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ABSTRACT: Polymer−nanoparticle (NP) composite films
(PNCFs) with extremely high loadings of NPs (>50 vol %) have
superb transport, thermal, and electrical properties. A new class of
highly loaded PNCFs known as polymer-infiltrated NP films
(PINFs) have been recently developed and applied as multifunc-
tional coatings and membranes. PINFs also represent a powerful
platform to study the interfacial and confinement effects on
thermal, transport, and mechanical properties of polymers. In this
work, we investigate the role of the polymer−NP interface on the
fracture behavior of PINFs prepared by capillary rise infiltration of
polymer into silica (SiO2) NP packings. We tune the polymer−NP
interaction strength by using SiO2 NPs with two different surface
functional groups (hydroxyl and trimethylsilyl) and two polymers
[polystyrene and poly(2-vinyl-pyridine)] with different interaction strengths with SiO2 NPs. For PINFs composed of small NPs,
passivation of NPs with trimethylsilyl groups significantly impacts the fracture toughness by changing the sliding shear stress at
polymer−NP interface. Polystyrene and poly(2-vinyl-pyridine) show a similar level of sliding shear stress likely due to strong
adsorption on hydroxylated SiO2 NPs. In contrast, for PINFs consisting of large NPs, the fracture toughness is more strongly
affected by the fracture properties of the polymers than the polymer−NP interactions. Our results illustrate the importance of
understanding the interplay between confinement and polymer−NP interactions in controlling and tuning the fracture properties of
PINFs for a wide range of applications.

1. INTRODUCTION
Polymer−nanoparticle (NP) composite films (PNCFs) have
attracted significant scientific and technological interest due to
synergistic combination of the functionality of NPs and the
flexibility and processibility of polymers.1−3 PNCFs with an
extremely high filler content (>50 vol %) have shown superior
transport, thermal, and electrical properties compared to their
counterparts with a low filler content.4,5 For example,
composite separation membranes with a large fraction of
NPs overcome the trade-off between permeability and
selectivity in many traditional polymer membranes.6,7 PNCFs
containing high concentrations of conductive NPs exhibiting
thermal or electrical conductivity orders of magnitude larger
than PNCFs with low concentrations of NPs.8,9

One defining feature in PNCFs is that the surface-to-volume
ratio of NPs increases dramatically compared to conventional
composites with microparticles, magnifying the importance of
polymer−NP interfacial interactions.2 For example, stiffening
and strengthening of PNCFs generally rely on strong interfaces
that facilitate effective stress transfer, while toughening may
benefit from weak interfaces due to crack deflection.4,10−12

Interfacial interactions also impact gas, thermal, and charge
transport across the interfaces and ultimately the macroscopic
properties of PNCFs.3,13,14 Such a dependence is especially

true for highly loaded PNCFs with an extremely large
interfacial area. Another important consequence of having
high loadings of NPs in PNCFs is that the interparticle
distance can be comparable to or even smaller than the
characteristic size of the polymers in their unperturbed state.
Such confinement alters various physical properties of
polymers, such as dynamics,15,16 thermal conductivity,17

viscosity,18 and permeabiliy,19 from the bulk values. The
mechanical properties of confined polymers, including elastic
modulus, strength, and toughness, are also known to drastically
deviate from the bulk20−22 and thus understanding such
deviation is essential for practical use of highly loaded PNCFs.
Compared to studies on the mechanical properties of neat

polymer thin films and PNCFs with low filler content,20,23,24

there are relatively few studies on PNCFs with high filler
content, with most of them focusing on stiffness and
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strength.21,22,25−27 The fracture toughness of highly loaded
PNCFs, a material property that quantifies the material’s
resistance to crack propagation,28 is difficult to predict and
understand due to complexity associated with their structures,
challenges in fabricating such PNCFs using conventional
methods,4,29 and limited testing methods available for these
materials.23 It is even more challenging to distinguish the role
of interfacial interactions from the confinement effect, as they
are often convoluted and difficult to decouple.21,30,31 In
addition, varying interfacial interactions often change the
dispersion state of NPs in PNCFs and thus the extent of
confinement experienced by polymers, complicating data
interpretation.32,33

A new class of highly loaded PNCFs that circumvents many
of fabrication challenges is polymer-infiltrated NP films
(PINFs) prepared based on capillarity-based phenom-
ena.29,34−36 In capillary rise infiltration (CaRI), a bilayer film
composed of a densely packed NP layer and a polymer layer is
thermally annealed above the glass transition temperature (Tg)
of the polymer to induce polymer wicking into the interstices
between the NPs via capillarity.34 Alternatively, infiltration can
be achieved at room temperature (RT) using solvent-driven
infiltration of polymer (SIP), which takes advantage of
capillary condensation.35,37 CaRI and SIP processes are robust
methods of producing PINFs with a wide range of polymers
and NPs, enabling the fabrication of multifunctional coatings
and membranes for various applications.29,38,39

In addition to being potentially scalable methods to fabricate
highly loaded PNCFs, CaRI and SIP provide a robust platform
to systematically study the effect of confinement and polymer−
NP interactions on the mechanical, thermal, and transport
properties of polymers.30,31,40−42 Given that the average pore
radius (Rpore) in a random close-packed spherical NPs (∼65
vol %) is ∼29% of the particle radius, the extent of
confinement imposed on the polymer chains can be readily
tuned by changing NP size and/or the molecular weight (MW)
of the polymer. By changing the type of polymer used in CaRI
while keeping NP size and polymer MW constant, interfacial
effects can be systematically studied. A recent study shows that
under extreme confinement, polymers in PINFs with stronger
polymer−NP interaction strength show slower segmental
dynamics with larger gradient.43 Polymer−NP interaction
strength also strongly affects the dynamics of the SIP process
based on experimental and simulation results.35,44 Recently, we
investigated the effect of confinement on the fracture behavior
of PINFs with weakly attractive interactions composed of
dense packings of SiO2 NPs infiltrated with a glassy polymer,
polystyrene (PS).45 We showed that the polymers can toughen
NP films dramatically through a confinement-induced
molecular bridging mechanism when they are under extreme
confinement and completely lose interchain entanglement. As
the confinement ratio (CR) decreases, the bridging mechanism
becomes less pronounced, and polymer interchain entangle-
ment becomes the main toughening mechanism. While this
prior study sheds light on the role of polymer bridging and
entanglement on the fracture toughness of PINFs, significantly
less is known about the role of interactions between NPs and
polymers on the fracture toughness.
In this work, we investigate the effect of polymer−NP

interactions on the fracture behavior of PINFs. We tune the
polymer−NP interaction strength by using SiO2 NPs with two
different surface functional groups (hydroxyl and trimethylsil-
yl) and two polymers that are known to have different

interaction strengths with SiO2 NPs, despite having similar
structures [PS and poly(2-vinyl-pyridine) (P2VP)].31 We show
that the interplay between interfacial shear stress between NPs
and polymer and the intrinsic properties of the polymer
influence the toughness of these PINFs. Our results offer
insights into the effect of polymer−NP interactions on the
fracture behavior of confined polymers and provide important
guidelines for the scalable manufacturing of damage-tolerant
PINFs.

2. MATERIALS AND METHODS
2.1. Materials. Polystyrene (PS) (2 k PS, Mn = 2000 g mol−1, PDI

= 1.09; 8 k PS, Mn = 8000 g mol−1, PDI = 1.10; 21 k PS, Mn = 21,000
g mol−1, PDI = 1.04; 51 k PS,Mn = 51,000 g mol−1, PDI = 1.03; 158 k
PS, Mn = 158,000 g mol−1, PDI = 1.06; 173 k PS, Mn = 173,000 g
mol−1, PDI = 1.06; 498 k PS, Mn = 498,000 g mol−1, PDI = 1.09; 1 M
PS, Mn = 1,000,000 g mol−1, PDI = 1.05; 2.1 M PS, Mn = 2,100,000 g
mol−1, PDI = 1.15; 4 M PS, Mn = 4,049,000 g mol−1, PDI = 1.09),
poly(2-vinyl pyridine) (P2VP) (2 k P2VP, Mn = 2000 g mol−1, PDI =
1.20; 8 k P2VP, Mn = 7800 g mol−1, PDI = 1.08; 22 k P2VP, Mn =
22,000 g mol−1, PDI = 1.06; 50 k P2VP, Mn = 50,000 g mol−1, PDI =
1.08; 67 k P2VP,Mn = 67,000 g mol−1, PDI = 1.07; 121 k P2VP,Mn =
121,000 g mol−1, PDI = 1.07; 190 k P2VP, Mn = 190,000 g mol−1,
PDI = 1.25; 900 k P2VP, Mn = 900,000 g mol−1, PDI = 1.5) and
atactic (hetero >50%) polymer methyl methacrylate (7 k PMMA, Mn
= 7000 g mol−1, PDI = 1.19, 21 k PMMA, Mn = 20,500 g mol−1, PDI
= 1.14; 45 k PMMA, Mn = 45,000 g mol−1, PDI = 1.10; 99 k PMMA,
Mn = 99,000 g mol−1, PDI = 1.12) are purchased from Polymer
Source, Inc. 152 k P2VP (Mn = 152,000 g mol−1, PDI = 1.05),
trimethylchlorosilane (TMCS, ≥98.0% (GC)) and silica (SiO2) NPs
with diameters of 9 nm (LUDOX SM-30, 30 wt % suspension in
water)) and 27 nm (LUDOX TM-50, 50 wt % suspension in water)
are purchased from Sigma-Aldrich. SiO2 NPs 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.

2.2. Preparation of PINFs. PINFs are prepared as previously
described.45 Prior to film deposition, single-side-polished 4-inch Si
wafers (100) with a 1 nm native oxide layer (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 polymer-top geometry is used, where the
NP film is spin-coated first, followed by the polymer film.30 The SiO2
NP suspensions are diluted with deionized H2O and filtered prior to
use (filter pore size 0.45 μm). The filtered NP suspensions are spin-
coated onto cleaned Si wafers using a WS-400BZ-6NPP/Lite spin
coater (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 or P2VP dissolved in butanol is spin-coated onto
the NP film to form a bilayer film. The bilayer film is heated at 180 °C
(except for P2VP infiltration into 9 and 27 nm NP packings where
higher temperature is needed for infiltration) in a nitrogen-filled oven
for 3 h to allow infiltration of the polymer into the pores of the NP
packing. Since the pores can be partially infiltrated with polymers
during spin coating, the concentration of polymer solutions and spin-
coating rate are carefully controlled, such that the pores are close to
be completely filled after thermal annealing and there is no residual
polymer layer atop the PINF. Silane-passivated SiO2 NP films are
prepared by exposing SiO2 NP films to TMCS vapor in a deposition
chamber at RT for overnight before polymer deposition and
infiltration. PS (2, 8, 21, 51 k) and P2VP (2, 8, 22, 50 k) films
with thicknesses of ∼200 nm are prepared to obtain fracture
toughness of neat polymers. 50 nm 173 k PS/152 k P2VP and 200 nm
158 k PS/152 k P2VP films are also deposited on plasma-treated or
silane-passivated Si wafers and annealed at 180 °C for 3 hrs for
polymer-SiO2 adhesion measurements.
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2.3. Glass Transition Temperature Measurements. The glass
transition temperature (Tg) of the polymer confined in NP packings is
measured using a J.A. Woollam M-2000V spectroscopic ellipsometer
as previously described.30,31,41,43,46 A bilayer film composed of a
polymer layer atop a PINF is mounted onto a temperature-controlled
stage (Linkam THMS 600) that is attached to the ellipsometer and
enclosed in a nitrogen-filled chamber. The in situ ellipsometry
sampling rate is 1 s with high accuracy zone-averaging. Three heating
and cooling cycles are performed on each sample, with a heating rate
of 90 K/min and a cooling rate of 10 K/min. In each cycle, the sample
is heated from 303 K to the target temperature (ranging from 423 to
503 K depending on polymer MW and particle size) and then cooled
to 303 K. Tg data are measured from the cooling cycles. The thickness
and refractive indices of the polymer layer and the PINF are
determined by fitting the cooling ramp raw data to the Cauchy model.
Tg of the confined polymer is determined via the intersection of the
linear fits to the melt and glassy regimes in the plots of refractive index
of PINF versus temperature. The thickness of the PINF is held
constant during the dynamic data fits. The bulk polymer Tg is
determined using the same protocol on the refractive index of the top
polymer layer versus temperature. The polymer layer is at least 100
nm thick, such that the measured Tg would be close to the bulk value.
2.4. 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 4a. All PINFs have thicknesses of
∼250 nm. For PS and P2VP-infiltrated NP films, a metal layer
consisting of 25 nm thick Ti and 100 nm thick Al layer is deposited
on the testing films by magnetron sputtering (Denton Explorer-14).
For PMMA-infiltrated NP films, a 20 nm layer of Al2O3 is deposited
by atomic layer deposition (Cambridge NanoTech S200 ALD) on the
testing films before Ti and Al deposition (see Supporting Information
for detailed discussion). The metal/metal compound 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 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 ∼5 μm thickness are spin-coated onto the
metal layer and a dummy Si wafer is attached for making the sandwich
structure. The sandwich structure is then diced with a dicing saw
(ADT 7100 Dicing Saw) to create 10 mm wide DCB specimens. To
quantify polymer-SiO2 adhesion, asymmetric DCB (ADCB) speci-
mens are fabricated similarly, except that polymers are deposited on
375 μm thick wafers and bonded with 500 μm thick wafers. In
addition, a 50 nm Au layer is deposited on part of the films before Ti
deposition to create a weak interface and facilitate crack initiation.
2.5. DCB Fracture Testing. Fracture testing of the DCB

specimens is conducted using a MTS test system (Criterion Model
43) fitted with a 50 N load cell. Two loading blocks are attached to
the ends of the specimen and the specimen is loaded in at a constant
displacement rate of 1 mm min−1. 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
obtained. The crack length, a, is calculated based on the compliance
of the specimen using47
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where the compliance, C, is the inverse slope of the load−
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For ADCB specimens, a and Gc are calculated based on eqs 345,
respectively.48,49
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where h1 and h2 are the thicknesses of the top and bottom beams,
respectively.

Multiple values of Gc are obtained for each specimen and at least
three specimens are measured for each sample. Two or more samples
are measured for most conditions and the Gc reported is the average
Gc of all specimens with the same condition. We observe consistent
data at different crack lengths of a specimen, between different
specimens of a sample or across different samples. The fractured
surface of each specimen is checked carefully, and any data point
associated with adhesive fracture is discarded.

2.6. Nanoindentation of Neat NP Films and PINFs. The
modulus of neat NP films and PS-infiltrated NP films (>600 nm in
thickness) is measured using a Hysitron TI 950 TriboIndenter. A
diamond Berkovich tip is used and the area function of the tip is
calibrated through a series of indents on a fused quartz standard
sample. Before all measurements, the thermal drift is stabilized to less
than 0.3 nm s−1. For each sample, 16 indentation tests, with 9 partial
unloading cycles each, are performed on a 4 × 4 grid with a spacing of
10 μm between the indents. The maximum loads in the test range
from 100 to 300 μN, resulting in indentation depths from 20 to 70
nm. The modulus of films is determined from the load−displacement
curves following the Oliver-Pharr method50 using a Triboscan
software. Tests with indentation depths <10% of film thickness are
used for analysis as the area function is well calibrated in this range
and the substrate effect is negligible.

2.7. Characterization of Silane-Passivated Surfaces. Un-
treated and silane-passivated SiO2 NP films are exposed to saturated
water vapor using a vapor annealing chamber setup previously
described,35,37 and in situ spectroscopic ellipsometry (SE) measure-
ments (Alpha-SE, J.A. Woollam) are performed to monitor the
refractive index changes of these films. To obtain the surface area and
pore size distribution of SiO2 NP packings before and after silane
passivation, bulk SiO2 NP packings are prepared by drying SiO2 NP
suspensions at 80 °C in an oven for overnight and using the same
silane treatment conditions as thin films. Nitrogen adsorption−
desorption measurements are conducted on these bulk samples using
a Micromeritics Tristar II surface area and porosity analyzer at the
liquid nitrogen temperature. Before the measurements, the samples
are degassed overnight under vacuum. The surface energies of
untreated and silane-passivated SiO2 surfaces are obtained by
measuring the static contact angle of water and diiodomethane on
plasma-treated and silane-passivated Si wafers using a goniometer
(Biolin Scientific Attension) and analyzing with the Owens−Wendt
model (see Supporting Information). It is assumed that the surface
properties of plasma-treated and silane-passivated Si wafers are similar
to those of the as-prepared and silane-passivated SiO2 NPs.

2.8. Characterization of PINFs and Neat Polymer Films. The
thicknesses and refractive indices of the as-prepared PINFs are
measured using SE and the polymer volume fractions are calculated as
previously described.30 The thicknesses and refractive indices of the
fractured films are also measured and compared with the as-prepared
films to determine the location of the crack path.45 The surface
morphologies of the as-prepared and fractured films are imaged using
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a scanning electron microscope (FEI-600 Quanta ESEM). Before
imaging, each sample is coated with 4 nm of iridium to prevent
charging. The scanning electron microscopy (SEM) images are
captured at an accelerating voltage of 20 kV, a spot size of 3.0, and
working distance around 10 mm. Atomic force microscopy (AFM)
images of fractured polymer films are collected using a Bruker
Dimension Icon AFM with a silicon tapping-mode probe. Gwyddion
software is used to process the images and extract the root-mean-
square roughness.

3. RESULTS AND DISCUSSION
3.1. Tuning Polymer−NP Interaction Strength. We

prepare PINFs by first fabricating a bilayer film composed of a
polymer layer atop a densely packed SiO2 NP layer (packing
fraction ∼65 vol %) and subsequently heating the bilayer
above the glass transition temperature (Tg) of the polymer to
induce its wicking into the interstices of the NP packing
(Figure 1a). To investigate the role of the polymer−NP
interface on the fracture behavior of PINFs, we tune polymer−
NP interaction strength by varying the type of polymer used or
changing the surface chemistry of NPs (Figure 1b). In our
previous work, we focus on a partially wetting system:
poly(styrene) (PS)-SiO2 NPs where contact angles ranging
from 7 to 23° have been reported for PS on the SiO2
surface.45,51,52 In this work, to increase the interaction strength,
we use P2VP, which is a polymer with a similar structure as PS
but has a nitrogen atom capable of forming strong hydrogen
bonding with the hydroxyl groups on the SiO2 NPs and thus
fully wet the surface.31,53−55 To decrease the interaction
strength, we passivate the SiO2 NPs with trimethylsilyl groups
before polymer deposition and infiltration. To quantitatively
compare the interaction strength between these systems, we
estimate the thermodynamic work of adhesion between the
polymer and SiO2 NPs (Wpolymer − NP) based on eq 6.32,56,57

= × +W 2 ( )polymer NP P
d

NP
d

P
p

NP
p

(6)

where γNPd and γNPP are the dispersive and polar components of
NP surface energies, respectively; γpd and γNPP are the dispersive
and polar components of polymer surface energies, respectively
(Table S1). As shown in Table 1, P2VP-SiO2 has a
Wpolymer − NP of 113.8 mJ/m2, larger than that of PS-SiO2

(91.5 mJ/m2). In the case of silane-passivated SiO2 NPs,
Wpolymer − NP decreases significantly for both polymers.
Water contact angle and ellipsometry measurements are

performed to characterize untreated and silane-passivated SiO2
NP films (Figure 2a). Plasma-cleaned Si wafers with a thin
native SiO2 layer are also characterized for comparison. Due to
the presence of abundant surface hydroxyl groups, untreated
NP films and Si wafers are hydrophilic with water contact
angles lower than 5°. After silane passivation, the water contact
angle increases to 90 ± 4° for Si wafers and above 90° for NP
films. The difference between smooth Si wafers and NP films
and the trend of increasing contact angle with NP diameter can
be attributed to the increase in surface roughness.58

Ellipsometry measurements show that the porosity of un-
treated NP films is similar (∼0.35) but shows a non-
monotonic trend after silane treatment. The maximum lateral
extension of a trimethylsilyl group is reported to be ∼0.37
nm,59,60 and such passivation has been reported to decrease
the pore diameter of mesoporous silica up to 0.65 nm.61 Given
that the average pore radius (Rpore) in a disordered packing of
spherical NPs is approximately 29% of the particle radius,62

Rpore increases from 1.2 to 14.5 nm, as NP size increases from 9
to 100 nm (Table S2). Due to the significantly larger size of
the pores compared to size of trimethylsilyl groups, the
porosity of 79 and 100 nm SiO2 NP packings remains almost
unchanged. The porosity shows a decrease of 0.037 in 27 nm
NP packings, confirming successful passivation of NPs.
Although a larger porosity decrease is expected in 9 nm NP
packings, only a slight decrease of 0.01 is observed, indicating
inefficient passivation likely due to strong steric hindrance. In-
situ ellipsometry measurements of SiO2 NP films exposed to

Figure 1. Preparation of PINFs with different polymer−NP Interaction strengths: (a) Schematic showing the preparation of a PINF by depositing a
polymer atop a densely packed NP layer and infiltrating polymer into the voids of the NP layer via capillarity. Silane passivation is performed on
some of the NP films before polymer deposition. (b) Schematic showing the polymer−NP systems with three different wetting conditions used in
this study.

Table 1. Estimated Work of Adhesion between the Polymer
and SiO2 NPs

polymer SiO2 NPs
thermodynamic work of adhesion

Wpolymer−NP (mJ/m2)

polystyrene untreated 91.5
poly(2-vinylpyridine) untreated 113.8
polystyrene silane-

passivated
66.1

poly(2-vinylpyridine) silane-
passivated

76.4

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c01567
Macromolecules 2023, 56, 122−135

125

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01567/suppl_file/ma2c01567_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01567/suppl_file/ma2c01567_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01567?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01567?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01567?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01567?fig=fig1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c01567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


saturated water vapor further confirm the hydrophilic nature of
untreated NPs with all voids being flooded with condensed
water, whereas less than 10% of voids filled with water in the
silane-passivated NP packings (Figures 2b and S1).61 The
small amount of water adsorbed in silane-passivated NP films
may be attributed to the presence of residual hydroxyl groups
as degassing of the samples before silanization is performed at
RT. Elevated degassing temperature may increase silane
coverage but can also lead to sintering between SiO2 NPs
and affect the toughness of PINFs.61,63 Nevertheless, the silane
treatment in this study is expected to significantly decrease
polymer−NP interaction strength indicated by the dewetting
of polymers on silane-passivated NP films (Figure S2) and
faster polymer infiltration into silane-passivated NP films
(Figure S3).
3.2. Effect of Polymer−NP Interaction Strength on

Polymer Segmental Dynamics. While this paper focuses on
the fracture behavior of PINFs, we also measure the Tg of the
polymer in PINFs which provides information on polymer
segmental relaxation and is often affected by interfacial
interactions.64 Spectroscopic ellipsometry measurements on
bilayer films composed of a fully infiltrated PINF with a neat
polymer layer on top are performed as previously
described.30,46 The Tg values of the confined polymer in NP
packings are determined based on refractive index change of
the PINF layer with temperature on a controlled cooling ramp

and compared to the bulk Tg values measured using the
polymer layer atop the PINF (Figure S4). To estimate the
degree of confinement, we define a CR as the ratio between the
radius of gyration of the unperturbed polymer chain (Rg) to
average pore radius (i.e., CR = Rg/Rpore).

45 Our previous
studies have shown that stronger interactions between polymer
and NP as well as stronger confinement lead to a greater
positive shift in Tg (i.e., ΔTg = Tg,confined − Tg,bulk is positive) of
the polymer in PINFs.30,31,41,43,46 As shown in Figure 3,
confined polymers exhibit higher-than-bulk Tg for all the
samples investigated. Even in silane-passivated 27 nm NP films,
ΔTg of PS increases with polymer MW (or CR) and reaches
up to 28 K. Such an increase in Tg has been attributed to the
loss of configurational entropy due to large geometrical
confinement imposed on the polymer chains by the
NPs.31,41,65 In untreated 27 nm NP packings, a 45 K increase
in the Tg of PS is observed due to stronger polymer−NP
interactions. Similarly, while bulk P2VP and PS have almost
the same Tg, larger increase in Tg up to 72 K is observed for
confined P2VP because of the strong hydrogen bonding
between the nitrogen atom in P2VP and the hydroxyl groups
on the SiO2 NP surface. A further segmental slowdown (larger
ΔTg) and larger difference in ΔTg between PS and P2VP
samples are observed in 9 nm NP packings relative to 27 nm
NP packings. In the CR range of 5−8, the increase in Tg for
900 k P2VP (CR = 6.6) in 27 nm NP packing is 63 K, whereas

Figure 2. Characterization of NP films: (a) Porosity in SiO2 NP films before and after silane passivation (left axis) and contact angle of water on
silane-passivated SiO2 NP films (right axis). (b) Percent of pores filled with condensed water for untreated (red) and silane-passivated (green) 27
nm SiO2 NP packings upon exposure to water vapor. (c) Nitrogen sorption isotherms and (d) pore size distribution of untreated and silane-
passivated bulk SiO2 NP packings with different NP diameters. The isotherms of 27 nm NP packings have been shifted upward by 30 cm3/g for the
sake of readability.
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the increase in Tg for 67 k P2VP (CR = 5.7) and 121 k P2VP
(CR = 7.6) in 9 nm NP packings is 116 and 100 K,
respectively. This indicates that an unprecedented increase in
Tg arises from the synergistic effects of extremely high level of
geometric confinement in NP packings with unique concave
pores and large interfacial area between SiO2 and polymer.
Overall, these results show that both confinement and
polymer−NP interactions play important roles in polymer
segmental dynamics.
3.3. Effect of Polymer−NP Interaction Strength on

the Fracture Toughness of PINFs. As shown in our
previous work,45 the fracture behavior of PINFs is strongly
affected by the degree of confinement. To focus on the effect
of polymer−NP interaction strength, we keep CR unchanged
by selecting P2VP with a similar MW as PS and choosing NP
packings with approximately the same pore size after silane
passivation. In addition, the dominant toughening mechanism
in PINFs transitions from confinement-induced molecular
bridging (9 and 27 nm) to polymer entanglement (79 and 100
nm) as NP size increases as discussed in our previous work.45

Thus, PINFs with 9, 27, and 79 nm NPs are selected as the
samples of interest for this study. The pore size decreases by
<10% in 27 nm NP packings and remains almost unchanged in
79 nm NP packings after silane passivation based on nitrogen
adsorption−desorption measurements performed on bulk SiO2
NP packings (Figure 2c,d and Table S2).
3.3.1. PINFs with 9 and 27 nm NPs. To probe the fracture

behavior of PINFs, we use a thin-film fracture testing method
based on the DCB specimen as previously described.45 A DCB
specimen is fabricated by constructing a multilayer stack
composed of Si/epoxy/metal/PINF/Si. The two Si beams are
pulled apart at one end under a constant displacement rate,
and the load−displacement (P-Δ) data are continuously
recorded as illustrated in Figure 4a. Each specimen is initially
loaded elastically, but once the strain energy release rate (G)
exceeds the critical strain energy release rate (i.e., toughness
Gc) of the PINF, a crack propagates in the PINF (Figures S5,
S6, and S7). After extension of the crack by several millimeters,
the specimen is unloaded and then subjected to multiple
loading/crack-growth/unloading cycles until complete fracture
to obtain multiple values of Gc from a single specimen. Figure

4b shows typical load−displacement curves from a DCB test
on a PINF made of 21 k PS and untreated (red) and silane-
passivated (green) 27 nm NPs. Gc at different crack lengths
can be calculated using a compliance-based method (see
Methods for detailed information). As Gc is proportional to the
critical load squared (Pc2), lower Pc at a similar crack length
(e.g., the fifth cycle where compliances of the beams are
similar) in silane-passivated NP packings compared to
untreated packings corresponds to smaller Gc. As shown in
Figure 4c, Gc of PINFs made of untreated and silane-passivated
27 nm NPs shows similar MW dependence, where Gc increases
with MW before reaching a plateau at high MW. However,
lower Gc values are observed with silane-passivated NPs at all
MWs.
As described in our previous work, the dominant toughening

mechanism for PINFs composed of 27 nm NPs is confine-
ment-induced molecular bridging.45 In this mechanism, the
crack tip is bridged by many individual polymer chains strongly
confined in the pores and the crack growth is resisted by the
frictional pullout of chains that bridge the crack (Figure
4d).60,66 Additional energy is dissipated by elongation of the
bridging chains during the pullout process. The energy
dissipated by chain pullout and elongation is predicted to be
proportional to square of the maximum pullout length (δ0),
which is related to polymer MW (see Supporting Information
for a detailed description). However, the bridging force also
increases with polymer MW and eventually exceeds the
strength of the polymer backbone, limiting δ0 and thus Gc.
Gc of composites toughened by this mechanism is given by the
following expression60
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where Go is fracture toughness of an unfilled matrix (0.4 J/m2

based on measurements of untreated and silane-passivated 27
nm NP packings), f is the area density of the polymeric phase
in the crack plane, τ is the sliding shear stress at the polymer−
matrix interface, dpore is the pore diameter, a is the Kuhn length

Figure 3. Segmental dynamics of polymers in PINFs: ΔTg (Tg,confined − Tg,bulk) as a function of polymer MW and CR for PINFs made of PS/P2VP
and (a) 27 nm NPs and (b) 9 nm NPs obtained in this study (circular symbols) and from reference (square symbols).46 The lines are to guide the
eye.
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of the polymer (1.8 nm for PS), N is the number of Kuhn
monomers, and εmax is the theoretical maximum strain for a
single entangled chain (≈3 for PS).67 c is a fitting parameter
that captures the width of the failure probability distribution.
There are two adjustable parameters in this equation (c and τ).
Figure 4c compares the modeling results to the fracture data

of PINFs with 27 nm NPs. This molecular strength limiting
bridging model captures the overall fracture behavior over a
broad range of polymer MWs. τ obtained in PINFs with silane-
passivated 27 nm NPs is 169 MPa, much lower than 303 MPa
in those with untreated NPs, consistent with a previous
report.60 The deviations of data from this model may be
attributed to two reasons. First, this model was derived in
nanocomposites with cylindrical pores, and confined polymers
are treated cylindrical “fibers”. However, the pore geometry in
NP packings is very different from that of cylindrical pores and
has a broad pore size distribution (narrow necks and wide

gaps). Second, the maximum pullout length of confined
polymers without chain rupture is assumed to be half the root
mean square end-to-end distance (<Ree

2>1/2) of polymer
chains in the unperturbed state (i.e., δ0 = 1/2 <Ree

2>1/2 = 1/2
aN1/2). Molecular dynamics simulations have shown that
polymers in PINFs adopt a more stretched conformation
compared to bulk evidenced by a larger <Ree

2>1/2.68 Thus,
modifications to the model are needed to more accurately
describe the data by accounting for complicated pore geometry
and chain conformation change. Nevertheless, this model
clearly shows that when PINFs are toughened by confinement-
induced molecular bridging, silane passivation impacts the
fracture toughness by changing sliding shear stress at
polymer−NP interface.
To investigate if Gc of PINFs that are toughened by

confinement-induced molecular bridging can be further
enhanced by increasing polymer−NP interaction strength, we

Figure 4. DCB fracture testing of PINFs and confinement-induced molecular bridging model: (a) Schematic of the DCB specimen used to measure
the fracture toughness of PINFs. The relative thicknesses of each layer are not drawn to scale. (b) Representative load−displacement curves for a
DCB test of PINFs made of 21 k PS and untreated (red) and silane-passivated (green) 27 nm NPs. Multiple loading/crack-growth/unloading
cycles are performed on each specimen. The loading curves after the first cycles are plotted as dashed lines for better readability. (c) Gc as a
function of polymer MW for PINFs made of PS and untreated/silane-passivated 27 nm NPs. The solid curves are fits of the data with the molecular
strength-limited bridging model (eq 7). (d) Schematic illustration of a confined polymer chain that bridges the surrounding NPs and gets pulled
out and elongated as the crack propagates. It can either remain intact or break during this process.
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prepare PINFs with P2VP, a polymer known to form strong
hydrogen bonding with untreated SiO2 NPs. Surprisingly, as
shown in Figure 5a, 27 nm NP packings infiltrated with PS or
P2VP show similar Gc values. Similar results (Figure 5b) and
fractured surfaces (Figures S5 and S6) are also observed in 9
nm NP packings, which has larger polymer−NP interfacial area
(Figure 2c), in contrast to Tg measurements (Figure 3). We
note that the Tg measurements are performed well above RT
when PINFs are cooled from melt to glassy state, whereas the
fracture toughness measurements are performed at RT when
polymers are in a glassy state and adsorbed on NP surfaces.
Thus, these two sets of data capture fundamentally different
regimes of polymer behavior. In fact, the structure of the
adsorbed layer can play a crucial role in determining polymer
adhesion and friction.69−71

To better understand the results shown in Figure 5, we
measure the adhesion between PS/P2VP and SiO2 by
depositing neat polymers on plasma-treated or silane-
passivated Si wafers and constructing ADCB specimens, as
shown in Figure 6a. In a ADCB specimen, the crack
preferentially propagates along the interface between the
interlayer and the more compliant beam. The bottom beam
where polymer is deposited on is thinner than the top beam,
and therefore the crack is driven to the polymer−Si wafer
interface, enabling the quantification of adhesion strength
between the polymer and the beam. The thickness ratio
between bottom beam and top beam (h2/h1) is chosen to be
∼0.75, as suggested by a previous study.72 Highly entangled PS
(158 and 173 k) and P2VP (152 k) are used to prevent crack
propagation through the polymer layer. Ellipsometry measure-
ments show that there is little-to-no polymer remaining on the
bottom beam, confirming that fracture occurs along or very
close to the polymer−Si wafer interface. Figure 6b shows the
interfacial fracture energy, Gc, of PS or P2VP deposited on
plasma-treated or silane-passivated Si wafers (we note that
interfacial fracture energy is interchangeably used with
interfacial facture toughness or adhesion energy in the
literature28,72,73). As expected, PS deposited (∼50 nm) on
silane-passivated Si wafers shows the lowest Gc. When PS is
deposited on plasma-treated Si wafers, Gc increases signifi-
cantly to ∼12.5 J/m2, even higher than P2VP prepared at same
conditions (∼4.3 J/m2). A similar trend is observed (i.e.,
Gc,PS‑Si > Gc,P2VP‑Si > Gc,PS‑silaneSi) in thicker films (∼200 nm)

with the higher Gc values likely due to higher entanglement
density.23

SEM and AFM images are taken to examine the crack path
and study the morphology of the surfaces after ADCB tests. PS
on silane-passivated Si wafers shows featureless surfaces
(Figure 6c,d), indicating easy detachment of polymer chains
due to weak interfacial interactions (Figure 6i). In contrast, the
surface of P2VP film after detaching from hydroxylated Si
wafer exhibits increased roughness with evidence of local
plastic deformation; the corresponding bottom beam has a few
loosely distributed domains of P2VP (Figure 6e,f). The surface
of PS film after detaching from hydroxylated Si wafers shows
many nanovoids, and the bottom beam has domains with a
similar lateral size and height of 2−5 nm (Figures 6g,h and
S8). Similar structures are also observed when the thickness of
films is increased to ∼200 nm.
We attribute these microscopic textures to the formation of

an adsorbed polymer nanolayer, which comprises inner
flattened chains and outer loosely adsorbed chains as
previously described.74 Previous reports have shown that the
surface coverage of the extracted flattened chains on
hydrophilic Si wafers is lower for PS than P2VP.74,75 Such
densely packed flattened chains inhibit the penetration of
unadsorbed, free polymer chains and even do not show any
adhesion to the chemically identical free polymers on top. In
contrast, the loosely adsorbed chains that occupy the rest of
the surface can associate strongly with free chains because the
tails can entangle and the loops can interdigitate with the free
chains (Figure 6j,k).70,75 Thus, we believe that the domains
observed on the bottom beams correspond to the sites where
the loosely adsorbed chains form during thermal annealing and
are detached from the free chains during the ADCB test. A
higher fraction of loosely adsorbed chains in PS films
compared to that in P2VP films results in higher Gc. Overall,
the ADCB results demonstrate the importance of the structure
of polymers at polymer/substrate interfaces on interfacial
adhesion.
Irreversible adsorption of polymer chains onto a weakly

attractive surface occurs on planar as well as curved surfaces
(e.g., NPs).76−78 Recently, irreversible adsorption of PS around
SiO2 NPs has been directly observed using transmission
electron microscopy.79 Most of polymer chains in 9 and 27 nm
NP packing are essentially in the interfacial region, as

Figure 5. Effect of polymer−NP interaction strength on the fracture toughness of PINFs toughened by confinement-induced molecular bridging:
Gc as a function of polymer MW for PINFs made of PS/P2VP and (a) 27 nm NPs and (b) 9 nm NPs. Gc of PINFs made of PS and silane-
passivated 27 nm NPs are also included for comparison.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c01567
Macromolecules 2023, 56, 122−135

129

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01567/suppl_file/ma2c01567_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01567/suppl_file/ma2c01567_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01567?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01567?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01567?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01567?fig=fig5&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c01567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


entanglement in these PINFs is significantly reduced or non-
existent due to extreme confinement. These chains adopt more
stretched conformation compared to bulk and make contact
with multiple particles.80,81 The fracture energy is dissipated by
frictional pullout of many individual, strongly adsorbed chains
from NP surfaces. We postulate that the contacts between both
PS and P2VP chains and untreated SiO2 NPs act as strong
anchoring points during the pullout process. In fact, the
interfacial shear stress obtained from the bridging model (303
MPa in untreated and 169 MPa in silane-passivated PINFs) is
higher than many reports on polymer−fiber pullout tests (tens
of MPa).60,82 Thus, although the interaction strength between
PS-untreated SiO2 may be weaker than that between P2VP and
untreated SiO2, the adsorbed sites in both interfaces are
sufficiently strong to cause high interfacial shear stress and thus
result in similar Gc.
3.3.2. PINFs with 79 nm NPs. As NP size increases,

polymers become less confined and interchain entanglements
within the interstitial voids toughen NP packings.45 Unlike
PINFs with 27 nm NPs, 79 nm NP packings infiltrated with
P2VP are in general slightly tougher than those with PS before
reaching a similar plateau value of ∼7.3 J/m2, as shown in
Figure 7. For example, 50 k P2VP-79 nm SiO2 has a Gc of 4.7
J/m2, 29% higher than 51 k PS-79 nm SiO2 (3.6 J/m2).
Difference in polymer−NP interaction strength does not
account for such an increase because similar Gc values are

obtained when the NPs are silane-passivated. For unentangled
polymers (e.g., 2 and 21 k), crack propagates by pullout of the
short chains from surrounding polymers.45 With CR ≤ 1
(CR2k,P2VP = 0.11 and CR22k,P2VP = 0.35) and a small interfacial
region (∼Rg),

77,83,84 most polymer chains in the pores behave
like polymer chains in bulk, and thus the pullout process is

Figure 6. ADCB test for measuring polymer−SiO2 adhesion: (a) Schematic of the structure of ADCB specimen used to measure polymer−SiO2
adhesion. The relative thicknesses of each layer are not drawn to scale. (b) Interfacial fracture energy, Gc, of PS/P2VP films on plasma-treated or
silane-passivated Si wafers. SEM images of the fractured surfaces of ∼50 nm (c, d) 173 k PS on a silane-passivated Si wafer, (e, f) 152 k P2VP on a
plasma-treated Si wafer and (g, h) 173 k PS on a plasma-treated Si wafer. (c), (e), and (g) are taken from the bottom beams where polymers are
initially deposited on, while (d), (f), and (h) are taken from the top beams. (i−k) Schematic illustration of the chains left on the bottom beam and
on the surface of the top beam after the ADCB test. On silane-passivated Si wafers (i), the polymer chains are loosely adsorbed (red) with low
adhesion strength and can be completely detached during the ADCB test. On plasma-treated Si wafers (j and k), some polymer chains are strongly
adsorbed with flat conformations (purple) that do not entangle with free chains (yellow). The remaining surface is occupied by loosely adsorbed
chains, which can entangle and interdigitate with free chains. Note that the adhesion strength of loosely adsorbed chains on plasma-treated Si
wafers is stronger than on silane-passivated Si wafers. Both strongly and loosely adsorbed chains remain on the plasma-treated Si wafers after the
ADCB test. The coverage of loosely adsorbed chains is lower in (j) P2VP than (k) PS.

Figure 7. Effect of polymer−NP interaction strength on the fracture
toughness of PINFs toughened by polymer entanglement: Gc as a
function of polymer MW for PINFs made of 79 nm NPs.
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unaffected by the change in the interfacial layer. For high MW
polymers (e.g., 900 k), even though the chains can form inter-
chain entanglements, the overall entanglement density is
greatly reduced compared to bulk.85−87 In addition, polymer
chains adsorbed on the NP surface are found to be elongated
and flattened regardless of polymer−NP interactions.88 The
volume pervaded by these chains is smaller than that in the
bulk, resulting in further depletion of entanglements near the
surface.84,87,89 Thus, a crack propagates mainly through free,
unabsorbed chains and Gc is not strongly influenced by silane
passivation of NPs.
Our previous work has shown that the fracture toughness of

PINFs approaches that of neat polymers as NP size increases.45

Thus, the fracture data observed in Figure 7 may be attributed
to different fracture properties of PS and P2VP despite their
similar chemical structures. To test this hypothesis, the fracture
toughness of neat PS and P2VP films is measured, as shown in
Figure 8a. While Gc of 2 k P2VP (0.51 ± 0.07 J/m2) is only
slightly higher than 2 k PS (0.32 ± 0.04 J/m2), the differences
between these two polymers become significant as MW
increases. The Gc of 8, 22, and 50 k P2VP are 1.6, 2.3, and 4.0
times that of PS of similar MW, respectively. In neat glassy
polymers, such as PS and P2VP, fracture mechanism
transitions from segment pullout below the critical entangle-
mentMc (Mc,PS = 31,000 g mol−1, Mc,P2VP = 36,000 g mol−1) to
crazing above Mc.

83,90 In the segmental pullout region, Gc is
proportional to monomer friction coefficient ( fmonomer).

91

Thus, we attribute higher Gc in unentangled P2VP to stronger
intermolecular forces and a larger fmonomer. In the crazing
region, Gc is equal to the product of critical crack-opening
displacement (δc) and craze widening stress (σcraze) based on
the Dugdale plastic zone model.92,93 σcraze has been reported to
be higher for P2VP (75 ± 5 MPa) than PS (55 ± 5 MPa).94

The exact values of δc are difficult to obtain but are correlated
with the feature sizes on the fractured surfaces.95 SEM and
AFM images of the fracture surfaces of PS and P2VP films
clearly show that at similar MW, there are noticeable
differences in the morphology of fractured films (Figures

8b−e and S9). 21 k PS film shown in Figure 8b shows
relatively a smooth surface (Rq = 2.5 nm) with a few small
grain-like features, whereas the 22 k P2VP film shown in Figure
8c shows a rougher surface (Rq = 11.2 nm) with a higher
density of grain-like features. As MW increases to 51 k, the
fractured surface of PS film (Figure 8d) shows a higher
roughness (Rq = 15.8 nm) with local plastic deformation. In
sharp contrast, 50 k P2VP film (Figure 8e) shows larger-scale
plastic deformation with significantly elongated and deformed
regions. Larger σcraze and δc in P2VP lead to significantly higher
Gc of P2VP compared to PS. Due to reduced entanglement
density and suppressed load transfer with the presence of
NPs,45 limited plastic deformation occurs during the fracture
of PINFs. Thus, P2VP-infiltrated 79 nm NP films are slightly
tougher than those with PS and the overall Gc values are lower
than neat polymer films. We further confirm the dependence of
Gc of PINFs on the fracture properties of infiltrated polymers
by testing PMMA-infiltrated 79 nm films. PMMA is known to
have a lower Mc (Mc,PS = 18,400 g mol−1) and a higher σcraze
(100 ± 10 MPa).94,96 As shown in Figure 7, at a similar MW
(e.g., 8, 21, and 45 k), PMMA-infiltrated NP films show larger
Gc compared to those with PS or P2VP.

4. CONCLUSIONS
In summary, we investigate the role of polymer−NP
interaction strength on the fracture toughness of a new class
of highly loaded PNCFs prepared via CaRI of polymer into
disordered packing of NPs. We tune polymer−NP interaction
strength by using SiO2 NPs with hydroxyl or trimethylsilyl
groups and two polymers (PS and P2VP) that are known to
have different interaction strengths with NPs. When PINFs are
toughened via confinement-induced molecular bridging, the
fracture toughness is affected by the interfacial shear stress
evident in silane-passivated samples. PS and P2VP show no
distinguishable difference, as both polymers can strongly
adsorb onto untreated NPs and the contact sites act as strong
anchoring points during the pullout process. In contrast, the
fracture toughness of PINFs with large NPs is more dependent

Figure 8. DCB fracture testing of neat polymer films: (a) Gc as a function of polymer MW for neat PS and P2VP films. SEM images of the fractured
surfaces of neat PS films with MW of (b) 21 k, (d) 51 k, and neat P2VP films with MW of (c) 22 k and (e) 50 k. All images are taken from the top
beams. All scale bars are 500 nm.
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on the fracture properties of polymers than on the polymer−
NP interaction strength. Our work offers insights into how
polymer−NP interactions alter the fracture behavior of
confined polymers and provide guidelines for the design of
mechanically robust PINFs as well as other highly loaded
PNCFs.
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