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The incorporation of a glassy material into a self-assembled nanoparticle (NP) film can produce highly
loaded nanocomposites. Reduction of the NP diameter can lead to extreme nanoconfinement of the
glass, significantly affecting the thermal and physical properties of the nanocomposite material. Here, we
investigate the photostability and photodegradation mechanisms of molecular nanocomposite films
(MNCFs) produced from the infiltration of indomethacin (IMC) molecules into self-assembled films of
silica NPs (11-100 nm in diameter). Upon UV irradiation in ambient conditions, IMC degrades in a two-
stage process. We demonstrate that nanoconfinement only enhances the photostability of IMC during
stage 1, which primarily involves decarboxylation and oxidation. These reactions are kinetically limited by
the diffusion of CO, and O, and are thus affected by the increased glass transition temperature, T, and
viscosity under confinement. In contrast, during prolonged UV exposure in ambient conditions, stage 2
of IMC degradation, which involves further reactions with water, is unaffected by confinement. This is

Received 29th October 2024, attributed to the availability of locally adsorbed water in the nanocomposite under ambient conditions,

Accepted 4th January 2025 which does not rely on transport through the confined matrix. Overall, unlike previous reports in inert
environments, IMC photodegradation in ambient conditions cannot be improved by confinement. These

findings highlight the significance of specific degradation pathways in determining whether a material
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Introduction

There has been significant research interest in developing
strategies to modulate the physicochemical properties of mate-
rials under confinement, which are in high demand for various
applications—from medicine to energy to electronics.’™® In
principle, the introduction of nanomaterials into host materi-
als is an effective way to induce nanoconfinement, and thus
change their properties; these changes arise from the unique
mechanical,” barrier,® electrical,” and optical properties'® of
the nanomaterials and their interfaces. Generally, modifying
nanofillers (i.e., the materials introduced into hosts) in order to
achieve a desired property in hybrid materials can be complex,
especially at high concentrations, because it is difficult to
independently control the various factors involved. The effect
on the properties varies with the types of nanofillers and host
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can be stabilized through extreme nanoconfinement.

materials, the dispersion of the nanofiller, the interfacial con-
tact between nanofiller and host material, the method of
preparation, and any potential catalytic effects generated by
the nanofillers, among others."*

The addition of nanofillers to improve material stability
via confinement has been extensively studied. For example,
it has been demonstrated that a moderate degree of loading
(<18 wt%) can reduce thermal degradation rates in the manu-
facturing processes of polymer/nanoparticle (NP) composites.'**?
The improved thermal stability, in this case, can be attributed to
the barrier properties of the nanofillers, which have been reported
to impede the movement and transportation of both polymers
and their degradation products.”>">™” On the other hand, at
elevated concentrations, it is observed that nanofillers have a
tendency to agglomerate, resulting in faster thermal degra-
dation.” Furthermore, the combination of NPs and a polymer
matrix has been found to promote photocatalytic activity, thus
decreasing photostability.’®! various natural biochemical sys-
tems also provide examples of nanofillers improving stability;
these systems have catalytically active centers that are located
in well-defined spaces, and they are significantly affected by
nanoconfinement.”>** In these systems, a specific reaction can

This journal is © The Royal Society of Chemistry 2025
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be selectively accelerated by the confinement, producing
high conversion yields even with moderate reaction conditions.
Additionally, nanoporous materials, such as zeolites,® metal-
organic frameworks (MOFs),* and covalent-organic frameworks
(COFs),>>*° have ultra high surface areas and well-defined porous
structures; these can play a crucial role in enhancing the efficiency
of various catalytic reactions, facilitating chemical bond formation
and breakage,**”* modifying product selectivity,”® and optimizing
processes related to mass transport,>* adsorption,>* and desorp-
tion equilibria.>® Given the diverse conditions of these systems
and their dependence on specific chemical properties of the
nanofillers, it is often difficult to distinguish the roles of thermo-
dynamic and kinetic barriers in chemical reactions of confined
systems. Control experiments can help investigate the interplay of
kinetic factors and the local catalytic activity in order to predict
how reactions would proceed with confinement.

Capillary rise infiltration (CaRI) is a facile and scalable
method to produce highly loaded polymer nanocomposites.>”
This technique involves heating a bilayer comprising glassy
material (polymer) and a NP layer to above the glass transition
temperature T,. Capillary forces drive the glassy material into
the interstices between the NPs, placing the polymer under
nanoconfinement conditions that are more restrictive than
in the aforementioned systems with added nanofillers. The
extreme nanoconfinement can further stabilize the resulting
nanocomposites. Polymer-infiltrated NP films (PINFs) pro-
duced using this method exhibit slower segmental dynamics
as well as considerably higher T, values than composites
produced via other methods. This is because in these films,
the nanoparticles are physically attached, and the polymer
expansion does not change the average pore size; as such, the
configurational entropy of the polymer or small molecules is
significantly reduced.”’*° The T, increase has been shown to
originate primarily from limitations in segmental mobility
under confinement, and it is thus primarily entropic in
origin.>**° We have recently shown that in polystyrene (PS)/
SiO, PINFs, the slow diffusion of oxygen and reaction products
upon increased confinement significantly increases the barrier
for PS degradation (by ~ 50 kJ mol ™" in PINFs with 11-nm silica
NPs).*" Furthermore, the slow rate of degradation allows heat
dissipation, preventing the autocatalytic burning of PS, produ-
cing burn-resistant PS composites. Nanocomposites made
using CaRI have been reported to exhibit exceptional proper-
ties, such as improved mechanical®**** and optical properties.>”

Another significant advantage of using CaRI to produce highly
loaded nanocomposite systems is that it can be extended to
produce a wide array of composites using molecular glasses, as
opposed to polymers as the nanofiller.®** Similar to PINFs,
molecular nanocomposite films (MNCFs) show higher T, and
slower relaxation dynamics upon confinement. In MNCFs made
of SiO, NP films infiltrated with N,N'-bis(3-methylphenyl)-N,N'-
diphenylbenzidine (TPD), a T, increase of ~30 K is observed
using 11-nm silica NPs, despite the weak molecule-NP inter-
actions; this increase is similar in magnitude to the T, increases
in PINFs. Raman spectroscopy experiments indicate that the
increased T, originates from the reduced intra-molecular
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conformational degrees of freedom in TPD, imposed by the
unusual geometry of the rigid self-assembled NP films,*® and is
thus, of entropic origin. The properties of MNCFs can be tuned
to a greater extent by controlling the interfacial interactions
(Gibbs-Thomson effect) between the NPs and molecules.>*"®
We have demonstrated that in indomethacin (IMC)/SiO,
MNCFs under inert environments, the T, is also increased
to a similar extent as in TPD (~30 K in 11-nm silica NPs).
The favorable interactions of IMC with silica, in addition to
entropic effects, result in dramatically enhanced thermal sta-
bility (by up to ~70 kJ mol ") compared to unconfined films.**
In inert conditions, both the thermal stability and photostability
of IMC depend on the kinetic transport of the reaction (degrada-
tion) products in the MNCF matrix, which is suppressed by the
nanoconfinement.

The photostability of nanocomposites has not been widely
studied. A few reports have shown enhanced photostability in
nanocomposites that can inhibit the formation of photogener-
ated species.’”*® The improved photostability is only observed
when a relatively low-energy light source is used (>300 nm).>**°
Since MNFCs have emerged as a unique platform to stabilize
material properties, it is important to investigate the role of
molecule-NP interactions and specific reaction pathways in
these improvements. A fundamental understanding of key
design rules for stability would allow for an informed design
of stable molecular-glass nanocomposites for various applica-
tions, such as barrier coatings or multi-functional coatings for
electronic augmented reality (AR) and virtual reality (VR) wear-
able devices,*"** where photostability is imperative.

In this work, we employ in situ spectroscopic ellipsometry
(SE) and ultra-performance liquid chromatography/mass
spectrometry (UPLC/MS) to investigate the photostability of
IMC/SiO, MNCFs in ambient conditions, and analyze the reaction
products. SE is a robust nondestructive technique used to measure
optical properties,”® film thickness,****> surface coverage or
homogeneity,*'** material porosity,*®*” dielectric constants,®>°
and conductivity of materials®***" in the visible and near-infrared
spectral ranges. Degradation reactions due to heat, UV expo-
sure, or environmental conditions can be probed by in situ SE
through changes in the effective index of refraction®®**°! or
other properties, such as conductivity.>® IMC is chosen as the
model system because of its multi-stage degradation. Upon UV
irradiation in ambient conditions, the stage 1 degradation of
IMC primarily involves decarboxylation and oxidation.**%>7>*
Our results show that the photodegradation rate during this
stage depends on the degree of confinement, and it slows down
as the NP diameter is decreased. This is attributed to the slower
molecular relaxation dynamics, and slower transport of
CO, and O, products in confinement, due to increased T.
We find that the stage 2 degradation, which also includes
secondary reactions with H,O, is unaffected by the degree
of confinement. This is attributed to the availability of locally
adsorbed water in the porous silica network in ambient condi-
tions, which does not depend on the kinetic transport of
reactants or products. These findings are corroborated by
UPLC/MS measurements. The results highlight the importance
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of the design of degradation mechanisms in achieving an
optimum level of stability in MNCF systems.

Materials and methods
Preparation of wafers and reagents

One-side-polished silicon wafers (Virginia Semiconductor
(100)) were cut to 1.5 cm x 1.5 cm squares. Solutions of
indomethacin (IMC) (MilliporeSigma, My, = 357.79 kg mol ') in
tetrahydrofuran (THF) were prepared at ~0.02 wt% and filtered
using 0.2-um polytetrafluoroethylene (PTFE) syringe filters prior to
film deposition. Suspensions of SiO, NPs with various diameters,
SiO,(11 nm) and SiO,(100 nm) from Nissan Chemical (30-31 wt%
suspension in isopropanol (IPA)) and SiO,(25 nm) from Sigma-
Aldrich (Ludox TM-50, 50 wt% suspension in water), were diluted
with their respective solvents. Diluted NP suspensions were
filtered using 0.45-um PTFE syringe filters before use.

Preparation of IMC and IMC/SiO, nanocomposite films
(MNCFs)

A pure IMC film (~75 nm) was prepared by spin-coating
(Laurell, WS-400BZ-6NPP/Lite spin-coater) the IMC solution onto a
silicon wafer at ~4000 rpm. The sample was then annealed using
a vacuum oven at 348 K for ~30 min to remove residual solvent.
For the IMC/SiO, nanocomposite films (the MNCFs), a layer with a
thickness of either ~200 nm or ~400 nm (where specifically
mentioned in the manuscript) of self-assembled SiO, NPs (diameter,
D =11, 25, or 100 nm) was first spin-coated onto a silicon wafer. The
NP layer was then sintered at 773 K for 30 min on a Linkam
temperature controller (THMS600) to remove the residual solvent
and stabilize the NP film. Once the NP layer was cooled to room
temperature, a ~75 nm (or ~150 nm for 400-nm MNCFs) IMC layer
was added by spin-coating an IMC solution over the NP layer,
generating a bilayer film. The bilayer was then heated at 373-393 K
using a vacuum oven to remove residual solvent and to allow IMC to
further infiltrate into the pores of the NP layer. The resulting bilayer
consists of a residual IMC layer (1-5 nm) on top of a fully infiltrated
IMC/SiO, nanocomposite layer, as shown in Table S1 of the ESL¥

In situ spectroscopic ellipsometry (SE) measurements of
photodegradation in ambient conditions

To perform SE measurements, a pure IMC film or an IMC/SiO,
MNCF was placed on the SE stage and illuminated by a UV
lamp (UVP 95-0007-05 Model UVGL-58, 115 V, 6 W) at normal
incidence at a distance of ~30 mm from the film’s surface,
under ambient conditions (humidity 40-50%, RT = 298 + 1 K).
In situ SE measurements were performed at a sampling rate of
10 s with high-accuracy zone averaging at an incidence angle of
70°. The raw SE data, amplitude ¥(/) and phase difference A(7)
(4: wavelength), were fitted to a model containing the optical
properties of the silicon substrate, a 1-nm native oxide layer
and a ~200-nm transparent Cauchy layer to account for the
MNCEF properties (n(1) = A + B/A?, k() = 0). Here, n and x are the
real and imaginary parts of the index of refraction, and A and B
are fitting parameters along with the film thickness, h.
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After the initial fitting, the thickness of the nanocomposite
layer was held constant, as the sintered NP layers are rigid, and
their thicknesses are not expected to change during these
experiments. The change in the index of refraction of the
nanocomposite layer was then monitored in situ as a function
of UV irradiation time. For MNCFs with a top residual IMC
layer, both one-layer and two-layer models were employed and
compared. In the two-layer model, the thickness of the top IMC
layer was fitted as an additional variable, with its refractive
index held constant. In this report, the one-layer model was
utilized because including the thin IMC layer (~1-5 nm) did
not impact the fitting quality and resulting refractive indices.
More fitting details can be found in the ESIf (Table S1 and
Fig. $1-S3) and our previous publications.*** The data were
fitted within the wavelength range of 600 nm < 1 < 1600 nm,
where IMC is transparent (ESI,T Fig. S7b).

As degradation proceeded, graded optical properties were
assumed for the nanocomposite layer to account for the inho-
mogeneity of the index of refraction at various depths from the
substrate. The data were fit either to a linearly or an exponen-
tially graded Cauchy model, which generally produced lower
mean-square error (MSE) values than homogeneous models
(more details can be found in the ESI, Fig. S4, and our previous
reports®™**). Linearly graded models were used to measure the
rate of IMC mass loss during UV irradiation. The relative IMC
mass loss (m/m,) in the nanocomposite layer was calculated
based on measurements of the index of refraction of a porous NP
film (nnp), the index of refraction of a fully infiltrated nanocom-
posite layer before UV irradiation (Mnanocomposite)y and the mea-
sured average index of refraction of the linearly graded
nanocomposite layer ((n)) as:

m _ (n)—nw )

Mo  Hnanocomposite — /NP

nyp Was typically measured to be in the range of 1.25 to 1.3, and
TMnanocomposite Was measured to be between 1.50 and 1.55 depend-
ing on the porosity of the self-assembled NP films, as reported in
our previous work.**

Exponentially graded models were utilized to gain a more
thorough understanding of the degradation details within the
films at various degradation times, as they generally provide
better fits to the data compared to the linearly graded models
but are more time-consuming to calculate. To perform the
fitting for the exponentially graded model, the thick composite
layer (h ~ 200 nm) was divided vertically into 100 sublayers,
each having its unique refractive index, while imposing physi-
cal boundary conditions through an exponential equation, as
detailed in our previous reports.>'** The refractive index of
each slice was calculated at various time points during degra-
dation, resulting in index profile curves consisting of 100 data
points along the depth of the film at each given time point.
As the degradation proceeds and the index of refraction of the
film is decreased everywhere, the profile line appears to move
downwards uniformly. When the surface layer degrades more
rapidly than the middle of the film, a lower refractive index

This journal is © The Royal Society of Chemistry 2025
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near the surface is expected, showing a curved index profile,
similar to previous reports.*"**

Ultra-performance liquid chromatography/mass spectrometry
(UPLC/MS) analysis of the degradation products

UPLC/MS analysis was performed on a Waters Acquity UPLC
system equipped with a Waters TUV detector and a Waters SQD
single-quadrupole mass analyzer with electrospray ionization.
A degraded IMC or IMC/SiO, film on Si substrate was placed
into a vial to which 1:1 water/acetonitrile were added to a
concentration of ~0.8 mM. The solution was filtered using a
0.2-um PTFE syringe filter. 6 pL of the solution was injected
into a reverse-phase chromatography column (Acquity UPLC
HSS C18, 1.7 pm, 2.1 X 50 mm). The mobile phase used for
gradient elution consisted of (A) water and (B) acetonitrile with
0.1% v/v formic acid. The gradient was operated from 40% B for
1.3 min, followed by a 5-min gradient to 5% A/95% B, for 1 min.
The flow rate was 0.75 mL min~'. Details (e.g., mass-to-charge
ratio (m/z)) for the determination of IMC and the main photo-
degraded IMC products can be found in the ESIt (Fig. S9, S10
and Table S2). Quantitative analysis of the IMC and photode-
graded byproducts was performed using MestReNova Software.
The relative values of the area under each base peak (%) were
obtained from UPLC-MS chromatograms and used to deter-
mine the relative fractions of IMC and the seven observed
photodegradation products, P1-P7.

Scanning electron microscopy (SEM) characterization of
photodegraded nanocomposite films

A FEI-600 Quanta ESEM microscope was used to observe the
morphology of photodegraded composite films. A sputter-
coater (Q150T S/E/ES, Quorum Technologies) was used to apply
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a 4-nm iridium layer to each sample prior to imaging. SEM
images were captured at an accelerating voltage of 30 kV, a spot
size of 3.0, and a working distance of 10 mm.

Results and discussion
Photodegradation of IMC films

Upon UV irradiation in ambient conditions, IMC is prone to
decarboxylation and oxidation, resulting in the production of CO,,
which can evaporate away, and H,O, which can either evaporate
or participate in additional degradation reactions.>*>**® Based on
the byproducts detected by ULPC/MS, three major degradation
pathways are involved in the photodegradation of IMC under UV
irradiation at 254 and 365 nm (Fig. 1). In this first stage of
photodegradation (stage 1), these pathways result in decarboxyla-
tion (I), oxidation (II), or hydrolysis (III). During pathway I, IMC
undergoes a mesolytic cleavage at C-COOH, which is a bond-
breaking reaction yielding a neutral radical,® followed by a
hydrogen shift. This reaction produces P1 (Fig. 1) as well as other
intermediates, shown as P4 and P5 in the ESI{ (Fig. S9 and S10,
detailed in Table $2).°>**” In pathway II, P1 is formed as in
pathway I and then further oxidized to produce an aldehyde (P2)
and alcohol (P3). In pathway III, P1 is formed as in other path-
ways, but it then reacts with water to produce P3.°*%

As seen in Fig. 2 and Fig. S5 (ESIt), the photodegradation of
IMC shows a two-stage decay pattern. Since pathway I (decarbox-
ylation) is needed for the subsequent pathways to occur, stage 1
primarily involves pathway I, with smaller contributions from
oxidation and H,O generation (see Fig. 6 and related discussions
for more details). Since CO, and water can evaporate, the IMC
degradation during stage 1 leads to a reduction in IMC mass and
the reduction of the film thickness in pure IMC films.
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Stage 2 of Photodegradation
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Fig. 1 Proposed reaction pathways for the main products of the first stage of IMC photodegradation at either 254- or 365-nm UV exposure under
ambient conditions. Pathway | involves decarboxylation to generate P1. Pathway Il begins similarly but ends with the decarboxylated compound further
oxidizing to P2 and P3. Pathway Il proceeds similarly to P1, which then reacts with water to yield P3. Note that P3 can be generated via pathway Il or IIl.

The provided m/z values were determined by MS measurements.
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Fig. 2 Photodegradation under ambient conditions due to (a) 254- and
(b) 365-nm UV irradiation. Degradation of a pure IMC film (~75 nm) was
measured through changes in relative film thickness with time (gray circles,
right axes); and that of IMC/SiO, MNCFs (~200 nm) was measured through
changes in the relative IMC mass in the nanocomposite (left axes). The IMC/
SiO, MNCFs were prepared from IMC and various diameters of SiO, NPs:
IMC/SiO(11 nm) (green triangles), IMC/SiO,(25 nm) (blue diamonds), and
IMC/SiO2(100 nm) (orange pentagons). The average refractive index of the
film, fitted by linearly graded models (not shown), was used for the mass-loss
calculations. The inset schematically shows the set-up of the nanocomposite
film and UV lamp. Two-stage photodegradation is observed both for IMC and
the IMC/SiO, MNCEF after prolonged UV irradiation under ambient conditions.

Prolonged UV irradiation at either 254 or 365 nm results in a
second stage of photodegradation (stage 2), where additional
byproducts with smaller molecular weights such as P6 and P7
are also observed (ESL{ Fig. S9, S10 and Table S2), further
reducing the thicknesses of pure IMC films or refractive indices
of nanocomposite layers. Eventually, with continuous irradia-
tion, IMC and its byproducts completely degrade/evaporate to
CO, and H,0, consistent with previous observations.**>® Photo-
degraded IMC products that arise from the C(O)-N bond clea-
vage via O, attack were expected, based on previous reports,®>>
but such species were not detected by UPLC/MS. Future experi-
ments, such as those using total correlation spectroscopy, may
be able to identify products with smaller yields;***° however, this
is beyond the scope of the current study.

Role of confinement in determining photodegradation rate

In confinement, the IMC T, is increased, slowing down the
relaxation dynamics in the glass matrix.>* As such, the viscosity
is expected to increase, and the diffusion rate for gases, such as

1006 | Soft Matter, 2025, 21, 1002-10T1
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O, and CO,, are expected to decrease. We have previously
shown that under inert conditions, where only one degradation
pathway is expected (one similar to pathway I of Fig. 1, ending
in decarboxylation), the photodegradation rate can be signifi-
cantly reduced by confinement.>* In contrast, under ambient
conditions, multiple reaction pathways can compete during UV
irradiation, some of which do not depend so much on gas
diffusion (for example, pathway III in Fig. 1).

To explore the role of nanoconfinement in determining the
overall photodegradation rate under ambient conditions, the
degree of confinement in IMC MNCFs was varied by using SiO,
NPs of different diameters, ranging from 11 to 100 nm; this
produced average pore sizes from 3 to 33 nm.*****7%° we have
previously reported that the T, increases from T,(IMC) = 315 =+
2 K to To(IMC/SiO»(100 nm)) = 324 + 3 K, T,(IMC/SiO,(25 nm)) =
339 £ 3 K, and T,(IMC/SiO»(11 nm)) = 344 + 3 K in 100 nm,
25 nm, and 11 nm SiO, NP films, respectively.** This increase
in T, is also expected to increase the viscosity by at least 1.5
decades, similar to unentangled polymers.*® The degree of
photodegradation and the resulting relative mass loss (m/m)
in ~200-nm-thick IMC/SiO, MNCFs were evaluated based on
changes in the nanocomposites’ index of refraction as a func-
tion of irradiation time (as detailed in the Materials and
methods section). This relative mass loss was compared with
that observed for pure IMC films (~ 75 nm in thickness, similar
initial IMC mass) by considering changes in their relative film
thickness (h/ho).>*

Fig. 2 summarizes this data, which were obtained at two
irradiation wavelengths, 254 and 365 nm. Additional details of
the refractive index and thickness changes vs. degradation time
for the films are in the ESIt (Fig. S5). In the ~200-nm-thick
MNCFs, approximately 40% of the 254-nm light and 10% of the
365-nm light are absorbed by the IMC layer (see ESI,{ Fig. S7).
As described in the Materials and Methods section, the mass
loss in the nanocomposite layers was calculated using linearly
graded models. The data of Fig. 2 indicate a two-stage decay in
the IMC mass for both pure IMC films and the IMC/SiO,
MNCFs during photodegradation.

Fig. 3 shows only a portion of what is shown in Fig. 2, but
with more detail; only the first stage (stage 1) of the degradation
is shown (up to ~1 x 10°-2 x 10® s for 254-nm UV irradiation
and ~6 x 10°-8 x 10> s for 365-nm irradiation). In stage 1 of
photodegradation, the mass loss of MNCFs is shown to be
dependent on the degree of confinement; the overall mass loss
decreases as the degree of confinement increases. With 254-nm
irradiation, the mass loss of IMC/SiO,(11 nm) is ~1.7%, while
it is ~7% in pure IMC film (Fig. 3(a), green triangles vs. gray
circles). The same trend is found at the longer wavelength
(365 nm): a mass loss of ~1.7% in IMC/SiO,(11 nm) and ~ 6%
in pure IMC film (Fig. 3(b)). In addition, the rate of degradation
is slower. The reduced mass loss and slower degradation can be
attributed to the increased T, in confined IMC films (by ~30 K
in IMC/Si0,(11 nm)**) which results in slower IMC molecular
relaxation dynamics as well as slower diffusion of CO, and O,
products (from pathways I and II, Fig. 1), reducing the overall
reaction rate, similar to our previous report of thermal and UV

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Stage 1 of photodegradation under ambient conditions due to (a)
254-nm (time <2 x 10®s) and (b) 365-nm UV irradiation (time <7 x 10%s).
Degradation of a pure IMC film (~75 nm) was measured through changes
in relative film thickness with time (gray circles, right axes); and that of IMC/
SiO, MNCFs (~200 nm) was measured through changes in the relative
IMC mass in the nanocomposite (left axes). The IMC/SiO, MNCFs are the
same as those in Fig. 2: IMC/SiO,(11 nm) (green triangles), IMC/SiO5(25 nm)
(blue diamonds), and IMC/SiO,(100 nm) (orange pentagons). The average
refractive index of the film, fitted by the linearly graded models (not
shown), was used for mass-loss calculations. Dashed lines are exponential
decay fits to the data.

degradation under vacuum conditions.>® The combined effects
lead to higher photostability, minimizing stage 1 degradation.
With continued irradiation, the rate of mass loss gradually
slows and eventually reaches a relatively steady-state plateau
(ending stage 1) at ~2 x 10° s for 254-nm irradiation and ~6 x
10* s for 365-nm irradiation. With prolonged UV irradiation, a
second stage of photodegradation (stage 2) begins; the degra-
dation rate becomes independent of the degree of confinement,
and the rate becomes similar to that of pure IMC films (Fig. 2).

Evolution of morphology during stage 1 and stage 2
photodegradation

To gain additional details about the two stages of photodegra-
dation, each time point of the SE data was fit to the exponen-
tially graded refractive index (ESL, Fig. S4 and S6). Fig. 4 shows
typical results of the refractive index as a function of the
distance from the surface for an IMC/SiO,(25 nm) MNCF
(data for other MNCFs are available in the ESI} (Fig. S6)).
Two patterns are observed in the data, and they can be

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Index of refraction as a function of the distance from the substrate

in an IMC/SiO,(25 nm) MNCF at various UV exposure times (legend
at bottom inset indicates times; 4 = 254 nm). Each profile is extracted
based on the index of refraction profile obtained from the exponentially-
graded model fitting. The schematic on top shows a slice of the composite
film. Vertical dashed lines indicate from left to right: the location of the
substrate, the end of the central portion of the film coinciding with the
beginning of its surface region with a thickness of ~25 nm (NP diameter),
and the free surface.

associated with the aforementioned two stages of photodegrada-
tion, stage 1 and stage 2. In stage 1 (during the first ~2 x 10° s),
the overall refractive index throughout the nanocomposite layer
(the flat region of the profile at each given time) drops only
slightly. The index of refraction at the film’s surface region
(indicated by the red arrow in Fig. 4) also decreases, but only
slightly faster than the film center (see early curves of Fig. 4). this
non-uniform degradation, also measured with the inhomogeneity
index in linearly-graded model remains nearly constant during
stage 1 (ESLT Fig. S2), indicating a uniform degradation process
throughout the entire nanocomposite layer.

In stage 2 (after ~2 x 10’ s), the material in the nanocom-
posite begins to evaporate more rapidly, producing a greater
change in the index values both at the film center and at the
film surface, which is seen as a rapid change in the baseline
values of the index of refraction (the flat regions in Fig. 4) and
increased curvature near the surface in each profile, respec-
tively. The initial evaporation rate at this stage is faster at the
free surface (see data between 4 x 10° and 4 x 10* s in Fig. 4),
also resulting in increased inhomogeneity in the index of
refraction (ESL 1 Fig. S2). Eventually, material loss throughout
the film decreases the index of refraction of the film center, and
the inhomogeneity also decreases (see data for >4 x 10* s and
the ESL Fig. S2). This observation is partially consistent with
our previous report:*"** when thermal degradation of IMC or
polystyrene (PS) occurred in a confined system, the near-surface
nanocomposite layer degraded first, followed by the film’s
center. However, in stage 2 of photodegradation (as opposed
to thermal degradation), confinement does not protect IMC
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from degradation under ambient conditions. In contrast, under
vacuum, stage 2 is fully suppressed in the absence of water and
oxygen. It is likely that as IMC byproducts in the nanocompo-
site layer start to evaporate the resulting porous network
allowing the condensation of water, facilitating the degradation
without the need for products or water to diffuse through the
glass network. Water absorption and dissolution in IMC and its
products can also potentially alter molecular mobility and
dynamics by reducing the viscosity.®'

To further corroborate the SE results, SEM images were obtained
for IMC/SiO,(100 nm) MNCFs irradiated with 254-nm UV light
(Fig. 5). Samples were analyzed after different amounts of IMC
mass loss: ~10% (after ~1.5 x 10° s of irradiation time, stage 1),
~30% (~1 x 10* s, stage 2), ~50% (~2 x 10" s, stage 2), and
~70% (~4 x 10" s, stage 2). This data also supports two-stage
photodegradation and is consistent with SE measurements. During
stage 1, no pronounced morphology change is observed (Fig. 5(a)
and (e)). During stage 2, we first observe the surface layer degrada-
tion/evaporation (Fig. 5(b) and (f)); the film’s center then degrades,
and gaseous products diffuse out (Fig. 5(c), (g), (d) and (h)).

UPLC/MS determination of main byproducts during
photodegradation of IMC

To understand the differences in the reaction kinetics during
stage 1 and stage 2, UPLC/MS can be utilized to identify the
byproducts of photodegradation. More details, such as bypro-
duct information and associated degradation processes during
the two stages of IMC photodegradation, are summarized in the
ESIT (Fig. S9, S10 and Table S2). Fig. 6(a) shows the proportions
of the remaining IMC and the degradation products of
IMC films and MNCFs after 10° s of 254-nm UV irradiation;
this corresponds to stage 1 degradation. As the degree of
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confinement is increased, the amount of remaining IMC is
higher, and smaller amounts of degradation products are
produced. In the most confined system, IMC/SiO,(11 nm)
MNCF, which has an average pore size of 3 nm, ~15% more
IMC is detected than in pure IMC film. This is consistent with
data shown in Fig. 2, where the relative mass loss is smaller in
the IMC/SiO,(11 nm) MNCF than in pure IMC films. We note
that the mass loss obtained from SE experiments corresponds
to gaseous products (likely CO2), which may evaporate away;
meanwhile, the UPLC/MS data can reveal the remaining ratios
of high-molecular-weight products. Given that decarboxylated
IMC is the main degradation product during stage 1 (20-30% of
total mass), we can conclude that this degradation stage pre-
dominantly proceeds through pathway I (Fig. 1), which is
limited by the diffusion of CO, products. With confinement
and the subsequent T, increase, gas diffusion is expected to
slow down,** thus explaining the decrease in the reaction (i.e.,
degradation) rate for confined systems in stage 1. Limited
amounts of other products are also detected at this point in
stage 1, indicating parallel reactions/degradation through alter-
native pathways. These degradation processes can also be
slowed down by the reduced diffusion rates of O, reactants in
confinement.

After prolonged UV irradiation (10* s, during stage 2 of
photodegradation), the fractions of remaining IMC (~40%)
and degradation products are similar for MNCFs and IMC films
(Fig. 6(b)). The UPLC/MS data also indicate that the primary
products are degradation products other than decarboxylated
IMC (P1), suggesting the prominent role played by locally avail-
able water in UV degradation. In stage 2, confinement and
diffusion are no longer key factors in degradation kinetics, as
the mass loss also generates a more porous environment (Fig. 5),

r

\

Stage 2 Photodegradation

Fig. 5 Top-view (top) and cross-sectional (bottom) SEM images of ~400-nm-thick IMC/SiO,(100 nm) MNCFs during the two-stage photodegradation
under 254-nm irradiation and ambient conditions: stage 1 (red) and stage 2 (orange). All scale bars are 200 nm. Percentage of IMC mass loss is ~10% for
(a) and (e), ~30% for (b) and (f), ~50% for (c) and (g), and ~70% for (d) and (h).
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stage 2, ~20% of IMC has degraded) of UV irradiation. Degradation
products have been categorized as decarboxylation products (decarboxy-
lated IMC (P1)) and other products.

allowing for the products to evaporate. These observations are
consistent with SE measurements (Fig. 2), where confinement
effects are only observed during stage 1 of photodegradation.
The confinement-insensitivity of stage 2 photodegradation in
ambient conditions is in contrast with our previous studies of
thermal degradation®*** and with the photodegradation of IMC
under inert environments.** The thermal degradation of IMC and
of the polymer PS in similarly confined environments are rate-
dependent after the removal of the surface/top layer.*** Above
the Ty, these systems were in the supercooled-liquid state. The
material in larger pores had higher mobility, lower viscosity, and
higher diffusion and degraded faster than those in smaller and
more confined pores. As the degradation proceeded, the remain-
ing material moved toward smaller pores within the system due to
capillary forces, contributing to slower degradation rates. During
photodegradation, where the material is below the T, these

This journal is © The Royal Society of Chemistry 2025
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systems are in the glassy (solid) state. As reaction products are
removed, the material is not driven toward smaller pores. Under
inert conditions where only pathway I was present, the degrada-
tion was found to be fully suppressed due to Le Chatelier’s
principle, as the system was practically under constant volume
constraints.> In contrast, under ambient conditions, it is possible
for water to condense on the surface, replacing the evaporated
material, reducing the constant volume constraints imposed by
the rigid NP walls. Locally absorbed water is also present in the
system from the beginning. In addition, other reaction pathways
(pathways II and III) are not kinetically tied to the relaxation
dynamics of the IMC as transport of the products is not needed
for them to occur. In this case, a two-part degradation process is
observed. While a similar protection is observed during stage I as
in vacuum conditions, which is primarily limited by the relaxation
dynamics of the glass matrix and gas diffusion kinetics, after
the removal of the top layer, the material can locally degrade.
Here, the material in larger pores still degrades before those at
smaller pores, but the degradation products can readily evaporate,
through the porous network, without further rearrangements of
the remaining material towards smaller pores, which is limited by
the glass viscosity. As such in this case, we attribute the lack of a
straightforward rate-dependence in stage 2 photodegradation to
the exposure to ambient conditions; IMC and its degradation
products are able to adsorb water to varying degrees,®"** leading
to unpredictable amounts of vapor condensation driven by NP
capillary forces,®>®® which is independent of molecule rearrange-
ments and the system viscosity. In addition, the adsorbed water
can also reduce the local viscosity of the system, further facilitat-
ing the degradation. Investigating this latter possibility requires a
detailed characterization of the water content and dynamics,
which can be the focus of future studies.

In summary, we studied the photodegradation under ambi-
ent conditions of IMC molecular nanocomposite films (MNCFs)
in extreme confinement, which was induced by the CaRI
technique. Consistent with our previous studies, the degrada-
tion process begins with the degradation and removal of
material from the film surface, followed by more uniform
degradation of the film’s center. We observed a two-stage
IMC photodegradation in the system. During stage 1, the
photostability of IMC increased due to confinement; it is
mainly a diffusion-limited process that correlates with the
degree of confinement. In stage 2, photodegradation involves
local reactions not dependent on diffusion and thus confine-
ment. These reactions are facilitated by locally available water,
and their products can readily evaporate through the porous
network created by degradation. The adsorbed water can also
mix with IMC to enhance molecule mobility and reduce vis-
cosity. Our study highlights that while MNCFs can be used as
an effective approach to stabilize glass coatings, the details of
stability highly depend on the degradation pathways, where
reactions involving gas diffusion are strongly suppressed by
extreme nanoconfinement, while more diffusion-independent
reactions are unaffected. This method also provides a new
approach to changing the balance of various reactions to
investigate chemical reactivity in thin glass films and to

Soft Matter, 2025, 21,1002-1011 | 1009


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm01266f

Open Access Article. Published on 07 January 2025. Downloaded on 8/1/2025 7:39:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

understand the role of physical and chemical properties in
material degradation. Materials with highly confined structures
have many potential technological applications, including
energy conversion, environmental remediation, and pharma-
ceutical synthesis. Our results highlight the need to carefully
optimize the properties of component NPs in these materials,
and they emphasize the importance of understanding changes
in the thermodynamic and kinetic properties of a reaction.
Both are crucial for realizing applications for materials with
extreme confinement.
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