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ABSTRACT: Polymer−nanoparticle interactions play an important role in
determining the morphology and properties of polymer nanocomposites and
controlling the polymeric reactions involving heterogeneous catalysts. Here, we
modulate the interactions between nonpolar polymers and nanoparticles by
modifying the nanoparticle surface chemistry and quantify the interaction strength
through direct contact angle measurements. We investigate the interactions of three
nonpolar polymers, polystyrene, polyethylene, and polycyclooctene, with silica
nanoparticles whose surface chemistry has been modified by atomic layer deposition
of titania and calcium carbonate and by alkyl silanization. Significant differences in
polymer−nanoparticle interactions are observed, which can be attributed to
differences in the polarizability of the polymers and oxide surface composition.
Compared to fully hydrogenated polycyclooctene, polycyclooctene is shown to have
stronger interactions with most metal oxides; however, this trend is reversed following alkyl silanization of the silica nanoparticles,
which makes the surface of the particles less polar. These differences in interactions can be leveraged to make polymer
nanocomposites with unique properties and enable the selective conversion of polymers without the need for separations.

1. INTRODUCTION
Understanding and controlling the interactions between
polymers and nanoparticles are key to designing new materials
and processes with desirable features and efficiency. Incorpo-
rating nanoparticles into a polymer matrix enables the
fabrication of polymer nanocomposites with enhanced
mechanical, optical, and transport properties.1−3 Strong
interactions between the polymer and nanoparticles facilitate
nanoparticle dispersion and strengthen the interface, leading to
enhancement of the mechanical properties in the resulting
nanocomposites.4 Conversely, unfavorable interactions be-
tween polymers and nanoparticles can complicate processing
and compromise the properties of nanocomposites due to
nanoparticle aggregation.5−7

The need for understanding and modulating these
interactions is not limited to polymer nanocomposites.
Polymer−nanoparticle interactions are of great importance in
polymeric reactions that use heterogeneous catalysts.8 These
catalysts often consist of an active component supported on a
porous oxide support that has nanopores for achieving high
surface areas. For polymers to undergo a reaction, they must
infiltrate into these nanopores9,10 in a process that is heavily
influenced by interactions between the polymer chains and the
pore surface. Interactions between the pore surface and
product molecules from the reactions are also important.
Strong interactions between the product and surface may
inhibit new reactant molecules from interacting with the

surface, significantly reducing the reactivity of the system.
Differential interactions among polymers and the nanoparticle
surface can also facilitate the selective conversion of polymers
from complex feed streams that are often present in polymer
waste.
Despite its importance, the strength of polymer−nano-

particle interactions is often described using qualitative terms
such as “weakly interacting”, “neutrally interacting”, or
“strongly interacting” based on the chemical structures of the
polymer and the nanoparticle and possible modes of
interactions between the two.3,11−14 Such descriptors, while
offering a rudimentary understanding, fall short of providing
the precise quantification necessary for the systematic design
and optimization of processes involving polymers and
nanoparticles. Furthermore, although the interactions between
polymers with polar functional groups and nanoparticles,
which may engage in specific interactions, can be qualitatively
assessed, a significant gap in understanding exists regarding the
quantification and control of interactions between nonpolar
polymers and nanoparticles. Predictions of the interaction
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strength between nonpolar polymers and inorganic surfaces of
different chemistry (e.g., SiO2 vs TiO2) are not well
understood. Given that most commodity polymers consist of
nonpolar units, this lack of insight poses a substantial barrier to
progress in fields that demand detailed knowledge and
adjustment of polymer−nanoparticle interactions.
An effective strategy to bridge this gap is through

measurement of the polymer−nanoparticle contact angle,
offering a quantitative measure of these interactions that rely
on various factors. Efforts to measure polymer−solid surface
contact angle have been made by using different approaches.
The polymer−nanoparticle contact angles have been calculated
by modeling the infiltration dynamics of polymers into dense
packings of nanoparticles using the Lucas−Washburn equa-
tion15,16
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where d is the depth of polymer infiltration into the
nanoparticle packing, γ is the surface tension of the polymer,
Rpore is the pore radius, θ is the equilibrium contact angle
between the polymer and pore surface (or nanoparticle
surface), η is the polymer melt viscosity, τ is the tortuosity
of the packing, and t is the infiltration time. Polymers having
lower contact angles exhibit faster infiltration rates within
nanoparticle packings. However, several assumptions must be
made for determining the contact angle with this approach. For
example, one needs to assume a reference contact angle value
for a polymer−nanoparticle pair with a known infiltration time
to predict contact angles for other polymer−nanoparticle pairs.
In a different study, the contact angle of polystyrene (PS) on a
planar silica surface was determined by spin-coating an
ultrathin polymer film onto the substrate and heating it
above its glass-transition temperature to induce dewetting and
the formation of sessile nanodroplets.17 Through atomic force
microscopy (AFM), researchers analyzed the nanodroplets’
morphology, measuring the slope at the three-phase contact
line and fitting the droplet shape to a spherical cap model to
ascertain the polymer’s contact angle on silica. However, this
technique can only be used to measure polymer−solid contact
angles below 90°. Also, this technique needs a planar solid
surface and cannot be used for the determination of the
contact angle of polymers on nanoparticles.
In the present study, we modulate the interactions between

nonpolar polymers and nanoparticles by modifying the
particle’s surface chemistry and then quantify the interactions
through direct contact angle measurement.18,19 We use three
nonpolar polymers of varying polarizabilities: polyethylene
(PE), PS, and polycyclooctene (PCOE). While PE and PS are
commodity polymers that are widely used, PCOE serves as a
model polymer for partially dehydrogenated PE, an example of
an upcycled polymer.20,21 The C�C bonds in partially
dehydrogenated PE can be functionalized with different
functional groups to make valuable specialty polymers. To
determine the contact angle, we placed spherical nanoparticles
on top of polymer films and allowed them to equilibrate at the
polymer−air interface by heating PS above its glass-transition
temperature and heating PCOE and PE above their melting
points. After equilibration, the height of the nanoparticles
above the polymer−air interface was measured by AFM to
determine the equilibrium polymer−nanoparticle contact
angle.

To understand how the surface chemistry of nanoparticles
affects the strength of interactions between nanoparticles and
the polymer, we modified SiO2 nanoparticles using atomic
layer deposition (ALD) to coat the nanoparticles with various
metal oxides and by alkyl silanization of the surface of the
nanoparticles. We found that polarizability of the polymers is
an important factor in determining their strength of interaction
with different nanoparticle surfaces, and small differences in
polarizability between polymers, for example, between PCOE
and fully hydrogenated PCOE (hPCOE), can lead to
significant differences in interaction strengths with nano-
particles. Quantifying the varying interaction strengths will
enable the prudent design of polymer nanocomposites with
desired morphologies and the design of heterogeneous
catalysts that could facilitate the selective and efficient
conversion of plastic waste.

2. EXPERIMENTAL SECTION
2.1. Materials. PS with a molecular weight of 88,000 g/mol (Đ =

1.1) and PE with a molecular weight of 78,000 g/mol (Đ = 1.05) were
purchased from Polymer Source. PCOE was synthesized by the ring-
opening metathesis polymerization of cis-cyclooctene (Mn,GPC =
52,000 g/mol, Đ = 1.62) following adapted ROMP procedures.22,23

hPCOE was synthesized by hydrogenation of PCOE via a diimide
reduction as adapted from the literature.24,25 Full synthetic details and
characterization can be found in the Supporting Information.
Tetraethyl orthosilicate (TEOS) (reagent grade, 98%) was purchased
from Sigma-Aldrich. Ammonium hydroxide was purchased from
Fisher Chemical. Single-side polished silicon wafers were purchased
from University Wafer. Titanium chloride (TiCl4) and bis(2,2,6,6-
tetra-methyl-3,5-heptanedionato) calcium (Ca(TMHD)2) were pur-
chased from Strem Chemicals, Inc. OTS was purchased from Sigma-
Aldrich.
2.2. Synthesis and Characterization of Silica Nanoparticles.

Silica nanoparticles were synthesized using the Stöber solution
method.26 In this procedure, 35 mL of ethanol 200 proof from Decon
Laboratories and 2.8 mL of deionized water were added to a 50 mL
glass bottle with a magnetic stir bar. Next, 1 mL of ammonium
hydroxide was added, and the mixture was stirred for 1 min. Finally,
2.1 mL of TEOS was added and stirred overnight. This led to the
formation of silica nanoparticles with an average diameter of
approximately 230 nm. After the synthesis, particles were centrifuged,
washed, and dispersed in deionized water for storage. Dynamic light
scattering (DLS) and scanning electron microscopy (SEM) were used
to characterize the nanoparticle size, as shown in Figure S1. The size
of the nanoparticles measured by both methods was approximately
230 nm, and the nanoparticles were reasonably monodispersed.
2.3. ALD of Metal Oxides on Silica Nanoparticles. ALD of

TiO2 and CaCO3 on SiO2 nanoparticles was performed using a home-
built ALD instrument that has been described previously.27,28 TiCl4
(Sigma-Aldrich, 99.9%) and bis(2,2,6,6-tetramethyl-3,5-heptanedio-
nato)calcium (Ca(TMHD)2, Strem Chemicals, 97%) were used as
the Ti and Ca precursors, respectively. For each TiO2 ALD cycle, the
nanoparticles were evacuated and then exposed to TiCl4 vapor at 423
K for 3 min, followed by oxidation in humid air at the same
temperature for 6 min for ligand removal. For each CaCO3 ALD
cycle, the evacuated nanoparticles were exposed to Ca(TMHD)2
vapor at 523 K for 10 min, followed by calcination at 773 K for 10
min. Eight ALD cycles of TiO2 and 10 ALD cycles of CaCO3 were
performed to achieve complete coverage on SiO2 nanoparticles.

16

2.4. Temperature-Programmed Desorption of 2-Propanol.
Temperature-programmed desorption (TPD) of 2-propanol was
performed to probe the surface coverage of the ALD films on the
SiO2 nanoparticles. It has been reported that 2-propanol can react
with the silanol groups of SiO2 and form silyl-isopropyl ether species
that desorb as propene at 770 K.29,30 Therefore, the absence of a
propene peak at 770 K in the TPD results can provide evidence of the
complete coverage of ALD films. In a TPD measurement, the samples

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.4c00823
Macromolecules 2024, 57, 8554−8561

8555

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c00823/suppl_file/ma4c00823_si_001.pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c00823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


were preheated to 823 K under evacuation, followed by exposure of 2-
propanol vapor at 298 K. The samples were then heated from 298 to
823 at 10 K/min while measuring the desorbing species using a mass
spectrometer (Stanford Research Systems, RGA-100).
2.5. Alkyl Silanization of Silica Nanoparticles. The silica

nanoparticles were modified with an alkyl silane (i.e., octadecyl-
trimethoxysilane (C18-silane)) to increase their hydrophobicity.
Specifically, the as-synthesized SiO2 nanoparticles were dispersed in
35 mL of ethanol in a 50 mL centrifuge tube. Then, the particle
suspension was added with 7 mL of ammonium hydroxide (28−30 wt
%) followed by sonication to increase the dispersion of particles.
Finally, 7 mL of diluted C18-silane in chloroform (10 vol %) was
added, and the centrifuge tube was placed on a tube revolver rotator
to proceed with the reaction. After 30 min, the C18-silane modified
SiO2 nanoparticles were washed three times with ethanol.31,32

2.6. Measurement of Polymer−Nanoparticle Contact Angle.
Polymer thin films with a thickness of >500 nm were spin-coated on
top of clean silicon wafers. A dilute suspension of the nanoparticles of
0.1 wt % was made in ethanol, which was then flow-coated on top of
the polymer film to make a sparse coating (Figure S4). The sample
was heated above the glass-transition or melting point of the polymer
to 423 K for more than 10 days to allow the nanoparticles to
equilibrate at the polymer−air interface. Subsequently, the height of
the nanoparticle above the polymer−air interface, h, was measured at
room temperature using AFM. The polymer−nanoparticle contact
angle was then determined using the following equation:

h
R

cos 1= (2)

where R is the nanoparticle radius. The value of R was obtained from
size characterization of the nanoparticles using DLS and SEM
imaging, as shown in Figure S1. The samples with PE and hPCOE
were heated in a chamber under a nominal steady N2 flow to suppress
the degradation of the polymer film. All other samples were heated in
an oven under ambient conditions.

3. RESULTS AND DISCUSSION
Polymer−nanoparticle contact angles are directly determined
by equilibrating nanoparticles at the planar polymer−air
interface and subsequently measuring the height of the
nanoparticle that protrudes out of the interface using AFM

at room temperature as depicted in Figure 1 (see Section 2 for
details). Based on the size of the nanoparticles, the polymer−
nanoparticle contact angle can be determined using eq 2. A
particle size of approximately 230 nm is chosen for the
experiments because using particles <100 nm would amplify
particle height measurement errors in determining the contact
angles.
3.1. Polarizability Difference between PS and PE

Affects Their Contact Angles on Metal Oxides. To
determine the contact angle of a polymer on the SiO2
nanoparticle, it is critical that the nanoparticle reaches its
equilibrium contact angle during the annealing step. Previous
studies on contact line aging of colloidal particles at oil−water
interfaces have shown that the nanoparticle trajectories at the
interface have a logarithmic dependence with time, implying
that it could take a long time for colloidal particles to reach
equilibrium asymptotically at the interface.33 Studies have also
shown enhanced surface mobility of polymer chains compared
to bulk in polymer thin films near its glass-transition
temperature.34−36 To circumvent these complexities, the
samples are heated at temperatures far above the glass-
transition temperature of PS and melting points of PE and
PCOE for long durations. As shown in Figure 2, SiO2
nanoparticles equilibrate at the PE−air interface at 423 K
within 7 days of heating. To ensure complete equilibration of
the nanoparticles, we subjected all samples to heating for over
10 days prior to conducting contact angle measurements.
While the equilibration time could potentially be shortened by
heating the samples at higher temperatures, one should be
mindful of polymer degradation at high temperatures. The
samples with PE are heated under a N2 purge to prevent
polymer degradation. The IR spectra of the polymers are
evaluated before and after the annealing process to confirm the
absence of polymer degradation (Figure S5).
The equilibration of the nanoparticle at the polymer−air

interface is governed by minimization of the surface energy of
the system.37 The total change in surface energy of the system
(ΔE) is given by

Figure 1. (a) Schematic illustration showing the measurement of the polymer−nanoparticle contact angle, (b) measuring the vertical distance
between the top of the 226 nm SiO2 NP and the 88,000 g/mol PS interface from 2D height sensor topography of NPs equilibrated at the polymer−
air interface obtained via AFM.
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where γ is the surface tension between two phases; S, L, and V
refer to the solid, liquid, and vapor (or air) phases,
respectively; NP refers to nanoparticle; R is the radius of the
nanoparticle; and θ is the polymer−nanoparticle contact angle
as shown in Figure 1a. The minimum total surface energy is
obtained when

cos SV SL

LV

=
(4)

which will be different for different polymer−nanoparticle
pairs. The nanoparticle equilibration at the polymer interface is
primarily driven by interfacial forces, and the prolonged
heating of the samples allows for complete equilibration of the
nanoparticles.
To explore the impact of nanoparticle surface chemistry and

the structure of nonpolar polymers on the contact angle, we
modify the surface of SiO2 nanoparticles by coating them with
various inorganic materials via ALD and select two nonpolar
polymers with distinct polarizabilities. ALD enables the
atomic-level precise deposition of diverse inorganic materials
on the surfaces of nanoparticles and nanoporous materials
without changing their size. TiO2 and CaCO3 represent
common inorganic materials that are used as catalyst supports
or inorganic fillers for nanocomposites. We chose to do ALD
of TiO2 and CaCO3 on spherical SiO2 nanoparticles to
maintain the consistency of our work by using one type of
monodispersed particles for all of the measurements. We
confirm the full coverage of SiO2 with a new material using
TPD of 2-propanol. This involves allowing 2-propanol to
adsorb onto the surface of the nanoparticles, followed by
heating them and tracking the desorbed species using mass
spectrometry.
As shown in Figure 3, some hydrogen-bonded, weakly

adsorbed 2-propanol leave each of the surfaces unreacted
below approximately 500 K. Differences in the specific surface
chemistries are observed by following the reaction products.
SiO2 has a characteristic propene desorption peak close to 800
K that is due to the decomposition of isopropyl-silyl ethers that
form by the reaction of the alcohol with exposed silanols.
However, for nanoparticles coated with TiO2, propene is

Figure 2. Contact angle evolution of 78,000 g/mol PE on 226 nm
SiO2 nanoparticles at 423 K.

Figure 3. TPD of 2-propanol for (a) SiO2, (b) TiO2-coated, and (c) CaCO3-coated nanoparticles.
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formed at 550 K due to the Lewis-acid character of TiO2. The
absence of an 800 K peak confirms complete surface coverage
of the silica surface. For nanoparticles coated with CaCO3,
only unreacted 2-propanol is observed leaving the surface, with
the absence of the 800 K propene peak confirming that the
silica surface is completely covered by CaCO3.
PE and PS are selected as model nonpolar polymers due to

their widespread use and distinct characteristics. PE is highly
nonpolarizable, while PS’s phenyl pendant group offers
considerable polarizability, providing a contrast in polymer
properties. For comparison, styrene has a polarizability (α) of
1.28 × 10−23 cm3,38 while that for ethylene is 0.42 × 10−23

cm3.39 This comparative approach allows us to systematically
assess how variations in the structure of nonpolar polymers
and the surface chemistry of nanoparticles influence the
contact angle, aiming to bridge the knowledge gap in
polymer−nanoparticle interactions.
A smaller contact angle indicates stronger interactions

between the polymer and nanoparticles, and vice versa.
Contact angles of PE and PS on SiO2, TiO2, and CaCO3 in
Figure 4 show that PS has slightly stronger interactions with

SiO2 as compared to PE, as evidenced by the difference in the
contact angle from 45 to 34°; in contrast, PS has much
stronger interactions with TiO2 and CaCO3 compared to PE as
the contact angles of PS on TiO2 and CaCO3 are 12 and 17°,
respectively, while the corresponding contact angles of PE are
46 and 63°. The differences in interactions between PS and PE
can be attributed to the presence of polarizable aromatic rings
in PS leading to stronger electrostatic interactions with the
polar metal oxide-covered nanoparticles.
3.2. Presence of Double Bonds in PCOE Leads to

Stronger Interactions with Metal Oxides Compared to
hPCOE. A potential way to upcycle chemically robust
polyolefins such as PE is by incorporating double bonds in
the polymer backbone through partial dehydrogenation.40−42

These double bonds can then be reacted to incorporate various
functional groups or side chains into the polymer backbone,
giving them valuable functionality such as high adhesivity and
toughness. For this purpose, we use PCOE, which has one C�
C double bond per every 8-carbon repeat unit, as a model
polymer for partially dehydrogenated PE and fully hydro-
genated polycyclooctene (hPCOE) as an analogue for PE. For
catalytic dehydrogenation of PE using heterogeneous catalysis,
the interactions between the reactant and product polymers
and the solid catalyst particles are critical in determining the
efficacy of the catalyst. Moreover, these two polymers

represent two highly nonpolar polymers with a very small
difference in their polarizability. It is unclear whether inorganic
solid surfaces can interact differently with two polymers with
such a small difference in the structure.
To probe this, we measure the contact angles of PCOE and

hPCOE on SiO2, TiO2, and CaCO3. The PCOE samples are
heated at 373 K because of their lower melting point of ∼330
K (Figure S7), while the hPCOE samples are heated at 423 K.
Interestingly, in all three cases, PCOE has lower contact angles
with the inorganic nanoparticles by about 10−20° compared to
hPCOE, as shown in Figure 5. This demonstrates that even

small differences in the structure of the polymer can lead to
appreciable differences in their interaction strength with
inorganic solid surfaces. We also observe that PCOE has
similar interactions with both SiO2 and TiO2 due to
comparable contact angle values of 49° but slightly stronger
interactions with CaCO3, as evidenced by a decrease in the
contact angle to 32°. The differences in interaction strength
between PCOE and hPCOE with inorganic solid surfaces can
be attributed to the presence of more polarizable C�C bonds
in the PCOE molecules compared to the C−C bonds in
hPCOE.
While the differences in contact angle between PS and PE

on TiO2- and CaCO3-coated nanoparticles are significant, the
same cannot be said for hPCOE and PCOE. We do not fully
understand why that is the case but hypothesize that there
could be additional interactions of the metal oxides with PS
that are absent for PCOE. We also observe that the contact
angles of both PE and hPCOE on SiO2 nanoparticles and
TiO2-coated nanoparticles are similar. However, the same
cannot be said for CaCO3-coated nanoparticles. The contact
angle of PE on CaCO3-coated nanoparticles is greater than
those on SiO2 and TiO2 but that of hPCOE is lower than those
on SiO2 and TiO2. While we do not fully understand the
reason for this discrepancy, we highlight that the PE and
hPCOE polymers are synthesized by different reaction
mechanisms, which could result in minor variations in their
molecular composition. There is evidence of such minor
differences in the IR spectra of the two polymers (Figure S6).
The synthesized hPCOE has very small amounts of C−O
bonds present in the molecules, as evidenced by the small peak
at ∼1100 cm−1. The hPCOE is synthesized by the hydro-
genation of PCOE by a diimide reaction, and the PCOE is
synthesized by ring-opening metathesis polymerization of cis-
cyclooctene, as described in the Supporting Information. The
hPCOE polymer can be considered an analogue for high-

Figure 4. Contact angles of PE78k and PS88k on SiO2, TiO2-coated,
and CaCO3-coated nanoparticles.

Figure 5. Contact angles of PCOE and hPCOE on SiO2, TiO2-
coated, and CaCO3-coated nanoparticles.
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density polyethylene. On the other hand, the PE polymer is
made by the hydrogenation of polybutadiene, rich in 1,4-
microstructure, which itself is synthesized by living anionic
polymerization of butadiene in a nonpolar solvent. There will
likely have been some 1,2-addition of the 1,4-butadiene
monomers during anionic synthesis. After hydrogenation, this
would lead to the PE chains having some ethyl pendant groups.
This would make the PE polymer more similar to linear low-
density polyethylene. This is further supported by melting
points of the two polymers, with PE having a Tm of 385 K43

and hPCOE having a Tm of ∼403 K (Figure S7). The
molecular weights and polydispersity of the two polymers are
also different, with PE having a molecular weight of 78,000 g/
mol (Đ = 1.05), while hPCOE has a molecular weight of
52,000 g/mol (Đ = 1.62). There could also be differences in
crystallinity between the PE and hPCOE polymers, which we
did not investigate in this study. Further analysis would be
necessary to identify the exact reason for this discrepancy.
3.3. Alkyl Silanization of SiO2 NPs to Make Their

Surface Nonpolar Reverses Relative Interaction
Strengths between PCOE and hPCOE. Due to the
difference in polarizability between PCOE and hPCOE and
the polar nature of the metal oxide nanoparticles, PCOE
interacts with these surfaces more favorably than hPCOE.
However, to enable efficient dehydrogenation of PE, it is
critical that the reactant has stronger interactions with the
catalyst supports than the product; otherwise, the product
would preferably interact with the catalyst and inhibit
dehydrogenation of the reactant. To reverse this trend, we
hypothesize that making the nanoparticle surface nonpolar
could change the relative strength of interactions with the two
polymers. Hence, we silanize SiO2 nanoparticles with
octadecyltrimethoxysilane (OTS), which has an 18-carbon-
long alkyl chain to make the surface of the nanoparticles
nonpolar. The silanization reaction is performed for 30 min to
ensure complete silanization (Figure S8).
Upon measuring the contact angles of PCOE and hPCOE

on the alkyl silanized nanoparticles, we find that it is indeed
possible to reverse the relative strength of interactions between
the polymers and the nanoparticles. As shown in Figure 6,

PCOE has a smaller contact angle with SiO2 nanoparticles
compared to hPCOE but has a larger contact angle with the
alkyl silanized nanoparticles compared to hPCOE. It is also
worth noting that the strength of interactions (or contact
angle) of hPCOE with both the SiO2 nanoparticles and the
alkyl silanized nanoparticles is comparable due to the absence

of polarizable groups in hPCOE, and hence, there is an
absence of electrostatic interactions with both the SiO2 and the
alkyl silanized nanoparticles. This is evidenced by the fact that
upon alkyl silanization of the SiO2 nanoparticles, the contact
angle of PCOE increases significantly from 49 to 100°, whereas
that of hPCOE increases by only about 9° from 67 to 76°. In
the context of catalyst design, alkyl silanization of catalytic
supports could potentially be an effective way of synthesizing
efficacious heterogeneous catalysts for the dehydrogenation of
polyolefins.

4. CONCLUSIONS
In this study, we modulate the interaction strength between
nonpolar polymers and nanoparticles by modifying the surface
chemistry of the nanoparticles through ALD and alkyl
silanization. We observe that the polarizability of the polymers
plays a key role in determining the strength of interactions with
nanoparticles with varying compositions. There are significant
differences in contact angles of PS and PE on metal oxide-
coated nanoparticles due to PS being more polarizable
compared to PE. We also observe that PCOE, which is
slightly more polarizable compared to hPCOE due to the
presence of C�C bonds, consistently has stronger interactions
with metal oxides in comparison to hPCOE. Further studies
would be necessary to understand the quantitative relationship
between the polymer−nanoparticle contact angle and the
polarizability of nonpolar polymers based on a theoretical
model. However, the direct measurement of the polymer−
nanoparticle contact angle is a big step toward quantifying the
strength of interactions between them and understanding how
small differences in polarizability of nonpolar polymers can
lead to significantly different interaction strengths. Finally, the
relative strength of interactions between PCOE and hPCOE
with the nanoparticles could be modulated by making the
nanoparticle surface nonpolar via alkyl silanization. This leads
to a reversal of the relative interaction strengths, with PCOE
having weaker interactions with the alkyl silanized nano-
particles compared to hPCOE. This approach provides a
possible way to make efficacious heterogeneous catalysts for
polymer upcycling reactions, where the product polymer is
more polarizable than the reactant polymer. Effective
quantification of polymer−nanoparticle interactions via con-
tact angle measurements and the ability to modulate these
interactions will enable the design of polymer nanocomposites
with desired morphologies and properties. For polymer
upcycling reactions involving heterogeneous catalysts, signifi-
cant differences in polymer−solid interactions can potentially
enable the selective conversion of polymers without the need
for prior separation from complex feed streams, making the
process more sustainable and energy efficient.
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Figure 6. Contact angles of PCOE and hPCOE on SiO2 and
octadecyl-silanized SiO2 nanoparticles.
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