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Polymer-nanoparticle composite films (PNCFs)
with high loadings of nanoparticles (NPs) (>50 vol %) have
applications in multiple areas, and an understanding of their
mechanical properties is essential for their broader use. The
high-volume fraction and small size of the NPs lead to physical
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properties of polymers relative to the bulk. We investigate the .
fracture behavior of a class of highly loaded PNCFs prepared by Pl o \
polymer infiltration into NP packings. These polymer- % e+ %
infiltrated nanoparticle films (PINFs) have applications as More effective bridging
multifunctional coatings and membranes and provide a

platform to understand the behavior of polymers that are highly confined. Here, the extent of confinement in PINFs is
tuned from 0.1 to 44 and the fracture toughness of PINFs is increased by up to a factor of 12 by varying the molecular weight
of the polymers over 3 orders of magnitude and using NPs with diameters ranging from 9 to 100 nm. The results show that
brittle, low molecular weight (MW) polymers can significantly toughen NP packings, and this toughening effect becomes less
pronounced with increasing NP size. In contrast, high MW polymers capable of forming interchain entanglements are more
effective in toughening large NP packings. We propose that confinement has competing effects of polymer bridging increasing
toughness and chain disentanglement decreasing toughness. These findings provide insight into the fracture behavior of
confined polymers and will guide the development of mechanically robust PINFs as well as other highly loaded PNCFs.
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olymer-nanoparticle composite films (PNCFs) are a polymer chains. Confinement effects are also observed in other
class of hybrid materials that synergistically combine the polymer nanocomposites (PNCs), polymeric thin films, and
functionality of nanoparticles (NPs) and the flexibility biological systems.n_15 Polymer chains in a confined space
and processability of polymers." Recently, highly loaded have to adopt conformational changes to reduce the volume

PNCFs with a NP fraction >50 vol % have been shown to pervaded by each chain.'®'” Highly confined polymers can
have transport and mechanical properties that are superior to 116,18—20
their counterparts with low NP fractions.”® For example,
nacre-mimetic PNCFs, composed of a large volume fraction of
plate-like NPs and a small fraction of polymers, not only show
exceptional strength and toughness but also have properties
that allow for their use in flame-retardant and gas barrier
applications.””” PNCFs with a high loading of conductive NPs,
such as indium tin oxide and boron nitride, are attractive for

have drastically different physicochemica and mechan-
ical properties*' > from their bulk counterparts. For example,
molecular dynamics simulations of nacre-inspired nano-
composites have shown that confinement leads to a 2—6-fold
increase in the elastic modulus of the polymer phase.”

However, confinement has been also found to decrease the

applications where high thermal or electrical conductivity is January 14, 2022
desired.5 ™! March 30, 2022
One important feature in highly loaded PNCFs is that the April 5, 2022

size of the spaces between the NPs can be comparable to or
smaller than the characteristic size of the polymers in their
unperturbed state, resulting in significant confinement of the
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Figure 1. (a) Schematic showing the preparation of a PINF by spin coating PS atop a densely packed NP layer and infiltrating PS into the
voids of NP layer via capillarity. (b) Schematic of the DCB specimen used to measure the fracture toughness of PINFs. The relative
thicknesses of each layer are not drawn to scale. (c) Representative load—displacement curves for a DCB test of a PINF (NP diameter = 79
nm, MW = 173,000 g mol™'). Multiple loading/crack-growth/unloading cycles are performed to obtain G, at different crack lengths yielding

the crack growth resistance curve shown in (d).

strength of PNCFs due to a reduction of entanglement
density.”’ As entanglements are the fundamental mechanism
behind high fracture toughness in bulk polymers, highly loaded
PNCEFs tend to be brittle, potentially limiting their perform-
ance and durability in practical applications.””” Thus, there is a
critical need to understand the effect of confinement on the
fracture behavior of PNCFs with high fractions of NPs.
Compared to extensively studied neat polymer films and
PNCFs with low fractions of NPs,*"****~*' there are relatively
few systematic studies addressing the impact of confinement
on the fracture properties of highly loaded PNCFs.
Experimental investigations have been hampered by the ability
to prepare highly loaded PNCFs with controlled degrees of
confinement’ " as well as challenges in measuring the
fracture properties of thin films.

In this work, we investigate the effect of polymer chain
confinement on the fracture behavior of composites consisting
of dense packings of silica NPs infiltrated with a glassy
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polymer, polystyrene. These highly loaded composites are
prepared by a recently developed capillary rise infiltration
(CaRI) technique, which takes advantage of capillarity-induced
imbibition of polymer into the interstices of dense packings of
NPs.”>™** This method overcomes the difficulties associated
with mixing and stabilizing a large amount of nanofillers in a
polymer matrix using conventional methods such as solution
mixing or melt compounding.”'"**** CaRI has been applied
to a wide range of polymers and NPs'**' and enables the
fabrication of PINFs for various applications including Bragg
reflector sensors,** oil/water separation,“"44 and anticorrosive
coatings.”® Moreover, CaRI is a powerful approach to fabricate
materials that can be used to investigate polymer behavior
under extreme confinement. The characteristic pore size in
random close packings of spheres is approximately 30% of the
NP size.*® Thus, it is straightforward to tune the degree of
confinement by changing NP size and/or the molecular weight
of the polymer. In previous work, the CaRI system has been
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used to show that the transport and thermal properties of
polymers can drastically deviate from the bulk due to the effect
of confinement.”*’~*

Although the fracture toughness of polymer-infiltrated
nanoparticle films (PINFs) prepared by CaRI has been
previously measured with a nanoindentation-based pillar-
splitting method, the underlying toughening mechanisms and
the role of confinement are not well understood.*® Here, we
use a thin-film fracture testing method based on the double
cantilever beam (DCB) specimen to achieve highly accurate
measurements of the fracture toughness of PINFs in mode I
(tensile crack opening). The extent of confinement is tuned
over a wide range by using PS with molecular weights (MWs)
that span three orders of magnitude and SiO, NPs with four
different diameters between 9 and 100 nm. We demonstrate
that polymers can significantly toughen NP films even when
they are under extreme confinement and completely lose
interchain entanglement. We also show that low MW polymers
are more effective in toughening small NP packings, whereas
high MW polymers result in greater toughening in packings
comprised of large NPs. The results suggest that both
confinement-induced molecular bridging and chain entangle-
ment contribute to toughening PINFs and the relative
importance of the two mechanisms is dependent on the extent
of confinement.

RESULTS AND DISCUSSION

We investigate the fracture behavior of a highly loaded PNCFs
prepared by polymer infiltration into NP packings. Polystyrene
(PS) is infiltrated into the NP packings by heating a bilayer
film composed of a PS film atop a densely packed SiO, NP
layer (packing fraction ~65 vol %) above the glass transition
temperature (T,) of PS (Figure la and Figure S2). Polymer
chains experience strong physical confinement imposed by the
NPs.*>*” We tune the degree of confinement by varying the PS
molecular weight (MW) and SiO, NP size. Polymers with six
different MWs, spanning three orders of magnitude, are used,
including both unentangled (2k and 21k) and entangled PS
(51k, 173k, 2.1 M and 4M). The radius of gyration (R,) of PS,
calculated based on the Kuhn length of PS (1.8 nm),”" ranges
from 1.2 to 54.8 nm. SiO, NPs with diameters ranging from 9
to 100 nm are used as shown in Figure SI. Given that the
average pore radius (Rpore) in a disordered packlng of spherical
NPs is approximately 29% of the particle radius,* R Varies
from 1.2 to 14.5 nm. To estimate the degree of confinement,
we define a confinement ratio (CR), as the ratio between the
radius of gyration of unperturbed polymer chain (R) and
average pore radius (ie, CR = R /Rpm) With the polymers
and NPs used in this work CR varies from 0.1 to 44 as listed in
Table S1.

To quantitatively probe the fracture behavior of PINFs, we
use a thin-film fracture testing method based on the DCB
specimen. All PINFs have thicknesses of ~250 nm (see
Supporting Information for detailed characterization). Neat
NP and polymer films are also tested. As depicted in Figure 1b,
a DCB specimen is fabricated by constructing a multilayer
stack composed of Si/epoxy/metal layer/testing film/Si. The
specimen is loaded in the displacement control, and the load—
displacement data are continuously recorded. Figure 1c shows
typical load—displacement curves from the DCB test on a
PINF (NP diameter = 79 nm, MW = 173,000 g mol™") where
cohesive fracture within the PINF is verified by ellipsometry
and scanning electron microscopy (SEM). The specimen is
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initially loaded elastically, but once the strain energy release
rate (G) exceeds the critical strain energy release rate (i..,
toughness G.) of the PINF, a crack propagates in the PINF.
After the crack grows for several millimeters, the specimen is
unloaded and then subjected to multiple loading/crack-
growth/unloading cycles until complete fracture. In this
manner, between 10 and 20 independent measurements of
G, over crack lengths from about 10 to 50 mm are collected
from a single DCB specimen. G, calculated for different crack
lengths (see Materials and Methods for detailed information)
is shown in Figure 1d. The relatively constant G, (6.24 + 0.10
J/m?) at different crack lengths along with the smooth load—
displacement curves indicate stable crack propagation through
PINFs over distances of tens of millimeters, demonstrating the
high reliability of this method for characterizing the fracture
toughness of PINFs. We note that PINFs are free of large
defects like aggregates and the interstitial voids are nearly
completely filled with polymers. Therefore, defects are
expected to have little effect on the fracture behavior of
PINFs since the defect size or population is not expected to
change with polymer MW or NP size.

Figure 2 shows the G_ of PINFs with different NP size as a
function of polymer MW. All PINFs show significantly high G,
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Figure 2. G_ as a function of polymer MW for PINFs with different
NP diameters.

than neat NP films which have very weak inter-NP cohesion
(Figure S6). For example, neat 9 nm NP films have a G, of 1.2
J/m* When 2k PS (Rg = 1.2 nm) infiltrates into the NP films,
G, increases to 2.9 J/m? Such enhancement in G, is significant
considering the brittle nature of neat 2k PS, which has a G, of
0.3 J/m?* (Figure S7). With increasing MW, G, of PINFs with 9
nm NPs increases further and reaches a plateau of ~6 J/m” at a
MW of approximately 2M. We observe a similar trend of
increasing G, with MW before reaching a plateau at high MW
for PINFs with various NP diameters. The plateau values
increase from ~6 J/m* for PINFs composed of 9 nm NPs to
~8.5 J/m? for PINFs composed of 100 nm NPs.

Although the MW dependence of G, observed for PINFs is
similar to that of neat polymers (Figure S7), the underlying
mechanisms leading to this behavior are very different. In neat
glassy polymers, such as PS, polymer fracture transitions from
segment pullout below the critical entanglement MW, M_ (for
PS, M. = 31,000 g mol™") to crazing above M. 2752 Crazing is a
plastic deformation process and leads to a significantly higher
G. for entangled polymers than that for unentangled
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Figure 3. SEM images of the fractured surfaces of NP (D = 27 nm) films infiltrated with (a, b) 2k PS and (c, d) 2.1M PS. The (b) and (d)
images are taken from the bottom beams where PINFs are initially deposited on, while (a) and (c) are taken from the top beams. All scale
bars are 500 nm. (e) Schematic illustration of the crack path (black dashed line) in PINFs (D = 27 nm). As the polymer MW increases, the
crack path becomes more tortuous with more NPs and polymers pulled out from the bottom beams to the top beams.

polymers.”® As MW increases, the size of the craze deformation
zone increases and more energy is dissipated during
fracture.””** The fractured surfaces typically show increasing
roughness with MW and evidence of local plastic deformation
in entangled polymers (Figure $8).7%%°

Such entanglement-induced toughening, however, is unlikely
to be the dominant mechanism when polymers are strongly
confined in NP packings. In fact, in our most highly confined
systems, that is, PINFs composed of 9 nm NPs, we observe
similar fracture surfaces regardless of polymer MW and no
evidence of local plastic deformation (Figure S9). Recent
molecular dynamics simulations have shown that the average
entanglement length of polymers in PINFs increases compared
to bulk, corresponding to a decrease in entanglement density.”’
Entanglement reduction has been widely reported for polymers
under thin-film and cylindrical confinement as well as in other
PNCs.' """ Tn PNCs, the interchain entanglement density
decreases with increasing NP loadings and vanishes at high NP
loadings.”**” Thus, we expect significant reduction of
interchain entanglements in PINFs as the NP loadings reach
the random-close-packing limit (~65 vol %). Scaling argu-
ments have also shown that polymers in cylindrical pores can
be completely disentangled under hyper-confinement. The
critical MW at the onset of ho);per—conﬁnement,

M hyper-confinemeny €an be calculated as®”
4
] ‘u,
1)

where N_ is number of Kuhn monomers at the onset of hyper-
confinement, M, is the molar mass of a Kuhn monomer (720 g
mol ™" for PS), and b is the Kuhn length of the polymer (1.8
nm for PS).”" We calculate the onset of hyper-confinement in
PINFs with different pore sizes (Table S1), although the pore
geometry in PINFs is different from cylindrical pores. The
M hyper-confinement ©f PS in 9 and 27 nm packings is 2 kDa and
254 kDa, respectively. Thus, high MW PS used in this study
are under or close to hyper-confinement in these two packings.
In addition, even if interchain entanglements exist in these two
packings, the load transfer between the chains is limited due to
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the surrounding NPs. These arguments suggest that interchain
entanglements play little role in toughening the small (9 and
27 nm) NP packings.

An alternative toughening mechanism in PINFs with small
NPs is confinement-induced molecular bridging, which was
previously proposed for polymers confined in a porous
organosilicate matrix.*’ " In this mechanism, polymer chains
near the crack front bridge the surfaces of the crack and are
pulled out from the pores as the crack propagates. The
frictional pullout and elongation of many individual polymer
chains dissipate energy and toughen the composite. Polymers
with higher MW have longer chains and are pulled out over
longer distances, and thus dissipate more energy. This
mechanism is ultimately limited by the strength of polymer
backbone and results in a plateau of G, at high MW, consistent
with the experimental measurements in Figure 2.

The confinement-induced molecular bridging mechanism is
supported by the MW dependence of G, shown in Figure 2 as
well as the SEM images of the fractured surfaces in PINFs
composed of 27 nm NPs shown in Figure 3. The crack is
driven off the centerline toward the PINFs—metal interface
due to lower elastic modulus of the PINFs compared to the
substrates.”* As the interface is strongly bonded, fracture
occurs below the topmost NP layer and the underlying NP
layer which is confirmed by ellipsometry. When 2k PS (R, =
1.2 nm) is infiltrated into the 27 nm NP packings, these short
polymer chains can only bridge neighboring NPs (Figure 3e).
Only the topmost NP layer and a small number of the
underlying NP layer are found on the top beams (Figure 3a).
Similar fracture surfaces are observed in PINFs with 21k and
S1k PS. In contrast, more NPs are found on the top beams
with higher MW polymers such as 2.1M (Rg = 39.7 nm)
(Figure 3c). Recent molecular dynamics simulations have
confirmed that polymer chains confined in NP packings adopt
bulk-like conformation below entanglement > and more
stretched conformation above entanglement MW.>” High MW
polymers stretch over large distances and bridge more than
neighboring NPs (see SI for detailed discussion). As a result,
more NPs are pulled out along with the polymer chains from
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Figure 4. SEM images of the fractured surfaces of NP (D = 79 nm) films infiltrated with (a, b) 2k PS, (c, d) 21k PS, (e, f) 51k PS, and (g, h)
173k PS. The (b), (d), (f), and (h) images are taken from the bottom beams where PINFs are initially deposited on, while (a), (c), (e), and
(g) are taken from top beams. All scale bars are 500 nm. (i) Water contact angle on the fractured surfaces of PINFs (D = 79 nm). (j)
Schematic illustration of the fractured surfaces. PINFs filled with high MW PS show fractured surfaces with protruding polymer filaments

compared to those filled with low MW PS.

the bottom beams to the top beams as illustrated in Figure 3e.
We note that unlike in other confinement geometries, such as
cylindrical geometries where polymer chains are oriented along
the pore axis,"® we believe that the polymer chains can orient
in all directions and bridge NPs isotropically due to
interconnected pore geometry in NP packings.

Although chain entanglement plays a negligible role in
toughening the 9 and 27 nm packings, it gains importance as
NP size increases (i.e, CR decreases). High MW polymer
chains such as 173k PS are substantially less confined in 79 nm
(CR =1) and 100 nm NP (CR = 0.8) packings than in 9 nm
(CR = 2.9) and 27 nm NP (CR = 9.1) packings. The pore
diameters in these large NP packings are much larger than the
chain segments (me > b), and polymers cannot be hyper-
confined in the molecular-weight range that we use in this
study (Table S1). Thus, polymers in these packings are
unlikely to be fully disentangled. We observe evidence of chain
entanglement from the SEM images of the fractured surfaces
(Figure 4). In the PINFs with 79 nm NPs and unentangled 2k
PS, NPs appear to be covered with polymers, suggesting that
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the crack propagates through polymers by pullout of the short
chains. When MW increases to 21k, grain-like features appear
on the fractured surfaces, consistent with neat 21k PS films
(Figure S7). Water contact angle measurements on the
fractured surfaces increase significantly from ~87° for 2k
infiltrated films to ~110° in 21k infiltrated films (Figure 4i).
Considering the hydrophobic nature of PS (water contact
angle ~93°), this indicates rougher surfaces are present likely
due to pullout of longer chains. The water contact angle of the
surfaces further increases with higher polymer MW and
reaches up to ~130° at a MW of 2.1M. Interchain
entanglements of these high MW polymers enable stress
transfer between the chains and induce local plastic
deformation, leading to rougher surfaces, as schematically
illustrated in Figure 4j.

To better understand the interplay between polymer
bridging and entanglement in toughening NP packings, G, is
shown as a function of NP size in Figure Sa. We note that the
G, of neat NP films also depends on the particle size, as shown
in Figure S6. The neat NP films are tested under ambient
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Figure S. (a) G, as a function of NP diameter for PINFs with different polymer MW. (b) A map showing G, as a function of polymer MW and
NP diameter and corresponding toughening mechanisms. The dashed line marks the critical entanglement MW (M,) of PS and the dotted
line marks the onset of hyper-confinement calculated based on eq 1. (c) Schematic illustration of the toughening mechanisms in PINFs.
Polymers bridge NPs more effectively as MW increases. Confinement-induced molecular bridging mechanism is dominant in small NP
packings, while polymer entanglement plays an important role in large NP packings. Interchain entanglements are highlighted in green

circles.

conditions in which capillary forces at the NP junctions can
contribute to the mechanical response. The capillary
interactions play a larger role in determining G, of neat NPs
than van der Waals forces.””® As water bridges are replaced
with polymer bridges in PINFs, we expect that the G, of PINFs
is primarily determined by the polymers and that the
contribution from van der Waals interactions between NPs is
small. The data in Figure Sa show that there are different
trends with NP size when low MW or high MW polymers are
used. Low MW polymers, such as 2k and 21k PS, toughen
small NP packings more effectively than large NP packings.
For example, 2k PS-infiltrated 9 nm NP packings are ~4 times
tougher than 2k PS-infiltrated 100 nm packings. Since these
polymers are too short to form entanglements, they can only
toughen NP packings through confinement-induced molecular
bridging. As shown in Figure Sb,c, with increasing NP size, the
bridging effect becomes less pronounced, and polymers behave
in a more bulk-like manner, consistent with previous studies on
the fracture behavior of oligomer-filled organosilicate nano-
porous network and the molecular strength-limited bridging
model where energy dissipation by bridging effect is predicted
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to be inversely proportional to pore diameter.’”* With
increasing NP size, the G, of PINFs with low MW PS gradually
approaches that of neat PS films (0.32 J/m? for 2k and 1.35 J/
m? for 21k) but remains slightly larger due to a more tortuous
crack path. In contrast, high MW polymers such as 2.1M PS
show enhanced toughening in large NP packings. High MW
polymers also experience less confinement as NP size
increases; however, interchain entanglements allow chains to
better sustain stress before the polymer backbone ruptures,
hence more energy is dissipated. The G, of PINFs with high
MW polymers is lower than bulk PS (Figure S7) due to the
reduced entanglement density and limited load transfer with
the presence of NPs. The competing effects of confinement on
polymer bridging and entanglement result in a relatively
constant G, of ~4 J/m? for PINFs infiltrated with S1k PS, close
to that of neat 51k PS (4.2 J/m?).

CONCLUSIONS

Our results provide an understanding of the role of polymer
confinement on the fracture behavior of PINFs. In general, the
fracture toughness increases with MW regardless of NP size.
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Low MW polymers toughen small NP packings more
effectively, whereas high MW polymers show enhanced
toughening in large NP packings. We attribute this difference
to changes in polymer conformation and entanglement density
due to extreme nanoconfinement and propose two possible
toughening mechanisms: confinement-induced molecular
bridging and polymer entanglement. The former mechanism
is dominant in small NP packings where polymers lose
interchain entanglement and adopt extended conformation. As
CR decreases, the bridging mechanism becomes less
pronounced, and polymer interchain entanglements toughen
the PINFs. These results provide guidance for the design of
damage-tolerant PINFs and other highly loaded PNCFs with
improved fracture resistance, which can be advantageous for
applications such as filtration membranes and structural
coatings.

MATERIALS AND METHODS

Materials. Polystyrene (PS) of six different molecular weights (2k
PS, M, = 2000 g mol™!, PDI = 1.09; 21k PS, M, = 21,000 g mol™",
PDI = 1.04; S1k PS, M, = 51,000 g mol~., PDI = 1.03; 173k PS, M, =
173,000 g mol™!, PDI = 1.06; 2.1M PS, M, = 2,100,000 g mol ™!, PDI
= 1.15; 4M PS, M, = 4,049,000 g mol™', PDI = 1.09) is purchased
from Polymer Source, Inc. Silica (SiO,) NPs with diameters of 9 nm
(LUDOX SM-30, 30 wt % suspension in water), 14 nm (LUDOX
HS-30, 30 wt % suspension in water), and 27 nm (LUDOX TM-50,
S0 wt % suspension in water) are purchased from Sigma-Aldrich,
whereas those with diameters of 79 nm (SNOWTEX ST-YL, 40—41
wt % suspension in water) and 100 nm (SNOWTEX ST-ZL, 40—41
wt % suspension in water) are obtained from Nissan Chemical
America Corp. The NP size distribution is determined from the
literature®’® and scanning electron microscopy (SEM) images
(Figure S1).

Preparation and Characterization of Polymer-Infiltrated
Nanoparticle Films. Prior to film deposition, single-side-polished
(100) Si wafers (University Wafer) are rinsed with isopropanol and
deionized water, dried with nitrogen, and then treated by oxygen
plasma for ~4 min. To avoid crack formation during polymer
infiltration, a PS-top geometry is used, where the NP film is spin-
coated first, followed by the PS film.** The SiO, NP suspensions are
diluted with deionized H,O and filtered prior to use (filter pore size
0.45 pm). The filtered NP suspensions are spin-coated onto cleaned
Si wafers using a WS-400BZ-6NPP/Lite spin coater from Laurell
Technologies Corporation. The concentration of NP suspensions and
spin-coating rate are controlled to form a densely packed NP film with
a thickness of ~250 nm. Then, a solution of PS dissolved in toluene is
spin-coated onto the NP film to form a bilayer film. The bilayer film is
heated at 180°C in a nitrogen-filled oven for 3 h to allow infiltration
of PS into the pores of the NP packings (Figure S2). We note that the
pores are partially infiltrated with PS during spin coating and the
extent of infiltration in this process depends on the size of NPs and
the MW of PS. Thus, the concentration of PS solutions and spin-
coating rate are carefully controlled such that the pores are nearly
completely filled (polymer volume fraction ~30—35 vol %) after
thermal annealing and there is no residual PS layer atop the PINF
(Table S3). The thickness and refractive index of deposited films are
measured using spectroscopic ellipsometry (Alpha-SE, J.A. Woollam).
NP and 3polymer volume fractions are calculated as previously
described.”® Neat PS and NP films with thicknesses of ~200 nm are
also prepared for fracture tests.

Fabrication of Double Cantilever Beam Specimens. The
double cantilever beam (DCB) specimens are prepared by first
constructing a sandwich structure composed of Si/epoxy/metal/
testing film/Si, as depicted in Figure la. The metal layer which
consists of 25 nm-thick Ti and 100 nm-thick Al layer is deposited on
the testing films by magnetron sputtering (Denton Explorer-14). The
metal layer acts as a barrier layer to prevent the permeation of epoxy
into testing films as well as a stiff elastic standoff layer to prevent

6378

plastic deformation of epoxy and associated energy contribution to
the fracture toughness of testing films.”' Afterward, epoxy adhesives
(EPO-TEK 353ND, Epoxy Technology, MA) with ~S um thickness
are spin-coated onto the metal layer, and a dummy Si wafer is
attached to make the sandwich structure. The sandwich structure is
then diced with a dicing saw (ADT 7100 Dicing Saw) to create 10
mm-wide DCB specimens.

Double Cantilever Beam Fracture Testing. Fracture testing of
the DCB specimens was conducted with a MTS test system
(Criterion Model 43) fitted with a S0 N load cell. Two loading
blocks were attached to the ends of the specimen (Figure S3), and the
specimen is loaded in at a constant displacement rate of 1 mm min™".
When stable crack propagation is observed, the specimen is unloaded
and then reloaded. Multiple loading/crack-growth/unloading cycles
are performed until complete fracture of the specimen, and the load-
displacement curves are recorded. The crack length, g, is calculated
based on the compliance of the specimen using’”

1/3
a= [ ] — 0.64h
(2)

where the compliance, C, is the inverse slope of the load—
displacement curve corrected for machine compliance, E’ is the
plane-strain modulus of the beam, B is the specimen width, and h is
the height of one beam. The critical load, P,, at which crack growth
occurs, is the load at which the slope of the load—displacement curve
begins to decrease during the loading cycle. The fracture toughness of
the film, G,, which is the critical value of applied strain energy release
rate, can be calculated by substituting a4 and P, into eq 3:

CE'BK®

lzpczaz h 2
E'B*h a (3)

Multiple values of G, are obtained for each specimen, and the G,
reported for each sample is the average of G. of at least three
specimens.

Characterization of Fractured Films. The thicknesses and
refractive indices of the fractured films are measured with an
ellipsometer and compared with previously measured unfractured
films. When the thickness change is smaller than the diameter of
constitutive NPs, adhesive fracture occurs at the PINF—metal
interface, and the data are not used. When the thickness change is
close to or higher than the diameters of constitutive NPs, the
morphologies of fractured films are imaged using a scanning electron
microscope (FEI-600 Quanta ESEM) to further examine the crack
path. Before imaging, each sample is coated with 4 nm of iridium to
prevent charging. The SEM images are captured at an accelerating
voltage of 20 kV, a spot size of 3.0, and working distance around 10
mm. The contact angles of water on the fractured films are recorded
and analyzed using a Biolin Scientific Attension goniometer.
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