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Abstract

This study examines nanoparticle diffusion in crowded polymer nanocomposites by diffusing
small A1, O3 nanoparticles (NPs) in SiO2-loaded P2VP matrices. Time-of-flight secondary ion mass
spectroscopy (ToF-SIMS) measures Al>O3 NP diffusion coefficients within a homogeneous PNC
background of larger, immobile SiO, NPs. By developing a geometric model for average
interparticle distance in a system with two NP sizes, we quantify nanocomposite confinement
relative to the A1bO3 NP size with a bound layer. At low SiO; concentrations, Al,O3 NP diffusion
aligns with neat polymer results. In more crowded nanocomposites with higher SiO:
concentrations where the interparticle distance approaches the size of the mobile Al,O3 NP, the
6.5-nm Al,O3 NPs diffuse faster than predicted by both core-shell and vehicular diffusion models.
Relative to our previous studies of NPs diffusing into polymer, these findings demonstrate that the
local environment in crowded systems significantly complicates NP diffusion behavior and the

bound layer lifetimes.
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Incorporating nanoparticles into polymer nanocomposites (PNCs) enhances material
characteristics and allows tunability."® Understanding diffusion in crowded nanocomposites is
crucial for predicting material behavior, impacting fields like drug delivery and advanced
materials.*® Crowded PNCs simulate densely packed environments, allowing control over matrix
and nanoparticle (NP) parameters.”® Polymers and NPs in confined environments experience
unique interactions due to spatial restrictions™ and increased surface area,''® altering their

behaviors compared to dilute environments.

Previous work highlights the impact of nanoparticle attributes on polymer dynamics.
Interaction strength, NP size, and NP distribution can alter the glass transition temperature'>'* and
mechanical properties. Particle loading's effect on polymer diffusion has been studied in both
athermal and attractive PNC systems.’™” With attractive interactions, including the
P2VP/Si02/Al203 PNC system of this work, the polymer diffusion coefficient drops by fivefold
with increasing NP concentration and remains depressed even at interparticle distances (/D) >>

2R,

Nanoparticle diffusion in crowded environments differs from classical Brownian motion
as crowding effects dominate.””'*?* Xue et al. reported hopping diffusion and polymer network
interactions influencing NP diffusion when NP size is comparable to or smaller than the polymer
matrix mesh size.?’ Many studies on NP diffusion in crowded media focus on polymer solutions®

or gels® that are compatible with low particle concentrations.

Here, we measure NP diffusion coefficients of small Al>O; nanoparticles into polymer
nanocomposites of large well-dispersed®*?° SiO» nanoparticles with loading from dilute to

crowded (gsio2 = 0.001 — 0.05). Using time-of-flight secondary ion mass spectrometry (ToF-



SIMS), our previously demonstrated method,*® we distinguish between diffusing Al>O3 and
background SiO: nanoparticles in the PNC with two NP sizes. Figure 1 illustrates idealized Al
concentration profiles before and after annealing.
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Figure 1: Schematic and concentration profiles of small Al,O3 NPs diffusing into Si0,-P2VP
layers. (a) Cross-sectional view of the trilayer sample with a central A1O3 NP layer (p4203 = 0.01,
orange) diffusing into the surrounding SiOz-loaded P2VP matrix (blue). b) Representational
concentration profiles before (¢ = 0) and after annealing (¢ > 0) showing Al,O3; NP diffusion into
the Si02-P2VP nanocomposite.

The initial concentration of Al>O3 nanoparticles in the mid-layer is g4203 = 0.01. Following
precedent set by previous polymer®!=® and NP?>263940 diffusion studies in bilayer and trilayer

geometries, we use a trilayer sample geometry to measure diffusion coefficients. Each trilayer



sample was annealed for 1, 3, and 6 hours and the normalized Al" concentration profiles were fit

to Fick’s second law solution for a finite source diffusing into a semi-infinite medium,

00) = ert () + et (52 0

where ¢(y) is the concentration as a function of position y, /4 is the film’s initial thickness (~ 0.2
um), Dyp is the NP diffusion coefficient, and ¢ is the annealing time in seconds. Figure 2 and
Figure S2 present time series showing the progression of AlO3; NPs moving into a SiO2-P2VP
nanocomposite (¢sio2 = 0.025) when annealed at 180°C (~ Tg + 50°C) along with best fits to Eqn.

1 to give experimental Dnp values, Table S1.
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Figure 2: Concentration profiles of Al" ions indicating the spatial distribution of Al,O3 NPs within
a Si02-P2VP nanocomposite (¢sioz = 0.025). The samples, with an initial @403 = 0.01



concentration in the mid-layer, were annealed at 180 °C for 1, 3, and 6 hours. The local Al,O3
concentrations, ¢4;203,local, are the concentration at the full-width at half maxima (FWHM) of the
normalized concentration profiles (blue). Red lines are best fits of Eqn. 1.

The Schweizer group proposed two simultaneous mechanisms of NP diffusion in

nanocomposites with dilute monodisperse spherical NPs: core-shell and vehicular modes of NP

diffusion.*"*2

DNP,theory = Dcore-shell +D vehicle (2)
The core-shell mode is a modified Stokes-Einstein model accounting for the increased NP radius

due to the bound layer (R.y) and the increased viscosity in nanocomposites (77pnc),

k
Dcore—shent = m 3)
Npnc = npoly(]- + 2-S(Peff + 6-2(peff2) 4)

where 7,01 18 the viscosity of the neat polymer and ¢.; accounts for Rey. Core-shell diffusion has
been demonstrated with quantum dots in poly(propylene glycol) (PPG), SiO, NPs in PPG, and

Si0, NPs in P2 VP, 4143-45

Vehicular diffusion is influenced by monomeric desorption times (74,;) from NP surfaces
and is partitioned into three regimes based on the desorption time relative to polymer dynamic
time scales (entanglement onset time, 7., Rouse time, Tgyyse, and reptation time, tgep). For the 158
kDa P2VP at 180 °C, 7, = 0.90 s and 7Tzyyse = 70 s.%¢ Regime I corresponds to the fastest
desorption times (74,5 < T.) and is not relevant to our system due to hydrogen bonding between
the AlO3 NPs and P2VP. Regime III describes the slowest desorption times Troyse < Tges < Trep
and is not relevant in this system. Notably, in our recent work,*® we established that 6.5-nm Al,O3

NPs diffusing into neat P2VP transition from predominantly core-shell diffusion to vehicular



Regime II diffusion as polymer molecular weight increases from 14 - 1220 kDa. We found 7,5~

50 s at 180 °C, which is intermediate between 7, and Tz, This intermediate desorption time

corresponds to Regime 11 and D,,qp;cre—; is inversely proportional to Tgps>*,

3
Dvehicle—ll = AdT(bZDO)Z X ( : )4 (5)

Tdes

where A is a numerical prefactor, d; is the tube diameter, b is the Kuhn monomer length, and Dy
is the segmental diffusion constant. For the following calculations, 4 = 1, dr = 23.5 nm, b = 1.8
nm, and Dy = 1.0 x 10 cm?/5.4546 The Al,O3 NP diffusion into neat 158 kDa P2VP is well described
by Dpmeory (Eqn. 2), that accounts for the increased viscosity of the NP loading and bound polymer

layer thickness (Eqn. 3) and vehicular motion from polymer desorption (Eqn. 5).

Figure 3 presents Dyp for the small NPs as a function of the concentration of the large NPs,
psio2. In neat 158 kDa P2VP (gsio2 = 0), we previously* demonstrated that these Al O3 NPs have
a diffusion coefficient of 4.3 + 2.4 x 10"'* cm?s (Figure 3). When the Al,O3 NPs diffuse into
nanocomposites, as studied here, we begin by comparing the measured Dyp with Dypmeory (Eqn.
2). At dilute PNC loadings, the Dyp agrees with Deore-sheii + Dvehiclerr With Tges~ 50 s (dotted line),
consistent with our previous neat P2VP results. At higher PNC loading, Dnp deviates by an order
of magnitude from this prediction, which suggests a shorter 74,5 in crowded systems. Specifically,

T4es decreases from 20 s to 1.4 s as gsio2 increases from 0.001 to 0.050, Table S2.
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Figure 3: Dnp (orange) as a function of matrix SiO2 NP loading. Samples were annealed for 1-6
hours. Benchmark diffusion measurements of Al,O3 NPs into a neat P2VP matrix (¢sio2 = 0) were
annealed 12 — 72 hours. Line indicate D ore-shen (S01id), Deore-sheti + Dvenicierr [dashed, upper (7 ges ~
1 s) and lower (T 4.5 ~ 70 s)], and Dcore-sheit + Dvenicienr (dotted, Tges ~ 50).

Here, A1,O; NPs diffuse into Si0,-P2VP nanocomposites, creating Al,O3-Si0,-P2VP
nanocomposites. To account for the increasing A1>O3z NP concentration in the surrounding SiO»-
P2VP nanocomposite, we define the local time-dependent concentration for AlbO3 NPs, @41203,10cal.

The normalized intensity at the FWHM of the Al" concentration profiles, Figure 2, is scaled by the

initial concentration of the nanoparticles in the film to give @:203 iocal, Table S3.

The NP surface-to-surface interparticle distance, /D, quanitifies crowding as a function of
particle size and loading, and 1is crucial for understanding polymer diffusion in
nanocomposites.®'*” In addition to using initial Al,O3 NP concentration of ¢p4203= 0.01, we also

explored higher initial concentrations of p4203 = 0.05 and found overlapping concentration profiles



upon annealing 1-7 days (see Table S4 and Figure S3) indicating the absence of NP tracer diffusion.
Using the equations developed below, these experiments have interparticle distances smaller than
the effective size of the Al,O3 NPs. This example of non-Fickian diffusion in a crowded system
demonstrates the importance of the bound polymer layers and the bimodal interparticle distance,

1Dy, relative to the size of the diffusing species.

In a monodisperse system of spherical nanoparticles, /D is *

1

ID = 2ryp[(2222)° — 1] (6)

PNP

where @4, 1s the nanoparticle volume fraction at maximum packing, ¢y p is the volume fraction
of NPs, and ryp is the radius of the nanoparticle. For this study, we extend Eqn. 6 to consider two
nanoparticle sizes. Using geometric arguments involving cells that include the volume of an
average particle and the excess volume per particle, we express the number-averaged /D in a

bimodal-sized NP system as

_ 3,1
IDy; = 2(rcen = Tivp) = 2([17 * 32+ 75 =+ - YT = Fivp) (7
_ (Pmax—bi—PL=Ps)
Y = Imp Gt ®)

4 .3 4 .3
§1TTL §TL’1"S

where 7, is derived from the volume of a cell ~ V,;;'”*; 7iyp is the number average radius of the
two particles; 17, n;, and ¢, are the radius, number and volume fraction of the large particles; 7,
ng and @g are the radius, number and volume fraction of the small particles; nry¢4; 1S the total
number of particles; 1 is the excess volume per particle; and @,;,4,—pi 1S the maximum nanoparticle
volume fraction in a bimodal system. The full derivation is in Supporting Information. In our
experiments, the large nanoparticles are Si0; with r;, = 26 nm, the small nanoparticles are Al,O3

with 5 = 6.5 nm.



Our expression for /Dy; uses fixed Al2O3 and SiO; concentrations. While the concentration
of Si02 NPs is uniform and independent of annealing time, the concentration of AlO3 NPs evolves
with annealing time (see Figure 2). We use the local time-dependent loading of Al,O3 NPs,
@A41203,local, S the concentration of small nanoparticles, ¢s = @203 10car. Thus, at fixed Si0O> NP
concentrations, as diffusion continues and ¢4:203,0ca decreases, the average IDp; increases, Figure

4 (dashed curves).

Next, we account for the polymer bound layer, which has been previously established to

404951 agsociated with strong polymer-NP interactions. The

be ~R, in polymer melt systems,
effective NP radii, 7z ¢y and rs.ep, are the nanoparticle radii plus the radius of gyration of the 158
kDa P2VP (R, = 10.9 nm). The presence of bound layer also increases the NP concentrations to

effective NP concentration, ¢z ., and ¢sep, and given by*®

T'Le
PrLeffr = Psio2( S ff)3 )

T'Se
Pserr = Paizos, tocal (&= = ff)g (10)

Relative to nanocomposites with bare nanoparticles, /Dy; is smaller when the bound layer is

included, Figure 4 (solid lines).
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Figure 4: Schematic of /D;; for a bimodal mixture of nanoparticles for bare nanoparticles (a) and
for nanoparticles with bound polymer (b). ¢) IDj; as a function of @.4:203,i0car. Curves correspond to
fixed values of ¢sio2 (0.001 to 0.050). Red dashed and blue solid lines correspond to bare NPs (7
and rs) and NPs with bound polymer layers (77 ¢ and 7s,ef).
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The Schweizer model*'*? best describes the diffusion of isolated particles in polymer melts,
and is proven to be an accurate model for isolated Al,O3 NP diffusion.** Figure 5 rearranges Eqn
2 to isolate Dyenicierr (DNP — Decore-shei1), Which should be constant at a single M,,. We fit our data to
an inverse power law scaling: (Dnp — Deore-sheir~ (IDpi/2Refra1203)™ (statistically significant, p =
0.027 < 0.05). This deviation from a slope of 0 indicates Dieory alone is not an appropriate model

for crowded PNCs, and the deviation becomes more significant as the length scale of confinement

approaches the NP effective size.
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Figure 5: Dnp — Dcore-shenr as a function of IDpi/2Ref-41203 With linear regression (red) displaying an
inverse power law. Dotted line is Dyenicie-11 (Taes = 50 s) for neat for comparison.

As the PNC becomes more crowded, the small NPs diffuse faster than in the neat polymer.
Given that the long-lived bound layer in SiO2 PNCs are known to prevent aggregation over long-
lifetimes,?*>!=>% this is somewhat counter intuitive, so we consider two contributions to NP

diffusion to interpret this finding. Firstly, polymer dynamics are known to slowdown in crowded

12



PNC systems, but their effect on the bound layer 74, is difficult to determine. Polymer diffusion
coefficients (Dpop) are significantly depressed in PNCs at ID < 2R,, and remain somewhat
depressed even at ID ~ 20R,.>'®* Conversely, under strong geometric confinement, MD results
have displayed fast polymer diffusion at intermediate levels of confinement.”® On a segmental
scale, S10, P2VP PNCs displayed interfacial a-relaxation times ~ 100 times slower in loaded
systems (< ¢ =0.15),%® and a greater slowdown in systems with higher interfacial area of equivalent
loading." The effect of chain dynamics on desorption is implied by temperature effects on bound
layer exchange timescales.®” These changes in polymer dynamics likely impact 74 or change the
vehicular regime (zaes scaling) by changing trouse and zzep, leading to faster NP diffusion. In our
experiments, strongly bound P2VP on SiO> may decrease the free polymer available for exchange

and thus alter the vehicular diffusion mechanisms and hasten NP diffusion.

Secondly, particle-induced chain disentanglement has been demonstrated experimentally,
with ~ 25% dilation in d; in highly-loaded small-NP systems (¢ = 0.20), with a commensurate
decrease in the bulk viscosity.'”'® Notably, Tuteja et al. found that particle interactions at low
loadings increase matrix viscosity, until reaching strong confinement conditions.™ In attractive
octaamino-phenyl polyhedral oligomeric silsesquioxan (OAPS)/P2VP (Ro4ps = 1.8 nm) systems,
disentanglement was observed at high loading (¢ ~ 27%), but was not observed in similarly loaded
SiO2 NP (Ryp ~ 12 nm) systems, confirming small NP size is an essential factor in chain
disentanglement.™ In our system, /Ds; normalized by the polymer 2R, is ~ 1.7 - 10, which is not
considered strong confinement (ID/2R, < 1). Furthermore, our SiO2/P2VP PNCs (Ryp = 26.2 nm
>> Ry, psio2 = 0.001-0.05) are unlikely to reduce the viscosity due to tube dilation and thus unlikely
to be the sole cause of fast AlO3 NP diffusion. Regardless, given Dyenicierr and Dyepiclenn scale ~ dr,

tube dilation could play a role in faster NP diffusion in crowded NP systems.
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In summary, we observed faster than expected Dyp for small NPs diffusing into PNCs with
increasing crowding. To contextualize our results, we developed a geometric model for the
bimodal interparticle distance, /Dy, to quantify spatial confinement. Increased crowding resulted
in positive deviations of Dyp relative to our previously measured Dyp into neat polymer. We
attributed this increase to greater vehicular diffusion due to (1) changes in local chain dynamics or
(2) chain disentanglement induced by the NPs. Overall, these ToF SIMS experiments demonstrate
a method to measure NP diffusion in complex PNCs by distinguishing NPs of different sizes in a
crowded system. Future work could explore the effects of polymer molecular weight, interaction

strength, and particle shape on Dyp in crowded and complex PNC systems.
Experimental Methods

Poly(2-vinyl pyridine) (P2VP) (158 kDa, PDI = 1.06, Rz = 10.9 nm) was obtained from Scientific
Polymer Products Inc. and used as received. Silica (Si02) nanoparticles (Rnp-SiO2 = 26.2 nm, PDI
=1.19) from Nissan-STL were transferred from methyl-ethyl ketone to methanol. Aluminum oxide
(Al203) nanoparticles (Rnp-AlO3 = 6.5 nm, PDI = 1.14) from Sigma Aldrich were prepared in a
50 g/L MeOH solution with P2VP to prevent aggregation. Trilayer samples comprised an Al,Os-
P2VP layer (paros = 0.01, 200 + 60 nm) sandwiched between two ~4 um Si0,-P2VP layers (¢sio2
= 0.001, 0.005, 0.010, 0.025, 0.050). The assembled trilayer samples were annealed at 180 °C
under vacuum (< 50 Pa) for 1-6 hours. ToF-SIMS experiments were conducted using a Tescan
S8252X FIB-SEM equipped with a Xe" beam. We collected and analyzed 400 frames at 30 keV
and 100 pA with 1024 x 1024 pixel resolution on positive ion mode to extract the Al.O3

nanoparticle diffusion coefficient. Details are provided in previous work.*
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