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Modulation of the photothermal degradation of
epoxy upon ultraviolet irradiation by polyhedral
oligomeric silsesquioxane: a multiscale simulation
studyT

Youngoh Kim® and Joonmyung Choi (2 *2°

Polyhedral oligomeric silsesquioxane (POSS) nanocomposites that improve the ultraviolet (UV) resistance
without affecting the transmittance and mechanical properties of the crosslinked epoxy are in
the spotlight. In this study, the structural role of POSS nanofillers in the UV resistance of epoxy
was theoretically examined using multiscale analysis that integrates classical molecular dynamics and
density functional theory. Under deep-UV irradiation, POSS contributes to the energy dissipation of
photothermally excited vibrations rather than its role as a photochemical UV absorber. The intrachain
energy transfer modulated by POSS suppresses network chain scission and reduces the rate of
fragmentation events. In particular, the unique molecular network structure constructed by POSS inhibits
fragment aggregation and prevents the morphological collapse of nanocomposites, such as pore growth
and phase separation. The proposed mechanism elucidates the fundamental principle of UV resistance

rsc.li/materials-c

Introduction

Epoxy resins have been regarded as fascinating materials in a
wide variety of advanced technological applications because of
their outstanding adhesion to different substrates, excellent
thermal resistance, chemical stability, and mechanical proper-
ties."™ However, the poor ultraviolet (UV) stability of epoxy
resins is a major drawback to applying it in various outdoor
environments.>® In particular, UV radiation with deep-UV
wavelengths is considered a serious threat to the use of epoxy
resins in shielding materials for UV lamps,”® electronic
devices,” and space shuttles,'® because they easily degrade
polymer chains even with a small number of photons.
Recently, attempts to insert polyhedral oligomeric silses-
quioxanes (POSSs) as nanofillers to improve the UV stability
of epoxy resins have received considerable attention.’* POSS is
a hybrid material with an inorganic nanocage as the core
structure and organic constituents attached to it as functional
groups.'® POSS nanofillers improve the thermal stability of the
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improvement owing to POSS insertion in terms of photothermal reaction-induced thermodynamics.

polymer matrix within the composites and provide excellent
durability against atomic oxygen attack owing to their chemical
stability.'*'* Moreover, the large transition energy inherent in
inorganic cages provides high UV stability.'® In particular,
POSS is excellent for retaining its mechanical properties during
UV exposure. The tensile strength of the neat polybenzoxazine
(PBZ)/epoxy system was reduced by 24% (74 — 56 MPa),
whereas that of PBZ/epoxy/POSS was reduced by only 4%
(96 — 92 MPa)."® Deng’s experiment showed that the high
POSS content of monodispersed hybrid microparticles based
on POSS significantly inhibited structural collapse after UV
exposure.'” These advantages make POSS very promising com-
pared to other inorganic UV absorbers such as ZnO and TiO,,
which affect the transmittance and mechanical properties of
nanocomposites.'s2°

Despite these abundant experimental findings, the theore-
tical principle by which POSS improves the UV stability of the
entire system within polymer nanocomposites has not been
fully resolved. Thus far, the properties of conventional UV-
absorbing materials have been explained by the presence of
p-orbitals formed by parts of inorganic or organic materials
that absorb photons.>'* Although POSS cannot be classified
as a UV absorber, it improves the UV resistance of the matrix
over its photochemical stability in polymer nanocomposites.'**>*>>
In other words, the mechanism by which POSS improves the UV
resistance of polymer nanocomposites in the absence of direct
photochemical contributions remains an unresolved problem.

This journal is © The Royal Society of Chemistry 2023
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Therefore, a theoretical approach to photothermal reaction-
induced thermodynamics in POSS nanocomposites is required.

In this study, the photochemistry and photothermal
reaction-induced thermodynamics of POSS nanocomposites
were investigated using a multiscale simulation approach.
The photochemistry of the epoxy matrix and POSS was explored
using time-dependent density functional theory (TD-DFT), and
the photothermal induced-thermodynamics of the POSS nano-
composites were analysed by integrating classical molecular
dynamics (MD) simulations and density functional theory
(DFT) calculations. The deterioration by the vibrationally excited
chain under UV irradiation was evaluated, and the morphological
changes in the microstructure owing to the growth of pores and
by-product aggregation were quantified numerically. The mecha-
nism by which POSS modulates the photothermal reaction-
induced thermodynamics of the entire microstructure has been
intensively described in terms of the dissipation of vibrational
energy. The effect of the unique pore structure composed of
inorganic cages on the inhibition of fragment aggregation was
also discussed.

Results and discussion
Structural mechanics of POSS

All-atom MD simulations were performed to understand the
structural mechanics of neat epoxy and epoxy/POSS nano-
composites. Each molecular component constituting the
microstructure was inserted into the simulation box in an
uncrosslinked state, and the new covalent bond formation
and equilibration processes were repeated until the epoxy resin
reached a crosslinking rate of 70% (Fig. 1a). Subsequently, the
mechanical properties of the models were evaluated by per-
forming uniaxial tensile loading simulations in the elastic
region, with a total strain of 0.3%. The details of the uniaxial
tensile loading conditions are provided in Appendix A and
Fig. S1 in the ESLf The improvement in the mechanical
properties of the microstructures by POSS insertion was
observed from the comparison of the elastic modulus results
(Fig. 1b). This suggests that the load transfer between the
reinforcement material and the matrix occurred directly
because all functional groups of the inorganic cage participated
in crosslinking to form a macro network structure. This
enhancement of the modulus of elasticity is consistent with
the experimental observations in the study by Thitsartarn
et al.®*® In addition, the mechanical properties of neat epoxy
(4.6 GPa) predicted in this MD simulation were quantitatively
consistent with the results of other studies (2.3-6.0 GPa),>’*°
validating the model preparation process and results.

The mechanical role of POSS in the nanocomposites was
further investigated based on the potential energy variation
of each component constituting the microstructures under
mechanical loading (Fig. 1c). The aromatic and epoxy ring
directly participate in the load transfer within the crosslinked
network; therefore, their potential energy changes due to the
covalent bonds are particularly pronounced. The hydroxyl
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group is not contributed by covalent bonding but imparts high
adhesion between the chains of the epoxy resin through
polarity. In contrast, backbone chains composed of C-C Sigma
bonds exhibit little change in potential energy during mechan-
ical loading because of their high deformability.*® One
interesting finding was that the POSS of the epoxy/POSS nano-
composites exhibited significant potential energy changes in
both covalent and non-covalent bonds. The high dispersion of
the potential energy distribution can be explained by the
unique geometric properties of POSS at the nanoscale level.
Exploring the results specifically from a structural point of view,
POSS constructs numerous nanopores on the cage surface, while
providing a robust inorganic framework through functional
groups at the corners. Therefore, the change in the covalent
bond energy due to the elongation of the functional group and
the change in the non-covalent bond energy due to the trans-
formation of the cubic structure was simultaneously observed.

The steric deformation of the inorganic cage structure
occupied the highest energy share among the components of
the load transfer process (Fig. 1d). Because the cubic structure
of POSS does not collapse, the applied mechanical load pre-
ferentially collapses the nanopores of the epoxy matrix through
the deformation of the steric network. As the nanopore area
around the POSS decreased, the non-covalent repulsive force
increased rapidly, weakening the interaction between POSS and
the epoxy matrix. The reduction in the non-bond potential
energy applied to the inorganic cage quantitatively explains
its behavioural properties. The structural disruption of nanopores
also weakens the interactions between polymer chains, thus redu-
cing load transfer via hydroxyl groups. As a result, the mechanical
stress to the external load was concentrated toward the POSS, and
the effective stress of the neighbouring polymer network also
increased under the same strain (Fig. 1e and f). In conclusion,
the robust structure of the POSS cage acts as a transporter that
converts the non-covalent energy inside the network into a stretch-
ing form of covalent bonds on the functional groups.

Multiscale analysis of the photochemical process of epoxy upon
UV irradiation

The dominant processes of electronic excitation and vibronic
relaxation under deep-UV light were identified to comprehen-
sively understand the photothermal disintegration of polymeric
matter under a wide range of outdoor conditions (from the
ground state to the low-earth orbit environment). For the
molecular structures of diethyltoluenediamine (DETDA),
bisphenol F diglycidyl ether (DGEBF), and POSS derivatives
(Fig. 2a), the dominant photochemical process was predicted
using TD-DFT calculations. The upper threshold of the photon
energy was set at 5 eV (=250 nm), which is the valid wavelength
range of solar UV radiation. The limiting of the photon energy
range was based on the fact that the irradiance spectrum
obtained from the International Space Station during the
EXPOSE-R2 mission showed a significant increase in intensity
in the wavelength range above 250 nm (Fig. 2b).>'

Six excited electronic states were clearly distinguished in the
wavelength range in which the irradiance increased significantly.
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Fig. 1 Structural mechanics of crosslinked epoxy and epoxy/POSS nanocomposites. (a) Configurations of the neat epoxy (left) and epoxy/POSS
nanocomposite (right) models. The crosslinking reaction simulation scheme of the epoxy resin is also shown. (b) Stress—strain curves of neat epoxy and
epoxy/POSS nanocomposites obtained from uniaxial tensile loading simulations. (c) Changes in non-bond and bond potential energy of each
component during the deformation. The distributions shown on the left are for the neat epoxy and those shown on the right are for the epoxy/POSS
nanocomposites. Each dot represents the energy of atoms constituting the major constituents of the molecule (aromatic ring, backbone chain, epoxy
ring, hydroxyl group, and POSS). (d) Mean potential energy change for the aromatic ring, hydroxyl group, and POSS constituents after deformation. The
graphs on the left and right represent the bond stretching and non-bond interactions, respectively. (e) The virial stress applied to the aromatic ring,
hydroxyl group, and POSS constituents, respectively. (f) Inhomogeneous distribution of interaction energy around the POSS network. The energy
conversion is quantified as the absolute value of the product of the change in bond and non-bond potential energy applied to each atom.

One of the excited states is observed at 260 nm, a well-known originates from the DGEBF molecule, and the remaining
peak for aromatic chromophores.®® This transition process five excited states originate from DETDA. Nevertheless, the
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Fig. 2 Calculation of photochemical properties of the DETDA, DGEBF, and POSS molecules. (a) Molecular structures considered in the TD-DFT.
(b) Transition energies of DETDA and DGEBF. UV irradiance measured in low-earth orbit condition®! is shown (in purple) as a background curve for
comparison. (c) Hole and electron distributions of the S, state of DETDA (left), and the ones of the S, state of DGEBF (right). (d) Vibronic spectrum of the
S, state of DETDA (left), and the one of the S, state of DGEBF (right) obtained from the Franck—Condon transition. (e) Molecular orbitals of excited states
of the POSS molecule. UV wavelengths required for the transition of the methyl group of the POSS constituent are also shown.

oscillator strengths of DETDA are smaller than S; of DGEBEF,
and even the S, state of DETDA remains at a similar level of
transition energy as S; of DGEBF. These results suggest that
DGEBF in the S, state and DETDA in the S, state are competi-
tively allocated excitation energies for a limited number of
photons of specific wavelengths. It is also noteworthy that S,
of DETDA has a fairly large oscillator strength within the epoxy
system but has no other excited electronic states in the sur-
rounding wavelength region. In other words, all photons with a
wavelength of about 280 nm are only consumed to achieve the
S, state of DETDA. The S, — S, excitation occurs very frequently
due to the abundance of photons, large oscillator strengths,
and lone-occupied transition energy levels. In addition, the

This journal is © The Royal Society of Chemistry 2023

excitation path makes the S, state a double excited state that
requires more energy than singly excited states. In conclusion,
the S, state in the DETDA molecule is considered to be more
potent for photochemical degradation than the S, state. Among
the major excited states, the S, state of DETDA contains (7, 6*)
of the amine group, and thus a large change in electron density
around nitrogen is observed during the transition (Fig. 2c).
The local change in the electron density gives momentum to
the nitrogen of the amine during the transition process and
activates the vibrational excitation state of vi; (Fig. 2d and
Fig. S2, ESIT). In this case, the correlation between the electron
density change and excited vibrational mode follows the
Franck-Condon principle,**° as it represents the conversion

J. Mater. Chem. C, 2023, 11, 2196-2205 | 2199
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of the photochemical process to thermodynamics by energetic

photon irradiation. The vibrational energy in the conversion
3IN=6

process, defined as Ey, = Y. Avghwy, was calculated to be
k=1

0.961 kcal mol ™" for the v, state. The vibrational energy was
clearly driven by the motion of the amine group (Fig. S2, ESIT),
which was dissipated in the form of the kinetic energy of
DETDA during the relaxation process. However, the S; state of
the DGEBF involves excitation from the m orbital to n* orbital,
so the excitation accompanies changes in a wide range of
electron densities. The occupation of n* orbital causes the
expansion of aromatic rings in DGEBF, while the v} state with
rotation of the aromatic ring is activated during the n — =n*
transition. Accordingly, the aromatic rings of DGEBF rotate
collectively due to the attractive Coulomb interaction between
the unhybridized p orbital and counterpart hydrogen. The
vibration energy obtained from DGEBF is 0.073 kcal mol
which is unambiguously lower than the vibrational excited
energy level of the v1; state. The difference in vibrational energy
between the vi; and v} states is attributed to the kinematic
deformation of the structure. The vi; state includes N-C-C
scissoring and N-H stretching, whereas the v1 state is achieved
by the torsional motion of C-O-C-C. In other words, the
weak vibrational energy is caused by the v state associated
with the higher deformation mode, that is, torsion of the
C-0-C-C bond.

To investigate the electron states of an inorganic cage, a
POSS molecule in which each corner was terminated using a
methyl group was considered (Fig. 2e). The results show that
photons with a wavelength less than 180 nm are required to
achieve excitation of the POSS. Moreover, the S, — S; excitation
is strictly forbidden due to the identical angular momentum of
So and S; states that are dominantly involved in a lone pair
composed of sp? oxygen hybridized orbitals. In other words, the
inorganic cage of POSS is photochemically stable in the deep
UV regions with wavelengths greater than 200 nm.

Modulation of photothermal reaction-induced
thermodynamics by POSS insertion

The kinetics of the polymer chains during UV irradiation were
analysed to understand the role of inorganic cages in nano-
composites. The photothermal reaction-induced thermo-
dynamics of the polymer networks was investigated using MD
simulations. A key aspect is that, following the Franck-Condon
principle,*~*® high-energy photons vertically excite the electro-
nic state while simultaneously activating vibration modes that
depend on the excited-state potential energy surface. Therefore,
in the MD simulations covered in this study, photothermal
reaction-induced thermodynamics were implemented by pro-
viding kinetic energy to the atoms involving the activated
molecular vibrational modes. In addition, covalent bonds that
exceeded the bond dissociation energy were cleaved during
time integration. The description of the UV irradiation process
in the MD framework is provided in Appendix B of the ESL¥
The polymer networks damaged by UV irradiation were partly

2200 | J Mater. Chem. C, 2023, 11, 2196-2205

View Article Online

Paper

decomposed, and the number of independent molecules con-
stituting the system increased accordingly (Fig. 3a). The degra-
dation occurred mainly in the form of protonation and chain
scission (Fig. 3b and c). Protonation is well known as the early
stage of fatal deterioration of epoxy,’”*® but it was revealed to
be an independent factor from UV resistance due to POSS
insertion (Fig. 3b). One point that can be drawn from the
results is that protonation occurs in the hydroxyl and amine
groups by the intensification of the photothermal-induced
vibration of the epoxy network (Fig. 3d). Breakage of the polar
functional group due to protonation weakens the attractive
hydrogen bonds and dipole-dipole interactions between the
epoxy chains and cleaves the main chain with Norrish reactions
(via beta scission reaction).’” Furthermore, the hydroperoxyl
formed by oxygen in the atmosphere during protonation oxi-
dises epoxy networks to cause the aromatic ring opening."*"*°

Compared with the photodegradation in neat epoxy, the
nanocomposites with intercalated POSS suppressed the
decrease in the crosslinking ratio and the formation of frag-
ments (Fig. 3c). DETDA and DGEBA exposed to high-energy
photons are vibrationally excited, which is thermodynamically
dissipated through intramolecular energy transfer. In the pro-
cess of dissipating the provided kinetic energy, covalent bonds
that are vulnerable to structural vibrations, such as stretching,
scissoring, and torsion, are cleaved. The cleavage of C-N bonds
was observed in both neat epoxy and epoxy/POSS nanocompo-
sites, and the breakage of the C-C bond was identified only in
the neat epoxy (Fig. 3e and f). The cleavage of the C-N bond
dominantly occurs in network scission than in other types
of covalent bonds, many of which lead to fragmentation.
Therefore, the weakest photothermal bond in the UV-irradiated
environment was C-N. This is in good agreement with the
collapse of the C-N peaks of the UV-degraded epoxy reported
by Liu et al.*® Note that the insertion of POSS not only directly
inhibits the cleavage of the C-N bonds but also reduces the
probability that the broken C-N leads to fragmentation (Fig. 3g).
The fragmentation blocking behaviour is especially valid after the
closed network structure is released, suggesting that the improve-
ment in UV resistance after POSS insertion works throughout the
lifespan of the material.

The enhancement of the UV resistance of the epoxy network
by POSS was further interpreted as the thermodynamic disper-
sion of the vibration energy in the backbone chain. Molecular
vibration frequencies based on classical harmonic oscillators
in DETDA, DGEBF, and POSS were analysed using DFT
calculations. The details of the DFT calculations are provided
in Appendix C of the ESI.{ The frequencies of the covalent bond
stretching mode in the organic parts were mostly distributed in
the range of 1200-1400 cm ™' (Fig. 3h). However, the frequency
of the Si-O stretching mode constituting the inorganic cage of
POSS is 1114 cm™*, which is lower than most covalent bonds in
the epoxy network. The low-frequency stretching mode allows
the POSS to efficiently absorb the kinetic energy inside the
epoxy network. In addition, the dual frequency of Si-C due to
the structural vibration of the inorganic cage improves the
energy transfer kinetics from an epoxy matrix to the filler.*"

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 UV degradation properties of neat epoxy and epoxy/POSS nanocomposites. (a) Schematic of degradation of network structure by UV irradiation.
Space occupied by fragment cleavage from the network during UV degradation is highlighted. The surface of the volume is sequentially coloured in the
order of red—green—blue according to the scission order of fragments. (b) Number of protons released from the epoxy network during UV irradiation.
(c) Crosslinking ratio reduction curve due to C—N cleavage under UV irradiation (filled symbols) and the corresponding fragmentation event probability
(open symbols). Early stages of UV degradation of epoxy observed in MD simulations: (d) protonation, () C—N cleavage, and (f). C-C cleavage.
(9) Number of fragments cleavage from the epoxy network during UV irradiation. (h). Distribution of stretching frequencies of the covalent bonds

constituting DETDA, DGEBF, and POSS.

The structural vibration of the inorganic cage with a low-
frequency stretching mode perturbs the intrachain energy-
transfer kinetics of the epoxy network, thereby inhibiting the
cleavage of C-N bonds with higher stretching modes. As an
exception, the C-O bond between the bisphenol A - glycidyl

This journal is © The Royal Society of Chemistry 2023

group with a low frequency of 1069 cm™* did not cleave under the
thermodynamic dispersion of photothermal-induced vibration.
This high degree of thermodynamic robustness is due to the
formation of hydrogen-bonded dampers through strong
electrostatic attraction (Fig. S3, ESIt).
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Effect of POSS insertion on structural deterioration by UV

irradiation

The effects of POSS on morphological changes caused by network
branching and fragmentation were numerically quantified using

Neat epoxy
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the Connolly surface analysis method.** Although the neat epoxy
experienced significant changes before and after UV irradiation,
the epoxy/POSS nanocomposites showed no remarkable
change in the distribution and size of the nanopores (Fig. 4a).
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Specifically, the neat epoxy exhibited a significant drop in the
internal specific surface area with a decrease in the absolute
volume fraction of pores upon exposure to UV (left column in
Fig. 4b). Pore enlargement occurs because the fragments gene-
rated by C-N cleavage gather in a direction that minimises the
interfacial area between the vacuum voids and the degraded
epoxy. The formation of large pores is not only directly related
to the degradation of mechanical properties*>** but also causes
visible cracks on the surface.”*** In contrast, the epoxy/POSS
nanocomposites show only a slight decrease in both the pore
volume fraction and specific surface area during structural
deterioration with UV irradiation. The structural constancy of
the pores is due to the inhibition of fragment aggregation in
the epoxy/POSS nanocomposites. Because the regions formed
by the POSS network were sufficiently widespread within the
microstructure, the structural collapse was directly prevented.

The frequent fragmentation reactions of neat epoxy were
also confirmed by the occupied volume fraction between the
fragmented molecules and networks (centre and right columns
in Fig. 4b). Upon UV irradiation, part of the network is changed
into fragments; therefore, there is an inverse relationship
between the two. The results suggest that the occupied volume
expansion of fragments and shrinkage of the network within
the system are greater in the neat epoxy than in the epoxy/POSS
nanocomposites. This trend is attributed to the suppression of
the C-N cleavage and the low fragmentation probability in
epoxy/POSS nanocomposites, as previously discussed. A nota-
ble observation is a difference in the amount of change in the
specific surface area; the decrease in this value for neat epoxy is
greater than that for the epoxy/POSS nanocomposites. The large
decrease in the specific surface area of the neat epoxy suggests
that the occupied volume of the fragmented molecules expands
with the growth of the aggregation sites of each fragment. The
significant increase in the specific surface area of the network
structure constituting the neat epoxy also suggests that a
serious deterioration of the morphology occurred.

The degradation level of each microstructure was analysed
by quantifying the distance distribution from the Connolly
surface formed by the network to the epoxy chain (Fig. 4c).
In the neat epoxy before UV irradiation, the atoms constituting
the network were widely distributed along the depth, indicating
a densely structured cross-linking state. However, this dense
structure was degraded to a rough shape by UV irradiation,
which maximised the surface area. In comparison, in the epoxy/
POSS nanocomposites before UV irradiation, the corresponding
atoms are mainly distributed on the surface. Therefore, the
change in the distribution profile due to the structural dete-
rioration of the POSS network is less than that of the neat
epoxy. The small change in the distance distribution profiles
verifies that the morphology of the networks constituting the
epoxy/POSS nanocomposites was maintained during degrada-
tion, even if fragmentation occurred.

Another interesting finding is that the hydrogen and carbon
atoms of the network constituting a degraded neat epoxy
system exist in a deeper region of the network surface than
those of the epoxy/POSS nanocomposites, even before UV

This journal is © The Royal Society of Chemistry 2023
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irradiation (Fig. 4d). This suggests that the structurally
degraded neat epoxy forms a highly aggregated network, which
causes phase separation of the microstructure and weakens the
mechanical and thermal load transfer of the system.*®™*® Note
that oxygen and nitrogen are mainly distributed on the surfaces
of the degraded network owing to the exposure of hydroxyl and
amine groups during fragmentation. The dominant distribu-
tions of oxygen and nitrogen on the network surface suggest
that hydrophilic characteristics can be developed because of
structural deterioration involving exposure to polar groups and
the formation of porous structures. The feature agrees well with
the hydrophilic surface manifested by exposure to the polar
functional group of UV-degraded epoxy reported by Gorodki
et al.*® In the epoxy/POSS nanocomposites, in contrast, the
broad morphology of the POSS network with a homogeneous
pore distribution prevents fragments from aggregating. The
homogeneity of the pore distribution contributes to the disper-
sion of fragmented seeds even after UV irradiation, thereby
contributing to the maintenance of a robust microstructure of
the epoxy/POSS nanocomposites (Fig. 4e and Fig. S4, ESIT).

Conclusions

In this study, we computationally elucidated how POSS can
effectively mitigate the photodegradation of a polymer matrix
in the deep UV wavelength range. The photochemical stability
of the inorganic cage was exclusively investigated using TD-
DFT, and the energy release behaviour of the photothermally
excited POSS networks was explored using a multiscale method
that integrated DFT calculations and MD simulations. The
results provide several important implications: (1) the low-
frequency structural vibration of the inorganic cage derived
from the shape of the POSS effectively annihilates the photo-
thermal induced vibration mode of the neighbouring epoxy
network. (2) Within the microstructure, the POSS network
constitutes a unique porous structure that prevents the aggre-
gation of degraded epoxy fragments, thereby preventing phase
separation and the formation of large pores. (3) The porous
structure not only inhibits the microstructure collapse of the
nanocomposites but also exhibits excellent load transfer cap-
ability to efficiently convert non-bonding interaction energy
into deformation energy within polymer chains.

The above findings adequately explain why POSS may have
superior photothermal durability properties beyond the intrinsic
photochemical stability of inorganic cages, as reported experi-
mentally. The proposed multiscale analysis regime also becomes
an important link between the molecular-scale structural proper-
ties of POSS nanocomposites and the phase-separation behaviour
that induces crack and pore growth. Therefore, the present study
provides important insights and future development directions
for a variety of engineering applications that require the design of
UV-resistant materials.

The present study provides a fundamental understanding of
the photothermal reaction-induced thermodynamics under an
ideal configuration in which the epoxy network exists alone.
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However, considering the real experimental environments, all
polymer materials inevitably contain various impurities such as
catalysts, unreacted initiators, as well as water and inter-
mediates.>*™? Impurities can act as catalysts, physical lubrica-
tion, and optical quenchers in the polymer matrices.>**'™?
Therefore, it is clear that the impurities contribute decisively to
diversifying the decomposition pathways of epoxy systems and
deserve future study.
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