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Abstract

Capillary rise in�ltration of molecular glasses into self-assembled layers of rigid nanoparticles

(NPs) can produce highly con�ned molecular nanocomposite �lms (MNCFs). Here, we inves-

tigate the thermal stability and photostability of MNCFs made by con�ning indomethacin

glasses in silica NPs. We demonstrate increasing con�nement decreases the rate of thermal

degradation and increases the activation energy of degradation (up to ∼70 kJ/mol in 11 nm

NPs, ∼ 3 nm pore size). Upon UV exposure under nitrogen, photodegradation is only ob-

served at the near-surface region of MNCFs, with a thickness of one NP diameter. However,

no further degradation is observed, even after prolonged UV exposure. The dramatically

improved thermal stability and photostability of MNCFs can be attributed to the slower

transport of reaction products, corresponding to the increased Tg (up to ∼ 30 K in 11 nm

NPs). These �ndings demonstrate that extreme nanocon�nement can prolong the durability

of molecular glasses in applications such as coatings and organic electronics.
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Introduction

Extensive research has been conducted on polymer nanocomposites (PNCs), which show

improved thermal,1 mechanical,2,3 optical,3 and electrical characteristics.4 The physical and

chemical properties of PNCs can be altered by manipulating the interactions between the

constituent polymer and nanomaterial building blocks, as well as controlling factors such

as nanoparticle loading and aggregation geometry.5,6 This approach enables the creation of

multifunctional materials with tailored properties, suitable for various specialized applica-

tions such as photovoltaics, light emitting diodes, protective coatings, and membranes.7�11

In general, the attainment of a desired attribute following the alteration of a PNC is com-

plex. For example, numerous factors can increase the glass transition temperature (Tg) of

PNCs, including nanomaterial and polymer types, nano�ller dispersion, nano�ller-polymer

interactions, processing methods, and catalytic e�ects.12�15 Similarly, multiple factors be-

sides Tg variations can a�ect PNC's thermal stability, as di�erent reaction pathways can be

a�ected di�erently by the con�nement and interfacial e�ect. Reports have shown slower ther-

mal degradation with proper nano�ller loadings ( ≤ 18 wt% ) using conventional fabrication

methods, but increasing loading beyond this level does not provide additional bene�ts. These

non-monotonic gains are attributed to the barriers to relaxation and the di�usion of degra-

dation byproducts induced by nano�llers,13,16�18 the catalytic e�ects of the nano�llers,19�22

and their degree of aggregation.14 Nano�ller aggregation at high loading can lead to a sub-

stantial propensity for thermal decomposition.14 Photocatalytic degradation can also occur

frequently in PNCs19�22 and can pose signi�cant problems when considering outdoor appli-

cations, such as light-harvesting devices and functional protective coatings. Strategies to

limit these thermal degradation and photodegradation pathways are not broadly available

and can highly depend on the chemical structure of the PNC.

Increasing Tg can be important in improving the thermal stability or photostability in

systems where the reaction kinetics involve the di�usion of the reactants or products through

the polymer matrix. Increasing Tg increases the structural relaxation time of the polymer
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matrix, resulting in slower gas di�usion. In particular, polymers con�ned in nanoporous

systems can show strong variations in their Tgs. For instance, Tgs of both polymers and

small molecules when con�ned in controlled pore glass (CPG) and anodic aluminum oxide

(AAO) can deviate from the bulk values due to both size con�nement and interfacial e�ects,

with several studies indicating the presence of two distinct Tg values.23�26 However, these

nanoporous structures have been observed to accelerate, rather than decelerate, thermal

degradation in both polymers and some small molecules.27,28 As such, accounting for the

role of other variables such as interfacial interactions, e�ective pore size, pore geometry, etc.,

is also critical, but remains challenging, particularly in extreme nanocon�nement conditions.

Recently, a simple approach, called capillary-rise in�ltration (CaRI), has been developed

to prepare highly-loaded PNCs, with uniform dispersion on NPs.29,30 In this method, a

polymer-in�ltrated nanocomposite �lm (PINF) is produced by annealing a bilayer consisting

of a self-assembled NP �lm and a polymer �lm, at a temperature higher than Tg of the

polymer. Under these conditions, capillary forces drive the polymer chains to in�ltrate into

the interstices of the NPs, placing the polymer under extreme degrees of nanocon�nement,

without disturbing the NP packing. While decreasing the NP diameter increases the degree

of con�nement in these systems, the loading volume remains constant (63 vol% NP volume

fraction). We have previously demonstrated that in weakly-interacting systems such as

polystyrene (PS)/SiO2 PINFs, increasing con�nement can lead to dramatically increased

Tg due to segmental-level constraints on relaxation dynamics (entropic e�ects).31 Other

properties such as viscosity, thermal stability, and mechanical properties have also been

shown to be dramatically a�ected under these extreme nanocon�nement conditions.32�35 In

contrast to CPGs, the increased Tg in PINFs results in signi�cant thermal stability, due to a

dramatic slow-down of di�usion of the free radicals, oxygen, and reaction products. We have

recently demonstrated that in PS/SiO2 decreasing the NP diameter from 100 nm to 11 nm

results in 55 kJ/mol and 70 kJ/mol increase in the activation energies for degradation at

the �lm's center and �lm's surface, respectively. Furthermore, even in ambient conditions,
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extreme nanocon�nement results in the suppression of the auto-acceleration and burning in

PINFs.32

While traditional nanocomposites cannot be produced from molecular glasses due to the

lack of chain connectivity, CaRI can be used to produce molecular nanocomposite �lms

(MNCFs) with a similar degree of Tg increase (up to ∼ 30 K in 11 nm SiO2 NPs) as pre-

viously measured in PINFs.26 Such large increases in Tg had not been previously reported

in other con�ned molecular glasses such as in CPG or AAO, indicating the important role

of concave curvatures in self-assembled NP �lms in signi�cantly restricting intra-molecular

degrees of freedom.26 The MNCFs properties can be further tailored through the Gibbs-

Thomson e�ect,36,37 by changing the interfacial interactions between NPs and the molecular

glass. MNFCs thus emerge as a unique approach to improving functional properties and sta-

bility in molecular glasses, with potential impact in a broad range of applications, including

small-molecule organic light-emitting diodes (SM-OLED), drug packaging,38,39 stable UV

absorbing materials and UV-resistant coatings in thin �lm solar cells, and cosmetic prod-

ucts.20,40,41

In this study, we utilize Spectroscopic Ellipsometry (SE) to investigate the e�ect of

extreme nanocon�nement on the thermal stability and photostability of MNCFs using in-

domethacin (IMC) glass in silica NP �lms as a model system. SE is a nondestructive

technique that is both reliable and e�ective in the measurement of optical properties,42

�lm thickness,43,44 surface coverage or homogeneity,32 material porosity,45,46 dielectric con-

stant,47,48 and conductivity49 of materials in the visible and near-infrared spectral ranges.

Upon UV irradiation or heat treatment in inert environments, such as under N2 gas, the dom-

inant degradation pathway for IMC is via decarboxylation, generating a single CO2 molecule

(Scheme 1).50,51 As such, this is a good model system to investigate the interplay between

Tg increase and the resulting slowdown of product gas di�usion on the composite stability

under nanocon�nement. In IMC, both entropic (geometric con�nement) and enthalpic (IMC

interactions with SiO2) e�ects can potentially lead to changes in molecular relaxation and,

4



thus, stability in nanocon�nement. We demonstrate that as the degree of nanocon�nement

is increased by reducing the NP diameter below 25 nm, IMC liquid shows slower thermal

degradation rates and increased activation energy for degradation. The degradation rate

and the activation energy correlate with the increased Tg of IMC upon nanocon�nement. In

the glass state, photodegradation under an inert environment is only observed at the sur-

face region of the nanocomposite, which becomes thinner and degrades more slowly as the

NP diameter is decreased. This is attributed to the dramatically improved kinetic stability

of the con�ned IMC glass, which acts to dramatically suppress the product gas di�usion.

The interplay between entropic (constrained molecule motion) and enthalpic (surface inter-

action) e�ects under extreme nanocon�nement leads to substantial thermal stability and

photostability improvements of this nanocomposite material.

Scheme 1: As shown, thermal degradation or photodegradation of indomethacin (IMC) under
inert environments such as N2 gas occurs through decarboxylation.50,51

Materials and Methods

Sample preparation Prior to �lm deposition, one-sided-polished silicon wafers (Virginia

Semiconductor < 100 >) were cut to approximately 1.5 cm Ö 1.5 cm squares. Indomethacin

(IMC) (MilliporeSigma, MW = 357.79 kg/mol) solutions were prepared by dissolving IMC

in tetrahydrofuran (THF). Suspensions of silica nanoparticles (NPs) with various diameters,

SiO2 (11 nm) and SiO2 (100 nm) (Nissan Chemical, 30-31 wt% suspension in IPA,) as well

as SiO2 (25 nm) (Sigma-Aldrich, Ludox TM-50, 50 wt% suspension in water), were diluted
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with their respective solvents. The IMC solution and diluted NP suspensions were �ltered

using 0.2 or 0.45 µm PTFE syringe �lters before use.

Preparation of IMC and IMC/SiO2 nanocomposite �lms To prepare an IMC thin

�lm, the IMC solution was spun cast (Laurell, WS-400BZ-6NPP/Lite spin-coater) onto a

silicon wafer at a spin speed of 4000 - 6000 revolutions per minute (rpm). The �lm was then

annealed under vacuum at 350 K for 30 minutes to remove the excess residual solvent. For an

IMC nanocomposite �lm, a layer of SiO2 NP (11, 25, or 100 nm diameter) was �rst spun cast

onto a silicon wafer and sintered at 773 K for 30 minutes on a temperature-controlled stage

(Linkam THMS600) to remove the solvent and chemically stabilize the NP layer. Upon

cooling to room temperature, a layer of IMC was spun cast onto the NP layer to form a

bilayer �lm, which was then annealed at 353 - 393 K to induce IMC in�ltration. In�ltration

was either performed on the Linkam stage under N2 for in situ monitoring or in a vacuum

oven. The thickness of either IMC or NP �lms was adjusted by changing the spin speed and

concentration of the prepared solution/suspension. For thermal degradation measurements,

each MNCF consisted of a ∼ 200 nm nanocomposite layer with a ∼ 20 nm IMC top layer

after in�ltration. For photodegradation measurements, the thickness of the nanocomposite

layer was either ∼ 200 or ∼ 400 nm, and a top IMC layer with a thickness of ≤ 5 nm after

in�ltration.

Spectroscopic Ellipsometry (SE) Measurements

Tg measurements Either IMC or IMC/SiO2 �lms were �rst mounted onto the Linkam

temperature-controlled stage that was attached to a spectroscopic ellipsometer (SE, M-2000

V, J.A. Woollam). The Linkam stage was sealed inside a custom aluminum cap with an

optical adapter at a 70◦ angle of incidence to facilitate in situ SE measurement under a

controlled environment.52 The sample stage was depressurized by a vacuum pump and re-

�lled with dry N2 gas. The raw SE data, Ψ(λ) and ∆(λ), were measured in the spectroscopic
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range of 600 nm < λ < 1600 nm and were �t to a model consisting of either one (pure

IMC �lms) or two (�lms consisting the IMC nanocomposite layers and the IMC top layers)

transparent uniform Cauchy layers on top of a silicon substrate with a 1 nm native oxide (see

Figure S4 for more details). The real (n) and imaginary (k) parts of the index of refraction

for each Cauchy layer were modeled as n(λ) = A + B/λ2 and k(λ) = 0, respectively. A

and B are �tting parameters along with the �lm thickness h. The optical constants of

the Si substrate and the native oxide layer were obtained based on the literature values.53

When necessary, after the initial �tting, some variables, such as the nanocomposite layer

thickness, were kept constant during in situ SE measurements throughout the thermal cycle

to avoid over-�tting insensitive parameters. The samples were subject to heating/cooling

ramps (example shown in Figure S1), and in situ SE data were collected with a sampling

rate of 1 s, with high accuracy zone averaging. The thickness and refractive index of the

IMC top layer and the refractive index of the nanocomposite layer were modeled to �t the

raw SE data while keeping the nanocomposite layer thickness constant to avoid over�tting.

The in�ltration process was completed during the �rst heating ramp. Tg of each layer was

measured upon subsequent cooling at a cooling rate of 10 K/min (Figure S1).

Thermal degradation measurements The same experimental setup was used to mon-

itor the thermal degradation of nanocomposite layers under dry N2. For each measurement,

the heating rate was set at 64 K/min to reach the target temperature, in the temperature

range of 453 K - 473 K, where the sample was held isothermally, and the thermal degra-

dation was monitored in situ using SE, with a sampling rate of 1 s using high accuracy

zone averaging. The SE data were �tted to a Cauchy (top IMC layer) and a linearly-graded

Cauchy (bottom IMC nanocomposite layer) bilayer model (examples shown in Figure S4 of

the SI). In the measurement, the refractive index of the top IMC layer was held constant as

the �lm thickness was less than 20 nm, and the instrument is insensitive to small changes

in this layer during degradation. In addition, the thickness of the nanocomposite layer was
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also �xed, as the NP layer is rigid and does not change its thickness. For more details on

the choice of model and �tting procedures, see Supporting Information and Figure S4).

Photodegradation measurements A UV lamp with a wavelength range of 254/365 nm

(Analytikjena® UVP 95-0007-05 Model UVGL-58) was used as the light source to induce

photodegradation of IMC. During measurement, an IMC or IMC/SiO2 was placed in a

custom SE stage with a cap and optical adapter, which allowed the SE incident light to

enter and exit at a 70◦ incident angle and another window above the sample to allow the UV

light to pass through at normal incidence angle. Each sample was illuminated with UV light

placed at normal incidence with a distance of ∼ 30 mm away. Illumination started after

at least 30 min of consistent dry N2 �ow in the chamber to establish a baseline and ensure

dry conditions. The in situ SE measurement was performed throughout the process at a

sampling rate of 10 s and with high accuracy zone averaging. t = 0 denotes the beginning

of the UV exposure. The raw SE data were �t to a one-layer Cauchy model on top of a

silicon substrate with a 1 nm native oxide (linear-graded or exponentially-graded refractive

index, more details in SI and Figure S8). All key parameters were �tted, except for the �lm

thickness, to avoid over�tting, as the thickness of silica NP or nanocomposite layer is not

expected to change upon UV illumination.

UV absorption analysis The absorption spectra of IMC �lms with various thicknesses

and IMC nanocomposite �lms (Figure S14) were obtained using a UV-Vis spectrophotometer

(Varian Cary 6000i). The IMC and nanocomposite �lms were prepared as detailed above

but with quartz discs as substrates (Chemglass Life Sciences, 1-inch Diameter, 1/16-inch

Thick) instead of silicon wafers. The IMC spectra were recorded in the wavelength range of

200 � 500 nm, referenced to a blank quartz disc.

8



Results and Discussion

Glass transition temperature of con�ned IMC IMC/SiO2 MNCFs were prepared

using capillary rise in�ltration (CaRI).29,31,32 More details can be found in Materials and

Methods. The degree of con�nement was tuned by varying the NP diameters between 11

- 100 nm. Previous studies have shown that the average pore sizes in these systems can

range between 3 - 33 nm, roughly 1/3, or the NP diameter, with a broad distribution of pore

sizes and shapes.45,54 Spectroscopic ellipsometry (SE) was used to monitor the completion

of the IMC in�ltration process. The resulting MNCFs typically contained a ∼ 200 nm

nanocomposite layer at the bottom and a thin layer of IMC on top with a 20 - 30 nm

thickness. The volume fraction (ϕ) of IMC inside the nanocomposite layer was determined

from the refractive indices of pure NP �lms, a pure IMC �lm, and the nanocomposite layer,

measured separately by SE (more details in SI, values shown in Table S1). The average

volume fraction was measured to be ϕ ∼ 30 ± 5 % (Table S1), consistent with near complete

�lling of the pores, as the maximum limit in randomly closed packed �lms of monodispersed

NPs is 37 %.55
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Figure 1: (a) Refractive index (n) measured at λ = 632.8 nm, vs. temperature for a bulk IMC
�lm (∼ 350 nm, orange symbols) and the nanocomposite layer (∼ 200 nm, blue symbols)
of an IMC/SiO2(25 nm) �lm, both made on silicon substrates, measured upon cooling at a
rate of 10 K/min. The solid green and red lines are linear �ts to the glass and supercooled
liquid regions for the IMC �lm and the nanocomposite layer, respectively. Tg values were
determined as the cross-sections of these regions, as shown by the corresponding black arrows,
and were measured to be Tg(IMC) = 315± 2 K and Tg(confined) = 339± 3 K, respectively.
(b) Tg vs. NP diameter for ∼ 200 nm nanocomposite layers of IMC/SiO2 �lms with a
∼ 20 nm IMC top layer as schematically shown in the inset. The red dashed line shows the
bulk Tg value of IMC.

The Tg of the nanocomposite layers and bulk IMC �lms were also measured by in situ
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SE at a cooling rate of 10 K/min (Figure S1).56,57 Figure 1a shows an example of the

measured refractive indices of a bulk ∼ 350 nm IMC �lm and a fully in�ltrated ∼ 200 nm

nanocomposite layer (IMC/SiO2(25 nm), ∼ 8 nm pore size), as a function of temperature.

The Tg values were determined to be Tg(IMC) = 315± 2 K and Tg(confined) = 339± 3 K,

respectively (Figure 1a). As shown in Figure 1b, the nanocomposite Tg is increased upon

increasing the degree of con�nement. In the most con�ned system with 11 nm SiO2 NPs

(∼ 3 nm pores), a Tg increase of ∆Tg = 29 ± 2 K is observed compared to the bulk IMC

Tg. This large increase in Tg is comparable with values reported in PINFs31,33 and another

molecular nanocomposites system26 with weak interfacial interactions with SiO2 surface. In

those systems, the e�ect was mostly attributed to increasing barriers for relaxation and

improved kinetics stability of IMC glass under extreme nanocon�nement.26,32,33 However, a

slight increase in the breadth of the Tg transition (from ∆Tg = 20 K to ∆Tg = 27 K) is also

observed in IMC MNCFs as the pore diameter is decreased (Figure S2), which was not seen

previously in systems with weak interfacial interactions. The increased breadth of transition

can be attributed to interfacial e�ects due to the hydrogen bonding of IMC to the silica

surface,15,58,59 further slowing down the relaxation dynamics.
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Figure 2: (a) Refractive index as a function of distance from the substrate of a∼ 200 nm layer
of IMC/SiO2(25 nm) at various times during isothermal degradation at 458 K under N2. t =
0 s is the time when the top IMC layer is completely degraded, exposing the nanocomposite
surface (Figure S3 of SI). The top sketch indicates the position of the substrate, a depth equal
to the NP diameter (25 nm), and the nanocomposite surface with dotted lines, separating
the layer's surface and center regions (indicated by red arrows). (b) Normalized mass loss
(m/m0) of the nanocomposite layer of various NP diameters during isothermal degradation
at 458 K under N2 (schematically shown in the inset). The dashed lines are �tted as detailed
in SI. (c) Thermal decomposition time at 50% mass loss (m/m0 = 0.5, schematically shown in
the inset) vs. 1000/T of nanocomposite layers of various diameters. (d) Thermal degradation
time at the surface of ∼ 200 nm IMC nanocomposite layers during isothermal degradation
at 458 K. Error bars represent the standard error of at least three samples.

Isothermal degradation of IMC nanocomposites Isothermal degradation measure-

ments were also carried using in situ SE under N2. As detailed in the Materials and

Methods section, these measurements were performed at temperatures well above the high-

est measured Tg (Tanneal > Tg(confined) + 100 K), to ensure that the �lms were at equi-
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librium by the time the target degradation temperature was reached. To gain insight into

the degradation details, the data for the nanocomposite layer were �tted by various Cauchy

models, including uniform, linearly-graded, and exponentially-graded refractive index (De-

tails in Materials and Methods section and SI). The mean square error (MSE) of �tting

was used to determine the most appropriate model of the layer's optical properties. Both the

linearly-graded and exponentially-graded refractive index models exhibited decreased MSE

values compared to the homogeneous model (Figure S4). Both models also suggested that

the properties of the nanocomposite layer remained constant until the top IMC layer under-

went full degradation (Figure S3). This time was denoted as t = 0 s for the nanocomposite

layer degradation, after which degradation proceeded inhomogeneously throughout the �lm,

with a non-monotonically changing degree of inhomogeneity during degradation (Figure S5).

Figure 2a shows the index of refraction as a function of distance from the substrate at var-

ious annealing times, according to the exponentially-graded index model (lowest MSE in

�tting). As seen in this Figure, at all time depth, the refractive index of the regions near

the surface IMC/SiO2(25 nm) at ∼ 200 nm (and IMC/SiO2(100 nm) shown in Figure S6) is

slightly lower than that in the �lm center (which is nearly constant below a certain point),

suggesting that the top layer has faster degradation and is removed, before the �lm center

degradation starts, resulting in inhomogeneous refractive index. The faster degradation rate

of the free surface region is consistent with our previous report in which similar di�erences

in the rate of surface and bulk degradation were observed in PS-in�ltrated nanocomposite

�lms (PS/SiO2).32 In MNCFs with various diameters, the thickness of the surface region with

faster degradation roughly corresponds to the NP diameter (∼ 25 nm in Figure 2a. Data for

∼ 11 nm and ∼ 100 nm shown in Figure S6). We note that while at the same temperature,

the degradation time at the surface is similar in MNCFs with various diameters (Figure 2d),

as the NP diameter is decreased, the total amount of degraded mass is smaller in smaller

NPs, due to the smaller thickness of the surface region.

Aside from the surface region, the degradation of the �lm center is seen as the change
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in the baseline values of the index of refraction (�at regions in Figure 2a) as a function of

time, which proceeds more slowly than the surface region. The mass loss, calculated based

on the change in the index of refraction of this region, has a uniform rate throughout the

�lm. Figure 2b shows the calculated mass at the nanocomposite layer's center with time

for nanocomposite layers of various diameters. It is seen that the degradation rate is slower

as the degree of con�nement is increased (decreasing NP diameter). This trend holds at

various annealing temperatures 453 K≤ Tanneal ≤ 473 K, as depicted in Figure 2c (Upper

axis). Figure 2c shows the Arrhenius plot of degradation time (τ), determined at 50% mass

loss (m/m0 = 0.5), as a function of 1000/T. This plot demonstrates that the degradation

rate at the center of the nanocomposite layer follows an Arrhenius relationship. Based on

the slopes of the Arrhenius lines, the calculated activation energies for degradation at the

composite layer center are 156 ± 16 kJ/mol, 196 ± 13 kJ/mol, and 226 ± 11 kJ/mol for

IMC/SiO2(100 nm), IMC/SiO2(25 nm) and IMC/SiO2(11nm), respectively. As such, the

barrier for degradation is higher for IMC con�ned in 11 nm NPs (∼ 3 nm pores) compared

to 100 nm NPs (∼ 30 nm pores) by ∼ 70± 27 kJ/mol.

Previous studies showed an increased activation energy of ∼ 55 kJ/mol for PS(8kg/mol)

degradation under similar conditions 102 ± 13 kJ/mol (PS/SiO2(100nm)), 129 ± 5 kJ/mol

(PS/SiO2(25nm)), and 157 ± 16 kJ/mol (PS/SiO2(11nm)), with a total change of ∼ 55 ±

15 kJ/mol in the degradation barrier.32 Since PS weakly interacts with the silica surface,

the increased barrier for degradation was attributed to the loss of con�gurational degrees of

freedom under extreme nanocon�nement26 and the resulting Tg increase in these �lms (∆

Tg ∼ 50 K in 11 nm NPs). In the IMC MNCFs, the change in the barrier for degradation

upon con�nement is measured to be slightly larger. Given the increased breadth of the Tg

transition in IMC MNCFs due to interfacial e�ects, it is likely that the hydrogen bonding

of IMC to the silica surface58,59 also contributes to the observed increase in degradation

barriers. In contrast, the larger Tg change in PS compared to both IMC and previous

molecular nanocomposites26 is likely due to additional constraints on the polymer chain.
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Another possible explanation is that the various stages of IMC degradation are a�ected by

the con�nement di�erently, as the con�ned IMC appears to have a two-step decay process

(double exponential �ts as detailed in SI), while the glass con�ned in 100 nm NPs shows

a faster compressed exponential decay. It is possible that the �rst degradation step is not

captured in 100 nm NPs, due to its rapid degradation. Similarly, in IMC/SiO2(25 nm) �lms,

at higher annealing temperatures, only one degradation process is captured (Figure S7),

meaning that the two processes have di�erent temperature-dependent degradation rates,

that are a�ected di�erently by nanocon�nement.

Under inert environments such as the N2 gas used here, the �rst decay step for IMC is

degradation by the cleavage of the indole structure to produce CO2 (Scheme 1).50,60 As the

Tg is increased and the dynamics of the glass are slowed, increasing the viscosity, the layer

acts as a gas transport barrier with a reduced rate of di�usion of CO2. The slow di�usion

then results in a slower degradation rate and higher thermal stability at the layer's center,

while at the surface, CO2 can readily evaporate. This mechanism also explains why the �rst

layer of the nanocomposite surface, has a faster rate of degradation than the rest of the �lm.

It is notable that at the �lm surface, the degradation time is relativity independent of the

NP size (Figure 2d), while the thickness of the degraded layer decreases as the NP diameter

is decreased (roughly equal to the NP diameter as shown in Figure S6), meaning that less

amount of material is lost due to surface degradation, improving the overall thermal stability

of the MNCF.

Photodegradation of IMC molecular nanocomposites Photodegradation of IMC

nanocomposite layers (with ≤ 5 nm top IMC layer) was investigated using in situ SE purged

with N2. The samples were illuminated with 254 nm UV at normal incidence at a distance of

30 mm from the surface. More details can be found in theMaterials and Methods section.

Similar to the thermal degradation, various models were examined for �tting the SE data

with the exponentially-graded model yielding the lowest MSE values (Figure S8). When
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Figure 3: (a) Refractive index n as a function of distance from the substrate in the surface
region (150 - 200 nm) of a ∼ 200 nm IMC/SiO2(25 nm) nanocomposite layer at various
times during UV irradiation (254 nm) under N2. The inset shows the corresponding data
throughout the entire �lm. The schematic on top shows a slice of the �lm with the surface
region (purple, thickness of ∼ 1 NP diameter) marked by a dashed line. (b) Mass loss as a
function of distance from the substrate for ∼ 200 nm nanocomposite layers prepared from
various NP diameters, after 10 hr of UV irradiation (254 nm) under N2. Black bars indicate
the thickness of the surface region in each �lm, corresponding to one NP diameter. The inset
schematically shows slices of nanocomposite layers of various diameters with their surface
regions indicated with purple color.
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Figure 4: Mass loss as a function of distance from the substrate after 10 h of UV irradiation
under N2 for ∼200 nm and ∼400 nm IMC nanocomposite �lms prepared using various
diameters of NPs. Black bars show the surface region of each �lm, with the size of one NP
diameter in each plot.

a linearly-graded model was assumed, the surface roughness of MNFC exhibited minimal

variation before and after photodegradation (Figure S13). In contrast, the inhomogeneity of

the index of refraction was observed to increase in all MNCFs (Figure S9), with a negative

value (negative % inhomogeneity), meaning that similar to the thermal degradation case,

degradation started at the �lm's surface. Similarly, a larger inhomogeneity was observed

in �lms with larger NP diameters, indicating that a larger portion of the surface region

was degraded (Figure S9). However, in contrast to the thermal degradation measurements,

where inhomogeneity eventually decreased upon degradation at the �lm's center, during

photodegradation, the %inhomogeneity plateaued and did not change even after prolonged

exposure to UV (Figure S9), indicating that the �lm center did not degrade within the

experimental window studied here (up to 10 hours of exposure time).

The details of the surface degradation of IMC upon UV irradiation are clearer when the

more reliable exponentially-graded model is used to �t the data with lower MSE values.
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Figure 3a shows the refractive index of a ∼ 200 nm IMC/SiO2(25 nm) �lm at various UV

(254 nm) irradiation times using the exponentially graded model. As seen in this �gure, the

refractive index of the layer's surface decreases with longer irradiation time. In contrast,

even after 32000 sec of exposure, the refractive index of the nanocomposite layer's center

remains approximately constant within the experimental error. Signi�cantly, while the rate

of surface degradation appears to be independent of the NP diameter with a single decay

function (Figure S11), the depth at which degradation is observed is roughly equal to the NP

diameter in each MNCF �lm (Figure 3b and Figure S10). As such, when the NP diameter

is decreased, a larger portion of the nanocomposite layer (∼ 94.5% in 11 nm NPs) remains

completely protected against photodegradation. In addition, when the �lm thickness is

increased from ∼ 200 nm and ∼ 400 nm (Figure 4), the thickness of the degraded surface

region remains constant; roughly equal to the layers corresponding NP diameter. As such,

an even larger portion of the �lm is now extremely resistant to photodegradation (∼ 97.25%

in ∼ 400 nm MNCFs made of 11 nm NPs), showing no indication of degradation even after

10-hour UV irradiation (Figure 4). The interior of �lms made with 11 nm silica particles is

fully UV-protected after the top layer degradation. In contrast, the degradation rate of pure

IMC �lms with thicknesses less than 145 nm (with equivalent IMC mass as a 480 nm MNCF)

is independent of their �lm thickness (Figure S14). In the solid state and under inert gas,

upon UV illumination, IMC does not fully degrade small gaseous products. Instead, it loses

its CO2 throughout the thickness of the �lm. If IMC fully converted to 100% decarboxylated

products, without any additional secondary reactions, a total mass loss of 12.5% total is

expected, which should be measurable as a similar percent thickness change, as reported

previously in IMC stable glass.51 The data in Figure S12 shows that under the experimental

conditions used in this study, 92% of the thin IMC �lm mass is retained (∼ 8% mass loss),

which is slightly less than complete degradation, indicating that IMC remains partially

undegraded, even in thin �lms.

In MNCFs, the rigid structure of the NPs prevents the �lm thickness change upon mass
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loss, and only the surface layer can degrade by reducing its volume. Interestingly, the surface

degradation rate in MNCFs is similar to that of thin �lms, as seen in the rate of change in

% inhomogeneity in Figure S9, indirectly corroborating this mechanism for surface decay.

In the absence of volume change, the degradation of the �lm center should be seen as a

change in the �lm's index of refraction. An ∼ 8% CO2 mass loss throughout the �lm should

result in a value of index of refraction of approximately 1.47 for IMC/SiO2(11 nm), 1.48

for IMC/SiO2(25 nm) (data in Figure 3a) or 1.50 for IMC/SiO2(100 nm) at the �lm center,

which would have been measurable by SE. However, the data in Figures 3a&b and 4 do not

show any such change in the �lm center even after prolonged exposure.

The e�ect of UV penetration depth in these observations should also be considered due

to the high UV absorbance of IMC (Figure S14). For example, in pure IMC �lm with a

thickness > 300 nm, UV degradation slows down due to decreased UV intensity deeper into

the �lm (Figure S12). As shown in Figures S14a and S14c, SiO2 does not have signi�cant

absorbance in the wavelength range of interest. As such the UV extinction in MNCFs is

primarily due to their IMC content, meaning that 200 nm and 400 nm MNCFs have similar

UV absorbance values as 70 nm and 140 nm pure IMC �lms, respectively (Figure S12).

Furthermore, in �lms of each thickness, the relative mass of IMC to silica is the same of

NPs of various diameters, but their mass loss decreases with the NP diameter and is seen

only at their surfaces. As such, UV light penetration cannot explain the protective role of

con�nement in the UV stability of MNCFs.

The role of rigidity in improved photostability While thermal stability and photosta-

bility are both improved by increasing the degree of con�nement, they show notably di�erent

outcomes. In thermal degradation, once decarboxylation is complete, the material continues

to break down until full degradation. In contrast, in photodegradation under inert conditions

(N2 gas here), only decarboxylation is seen in the time scales of these experiments, even in

pure IMC �lms. This is likely because, in the glassy state, further degradation requires a
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rearrangement of molecules, while decarboxylation is a local, molecular-level process.

Con�nement appears to a�ect these processes di�erently. In thermal degradation, IMC

is in a liquid state and can quickly equilibrate. As the degradation proceeds beyond the sur-

face layer and the �lling ratio of the composite is reduced, capillary driving forces move the

molecules towards the narrowest pores, resulting in an under�lled structure with more con-

�ned states as previously detailed.31,32 The increased spatial con�nement as well as stronger

IMC interactions with NP walls, result in a stronger slowdown of dynamics with increasing

con�nement. As such the degradation barrier dramatically increases as the NP diameter is

decreased (Figure 2c). A simple Arrhenius extrapolation of these degradation times to room

temperature would suggest that the photodegradation rate in IMC/SiO2(11 nm) MNCFs

should be at least ∼ 5 decades slower than in IMC/SiO2(100 nm).

To obtain the hypothetical experimental time needed to observe photodegradation in

MNCFs, the surface degradation times in thermal degradation and photodegradation can be

compared. In both processes, degradation starts at the layer's surface, where the gaseous

degradation products such as CO2 can readily evaporate. While the thickness of the exposed

surface layer decreases with the NP diameter, in both cases (Figures 2d and S11) the surface

degradation rate remains bulk-like and una�ected by con�nement. In thermal degradation

at 458 K, the degradation time of the un-con�ned molecules at the IMC/SiO2(100 nm) �lm

surface is approximately ∼150 s (Figure 2d). The thermal degradation time of the �lm's

center at this temperature is measured to be ∼650 s (more details in SI and Figure S5),

indicating a moderate degree of con�nement, which is also corroborated by the small change

in the �lm's Tg (Figure 1b). Using a similar comparison, the midpoint of decarboxyla-

tion for IMC thin �lms and the surface of IMC/SiO2(100 nm) �lms are both approximately

∼3000 s (Figure S12) and ∼3000 s (Figure S11), respectively. Given the moderate degree

con�nement of the IMC/SiO2(100 nm) �lm, one would expect to observe photodegradation

in the �lm center within ∼ 13000 s of photodegradation, which is within the experimental

window of measurements. Given that no degradation is observed even after ∼ 60000 s of
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UV irradiation (Figure S10c), the lower bound value of photostability in IMC/SiO2(100 nm)

�lm center is at least ∼ 4.6 times that of its surface. Remarkably, given that the relax-

ation dynamics in IMC/SiO2(11 nm) are expected to be at least ∼ 5 decades slower than

IMC/SiO2(100 nm), based on the extrapolated thermal degradation times, the decarboxyla-

tion of the IMC/SiO2(11 nm) �lm center should take more than 106 s (> 11 days).

This value is again just a lower bound for photodegradation in these systems, as no mea-

surable change in the index of refraction was observed in the �lm center even in IMC/SiO2(100 nm)

MNCFs. This is likely because the rigid sca�old of the NPs, even when relatively large NPs

are used, prevents a volume change in the IMC material. The resulting tensile stress would

disfavor a reduction in �lm density, further increasing the barriers for degradation in the

glass state, while these e�ects do not play a role in the liquid state where the liquid can

readily relax.

To further highlight the remarkable UV protection provided by the rigid NP sca�old,

the results can be compared with previous studies in highly stable glasses (SGs) produced

by physical vapor-deposited (PVD).51 In MNCFs, the Tg is increased by ∼30 K upon con-

�nement, resulting in much slower dynamics at room temperature. In PVD glasses of IMC,

under optimal deposition conditions, the �ctive temperature is decreased by ∼ 30 K,51,61

also resulting in an e�ective increase in the �lm's relaxation times at room temperature, to

a similar degree. Under UV irradiation in inert conditions, the rate of degradation in IMC

SGs is ∼1.3% times slower than that of the liquid-quenched glass (analogous to the pure

IMC �lms reported here). This is only a moderate improvement compared to the more than

6 decades of slow-down of the photodegradation rate in con�nement. In addition, MNCFs

establish both thermal stability and photostability for the small organic molecules,27,62�64

while stable glasses readily transform upon heating above Tg, with only ∼ 17 K increase in

their thermal transformation onset.51,61 As such, vapor-deposited glasses are in their super-

cooled liquid state at temperatures relevant to thermal degradation. Moreover, MNCFs can

be easily produced using a large combination of molecules and NPs, providing an immense
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opportunity for design.

Conclusions

In summary, we studied the thermal stability and photostability of indomethacin con�ned in

nanoporous silica nanoparticle �lms with diameters ranging from 11 nm to 100 nm. Under

the inert conditions used in this study, IMC degrades primarily through decarboxylation,

which requires the di�usion of CO2 products out of the nanoporous �lms. As the NP di-

ameter is decreased, the loss of con�gurational entropy and increased interactions of IMC

with silica surface result in an increase in Tg (by ∼ 30 K in 11 nm NPs) and slower gas

di�usion. As a result, after the degradation of the free surface region (∼ 1 NP diameter),

the di�usion-limited thermal degradation of IMC slows down dramatically. The activation

energy for thermal degradation increases by as much as ∼70 kJ/mol in 11 nm NPs. The ex-

treme con�nement e�ects on photodegradation are much more dramatic. In the solid state,

in addition to slow di�usion, the decarboxylation of IMC requires volume relaxation of the

remaining material, which is hindered by the rigid NP sca�old. These e�ective (N,V,T)

conditions further reduce the rate of photodegradation, an entropy-increasing reaction, due

to Le Chatelier's principle. As such, after the degradation of the free surface region, no

further degradation is observed within the time scale of the experiments. We note that these

observations can likely extended to other di�usion-limited and entropy-increasing reactions

under extreme con�nement. However, extrapolation to other reactions may require careful

experimental investigation. The utilization of extreme nanocon�nement as a general ap-

proach to enhance material stability under harsh conditions can greatly enhance the design

of multi-functional coatings made of polymers and molecular glasses for various applications.
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Supporting Information

Additional SE modeling and data, calculation of the porosity of the NP �lms, and detailed

experimental procedures can be found in Supporting Information.
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