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Abstract

In this study, molecular dynamics (MD) simulation is used to investigate the effect of Fe,O; nanoparticles (NPs) on the
structural and thermomechanical properties of poly(N-(2-hydroxypropyl)methacrylamide) (PHPMA) nanocomposites. Five
molecular models of pure PHPMA and PHPMA/Fe,0; nanocomposites with different NP sizes and concentrations were con-
structed and analyzed. The dynamics of the various models were investigated using mean square displacement (MSD), and
their glass transition temperature (7,,) was estimated using both density-temperature and MSD evaluation methods. The results
reveal that the presence of Fe,O; NPs enhances the molecular mobility and flexibility of polymer chains within the PHPMA
matrix and decreases their 7,. Additionally, the introduction of Fe,O; NPs significantly reduces the mechanical properties,
such as Young’s and bulk modulus, of the PHPMA polymer. Furthermore, the study demonstrates that the impact of NPs on
polymer properties is strongly influenced by NP features; an increase in NP size and concentration correlates with enhanced
molecular mobility and flexibility, while 7, and mechanical properties exhibit a negative correlation with these parameters.
These findings offer valuable insights into the influence of Fe,0; nanoparticles on the structural and thermomechanical prop-
erties of PHPMA nanocomposites, providing a foundation for optimizing their design and applications across various fields.

Keywords Poly(N-(2-hydroxypropyl)methacrylamide) (PHPMA) - Nanocomposites - Molecular dynamics simulation -
Metal oxide nanoparticles

1 Introduction

In recent years, there has been a significant increase in the
research and development of polymeric materials as conven-
tional properties of these materials have become inadequate
to meet the demanding requirements in various industrial
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and medical fields [1, 2]. To address this issue, new methods
and technologies have been explored to modify and enhance
the properties of these materials to align with their intended
applications. One such approach is the use of polymer nano-
composites (PNCs) [3]. PNCs consist of a polymer matrix
combined with nanoparticles, resulting in modified prop-
erties that differ from those of the individual components
[4]. This is attributed to the incorporation of nanoparti-
cles (NPs) into the polymer matrix, which has been shown
through previous studies to lead to significant improvements
in mechanical [5, 6], optical [7], rheological [8], thermal
[9, 10], and electrical [11, 12] properties of the resulting
nanocomposites. The properties of PNCs are closely related
to the features of the NPs and polymer, including NP size,
shape, and weight fraction, polymer molecular weight, and
the type of interaction between the polymer chains and NPs
[13, 14].

Molecular dynamics (MD) simulation is a powerful
computational method used to study the material proper-
ties, particularly at the molecular level [15]. MD simula-
tions can be used to predict the material properties under
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different conditions, such as varying temperature and pres-
sure [16], providing important information for the design
and optimization of polymeric materials [17]. MD simu-
lations are considered a valuable tool in material science
research and development, as they can provide insights into
the underlying physical and chemical processes that govern
the material properties at the molecular level [18]. Wei
et al. [19] employed the MD simulation to investigate the
effect of nano-Si0, particles with different concentrations
on the poly(vinyl pyrrolidone) (PVP)/polyvinyl alcohol
(PVA) and observed that the incorporation of SiO, nano-
particles is able to modify the density, mechanical proper-
ties, and semi-crystalline character of the PVP/PVA blend
systems. Wang et al. [20] studied by using MD simulation
the mechanical properties and glass transition temperature
(T,) behavior of poly(ethylene terephthalate) (PET) incor-
porating by silica NPs and hydroxylated silica NPs, respec-
tively. They found that the T, of PET decreased in the pres-
ence of the silica particle and increased in the presence
of hydroxylated silica, whereas the addition of hydroxyl
groups on the surface of silica nanoparticles led to a more
significant improvement in mechanical properties such
as stiffness coefficient, compliance coefficient, Young’s
modulus, shear modulus, bulk modulus, and tensile
strength compared to pure PET and PET/silica nanocom-
posite. These findings highlighted the role of interfacial
interactions between PET and nanoparticles in influenc-
ing the mechanical behavior, showing stronger interfacial
bonding in the PET/hydroxylated silica nanocomposite.
Nematollahi et al. [21] applied MD simulation to inves-
tigate the thermal and structural properties of poly(lactic
acid) (PLA)/natural rubber (NR)/SiO, NPs with differ-
ent loading of NPs, and it was found that the interaction
between the two polymer chains and the dispersion of NPs
in the blend system are amounts dependent on added of
NPs in the blend system. Xie et al. [22] investigated the
effects of incorporating nano-SiO, particles with differ-
ent diameters on the microstructure and thermomechanical
properties of crosslinked epoxy composites using molecu-
lar dynamics simulations. The paper concludes that the
presence nano-SiO, particles into epoxy resin effectively
improved the thermal and mechanical properties, and the
effectiveness was closely related to the particle size of
nano-Si0,. The T, value increased with the decreasing par-
ticle size, while the variation of the coefficient of thermal
expansion (CTE) in the glassy state demonstrated opposite
trend as compared with 7, value. The mechanical proper-
ties such as Young’s, shear, and bulk moduli first increased
and then decreased with the decreasing particle size.
Poly(N-(2-hydroxypropyl)methacrylamide) (PHPMA) has
gained significant attention in recent years due to its enhanced
properties [23], biocompatibility [24], high rigidity (with a
glass transition temperature of more than 350 K), low density
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[25], and low immunogenicity [26]. Additionally, its hydroxyl
groups bond toward polar molecules [27, 28]. PHPMA has
been used in a wide range of applications, including textile
surface modification, photoresists, radiation curing, and paint
formulations [29, 30]. Furthermore, it is one of the most suit-
able polymers for various applications, particularly in tissue
engineering and targeted drug delivery [31, 32].

Among various types of nanoparticles, metal oxide
nanoparticles, such as Fe,O; iron oxide NPs, have been
widely used due to their tailored chemical stability in vari-
ous medium, such as water and organic solvents [33], high
specific surface area [34], superparamagnetism [35], and
biocompatibility [36].

When comparing the Fe,O; NPs investigated in our
study with commonly used nanoparticles like silica nano-
particles, it is important to consider specific application
requirements and desired property enhancements. The
choice between these nanoparticles depends on several
factors. Fe,O; NPs exhibit unique magnetic properties,
providing additional functionalities to the nanocomposite
system. This magnetic behavior is advantageous in applica-
tions where magnetically responsive materials are desired,
such as targeted drug delivery systems or magnetic sensors
[37]. On the other hand, silica nanoparticles do not respond
to external magnetic fields due to their diamagnetic nature
and may not offer the same level of functionality in these
particular applications. The surface chemistry of the nano-
particles is crucial for their compatibility with the poly-
mer matrix. Fe,05 NPs can have varied surface chemistries
depending on the synthesis methods employed, enabling
tailored interactions with the polymer chains. In contrast,
silica nanoparticles have a hydrophilic nature and may
require additional surface modification to enhance their
compatibility with hydrophobic polymer matrices like
PHPMA [38]. Plichta et al. [39] prepared citrate-treated
Fe,O; NPs and a new PHPMA-based surface coating to
guarantee minimal immunogenicity and biocompatibility
and provide reactive functional groups for later chemical
conjugation with a particular drug.

This study significantly contributes to a comprehensive
understanding of the impact of incorporating spherical
Fe,O0; NPs with varying NP sizes and corresponding
changes in the loading level on specific PHPMA properties
via molecular dynamics simulations, including polymer
chain mobility, thermal stability, and mechanical proper-
ties such as Young’s, shear, and bulk moduli. Lowering
the glass transition temperature (7,) of the polymer can
enhance its flexibility and ductility, expanding its poten-
tial applications [40]. Likewise, a lower Young’s modulus
signifies a softer and more flexible material, opening up
opportunities in various fields such as soft robotics, flex-
ible electronics, medical devices, packaging, coatings,
adhesives, and sealants [41].
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2 Simulation Details

All MD simulations were performed using Materials
Studio 7.0 software developed by BIOVIA (formerly
Accelrys) [42].

2.1 Polymer Model

The selection of an appropriate chain length is a crucial fac-
tor when conducting molecular dynamics (MD) simulations
of polymers. If the chain is too short, the simulation may
not accurately represent real systems, while a long chain
may be computationally challenging [43, 44]. To address
this issue, we used the polymer and amorphous cell builder
tools in Materials Studio (MS) to construct PHPMA chains
with different lengths ranging from n=>5 to n=60. We then
used the solubility parameter of these pure amorphous units
to determine that a chain of 40 monomers was the most suit-
able for our study (as shown in Fig. 1).

2.2 Fe,0; Nanoparticle Model

The unit cell structure of metal oxides comes to exist with the
Material Studio software. Whereof they are crystal structures
provided experimentally, the lattice parameters are the experi-
mental ones. Symmetry, space group, and lattice parameters of
studied metal oxide are given in Table 1. The crystal structure
of Fe,O; NPs depicted in Fig. 2a was generated as spherical
Fe,0, NPs with different radii of 6.6 A (Fig. 2b), 7.5 A, 8.8 A,
and 10 A. In order to eliminate the unsaturated boundary effect,
we added a hydrogen atom to the unsaturated oxygen atoms on
the surface of the Fe,O; NPs, as shown in Fig. 2c.

We achieve flexibility in relative atomic positions within
the nanoparticle by utilizing the “Edit Constraints” dialog.
Specifically in the Materials Studio software, by unchecking
the “Fix Cartesian Position” checkbox, we enable dynamic

Table 1 Symmetry, space group, and lattice parameters of studied
metal oxide

Metal oxide Space Symmetry Lattice parameters
group ~
Lengths (A)  Angles
(degrees)
Fe,04 R-3C Hexagonal A=b=5.03, a=£=90,
c=13.72 y=120

changes in distances and angles between atoms throughout
the simulation. This approach acknowledges the dynamic
interactions among atoms, facilitating adjustments in their
positions and orientations over time.

2.3 Polymer Nanocomposite Molecular Model

In our study, we utilized the “Construction” dialog within
the amorphous cell builder in the Materials Studio software
to create molecular models of pure PHPMA and PHPMA/
Fe,O; nanocomposites. Five models were generated, each
consisting of seven PHPMA chains and one Fe,O; NPs with
varying nanoparticle sizes and corresponding changes in the
loading level into PHPMA nanocomposites, as shown in
Fig. 3. The simulated systems had an atomic number rang-
ing from approximately 4800 to 5200, with initial density
of 0.6 g/cm? to ensure the molecular chains had sufficient
space to relax and avoid overlapping and entanglement and
the periodic boundary conditions (pbc) were applied in all
three principal directions. Table 2 provides a summary of
the attributes of these models, including the seven PHPMA
chains in each system.

2.4 MD and Annealing Simulation

We utilized the same minimizer for all initial polymer chain,
Fe,0; NPs and PNCs models. Our simulation incorporated

Fig.1 Molecular model of PHPMA chain with 40 repeating units. H, white; O, red; C, gray; N, blue
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(b)

Fig.2 Molecular models of Fe,O; nanoparticle. a Crystal structure of Fe,O; nanoparticle. b Spherical Fe,0; nanoparticle. ¢ Spherical Fe,05

nanoparticle with a saturated surface. H, white; O, red; Fe, light blue

a number of advanced techniques and methods. These
included using the conjugate gradient approach in the For-
cite module to perform 5000 steps of energy minimization
with an energy convergence threshold of 0.001 kcal/mol for

pure PHPMA PHPMA/Fe,0; (6.6A)

PHPMA/Fe,0; (8.8A4)

Fig.3 Equilibrium models of neat PHPMA and PHPMA/Fe,0; nanocomposite with different Fe,O; diameters and loading

@ Springer

all initial configurations. The simulations incorporated the
DREIDING force field (FF), renowned for its effectiveness
in predicting the structures and dynamics of organic, bio-
logical, and main-group inorganic molecules. It employs

PHPMA/Fe,0; (10A)
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Table 2 Parameters of simulation systems

System Cell component Particle Weight fraction of
size (A) component
PHPMA% Fe,0;%

1 7PHPMA/OFe,05 Non 100 0

2 7PHPMA/1Fe,05 6.6 88.9 11.1
3 7PHPMA/1Fe,04 7.5 83.7 16.3
4 7PHPMA/1Fe,04 8.8 77.2 22.8
5 7PHPMA/1Fe,04 10 69.2 30.8

general force constants and geometry parameters derived
from straightforward hybridization considerations rather
than relying on individualized values dependent on the
specific combination of atoms involved in bond, angle, or
torsion terms [45]. Several studies found in the literature,
specifically focusing on molecular dynamics simulations of
polymer and PNCs, demonstrate that the DREIDING FF
provides good agreement with experiments. Fereidoon et al.
[46] performed systematic MD simulations (using the Mate-
rial Studio software) to study the mechanical properties of
both pure NPs and their hybrid PNCs using different force
fields. They found that simulation results from DREIDING
force field could agree with experimental data. Benkhelifa
et al. explored the thermomechanical and shape memory
characteristics of copolymers derived from 2-hydroxypropyl
methacrylate (HPMA) and n-isobornyl acrylate (n-IBoA).
Employing the DREIDING FF, their molecular dynamics
simulations demonstrated a commendable concordance with
experimental data [47]. The non-bonded Van der Waals and
electrostatic interactions were truncated using atom-based
summation approach by cutoff distance of 12.5 A during
each stage of the simulation. These measures helped to
ensure the robustness and validity of our results.

To achieve the real density of each system and to release
any possible tensions, we conducted a classical molecular
dynamics (MD) simulation with an isothermal-isobaric
ensemble (NVT and NPT) for 200 ps under NVT and 200
ps under NPT ensembles with a time step of 1 fs at a con-
stant temperature of 298 K and pressure of 0.001 Gp (1
bar). We employed the Nose and Berendsen thermostats and
barostats to control temperature and pressure. The procedure
involving NVT following the NPT ensemble simulations
was adopted to achieve the thermodynamic equilibration to

properly extract converged properties [48]. Converged box
sizes and corresponding system’s densities as a function of
NP size are presented in Table 3.

After the equilibration at 298 K, anneal simulations were
performed to extract the information of mobility and glass tran-
sition temperature for each unit cell of five kinds of models. The
temperature of each system was increased to 450 K, followed by
a 200 ps equilibration stage at standard pressure. Then, a grad-
ual cooling down simulation was implemented at a constant
cooling rate of 25 K/100 ps, and NPT ensemble MD simulation
of 100 ps was performed after each temperature decreases by 25
K until the temperature of each unit cell reached 250 K.

3 Results and Discussion

3.1 Solubility Parameter and Appropriate
Chain Length

The solubility parameter is a measure of the intermolecular
forces between molecules in a polymer material. It can be
calculated using Eq. (1) [50]:

E
§ = /= = y/CED 1)

12

where v is the mixed volume of the materials, E_, represents
the cohesive energy, and CED is the cohesive energy density.
There is a relationship between the solubility parameter and
the chain length of a polymer. As the number of repeat units
increases, the solubility parameter tends to have a constant
value. This suggests that when the solubility parameter value
is stable, the polymer chain can accurately represent the real
polymer material [50, 51]. Numerous studies have consistently
affirmed the efficacy of examining changes in the solubility
parameter concerning the polymer chain length to determine
the minimum chain length representing the real polymer. For
instance, Fu et al. [52] conducted an investigation on polyethyl-
ene terephthalate (PET) and polylactide (PLA), finding that 20
monomers serve as the shortest chain length for a real polymer.
Similarly, Arenaza et al. [53] conducted a similar study, deter-
mining that the length at which the solubility parameter stabi-
lizes represents the minimum molecular size characterizing the
polymer. Their findings revealed that poly(L-lactide) (PLLA)
and poly(DL-lactide) (PDLLA) reach fixed values at 20 units,

Table 3 Conver,ged box sizes System Particle size Weight fraction of Density (g/cm®) Density in ref.  Length (;&)
and gqrrespondmg 'system’s ( A) Fe,0,% (g/em®)
densities as a function of NP
size 1 Non 0 1.023 1.12 [49] 36.54
2 6.6 11.1 1.075 37.39
3 7.5 16.3 1.109 37.74
4 8.8 22.8 1.169 38.11
5 10 30.8 1.191 39.27
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Fig.4 Solubility parameters vs 20
repeat unit number
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while poly(styrene) (PS) reaches 10 units. In our study, the 3.2 System Convergence Analysis

curve depicted in Fig. 4 indicates that the solubility parameter

of PHPMA becomes relatively constant when there are more  Regarding the PHPMA/NP mixture, the time evolution of
than 40 repeating units. This suggests that 40 is the minimum  the properties during the simulations demonstrates that
number of repeating units required to accurately represent the  the system has reached equilibrium, as indicated by the

PHPMA matrix in this context. energy and temperature fluctuations falling within the
Fig. 5 Total energy, potential . 400
energy, non-bond energy,
kinetic energy fluctuation, and 25000
temperature fluctuation of the
final equilibrium models of
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Fig.6 Density curve observed
for the NPT simulations
considering the standard
pressure and temperature
conditions of the final
equilibrium models of PHPMA/
Fe,05 (6.6 A)

Density (g/cm3)

typical range of 5-10% [5—10]. This is a crucial step in the
molecular dynamics simulation process, as an equilibrated
system represents a stable and representative sample that
can be used to accurately predict the material properties

T T
50 100 150 200

Time(ps)

under different conditions. The observed energy and tem-
perature fluctuations in Fig. 5 after the equilibration pro-
cess confirm that the system has reached a state of equi-
librium, which is essential for ensuring the validity of the

Fig.7 MSD time evolution as a 292 T T
function of NP size at standard o
temperature and pressure 204 —=—NON
1 —e-66A
1.84 —Aa—75A
16 1 —v—88A
2 —e—10 A
1.4 -
o
<L 1.2
8 J
1.0 -
= ]
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0.4
0.2
0.0 — T
0 5 10

15 20 25 30 35 40 45 50 55
Time(ps)
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simulation results. By ensuring that the system is equili-
brated, we can be confident that our simulation results are
reliable and can be used to make meaningful predictions
about the material properties. The equilibration process
allows the system to reach a state of thermal equilibrium,
where the temperature and energy are uniform throughout
the system. It is evident from temperature, energy, and
density curves (Figs. 5 and 6) that the simulations reached
the equilibration stage, with the variations around the aver-
age oscillating within the expected range of 5-10% [54]. In
addition, the simulated density of the pure polymer in this
work is close to the result reported in previous research
[49] presented in Table 3, verifying the reliability of the
constructed models and the employed methods.

3.3 Chain Mobility

The impact of Fe,O; NPs on the mobility of PHPMA
chains can be investigated using mean square displace-
ment (MSD) [55]. The MSD can be described as follows
(2) [55]:

MSD = ]lvzjf_ol (r - ri(O))2 )

where N is the number of atoms in the system and r; (0)
and r,(¢) represent the positions of any atom { at initial
time and time ¢, respectively. The plots of MSD time
evolution as a function of NP size at standard tempera-
ture and pressure are depicted in Fig. 7. The MSD curve
exhibits an increase in the presence of Fe,0; NPs com-
pared to pure (neat) PHPMA. The mean square displace-
ment (MSD) curves exhibit a positive correlation with
the size and concentration (weight fraction, loading) of
Fe,O; NPs. This finding suggests that the incorporation
of Fe,0; NPs into the PHPMA matrix significantly influ-
ences and enhances the mobility of the chains. This effect
becomes more pronounced as the size and concentration
of NPs increase. It is worth noting that the mobility of
materials is also influenced by temperature, as depicted
in Fig. 8, which shows that the dynamics of the polymer
increase with increasing temperature. This trend is due
to the increased thermal motion of the polymer chains.
Furthermore, the variation of the MSD curves of pure
PHPMA is most pronounced in the range of 260-270 K,
which is associated with the glass transition temperature
(Tg) of the polymer [36].

3.4 Glass Transition Temperature
The glass transition temperature (7) is a specific param-
eter of polymer materials that represents the temperature at

which the polymer transitions from a rigid, glassy state to
a more flexible, rubbery state, or vice versa [56]. T, can be

@ Springer

Fig.8 The variation of mean square displacement (MSD) values with»
time. a Pure PHPMA. b PHPMA/Fe,0; (6.6 A. ¢ PHPMA/Fe,0;
(715 A). d PHPMA/Fe,0; (8.8 A.e PHPMA/Fe,0; (10 A) at differ-
ent temperatures (K)

determined using various molecular dynamics simulation
methods, such as the polymer characteristics including ther-
mal expansion, volume, thermal conductivity, and density, as
well as microscopic characteristics such as polymer mobility
using mean square displacement (MSD), radial distribution
function (RDF), and non-bond energy [57]. In this work, the
T, of various models was estimated using density and MSD
evaluation methods.

The densities of the five systems decrease linearly as the
temperature increases, as shown in Fig. 9. The 7, value can
be determined from the density-temperature fitting curve by
finding the inflection point of each density curve through the
intersection of the two linear lines that represent the transi-
tion of the amorphous polymer from the glassy state to the
rubbery state, respectively. As seen in Table 4, the T, values
determined by the density-temperature fitting curve (Fig. 9)
and the 7, range determined by the MSD evaluation methods
(Fig. 8) are consistent with each other.

The Tg value obtained for pure PHPMA is 361.12 K,
which is consistent with literature results [47]. As shown
in Table 4, the Tg decreases when Fe,O; nanoparticles are
introduced into the PHPMA matrix, and this decreasing
trend becomes more pronounced as the size and concen-
tration of NPs increase. The incorporation of Fe,O; NPs
into the PHPMA matrix can disrupt the ordered structure
of the polymer chains, causing the 7, of the polymer to
decrease. This trend becomes more pronounced as the size
and concentration of NPs increase. This phenomenon can
affect the physical properties of the polymer, such as its
flexibility and strength, as the 7, of a polymer can influence
its modulus of elasticity.

Several researchers have focused on the relationship
between the structural properties of a polymer and its glass
transition temperature (Tg) [58]. As seen in Fig. 8 and
Table 4, the Tg and mean square displacement (MSD) of the
five systems show that the higher the MSD curve, the lower
the 7, value of the polymer. This is because chain flexibil-
ity is a key factor that impacts the 7, of a polymer. The T,
tends to increase as chain flexibility decreases, so a polymer
with flexible chains will often have a lower Tg. Therefore,
the presence of NPs can lower the 7, of the polymer due to
their ability to enhance the flexibility of the polymer chains.

3.5 Mechanical Properties
Mechanical properties, such as Young’s modulus, bulk mod-

ulus, and shear modulus, are used to indicate the rigidity
of materials under different strain conditions. In this work,
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Table4 T, value of five models (units: K)

System Particle T, by fitting T, by MSD T, in ref. (K)
size (A) curve method evaluation
(K) method (K)

1 Non 361.12 360-370 355.15 [47]
2 6.6 308.25 300-310

3 7.5 304.11 300-310

4 8.8 297.71 290-300

5 10 292.62 290-300

the mechanical properties of the five systems were calcu-
lated using molecular dynamics (MD) simulation with the
DREIDING FF based on the static stress method [59], for
the equilibrium system trajectory at room temperature (300
K). The properties are shown in Fig. 10.

Figure 10 illustrates that the mechanical properties of
PNC are notably different from those observed for the pure
PHPMA phase. Specifically, both the Young’s and the bulk

7.0

moduli decrease as the size and concentration of Fe,O; NPs
increase. As shown in Fig. 10, the effect of Fe,0; NPs with
a size of 10 A on the mechanical properties of the PHPMA
nanocomposite is higher than that of the other sizes.
Based on our observations, the incorporation of Fe,0;
NPs into the PHPMA matrix may lead to modifications in
the system’s mechanical properties, specifically noticed
through a decrease in the Young’s and bulk moduli. This
effect appears to be more pronounced as the size and weight
fraction of Fe,O; NPs increase. The presence of Fe,04
NPs significantly improves the flexibility and molecular
mobility of the chains; this can be attributed to the disrup-
tive effect of the Fe,O; NPs on the intermolecular forces
within a PHPMA matrix. Nanoparticles, depending on their
size, loading level, surface properties, and interaction with
the polymer, can disrupt their ordered structure and create
physical barriers between the polymer chains. This effect
limits the close packing of polymer chains and reduces
the strength of intermolecular interactions. As a result, the
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Fig. 10 The mechanical properties of five models
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polymer chains gain more freedom of movement and exhibit
increased flexibility and mobility. The observed relationship
between higher MSD and flexibility and lower mechanical
properties and rigidity of the five systems is consistent with
these effects of Fe,0; NPs on the polymer chains.

4 Conclusion

Molecular dynamics simulation is an effective way in ana-
lyzing and investigating the thermal and structural prop-
erties of PNCs. In this work, we applied MD simulation
method to investigate the properties of pure PHPMA and
PHPMA/Fe,0; nanocomposites. The solubility parameters,
system convergence analysis, chain mobility, glass transi-
tion temperature, and mechanical properties were studied,
respectively. The simulation presented in this paper demon-
strates that the incorporation of Fe,O; nanoparticles (NPs)
into a PHPMA polymer matrix has a significant impact on
the physical properties of the material, and the presence of
NPs can enhance the mobility and flexibility of the polymer
chains, resulting in a reduction in the glass transition tem-
perature (7,) of the material. The Fe,05 NPs create physical
barriers between the polymer chains, inhibiting their abil-
ity to interact with one another, which leads to an increase
in the mean square displacement (MSD) of the chains. In
addition to these effects on the MSD and Tg of the material,
the presence of Fe,O; NPs can also affect the mechanical
properties of the polymers. This is evident in the observed
changes in the Young’s and bulk moduli, which decreased
significantly if compared to the pure polymer phase. The
observed correlation between higher MSD and flexibility
and lower mechanical properties and rigidity of the material
supports these effects of Fe,O; NPs on the PHPMA polymer.
Overall, the incorporation of Fe,O; NPs into the PHPMA
polymer matrix significantly alters the physical properties
of the material and has a strong impact on the mobility, flex-
ibility, and rigidity of the polymer chains.
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