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Abstract  
 
This work studies nanoparticle (NP) diffusion in attractive polymer melts and reveals two distinct 

dynamic modes: vehicular and core-shell. By diffusing alumina NPs (RNP = 6.5 nm) and silica NPs 

(RNP = 8.3 and 26.2 nm) into poly(2-vinylpyridine) melts of various molecular weights (14 - 1220 

kDa), we examine the impact of the RNP, polymer size (Rg), and surface chemistry on NP diffusion. 

Using time-of-flight secondary ion mass spectrometry and trilayer samples, we measure cross-

sectional nanoparticle concentration profiles as a function of annealing time and extract 

nanoparticle diffusion coefficients. Both small and large silica NPs (Rg/RNP = 0.12 – 3.6) display 

core-shell behavior, while alumina NPs (Rg/RNP = 0.50 – 4.6) diverge sharply with increasing 

polymer molecular weight, aligning with theoretically predicted vehicular diffusion. The transition 

from core-shell to vehicular diffusion is the result of both increasing molecular weight and weaker 

nanoparticle/polymer attractions and facilitates an estimate of the monomer desorption time. 

 

Keywords: Polymer nanocomposites, nanoparticle diffusion, molecular weight, ToF-SIMS 
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Introduction 
 

Polymer nanocomposites (PNCs) have garnered considerable interest as advanced 

materials, due to their tunable properties. Introducing nanoparticles (NPs) into a polymer matrix 

permits nuanced adjustments to optimize mechanical, thermal, electrical, and optical attributes to 

meet specific performance criteria. This adaptability positions PNCs as a promising material class 

across diverse sectors including electronics, aerospace, automotive, and biomedical industries.1–4 

Previous work has clearly established that the spatial distribution of NPs significantly 

impacts processability and properties, including mechanical properties, rheology, and gas 

permeability within PNCs.5–8 To achieve and maintain the desired properties, understanding and 

predicting nanoparticle diffusion is critically important. Factors such as NP size, NP shape, NP 

concentration, and the interaction between polymer and NPs must be managed to achieve desired 

NP distributions and properties for effective PNC applications.9–11 PNCs with strong attractions 

between the NPs and polymer matrix are distinguished by improved NP dispersion and maintain 

industrially relevant processability advantages compared to their neutral counterparts. Thus, NP 

diffusion behavior in these attractive nanocomposites is of particular interest and a crucial 

cornerstone for PNC applications.12 

When particles are microscopic, particle diffusion in a viscous medium is well described 

by Stokes-Einstein (SE) behavior, 𝐷ௌா = ௞ಳ்଺గఎோ . However, significant deviations have been 

reported for nanoparticle diffusion, particularly in the presence of attractive polymer-nanoparticle 

interactions.13–19 Nanoparticle diffusion studies in neutral melts have also highlighted substantial 

deviations from SE, depending on the NP radius and polymer tube diameter, dT.18,20,21 In athermal 

systems, spherical nanoparticles with diameters larger than dT exhibit  a hopping diffusion 

mechanism in which the NPs overcome topological energy barriers to move faster than Stokes-
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Einstein predictions.22 Small nanoparticles, due to their size being comparable to or smaller than 

the polymer's mesh size, exhibit diffusion rates largely unaffected by the surrounding polymer.23  

Within attractive melts, Schweizer's group introduced two simultaneous NP diffusion modes—the 

core-shell and vehicle modes—where the relative time scales of polymer and NP dynamics dictate 

the dominant mode.16,17 The total diffusion coefficient of a nanoparticle is described by the sum of 

the core-shell and vehicle modes. 

 DNP,theory = Dcore-shell + Dvehicle  (1) 

The core-shell contribution follows the SE behavior and accounts for 1) the viscosity of 

the PNC rather than the neat polymer and 2) the effective nanoparticle size rather than the bare NP 

size due to a bound polymer layer,  

 𝐷௖௢௥௘ି௦௛௘௟௟ = ௞ಳ்଺గఎುಿ಴ோ೐೑೑ (2) 

where kB is the Boltzmann constant, T is the annealing temperature in Kelvin, ηPNC is the PNC 

viscosity in Pa·s, and the effective nanoparticle radius is Reff = RNP + Rg. These modifications to 

SE behavior result in slower NP diffusion. A variety of experimental methods have be used to 

measure diffusion coefficients of nanoparticles in polymer melts include Rutherford 

backscattering (RBS)  (RNP = 13 nm),14,24 dynamic light scattering (DLS) (RNP = 0.88, 5 nm),17 

and single particle tracking (SPT) (RNP = 6.5-6.6 nm) .25 The core-shell mechanism (Eqn. 2) alone 

has been sufficient to understand NP diffusion in various experimental systems with strong 

polymer-nanoparticle interactions: unentangled poly(propylene glycol) (PPG) melts with 

octaamino-phenylsilsesquioxane (OAPS) nanoparticles,17 PPG with small silica (SiO2) NPs,17 and 

poly(2-vinly pyridine) (P2VP) with SiO2 NPs.14 In addition, there are examples of 𝐷ே௉ < 𝐷ௌா in 

poly(ethylene oxide) with SiO2 NPs,26 and PPG with strongly interacting quantum dot samples 

through COOH surface functionalization.27 These systems represent a wide range of Rg/RNP (~0.1 
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to 1.2), and the core-shell model well explains the decrease in DNP compared to Stokes-Einstein 

behavior.  

The vehicular mode for NP diffusion involves polymer desorption and results in diffusion 

coefficients faster than SE behavior when the desorption of the polymer is faster than the polymer 

chain dynamics. This mechanism is described by using four polymer time scales: τdes – monomer 

desorption time, τe – entanglement onset time, τRouse – longest chain Rouse relaxation time, and τrep 

– reptation time.16 In Regime I, the monomer desorption time is relatively quick, meaning shorter 

than the entanglement onset time (𝜏ௗ௘௦ <  𝜏௘). In this regime the vehicular contribution to DNP,theory 

scales as ~ τdes-1 as 

 𝐷௩௘௛௜௖௟௘ିூ = 𝐴𝑏 × ஽బఛ೏೐ೞ  (3) 

where A is a numerical prefactor, b is the Kuhn monomer length, and D0 is the segmental diffusion 

constant. In this study, Regime I will be neglected because the nanoparticles have surface hydroxyl 

groups that interact favorably with the polymer, such that 𝜏ௗ௘௦ is expected to be longer than 𝜏௘. In 

Regime II, the desorption time is longer than the entanglement onset time and shorter than the 

Rouse time (𝜏௘ < 𝜏ௗ௘௦ <  𝜏ோ௢௨௦௘), indicating an intermediately strong NP-polymer attraction, such 

that the vehicular contribution to NP diffusion scales ~ 1/τdes3/4 as 

 𝐷௩௘௛௜௖௟௘ିூூ = 𝐴𝑑்ሺ𝑏ଶ𝐷଴ሻభర × ቀ ଵதౚ౛౩ቁయర     (4) 

where dT is the tube diameter. At slower desorption times, although still faster than polymer 

reptation (𝜏ோ < 𝜏ௗ௘௦ < 𝜏௥௘௣ ), the vehicular contribution to NP diffusion in Regime III has a 

molecular weight dependence,  

 𝐷௩௘௛௜௖௟௘ିூூூ =  𝐴𝑑் ቀ ஽బேఛ೏೐ೞቁభమ  (5) 
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where N is the degree of polymerization. Regime III is the only case in which 𝐷௩௘௛௜௖௟௘  depends 

on both the desorption time and the polymer molecular weight with a scaling dependence of 

(Nτdes)-1/2. To date, the experimental systems that suggest a vehicular mechanism for NP diffusion 

have used very small nanoparticles (RNP < 1 nm). Specifically, nanocomposites of PPG with OAPS 

and P2VP with OAPS exhibit fast NP diffusion relative to the core-shell model.17,13  

In this manuscript, we experimentally identify PNCs with NP diffusion controlled by both 

the core-shell and the vehicular modes. Leveraging the capabilities of our previously demonstrated 

time-of-flight secondary ion mass spectrometry (ToF-SIMS) method,28 we accurately measure NP 

diffusion coefficients on micron length scales and across a considerable range, 𝐷ே௉ = 10-18 – 10-11 

cm2/s. By employing a wide range of P2VP molecular weights (14 – 1220 kg/mol) and three NPs 

that vary in size and surface chemistry, we reveal systems dominated by core-shell and by vehicle 

NP diffusion. Finally, we discuss the implications of these distinct diffusion modes and estimate 

desorption times (τdes) of the bound layer. 

 

Experimental Methods 

Materials: Poly(2-vinylpyridine) (P2VP) of weight averaged molecular weights 14.0, 41.0, 

158, 219, 310, 474, and 1220 kDa (narrow distribution, PDI <1.10) were purchased from Scientific 

Polymer Products Inc. and used as-received. Gel permeation chromatography (GPC) was used to 

measure the polymers' molecular weights and respective PDIs (Table S1). Nissan-STL silica 

(SiO2) nanoparticles were solvent-exchanged from methyl-ethyl ketone (MEK) to methanol 

(MeOH) via crashing the particles out of MEK.28 Aluminum oxide (Al2O3) NPs were purchased 

from Sigma Aldrich, then suspended in a 50 g/L MeOH solution, vortexed for 1 min, sonicated for 

> 30 min, and filtered through 1 μm and 0.2 μm filters subsequently. A small amount of the 
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respective molecular weight P2VP (5 g/L) was added to the MeOH-Al2O3 solution to form a bound 

layer on the bare NPs to prevent subsequent aggregation. The solution was stirred constantly, and 

excess MeOH was evaporated to achieve the desired NP vol % after filtration. Ludox silica 

nanoparticles are solvent exchanged from water to ethanol through creating a miscible 

water/ethanol solution, then adding concentrated P2VP/ethanol solution. The solution is then 

diluted with ethanol to the desired concentration. Nanoparticle sizes and size dispersities were 

determined using small-angle X-ray scattering (SAXS) on a capillary filled with a dilute NP 

suspension and fit using the hard sphere model. The Nissan SiO2 NPs fit to hard sphere resulted in 

RNP = 26.1 nm, PDI 1.19, and the Ludox SiO2 NPs measured RNP = 8.3 nm, PDI 1.15. Aluminum 

oxide (Al2O3) NPs measured RNP = 6.5 ± 2.5 nm, PDI = 1.14, with dynamic light scattering (DLS) 

measuring hydrodynamic diameter consistent with ~ RNP +Rg. Silicon wafers (<100>) with a thick 

thermal oxide layer (referred to as SiO2 wafers hereafter) were purchased from Nova Electronic 

Materials. Silicon wafers (<100>) (Si wafer) were purchased from Wafer World Inc.  

Trilayer Fabrication and Nanoparticle Diffusion: Building upon our earlier study,28 we 

crafted trilayer-samples comprised of a thin PNC layer placed between two thick P2VP matrix 

layers. Upon annealing NPs diffuse into the homopolymer layers and we measure the NP tracer 

diffusion coefficient, DNP.28 The P2VP matrix films were prepared via spin coating; the P2VP 

base-layer was created by spin coating a viscous P2VP-methanol (MeOH) solutions at 1000-2000 

rpm for 1 minute onto Si wafers to achieve a ~ 4 μm matrix film. To prepare the PNC mid-layers, 

10 vol% SiO2 NP or 5 vol% Al2O3 NP were suspended in P2VP MeOH solutions of varying 

concentrations and spin-coated onto SiO2 wafers at 1000-2000 rpm for 1 min to achieve a thickness 

of 200 ± 60 nm. PNC layer thicknesses were measured via scanning electron microscopy (SEM), 

and thickness averaged over two samples. The P2VP top layers were spin-coated from varying 
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concentration P2VP solutions onto SiO2 wafers (~ 4 μm). Specific solution concentrations and spin 

coating conditions for each layer are noted in Table S2 and S3. Similar to our previous report,28 

each PNC layer was transferred to a P2VP base-layer by etching the spuncoat PNC layer off  the 

SiO2 wafer using a 20 wt% NaOH solution, resulting in a floating PNC film that can be rinsed with 

DI water and stacked on top of the P2VP base-layer. The top P2VP layer was transferred to the 

bilayer similarly. Each trilayer specimen was annealed in a specialized custom-built oven, 

precisely set at 180 °C under vacuum conditions (< 50 Pa) for durations spanning from 10 minutes 

to 10 days. Annealing times were selected to achieve diffusion distances of ~0.5 – 3 μm. 

Preparing Trilayer Samples for ToF-SIMS: To obtain the cross-sectional view, a diamond 

scribe was used to fracture samples along a crystallographic plane of the silicon wafer to preserve 

the polymer/wafer interface. Samples were cleaned with a nitrogen gas gun to remove SiO2 dust 

on the surface. Carbon paint suspended in MEK was applied across the back of the wafer to reduce 

surface charging and improve ion yield.  

ToF-SIMS: Time-of-flight secondary ion mass spectrometry is a powerful surface analysis 

technique that provides 3D compositional information. In ToF-SIMS, a focused beam of high-

energy ions sputters molecular fragments from the material and a mass spectrometer analyzes the 

resulting secondary ions to determine their mass-to-charge ratio, resulting in a 2D compositional 

map as each layer is removed.29 ToF-SIMS has a wide range of applications in polymer science, 

particularly for the analysis of surface and interface properties of polymers and polymer 

composites.30–33 Our previous work produced accurate SiO2 NP and polystyrene diffusion 

coefficients, and established ToF-SIMS as a powerful technique to measure both polymer and NP 

diffusion given the diffusing species produce ions that are distinct from the background matrix.28 
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ToF-SIMS measurements were performed using the Tescan S8252X dual-beam plasma 

FIB-SEM with Xe+. Unless otherwise noted, measurements were taken with Xe+ FIB parameters 

at 30 keV and 100 pA with 1024 × 1024 pixel resolution on positive ion mode for 300 (SiO2 NPs) 

or 400 frames (Al2O3 NPs). Additional frames were collected for the Al2O3 NPs to improve the 

signal due to the lower NP loading (5 vol%) present. A 20 × 20 μm2 field of view (FoV) was used 

during collection, and the ToF-SIMS images were produced using a 2 × 2 bin width, resulting in 

a 512 × 512-pixel image. 

NP diffusion coefficients are determined by allowing NPs to travel for a set time (t = 10 

min – 10 days) at a chosen temperature (T = 180°C) and measuring the corresponding NP 

concentration profiles using ToF-SIMS. Cross-sectioned trilayer samples were measured by 

scanning across the P2VP/PNC/P2VP interfaces using the Xe+ beam, which produces the 3D ion 

intensity map for each mass/charge (m/q) value. To detect the SiO2 and Al2O3 NP concentrations, 

we use m/q = 28 and 27, respectively (Figure S1). 1D concentration profiles were extracted from 

the 3D dataset by integrating along the x and z directions after tilting the data set to align the plane 

of the highest NP concentration within the sample to y = 0.28 We then deconvolute the beam 

resolution function (Gaussian with FWHM = 0.2 μm) from the raw concentration profile to obtain 

the ion concentration profile. This 1D concentration profile was iteratively fit to Fick’s second law 

for a finite source diffusing into a semi-infinite medium using 

 𝜑ሺ𝑦ሻ = ଵଶ ൤erf ൬ ௛ି௬ඥସ஽ಿು௧൰ + erf ൬ ௛ା௬ඥସ஽ಿು௧൰൨ (6)  

where φ(y) is the NP concentration as a function of position y, h is the initial thickness of the PNC 

layer, t is time in seconds, and DNP is the NP diffusion coefficient. By this process we determine 

DNP and demonstrated in our prior work.28  
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Results and Discussion 

NP Diffusion Coefficients as a Function of Molecular Weight 

We measured NP diffusion into P2VP matrices of molecular weights from 14 – 1220 kDa 

using our ToF-SIMS method to measure NP diffusion coefficients, DNP, in entangled polymer 

melts. We obtain diffusion coefficients after annealing for two or three annealing times to 

demonstrate that the NP tracer diffusion is independent of annealing time. We employ the radius 

of gyration (Rg) as a metric for polymer size. Figure 1 shows representative SiO2 (RNP – 26.2 nm) 

and Al2O3 (RNP = 6.5 nm) NP concentration profiles after various annealing times at 180 °C in 41 

kDa P2VP (Rg = 5.5 nm) along with fits to Eqn. 6 to obtain the diffusion coefficients. In this Rg < 

RNP regime (dT = 23.5 nm), the smaller Al2O3 NPs diffuse faster than the larger SiO2 NPs and the 

results are consistent with Dcore-shell (Eqn 2). Specifically, <DNP (SiO2, 26.2 nm)> = 2.8 ± 2.0 × 10-

13 cm2/s and Dcore-shell for this system is 3.1 × 10-13 cm2/s and <DNP (Al2O3, 6.5 nm)> = 7.4 ± 2.5 × 

10-13 cm2/s and Dcore-shell for this system is 9.0 × 10-13 cm2/s. Fitting the NP concentrations profiles 

is repeated in six other molecular weights and allows us to obtain diffusion coefficients across 

orders of magnitude by adjusting the annealing time. The experimental concentration profiles for 

all NP/P2VP systems and their respective fits are given in Figure S2-4, with tabulated data in 

Table S4-S6. While most of the systems studied found DNP ≈ Dcore-shell, we also found systems 

having DNP > Dcore-shell indicating the presence of a vehicular mechanism of NP diffusion in 

entangled polymer melts. 
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Figure 1: a) Initial sample state at t = 0, where thick P2VP layers border a thin center PNC layer. 
b) Schematic of sample after annealing for a specified time t. c) Concentration profiles and fits to 
Eqn. 6 of Si+ signal indicating diffusion of SiO2 NPs in 41 kDa P2VP (Rg/RNP = 0.21) at three 
annealing times. d) Concentration profiles and fits of integrated Al+ data indicating Al2O3 NP 
diffusion in 41 kDa P2VP (Rg/RNP = 0.85) at three annealing times. 
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Core-Shell and Vehicle Diffusion Behavior 

In contrast to our earlier experimental investigations, this study involves P2VP matrices 

spanning a wider molecular weight range of 14 – 1220 kDa, which includes unentangled to well-

entangled (Me ≈ 18 kDa) polymer melts. To accommodate the high viscosity matrices, diffusion 

times were carefully controlled from 10 min – 10 days to achieve diffusion lengths commensurate 

with ToF-SIMS measurements. Thus, we measure DNP values ranging from 7 × 10-18 to 1.3 × 10-

11 cm2/s, which is sufficient to capture both the core-shell and vehicular NP diffusion mechanism. 

The larger SiO2 NPs (RNP = 26 nm) clearly exhibit core-shell model behavior across the 

entire molecular weight range. In Figure 2, the DNP values from the different annealing times are 

normalized by Dcore-shell (Eqn. 2) and the values are on the order of 1. Similarly, the diffusion 

coefficients for smaller SiO2 NPs (RNP = 8.3 nm) also follow core-shell behavior even at Rg/RNP > 

1. Figure S5 plots these DNP values on a log scale wherein the data from the different annealing 

times are easier to distinguish. Figure 2 also includes earlier data from our group studying quantum 

dots in PPG where Rg/RNP < 1 and the surface chemistry of the quantum dots was either attractive 

(Reff = RNP+ Rg) or neutral (Reff = RNP) toward the PPG. In both cases, DNP is well-described by 

Dcore-shell.25  

In contrast, the diffusion coefficient of the Al2O3 NPs (RNP = 6.5 nm) deviates significantly 

from the core-shell mechanism of NP diffusion, Figure 2. While DNP/Dcore-shell ≈ 1 when Rg/RNP < 

1.4, DNP/Dcore-shell increases dramatically at higher Rg/RNP. For example, when the P2VP matrix is 

Mw = 310 kg/mol and Rg/RNP = 2.4, <DNP>/Dcore-shell is 17 and when the P2VP matrix is Mw = 474 

kg/mol and Rg/RNP = 2.9, <DNP>/Dcore-shell is 60. Consequently, we conclude that the Al2O3 NPs 

diffuse by a combination of core-shell and vehicular mechanisms. Interestingly, the Al2O3 NPs 

exhibit vehicular diffusion while similarly sized SiO2 NPs exhibit only core-shell diffusion (see 



13 
 

blue squares at Rg/RNP > 2), which implies a difference in surface chemistry leads to a faster 

desorption time for Al2O3 NPs. In Figure 2b, Al2O3 NP behavior diverges strongly from Dcore-shell 

predictions and at Rg/RNP ≥ 2.4 the discrepancy between DNP and Dcore-shell is ~ 10-14 cm2/s, Table 

S8. Importantly, this difference (DNP – Dcore-shell) is nominally independent of molecular weight. 

Thus, we attribute the faster NP diffusion to the vehicular mechanism given by 𝐷௩௘௛௜௖௟௘ିூூ  (Eqn 

4), which is independent of Mw and has a strong dependence on monomer desorption time, τdes-3/4. 

 

Figure 2: Nanoparticle diffusion coefficients normalized by a) DStokes-Einstein and b) Dcore-shell as a 
function of the polymer Rg normalized by RNP. Silica nanoparticles are displayed in blue squares 
(RNP = 26.2 nm) and light blue triangles (RNP = 8.3 nm). Alumina nanoparticles are displayed in 
red circles (RNP = 6.5 nm).  All annealing times are plotted.  
 

 

 



14 
 

Monomer Desorption Time of the Bound Layer  

The vehicular and core-shell diffusion mechanisms both contribute to the nanoparticle 

diffusion coefficient (DNP) and are predicated on the existence and lifetime of a bound polymer 

layer formed through physical adsorption. Core-shell diffusion dominates in systems where the 

bound layer is long-lived. In contrast, vehicular diffusion occurs in intermediately attractive 

systems where the rate of stochastic polymer-NP desorption is faster than that observed in core-

shell behavior. An essential facet of vehicular diffusion involves understanding the monomer 

desorption time (τdes), a topic not fully explored in nanocomposites with attractive polymer-NP 

interactions.17,34 Previous studies of silica NPs in P2VP have hinted at a temperature dependence 

on the bound layer, revealing an effective shell radius and an exchange rate of approximately ~100 

hours.35 However, factors influencing desorption time, including polymer-NP interaction strength, 

molecular weight, entanglement, and NP curvature, remain largely uncharted. This knowledge gap 

about τdes complicates our grasp of vehicular diffusion, making it challenging to pinpoint the 

predominant factors influencing fast diffusion. Here, we extract timescales from our prior work to 

interpret our NP diffusion results, refine our understanding of the vehicular mechanism, and 

estimate τdes in these PNCs. 

To isolate the effect of τdes, we refine Eqn. 1 to account for both nanoparticle size and 

polymer molecular weight and to specify Regime II of the vehicular mechanism, 

 𝐷ே௉,௧௛௘௢௥௬ሺ𝑅ே௉, M୵ሻ = 𝐷௖௢௥௘ି௦௛௘௟௟ሺ𝑅ே௉, M୵ሻ +  𝐴𝑑்ሺ𝑏ଶ𝐷଴ሻభర × ቀ ଵதౚ౛౩ቁయర    (7) 

Note that Regime I of the vehicular mechanism was dismissed because the NPs in this study have 

surface hydroxyl groups that have favorable interactions with the nitrogen in P2VP, resulting in 

slower desorption times. Given τe ~ 1 s and D0 = 1.0 × 10-9 cm2/s, we estimate Dvehicle-I ~ 10-9 cm2/s, 

which is faster than any of our results even in the lowest Mw. This is consistent with prior results 
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demonstrating that silica nanoparticles with hydroxyl surface groups strongly interact with P2VP 

to have long desorption times.35–37  Regime III is dismissed because Dvehicle fails to demonstrate a 

~1/N-1/2 scaling across Mw 310 – 474 kDa (Eqn. 5). The molecular weight dependence of Dcore-shell 

(Eqn. 2) is caused by the molecular weight dependence of Reff and ηPNC. The effective nanoparticle 

radius, Reff, includes a strongly polymer bound layer, Reff = RNP + Rg and the molecular weight 

dependence of Rg in the melt is well known.38 The viscosity of the PNC (ηPNC) is a function of the 

average volume fraction of the nanoparticles after dilution φNP,  and polymer molecular weight   

 𝜂௉ே஼ = 𝜂௣௢௟௬൫1 + 2.5𝜑௘௙௙ + 6.2𝜑௘௙௙ଶ൯ (8) 

𝜑௘௙௙ =  𝜑ே௉ ቀோ೐೑೑ோಿುቁଷ  (9) 

We measured the melt viscosity of the P2VP polymers in this study and fit the data to obtain 

ηpoly(Mw) for Eqn 8. To capture the Regime II vehicular contribution to DNP,theory, we start with the 

molecular weight dependence of the shortest Rouse time (τ0) for P2VP as previously measured by 

broadband dielectric spectroscopy (BDS) at T = 413 °K.13 By assuming a 1/T dependence we adjust 

the measured values to temperature of interest T = 453 °K (180 °C), and τ0 ≈10-5 s, Figure S6. 

Then we compute all the relevant timescales by  

 𝜏௘ =  𝜏଴ ∗ 𝑁௘ଶ (10) 

 𝜏ோ௢௨௦௘ =  𝜏଴ ∗ 𝑁ଶ (11) 

 𝜏௥௘௣ = 𝜏ோ௢௨௦௘ ∗ ேே೐ (12) 

As previously mentioned, the Al2O3 nanoparticles appear to be in Regime II because the difference 

between the measured DNP and Dcore-shell is independent of molecular weight. Regime II 

corresponds to 𝜏௘ < 𝜏ௗ௘௦ <  𝜏ோ௢௨௦௘, which for P2VP at 180°C indicates that τୢୣୱ is expected to be 

longer than τୣ ~ 1 s and shorter than 30 – 6,000 sec corresponding to ~ 100 to 1220 kDa.  
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Figure 3a shows the fit of Eqn. 7 to DNP for the large SiO2 NPs as a function of molecular 

weight. Consistent with Figure 2, the core-shell mechanism is sufficient to describe NP diffusion 

of the SiO2 NPs across all molecular weights. This implies Dvehicle ~ 0, and therefore τୢୣୱ (> 6000 

s) is exceedingly large and consistent with a highly attractive P2VP- SiO2 interaction. Figure 3b 

shows the experimental data for the Al2O3 NPs along with the fit to Eqn. 7 using A = 1, dT = 23.5 

nm, b = 1.8 nm, and D0 = 1.0 × 10-9 cm2/s.13 The best fit corresponds to 𝜏ௗ௘௦ = 50 s, which falls 

within the bounds established above. To illustrate the bounds corresponding to Regime II of 

vehicular NP diffusion, we plot Eqn 7 using the 𝜏ௗ௘௦ = 𝜏௘, which is independent of Mw, and 𝜏ௗ௘௦ =𝜏ோ௢௨௦௘, which increases with Mw. These upper and lower limits of DNP for the Al2O3 NPs in P2VP 

further to confirm that this system is in Regime II at 180 °C.  

 

Figure 3: a) DNP (blue points) for SiO2 (26.2 nm) NPs in P2VP as a function of molecular weight. 
Solid line corresponds to Dtheory in Eqn. 7 where Dvehicle → 0 as τdes >> τRouse. b) DNP (red points) 
for Al2O3 (6.5 nm) NPs in P2VP as a function of molecular weight. Red line is the best fit to Eqn 
7 and corresponds to τdes = 50 s. Black dashed and dot-dash lines correspond to τdes = τe and τdes = 
τRouse, respectively.   
 

These results indicate that NP diffusion coefficients can provide valuable insight into the 

monomer desorption times and polymer-NP interactions. Given that the core-shell behavior of 

small SiO2 NPs (Figure 2) and the vehicular mechanism found in Al2O3 NPs of similar size, our 
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results show that Al2O3 NPs exhibit weaker polymer-NP interactions. This finding is consistent 

with water contact angle measurements for silica (~ 80°) and alumina (~ 90°) that suggest a lower 

areal density of hydroxyl groups on alumina leading to weaker interactions consistent with a short 

τdes.39,40 Additionally, poly(vinylpyrrolidone) (PVP)preferentially adsorbs to unmodified silica 

particles over alumina-coated counterparts in aqueous solution, and the preadsorbed PVP transfers 

from the alumina-coated particles to silica particles as the system equilibrates. Adsorption 

isotherms further demonstrate that PVP adhesion to silica particles is stronger than to alumina-

coated silica particles, which demonstrates that the silica particle surface is more polar.41 This 

result is consistent with our finding that the monomeric desorption time of P2VP is longer for 

silica NPs than for alumina NPs. Overall, this study establishes that both the relative size of the 

polymer to the nanoparticle (Rg/RNP) and the polymer-NP interfacial interactions dictate the 

transition for NP diffusion from a solely core-shell behavior mechanism to the addition of 

vehicular mechanisms. Further investigations could explore various methods for controlling 

polymer-NP interactions, including using random copolymers, as well as the effect of nanoparticle 

shape on diffusion.  

 

Conclusions  

 We experimentally demonstrate both the core-shell and the vehicle mechanisms for 

nanoparticle diffusion. While large and small silica NPs demonstrate the core-shell mechanism 

(Eqn. 2) due to highly attractive polymer-NP interactions and long monomer desorption times, τdes, 

small alumina nanoparticles display a crossover from core-shell to vehicular NP diffusion. For the 

Al2O3 NPs, DNP exhibits a plateau as Mw increases and Rg > RNP, and this molecular weight 

independent behavior is consistent with Regime II of the vehicular mechanism. At high Mw, the 
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Al2O3 NP diffusion coefficients are one or two orders of magnitude faster than predicted by the 

core-shell model alone. Fitting the data reveals a τdes of ~ 50 s that is independent of Mw and 

indicates a weaker polymer-NP interaction in P2VP/Al2O3 than in P2VP/SiO2 nanocomposites. 

We have demonstrated that by measuring nanoparticle diffusion coefficients in polymer melts, one 

can determine the polymer-NP interaction strengths, which has previously been difficult to 

ascertain. This study provides a pathway to measure monomer desorption times (τdes) for a variety 

of PNC systems to explore the role of temperature, NP size, NP surface functionality, and polymer 

composition to understand the lifetime of the polymer bound layer on nanoparticles. We found 

that the core-shell and vehicle diffusion modes apply broadly to entangled melts with attractive 

polymer-NP interactions.  
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Table S1: Molecular weight characterization of poly(2-vinylpyridine) and calculated Rg. All 
samples were measured with tetrahydrofuran as the carrier solvent and normalized using a 
polystyrene standard. The radius of gyration was calculated using Rubinstein and Colby.1 
  

Mw  
(kg/mol) 

Mn  
(kg/mol) 

PDI Calculated Rg  
(nm) 

14.0 13.7 1.04 3.2 
41.0 40.8 1.01 5.5 
158 149 1.06 10.9 
219 197 1.11 12.8 
310 290 1.07 15.3 
474 446 1.06 18.8 

1,220* 1100* 1.11 30.2 
*Indicates values provided by the supplier. 
 
 
Table S2: Spincoating conditions to create poly(2-vinylpyridine) films. Parameters include 
weight-averaged molecular weights, solution concentrations, spincoating speeds, and spin times 
to create the ~4 µm thick P2VP matrix films. 
 

Mw  
(kg/mol) 

Solution Concentration  
(g/L) 

Spin Speed  
(rpm) 

Spin time 
(sec) 

14.0 450 1000 120 
41.0 300 1000 120 
158 250 1500 90 
219 180 1500 60 
310 170 2000 60 
474 150 2000 60 

1,220 50 1500 60 
 

Table S3: Spincoating conditions to create polymer nanocomposite films. Parameters include 
weight-averaged molecular weights, solution concentrations, spincoating speeds, and spin times 
to create thin PNC center layers (200 ± 60 nm). 

Mw (kg/mol) Solution Concentration 
(g/L) 

Spin Speed 
(rpm) 

Spin time 
(sec) 

14.0 70 1500 60 
41.0 60 2000 60 
158 50 2000 60 
219 40 2000 60 
310 35 2000 60 
474 30 2000 60 

1,220 20 2000 60 
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Figure S1: Mass spectra from ToF SIMS displaying distinct m/q = 27 (Al+) and m/q = 28 (Si+) 
peaks. This mass spectra demonstrates the ability to use ToF SIMS to distinguish silica and 
alumina nanoparticles. Sample is 158 kDa P2VP sample with 5 vol% Al2O3 NPs and 5 vol% SiO2 
NPs. ToF SIMS was collected at 100 pA and 30 kV conditions for 400 frames. In ToF SIMS 
relative peak intensities do not quantitatively indicate sample composition. 
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Figure S2: Normalized concentration profiles from ToF SIM for SiO2 nanoparticles (RNP = 
26.2 nm) diffusing into P2VP. (a) 14.0 kDa, (b) 41.0 kDa, (c) 158 kDa, (d) 310 kDa, and (e) 474 
kDa. Lines correspond to Fick’s 2nd law and the DNP and R2 values are tabulated in Table S4. 
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Figure continues on the next page.  Figure caption on next page. 
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Figure S3: Normalized concentration profiles from ToF SIM for Al2O3 nanoparticles (RNP = 
6.5 nm) diffusing into P2VP (Mw = 14.0 - 1220 kDa). (a) 14.0 kDa, (b) 41.0 kDa, (c) 158 kDa, 
(d) 219 kDa e) 310 kDa, (f) 474 kDa, (g) 1220 kDa. Lines correspond to Fick’s 2nd law and the 
DNP and R2 values are tabulated in Table S5. 
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Figure S4: Normalized concentration profiles from ToF SIM for SiO2 nanoparticles (RNP = 
8.3 nm) diffusing into P2VP (Mw = 474 and 1220 kDa). (a) 474 kDa and (b) 1220 kDa. Lines 
correspond to Fick’s 2nd law and the DNP and R2 values are tabulated in Table S6. 
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Table S4: Measured diffusion coefficients for large SiO2 (RNP = 26.2 nm) in P2VP (14.0 – 
474 kDa). Annealing times range from 30 min to 10 days.  
 

 Sample 1 Sample 2 Sample 3 Average ± STD 
Mw (kDa) t1 DNP (cm2/s) 

R2 
t2 DNP (cm2/s) 

R2 
t3 DNP (cm2/s) 

R2 
DNP (cm2/s) 

14.0 30 m 
1.1 × 10-12 

0.988 
1 h 

1.0 × 10-12 

0.968 
2 h 

6.2 × 10-12 

0.831 
2.8 ± 3.0 × 10-12 

41.0 30 m 
5.0 × 10-13 

0.932 
3 h 

2.2 × 10-13 

0.958 
1 d 

1.2 × 10-13 

0.942 
2.8 ± 2.0 × 10-13 

158 1 d 
2.2 × 10-14 

0.992 
3 d 

1.9 × 10-14 

0.990 
5 d 

2.5 × 10-14 

0.993 
2.2 ± 0.3 × 10-14 

310 1 d 
5.7 × 10-15 

0.991 
3 d 

3.4 × 10-15 

0.986 
5 d 

3.8 × 10-15 

0.972 
4.3 ± 1.2 × 10-15 

474 5 d 
5.0 × 10-16 

0.945 
10 d 

8.5 × 10-16 

0.952 
  6.8 ± 2.5 × 10-16 

 
 
Table S5: Measured diffusion coefficients for small Al2O3 (RNP = 6.5 nm) in P2VP (14.0 – 
1220 kDa). Annealing times range from 10 min to 5 days.  
 

 Sample 1 Sample 2 Sample 3 Average ± STD 
Mw (kDa) t1 DNP (cm2/s) 

R2 
t2 DNP (cm2/s) 

R2 
t3 DNP (cm2/s) 

R2 
DNP (cm2/s) 

14.0 10 m 
5.3 × 10-12 

0.956 
30 m 

9.0 × 10-12 

0.902 
1 h 

1.3 × 10-11 

0.867 
9.1 ± 3.8 × 10-12 

41.0 30 m 
7.4 × 10-13 

0.852 
1 h 

1.0 × 10-12 
0.910 

3 h 
4.9 × 10-13 

0.900 
7.4 ± 2.5 × 10-13 

158 12 h 
3.3 × 10-14 

0.851 
1 d 

2.6 × 10-14 

0.883 
3 d 

7.1 × 10-14 

0.894 
4.3 ± 2.4 × 10-14 

219 3 d 
8.7 × 10-15 

0.917 
5 d 

6.7 × 10-15 

0.944  
  7.7 ± 1.5 × 10-15 

310 1 d 
7.4 × 10-14 

0.934 
4 d 

5.4 × 10-14 

0.841 
  6.4 ± 1.4 × 10-14 

474 2 d 
5.4 × 10-14 

0.967 
5 d 

7.8 × 10-14 

0.881 
  6.6 ± 1.7 × 10-14 

1,220 1 d 
2.1 × 10-14 

0.920 
3 d 

8.3 × 10-15 

0.939 
5 d 

8.3 × 10-15 

0.945 
1.3 ± 0.73 × 10-14 
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Table S6: Measured diffusion coefficients for small SiO2 (RNP = 8.3 nm) in P2VP (474 and 
1220 kDa). Annealing times range from 3 to 5 days.  
 
 
  

  Sample 1  Sample 2 

Mw (kDa) t1 
DNP (cm2/s) 

R2 t2 
DNP (cm2/s) 

R2 

474 3 d 
1.2 × 10-15 

0.958 5 d 
9.5 × 10-16 

0.881 

1,220 5 d 
6.9 × 10-18 

0.976   
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Table S7: Nanoparticle diffusion coefficients from the core-shell model (Dcore-shell) at T = 180 
°C as a function of molecular weight. Details of the calculations are below.  
 

Mw 
(kDa) 

Rg  

(nm) 
Dcore-shell (cm2/s) 

Al2O3 (RNP = 6.5 nm)  
Dcore-shell (cm2/s) 

SiO2 (RNP = 8.3 nm)  
Dcore-shell (cm2/s) 

SiO2 (RNP = 26.2 nm) 

14.0 3.2 1.4 × 10-11  4.4 × 10-12 

41.0 5.5 9.0 × 10-13  3.1 × 10-13 

158 10.9 2.4 × 10-14  9.9 × 10-15 

219 12.8 9.9 × 10-15   

310 15.3 3.7 × 10-15  1.6 × 10-15 
474 18.8 1.1 × 10-15 1.1 × 10-15 5.1 × 10-16 

1,220 30.2 5.6 × 10-17 8.1 × 10-17  
 

In the core-shell model2 the nanoparticle diffusion coefficient (Dcore-shell) follows Stokes-

Einstein behavior  

𝐷௖௢௥௘ି௦௛௘௟௟ ൌ
௞ಳ்

଺గఎುಿ಴ோ೐೑೑
  (S1) 

where kB is the Boltzmann constant, T is the annealing temperature in Kelvin, ηPNC is the viscosity 

of the polymer nanocomposite in Pa൉s, and Reff is the effective radius of the particle that includes 

a strongly polymer bound layer, Reff = RNP + Rg.  

The viscosity of the PNC is a function of the polymer molecular weight and the volume 

fraction of the nanoparticles. In the core-shell model, strongly bound polymers increase the 

effective size of the nanoparticles that also increasing the effective volume fraction of 

nanoparticles, as given by 

𝜑௘௙௙ ൌ  𝜑ே௉ ቀ
ோ೐೑೑
ோಿು

ቁ
ଷ
  (S2) 

As the NPs diffuse from the PNC mid-layer into the P2VP matrix layers, φ0, the initial volume 

fraction, overestimates φNP, the approximate diluted volume fraction in the annealed matrix. Here, 

from the unannealed film concentration of φ0-SiO2 = 0.1, we estimate the matrix φNP-SiO2 = 0.0250 

to account for the NP dilution during the experiment. Likewise, for our Al2O3 samples, where the 

unannealed φ0-Al2O3 = 0.05, we estimate the matrix φNP-Al2O3 = 0.01 after dilution.  Following work 

by Griffin et al.,2 we account compute the PNC viscosity using. 

 𝜂௉ே஼ ൌ 𝜂௣௢௟௬൫1 ൅ 2.5𝜑௘௙௙ ൅ 6.2𝜑௘௙௙
ଶ൯ (S3) 

         

To incorporate the effect of molecular weight, we need to modify the expressions for Rg and poly. 
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 The molecular weight dependence of Rg is well-established. Rubinstein and Colby1 by   

 𝑅௚ଶ  ൌ 𝐶ஶ𝑛𝑙ଶ (S4) 

where l is the bond length, n is the number of backbone bonds, and C∞ is the characteristic ratio. 

For P2VP, C-C backbone bond length l = 1.54 Å, 𝐶ஶ= 10,3 and n = 2*Mw/M2VP monomer. Thus, the 

molecular weight dependence of the of Rg for P2VP is 

 𝑅௚ଶ  ൌ  ஼ಮ௡௟
మ

଺
ൌ  

஼ಮ
ಾೢ
ಾమೇು

௟మ

ଷ
 (S5) 

 𝑅௚ሺM୵ሻ ൌ 𝑙ሺ
஼ಮ

ಾೢ
ಾమೇು

ଷ
ሻଵ/ଶ (S6) 

          

For Table S7, Eqn S6 was substituted into Reff = RNP + Rg to reflect the molecular weight 

dependence of Reff in Eqn S1 

 The molecular weight dependence of poly at 180 °C is provided from previous 

experimental measurements done by Griffin et al.2 (black triangles) and  new results from this 

study (black squares).   

 
The figure includes two fits to this experimental data both with and without the lowest molecular 

weight P2VP sample. Although the entanglement molecular weight of P2VP is 18 kDa, the quality 

of the fit to the data is comparable. Thus, for Table S7, Eqn S3 uses  

 𝜂௉ଶ௏௉ ൌ 10ି଼.ହ ∗ 𝑀௪
ଶ.ଷ଼  (S7)  

to capture the molecular weight dependence of poly. 
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Figure S5: DNP/Dcore-shell versus Rg/RNP showing data from all annealing times. Silica 
nanoparticles are displayed in blue triangles (RNP = 26.2 nm) and light blue squares (RNP = 8.3 
nm). Alumina nanoparticles are displayed in red circles (RNP = 6.5 nm). Specific annealing times 
are provided in Tables S4-6. Additional data from single particle tracking experiments of methyl-
capped (black stars) or carboxyl-capped (gray circles) quantum dot nanoparticles (RNP = 6.6 nm) 
in poly(propylene glycol) (Mw = 0.425 – 8 kDa; Rg = 0.6 – 2.8 nm).4  
 

 

Table S8: Evidence for Regime II vehicular diffusion. The difference between the average DNP 
and Dcore-shell for Al2O3 NPs (RNP = 6.5 nm) as a function of molecular weight. When Rg/RNP ≥ 2.4 
(blue highlight), the difference becomes independent of molecular weight. 

Mw (kDa) Rg/RNP <DNP> / Dcore-shell <DNP> – Dcore-shell 
14.0 0.54 0.65 -5.3 × 10-12 

41.0 0.84 0.82 -1.6 × 10-13 
158 1.7 1.8 1.9 × 10-14 
219 2.0 0.78 -2.2 ×10-15 
310 2.4 17.2 6.0 × 10-14 
474 2.9 60.0 6.5 × 10-14 

1,220 4.6 232 1.3 × 10-14 
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Figure S6: Shortest Rouse time (τ0) for P2VP measured at 140 °C and scaled to 180 °C. The 
τ0 values were measured at 140 °C (black) using dielectric relaxation spectroscopy.5 Data scaled 
to 180 °C (red) by assuming τ0 ~ 1/T (Kelvin). 
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