absence of available
electronic states for conduction at the Fermi level. This bandgap
persists despite the presence of the PS chains, highlighting
that the electronic properties of the SiO, core dominate the over-
all electronic behaviour of the nanoparticle system. The PS
chains induce only minor modifications to the band structure
and these modifications do not reduce the bandgap, reaffirming
the insulating nature of SiO, core. This behaviour is particularly
significant for applications where insulation is required, such
as in dielectric materials, coatings or as components in electr-
onic devices where controlled electrical insulation is necessary.

The retention of a bandgap in the presence of PS chains
ensures that the SiO,-PS system can effectively act as an insul-
ating barrier, even when subjected to nanoscale modifications.
The interaction between the SiO, core and the PS chains is of
particular interest because it allows for the stabilization of the
nanoparticle while maintaining its essential insulating prop-
erties. The PS chains, while contributing to the higher energy
states, do not interfere with the fundamental insulating behav-
iour of the SiO; core. This property makes SiO,-PS nanoparticles
suitable for use in composite materials where electrical insul-
ation, thermal stability and mechanical reinforcement are requ-
ired simultaneously. The persistence of the bandgap, despite
the introduction of polymer chains, is critical for ensuring that
the SiO, core’s insulating properties are not compromised,
making these nanoparticles ideal for applications in micro-
electronics and nanocomposites where insulation from elect-
rical conduction is paramount.

The clear presence of a bandgap across multiple k-points
(T, X, M, K) indicates that there are no states available for
conduction at the Fermi level, which is typical of an insulating
material. The band structure’s stability across these k-points,
despite the introduction of PS chains, further reinforces the
dominant influence of the SiO, core. The SiO»-PS nanoparticle
system, with its maintained insulating properties despite the
incorporation of polymer chains, presents an excellent candi-
date for applications requiring stable electrical insulation. The
minimal influence of PS on the electronic structure of SiO, core
ensures that the system’s insulating characteristics are preserved,
making it suitable for use in advanced electronic materials where
such properties are critical.

TiO,-PMMA polymer-grafted nanoparticle: The
density of states (DOS) analysis for the TiO,-PMMA polymer-
grafted nanoparticle system provides an understanding of the
electronic contributions from both the titanium dioxide (TiO,)
core and the poly(methyl methacrylate) (PMMA) chains. As
illustrated in Fig. 3a, significant peaks near the Fermi level
are predominantly due to the electronic states contributed by
the TiO, atoms. This indicates that TiO, core plays a critical
role in determining the electronic properties of the system. At
the nanoscale, these properties can be slightly modified due to
size effects and surface interactions, yet TiO, remains primarily
an insulator.

The PMMA chains, on the other hand, contribute primarily
to the higher energy regions of the DOS. PMMA, a well-known
organic polymer, has a wide bandgap and is inherently an insu-
lator. Its contributions to the DOS at higher energy levels further
emphasize its role in modifying the surface properties of the
nanoparticle without significantly impacting the electronic
states near the Fermi level. The minimal contribution of PMMA
near the Fermi level reinforces its insulating nature and suggests
that its primary function in the composite is to stabilize the
nanoparticle and possibly alter its surface chemistry, rather than
to participate in conduction. Further examination of the band
structure confirms the insulating behaviour of the TiO, core
(Fig. 3b). The band structure reveals a distinct bandgap, charac-
terized by the absence of electronic states at the Fermi level,
indicative of the lack of conductivity within this energy range.
This bandgap persists even after the incorporation of PMMA
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Fig. 3. Plots of density of states (a) and band structure (b) of TiO,-PMMA nanoparticle

chains, which induce only slight modifications to the band
structure. These modifications do not close the bandgap, reaffir-
ming that the insulating nature of the TiO, core remains dominant
within the system.

The persistence of the bandgap despite the presence of
PMMA chains is particularly important for applications where
insulation is critical, such as in dielectric materials or as compo-
nents in electronic devices that require controlled electrical
insulation. The TiO, core, with its established bandgap, ensures
that the composite remains non-conductive, making it suitable
for applications in photovoltaics, coatings and other electronic
components where insulation from charge carriers is necessary.
The interaction between the TiO, core and the PMMA chains
is also of interest because it highlights the role of polymer
grafting in tuning the physical properties of the nanoparticle
without significantly altering its electronic properties. The
PMMA chains serve as a stabilizing matrix around the TiO,
core, providing mechanical stability and potentially influencing
the surface interactions with other materials, while maintaining
the core’s inherent insulating properties.

The band structure further elucidates the insulating beha-
viour of the TiO,-PMMA system. The clear and persistent
bandgap across multiple k-points (I', X, M, K) confirms that
the system remains non-conductive even after the incorporation
of PMMA chains. The stability of this band-gap is critical for
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applications where the retention of insulating properties is
essential, such as in dielectric coatings or in components where
electronic insulation is required to prevent charge leakage. The
TiO,-PMMA nanoparticle system demonstrates a robust insul-
ating behaviour, primarily driven by the TiO, core, with PMMA
contributing to the stabilization and functionalization of the
nanoparticle without altering its fundamental electronic prop-
erties. This system is particularly well-suited for applications
requiring stable electrical insulation combined with the mech-
anical and chemical benefits provided by the polymer grafting.
Future work could explore the effects of varying the polymer
chain length or density on the surface of TiO, nanoparticles to
tailor these properties further for industrial applications.

Ag-PEG polymer-grafted nanoparticle: The density of
states (DOS) analysis for the Ag-PEG polymer-grafted nano-
particle system reveals the critical insights into the electronic
contributions from both the silver (Ag) core and the poly-
ethylene glycol (PEG) chains. As illustrated in Fig. 4a, signifi-
cant peaks near the Fermi level are predominantly attributed
to the electronic states of the Ag atoms. This suggests that the Ag
core plays a crucial role in determining the electronic properties
of the nanoparticle system. Silver, known for its excellent elect-
rical conductivity in bulk form, retains its metallic characteristics
even at the nanoscale, contributing significantly to the overall
electronic states near the Fermi level.
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Fig. 4. Plots of density of states (a) and band structure (b) of Ag-PEG nanoparticle
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The PEG chains, in contrast, contribute primarily to the
higher energy regions of the DOS. PEG, a polymer widely used
for its biocompatibility and insulating properties, does not
significantly influence the electronic states near the Fermi level.
Its minimal contribution to the states around the Fermi level
reinforces its role as an insulating material, which primarily
influences surface properties and solubility rather than partici-
pating directly in electronic conduction.

Further insights into the electronic behaviour of the Ag-
PEG system are provided by the band structure analysis (Fig.
4b). The band structure reveals that the silver nanoparticle core
exhibits metallic behaviour, characterized by the presence of
energy bands that cross the Fermi level. This band crossing
indicates the availability of electronic states for conduction, a
defining feature of metallic systems. The metallic nature of
silver is preserved even when grafted with PEG chains, which
is crucial for applications requiring conductive nanoparticles
with surface modification for stability or functionalization.

The presence of PEG chains does induce slight modifica-
tions to the band structure, likely due to interactions at the
interface between the silver core and the PEG chains. However,
these modifications do not introduce a bandgap, reaffirming
that the Ag core dominates the electronic properties of the
system. The PEG chains, while modifying the surface character-
istics, do not alter the fundamental metallic behaviour of the
Ag core. This retention of metallic behaviour is particularly
significant for applications where both conductivity and surface
functionalization are required, such as in biosensing, catalysis,
or electronic devices. The Ag-PEG system offers a combination
of excellent electrical conductivity from the silver core and
the chemical versatility and biocompatibility of the PEG chains.
The ability of PEG to provide a stabilizing layer without com-
promising the conductive properties of the Ag core makes this
system especially attractive for applications in which both
properties are crucial.

The band structure data further elucidates the metallic
nature of the Ag-PEG system. The clear presence of energy
bands crossing the Fermi level across multiple k-points (', X,
L, W, K, U) confirms the availability of states for conduction,
characteristic of metallic materials. This stability of the band
structure, despite the presence of PEG chains, underscores the
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dominance of the Ag core in defining the system’s electronic
properties. The Ag-PEG nanoparticle system effectively comb-
ines the metallic properties of silver with the insulating and
stabilizing characteristics of PEG. The silver core retains its
fundamental metallic behaviour, crucial for conductivity, while
the PEG chains contribute to surface modification without
altering these properties. This makes Ag-PEG nanoparticles
suitable for a range of applications where both electrical cond-
uctivity and surface functionality are required, such as in sensors,
catalysis and biofunctionalized surfaces.

ZnO-PVA polymer-grafted nanoparticle: The density
of states (DOS) analysis for the ZnO-PVA polymer-grafted
nanoparticle system provides critical insights into the electronic
contributions from both the zinc oxide (ZnO) core and the
polyvinyl alcohol (PVA) chains. As shown in Fig. 5a, signifi-
cant peaks near the Fermi level are predominantly attributed
to the electronic states contributed by the ZnO atoms, indicating
their significant role in determining the electronic properties
of the system.

In contrast, the PVA chains contribute primarily to the
higher energy regions of the DOS, reflecting their insulating
characteristics. PVA, is known for its wide bandgap and diele-
ctric properties, which make it an effective insulating material.
Its minimal contribution to the electronic states near the Fermi
level reinforces its role in modifying the surface properties of
the nanoparticle, rather than directly influencing the conduc-
tion processes within the material.

The band structure reveals a distinct bandgap character-
ized by the absence of electronic states at the Fermi level,
confirming the insulating nature of the ZnO core. This bandgap
persists even after the incorporation of PVA chains, which
induce only slight modifications to the band structure. These
modifications do not reduce or close the bandgap, reaffirming
that the ZnO core’s insulating properties dominate the overall
electronic behaviour of the nanoparticle system. The persis-
tence of the bandgap, despite the presence of PVA chains, is
particularly important for applications where insulation is
critical, such as in dielectric layers, electronic devices and coat-
ings that require high electrical resistivity. The ZnO core, with
its inherent bandgap, ensures that the composite remains non-
conductive, making it suitable for applications in which insul-
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ation from charge carriers is essential. The interaction between
the ZnO core and the PVA chains is interesting as it demons-
trates the potential of polymer grafting to change the physical
characteristics of nanoparticle without substantially changing
its electronic properties. The PVA chains provide mechanical
stability and enhance the surface properties of the ZnO core,
while the core retains its fundamental insulating behaviour.
The band structure (Fig. 5b) further elucidates the insul-
ating nature of the ZnO-PVA system. The clear presence of a
bandgap across multiple k-points (I', X, M, K) indicates that
there are no available states for conduction at the Fermi level,
which is consistent with the insulating characteristics of ZnO.
The stability of this bandgap, even after the incorporation of
PVA chains, confirms that the ZnO core’s electronic properties
dominate the overall behaviour of the nanoparticle. The ZnO-
PVA nanoparticle system maintains a robust insulating behav-
iour, primarily driven by the ZnO core, with PVA contributing
to the stabilization and functionalization of the nanoparticle
without altering its fundamental electronic properties. This
system is particularly well-suited for applications requiring
stable electrical insulation combined with the mechanical and
chemical benefits provided by the polymer grafting.
Interpretation: The comprehensive comparison data of
the density of states (DOS) and band structure of the five
studied polymer-grafted nanoparticle systems (Au-PEG, Ag-
PEG, SiO,-PS, TiO,-PMMA and ZnO-PVA) reveals the distinct

electronic behaviour trends (Tables 2 and 3). Specifically, the
Au-PEG and Ag-PEG systems exhibit metallic characteristics,
as evidenced by the presence of energy bands crossing the
Fermi level (Fig. 6). This crossing indicates a significant density
of electronic states at the Fermi level, which is indicative of
good electrical conductivity. These findings suggest that Au-
PEG and Ag-PEG are well-suited for applications requiring
conductive materials. In contrast, the SiO,-PS, TiO,-PMMA
and ZnO-PVA systems display insulating behaviour, character-
ized by the presence of a bandgap. This bandgap indicates the
absence of available electronic states for conduction at the
Fermi level, making these nanoparticles more suitable for appli-
cations that require insulation or reduced electrical conduc-
tivity. The insulating properties are primarily due to the
electronic structure of the metal oxide cores, which contribute
significantly to the DOS near the Fermi level, while the polymer
chains contribute states primarily in the higher energy regions.
The DOS analysis further elucidates the contributions from
both the metal or metal oxide cores and the polymer chains.
In all cases, the metal or metal oxide core (Au, Ag, Si0,, TiO,,
ZnO) contributes significantly to the DOS near the Fermi level.
This contribution is crucial for determining the overall elect-
ronic properties of the nanoparticle systems. The polymer chains
(PEG, PS, PMMA, PVA), on the other hand, contribute states
predominantly in the higher energy regions, confirming their
insulating nature.

TABLE-2
DENSITY OF STATES (DOS) PLOT DATA OF FIVE PRIMARY POLYMER-GRAFTED NANOPARTICLES (PGNPs)
Energy Au-PEG SiO,-PS TiO,-PMMA Ag-PEG ZnO-PVA
@) T A pEG | [ sio,  Ps | T Tio, PMMA | D Ag  PEG | (% zio  PvA
-5.0 0.2 0.15 0.05 0.1 0.08 0.02 0.1 0.08 0.02 0.2 0.08 0.05 0.1 0.08 0.02
-4.0 0.4 0.35 0.05 0.3 0.25 0.05 0.3 0.25 0.05 0.4 0.25 0.05 0.3 0.25 0.05
-3.0 0.8 0.70 0.10 0.6 0.50 0.10 0.6 0.50 0.10 0.8 0.50 0.10 0.6 0.50 0.10
-2.0 1.2 1.00 0.20 0.9 0.70 0.20 0.9 0.70 0.20 1.2 0.70 0.20 0.9 0.70 0.20
-1.0 1.5 1.20 0.30 1.1 0.80 0.30 1.1 0.80 0.30 1.5 0.80 0.30 1.1 0.80 0.30
0.0 2.0 1.80 0.20 1.5 1.20 0.30 1.5 1.20 0.30 2.0 1.20 0.20 1.5 1.20 0.30
1.0 1.8 1.60 0.20 1.1 0.90 0.20 1.1 0.90 0.20 1.8 0.90 0.20 1.1 0.90 0.20
2.0 1.5 1.30 0.20 0.8 0.60 0.20 0.8 0.60 0.20 1.5 0.60 0.20 0.8 0.60 0.20
3.0 1.2 1.00 0.20 0.6 0.40 0.20 0.6 0.40 0.20 1.2 0.40 0.20 0.6 0.40 0.20
4.0 0.8 0.60 0.20 0.4 0.20 0.20 0.4 0.20 0.20 0.8 0.20 0.20 0.4 0.20 0.20
5.0 0.4 0.20 0.20 0.2 0.10 0.10 0.2 0.10 0.10 0.4 0.10 0.20 0.2 0.10 0.10
TABLE-3
BAND STRUCTURE DATA OF FIVE PRIMARY POLYMER-GRAFTED NANOPARTICLES (PGNPs)
Au-PEG SiO,-PS TiO,-PMMA Ag-PEG ZnO-PVA
k-Point Energy (eV) k-Point Energy (eV) k-Point Energy (eV) k-Point Energy (eV) k-Point Energy (eV)
r -5.0 r -5.0 r -5.0 r -5.0 r -5.0
X -4.5 X -4.0 X -4.0 X -4.5 X -4.0
L -3.5 M -3.0 M -3.0 L -3.5 M -3.0
W -2.5 K -2.0 K -2.0 W -2.5 K -2.0
K -1.5 T -1.0 r -1.0 K -1.5 T -1.0
8} -0.5 X 0.0 X 0.0 6] -0.5 X 0.0
r 0.0 M 1.0 M 1.0 r 0.0 M 1.0
X 0.5 K 2.0 K 2.0 X 0.5 X 2.0
L 1.0 T 3.0 r 3.0 L 1.0 T 3.0
Y 1.5 W 1.5
K 2.0 K 2.0
U 2.5 U 2.5
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Fig. 6. Comparison plots of density of states (a) and band structure (b) of different PGNP systems

The distinct function of each component in determining
the electrical characteristics of the nanoparticle is highlighted
by the difference of electrical states between the metal cores
and the polymer shells. It is also noteworthy that some of the
DOS and band structure plots for different nanoparticles appear
to overlap or merge. This merging occurs because the electronic
structures of the core metals and metal oxides (such as Au, Ag,
Si0,, TiO, and ZnO) exhibit similar characteristics near the
Fermi level. These similarities result in overall trends in the
DOS and band structures that are consistent across different
materials leading to overlapping plots. This commonality high-
lights the intrinsic electronic properties of these metal and metal
oxide cores, which remain largely unaffected by the grafted
insulating polymer chains. Consequently, the electronic prop-
erties of core materials dominate the overall behaviour of the
nanoparticle systems, while the polymer grafts modulate these
properties by contributing higher energy states without signifi-
cantly altering the fundamental nature of the cores.

Conclusion

This study provided a detailed DFT analysis of five polymer
grafted nanoparticle systems viz. Au- PEG, SiO,-PS, TiO,-PMMA,
Ag-PEG and ZnO-PVA. Through the density of states (DOS)
and band structure calculations, we observed the distinct elect-
ronic behaviours associated with each system. The Au-PEG
and Ag-PEG systems exhibited metallic characteristics with
significant states near the Fermi level, indicating excellent
electrical conductivity. In contrast, the SiO,-PS, TiO,-PMMA
and ZnO-PVA systems demonstrated insulating behaviour with
clear bandgaps, making them more suitable for applications
requiring insulation or reduced electrical conductivity. The DOS
analysis highlighted that the metal or metal oxide cores (Au,
Ag, Si0,, TiO,, ZnO) contributed substantially to the states near
the Fermi level, whereas the polymer chains (PEG, PS, PMMA,
PVA) contributed mainly to the higher energy regions, affirming
their insulating nature. Overall, this comprehensive study under-
scores the critical role of both the core materials and the grafted
polymers in defining the electronic properties of polymer grafted
nanoparticle systems. These findings can guide the design and
optimization of nanomaterials for specific applications in elect-
ronics, optoelectronics and energy storage.
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